nature neuroscience

Article

https://doi.org/10.1038/s41593-024-01771-8

The hippocampal CA2regiondiscriminates
social threatfromsocial safety

Received: 27 July 2023

Accepted: 23 August 2024

Published online: 15 October 2024

Pegah Kassraian®'
Neilesh Shrotri', Anastasia Barnett', Heon-Jin Lee ® >, W. Scott Young ® &
Steven A. Siegelbaum ®'34°

, Shivani K. Bigler ®", Diana M. Gilly Suarez,

% Check for updates

The dorsal cornuammonis 2 (dCA2) region of the hippocampus enables

the discrimination of novel from familiar conspecifics. However, the neural
bases for more complex social-spatial episodic memories are unknown.
Here we report that the spatial and social contents of an aversive social
experiencerequire distinct hippocampal regions. While dorsal CAl

(dCA1) pyramidal neurons mediate the memory of an aversive location,
dCA2 pyramidal neurons enable the discrimination of threat-associated
(CS") from safety-associated (CS") conspecifics in both female and male
mice. Silencing dCA2 during encoding or recall trials disrupted social

fear discrimination memory, resulting in fear responses toward both the
CS"and CS™ mice. Calciumimaging revealed that the aversive experience

strengthened and stabilized dCA2 representations of both the CS*and CS™
mice, with the incorporation of an abstract representation of social valence
intorepresentations of socialidentity. Thus, dCA2 contributes to both social
novelty detection and the adaptive discrimination of threat-associated from
safety-associated individuals during an aversive social episodic experience.

Social memory, the recollection of encounters with conspecifics, is
important for enabling anindividual to recognize conspecifics based on
the valence of past social interactions. Aninability to distinguish indi-
viduals based on whether a pastinteraction was aversive or rewarding
may lead to social withdrawal and social avoidance, hallmarks of social
anxiety disorder'?and post-traumatic stress disorder?. In humans, the
hippocampus has been known to be critical for social memory since
the pioneering studies of Brenda Milner and colleagues** on patient
H.M. Studies on social memory in rodents have confirmed the role
of the hippocampus in the encoding and recall of social memory®,
with the dorsal cornu ammonis 2 (dCA2) region found to be of par-
ticular importance’'°, along with ventral CA1 (vCA1)"*, ventral CA3
(refs.13,14) and the connections from dCA2 to vCAl (refs. 11,14).
Todate, studies of social memory in rodents have focused largely
on social novelty recognition memory, which enables an animal to

discriminate a novel from a familiar conspecific. However, similar to
other forms of memory, socialmemory consists of two distinct cogni-
tive components—therecognition of whether anindividualisnovel or
familiar and the recollection of the details of previous social experi-
ences, or episodes, with a familiar individual, including the valence
of the encounter and its spatial location'>'®. At present, the neural
mechanisms that contribute to more complex forms of social memory,
including the memory of the valence of a given social encounter that
enables the discrimination of a threat-associated conspecific from a
safety-associated conspecific, whichwe termsocial fear discrimination
memory, remain unknown.

Despite the emerging evidence for the role of dCA2 in social
novelty recognition memory, it is uncertain as to whether dCA2 is
required for the recollection of more complex social memories that
include the context, location and valence of past social encounters.
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Such social episodic memories likely require the participation of hip-
pocampalregions outside the core dCA2 to vCAlsocial novelty recogni-
tionmemory circuit, including dorsal CA1(dCA1), givenitsimportance
inthe encoding of spatial and contextual information. Although dCA1
is notrequired for social novelty recognition memory™”, it does form
social place cells that track the location of a conspecific” '’ However, at
present, itis unclear asto whether dCAl participatesin social episodic
memory and how it mightinteract with dCA2 to disentangle social and
spatial information required for social fear discrimination memory.
Here we have developed a modified version of a standard social
fear conditioning (SFC) protocol® that enabled us to examine the
neural bases underlying the encoding of an aversive social-spatial
episodeinwhichasubjectlearnedto discriminate athreat-associated
from safety-associated conspecific and a threat-associated from
safety-associated spatial location. In the standard SFC paradigm, an
animal receives a foot shock when it approaches a conspecific. When
tested on subsequent days, the subject will avoid a novel conspecific,
similar to the social avoidance observed following an episode of social
defeat? . A number of brain regions contribute to social fear and
avoidance behaviors as a consequence of SFC, such as the prefrontal
cortex”, lateral septum®?¢,amygdala and ventral hippocampus®, and
as a consequence of the related paradigm of social defeat*??, includ-
ing the ventrolateral subdivision of the ventromedial hypothalamus
(VMHvI)**?°, However, previous paradigms used in both SFC and social
defeat have not, in general, been optimized to allow the study of how
ananimal learns todistinguish a threateningsocial or spatial cue from
nonthreatening cuesit has previously encountered, limiting our under-
standing of the neural bases of social fear discrimination memory.

Results

To examine the neural mechanisms that enable an individual to dis-
criminate threatening from nonthreatening spatial and social cues, we
first used a modified social-spatial fear conditioning (SSFC) protocol
in which a subject mouse explored a fear conditioning chamber con-
taining two novel stimulus mice confined to wire cup cages at opposite
ends of the chamber. The subject received a mild foot shock when it
explored one stimulus mouse (CS*) but not the other (CS™) during a
5-minlearningtrial (Fig. 1a). After 24 h, we performed successive 5-min
spatial and social recall trials. We first probed, in a spatial recall trial,
the spatial specificity of fear memory by re-exposing the subject to
the SFC chamber containing two empty cup cages inthe same location
asinthe SFC session. Immediately afterward, we examined the social
specificity of fear memory in two successive trials. We first performed a
cuprecalltrial with the two empty cup cages placed at opposite ends of
anovelarenato determine the saliency of these objects to fear memory
behaviors. This wasimmediately followed by a social recall trial in the
same novel arenawiththe CS*and CS™ miceinside the cups to examine
the saliency of the social cues.

The SSFC protocol produced robust spatial avoidance memory
and selective social fear discrimination memory during the respec-
tive spatial and social recall sessions in both male and female mice
(Fig. 1b-h). During the spatial recall trial, the subjects spent a signifi-
cantly greater fraction of time in the ‘safe’ arena half compared to the
halfin which they were shocked (Fig.1d,e). Similarly, during the social
recall trial, the subjects spent a significantly greater fraction of timein
the half of the novel arena containing the CS” mouse compared to the
half containing the CS* mouse (Fig. 1d,g). The subjects also showed a
markedincreasein freezing after SSFCinboth spatial (Fig. 1f) and social
(Fig.1h) recall trials, suggestive of a fear memory response. In contrast,
the subjects showed little freezing in the cup recall trial in the novel
arena, where there was neither spatial nor social information fromthe
SFCtrial (Fig.1h), indicating the saliency of the spatial and social cues.

To what extent are the spatial and social components of SSFC
memory localized to distinct hippocampal regions? Because of the
importance of dCA1 pyramidal neurons in spatial memory***' and of

dCA2 pyramidal neurons in social novelty recognition memory’ %%,

we addressed their roles by injecting Cre-dependent adeno-associated
virus (AAV) to express the inhibitory hM4Di receptor (iDREADD) in
dCA1l pyramidal neurons or dCA2 pyramidal neurons of female and
male Lypdl-Cre" mice” or Amigo2-Cre* mice’, respectively. In these
experiments, Cre" littermate control animals were injected with
Cre-dependent AAV to express mCherry. Approximately 3-4 weeks after
viralinjection, iDREADD-expressing Cre” mice and abalanced number
of controls were intraperitoneally administered the iDREADD agonist
clozapine-N-oxide (CNO; 5 mg kg™) 30 min before SSFC. We then tested
social-spatial fear recall 24 h later in the absence of CNO (Fig. 1b-h).

Silencing dCAland dCA2 during the SSFC learning trial produced
remarkably specific and complementary impairments in spatial and
social memory components of SSFC, respectively, relative to the con-
trol groups. Thus, while the dCAl-silenced mice no longer discrimi-
nated between the foot shock-associated and safety-associated arena
locations during the spatial recall trial, these mice maintained their nor-
mal avoidance of the CS" and preference for the CS"mouse in the social
recall trial (Fig. 1d,e,g). In contrast, dCA2-silenced mice maintained a
normal preference for the safety-associated locationin the spatial recall
testbut failed to discriminate between the CS"and the CS” mice during
thesocial recall trial. Thus, with dCA2 silenced, subjects spent compa-
rableamounts of timeinthe CS”and CS" halves of the recall arena, with
most time spentinthe arena center (Fig.1d,e,g). Of particularinterest,
both dCA1-and dCA2-silenced mice continued to showincreased freez-
inginboth the spatial and social recall tests (Fig. 1f,h), indicating that,
in both cases, the mice recalled the aversive experience of SSFC but
couldnolonger discriminate safety-associated from threat-associated
spatial locales or social stimuli. Of further interest, the subject mice
showed no fear behavior during the empty cups session in the social
recall arena, indicating that the fear response remained specificto a
social context, even when dCA2 or dCAl were silenced. Thus, neither
dCAl nor dCA2 were needed to encode a generalized threat; rather,
they ensured the proper association of a threatening experience with
the correct spatial or social cue.

Silencing dCA2 givesrise to generalized social avoidance
Given extensive previous studies of the role of dCAl in spatial memory
coding behaviors®®*', we focused on the role of dCA2 in social fear dis-
crimination memory using a simpler recall protocol that omitted the
spatial recall test (Fig. 2a). We added a control group of mock-SFC mice
that underwent the SFC protocol but did not receive foot shocks to
control for repeated exposure of the subject to the stimulus mice. In
addition, we used either Amigo2-Cretransgenic or Auprlb-Creknock-in
mice® to achieve dCA2-selective targeting to provide additional con-
trols for potential nonspecific effects of transgene insertion or gene
knock-in. We used a supervised classification approach to character-
izeinmore detail the behavior of subject mice and, in particular, their
approach-avoidance behavior (Extended Data Fig. 1). As seen above,
SFCin this protocol produced robust social fear behaviors and social
fear discriminationina 24 hrecall testinboth males and females, with
increased freezing in the social but not empty cup recall session and
increased time spentinthe CS™ versus CS" halves of the arena (Extended
DataFig.2a).In contrast, the subject mice showed noincreased freez-
ing and no difference in CS*/CS™ arena half residence times following
mock-SFC. Wealso found that SFC, but not mock-SFC, produced arobust
social fear discrimination measured by differencesin CS*/CS interac-
tion times (Fig. 2b), with a greater number of approach-avoidance
events® towards the CS* as to the CS” mouse (Fig. 2a,c—f). The social
fear behavior in the SFC group was not associated with an increased
general anxiety relative to the mock-SFC group as measured by the
similar behaviors of the two groups in the elevated plus maze or in
locomotor activity (Extended Data Fig. 3a,b).

We next examined the effect of chemogenetic silencing of
dCA2 during the SFC learning trial on CS*/CS™ interaction times and
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Fig.1|Differential roles for dCA2 and dCAlin spatial and social aspects

of social episodic memory. a, SSFC paradigm. Colored dots show pose
estimation markers. b, Experimental timeline. ¢, Top row, coronal section
showing hM4Di-mCherry in dCA1 pyramidal neurons from an LypdI-Cre mouse.
Bottom row, coronal section showing co-expression of hM4Di-mCherry and
CA2 marker RGS14 in dCA2 pyramidal neurons from an Amigo2-Cre mouse.

d, Example mouse position heatmaps during SSFC spatial (top panels) and
social (bottom panels) recall sessions for mice expressing: left, mCherry in dCA1
(control); middle, hM4Di-mCherry in dCA1; and right, hM4Di-mCherry in dCA2.
e-h,n=13Lypdi-Cre* (mCherry in dCA1), n =13 LypdI-Cre' (hM4Di-mCherry
indCAl), n=13 Amigo2-Cre* (hm4Di-mCherry in dCA2). e, Left, mCherry and
dCA2-silenced mice but not dCAl-silenced mice spent during spatial recall more
time in chamber half where the CS” mouse was present in the SSFC learning

trial (two-way repeated measures ANOVA—cohort x arena half, F(2,72) =17.7,
P=5.8x107).Right, discrimination scores (Methods), two-tailed one-sample
t-tests against zero. f, Time spent freezing during spatial recall (day 2) was

significantly greater than that during the ‘Cups’ trial before SFC (day 1) for all
three groups (two-way repeated measures ANOVA—cohort x stage, F(2,72) = 4.34,
P=0.017).g, Left, mCherry and dCAl-silenced mice but not CA2-silenced mice
spent more time during social recall interacting with the CS” compared to CS*
mouse during the social recallin the novel arena (two-way repeated measures
ANOVA—cohort x arena half, F(2,72) = 28.45, P= 7.8 x 10°). Right, discrimination
scores, two-tailed one-sample t-tests against zero. h, Cohorts displayed similarly
elevated freezing durations during social recall versus either Cups trial before
SSFC (Cups1) or cup recall trial after SSFC (Cups 2; three-way repeated measures
ANOVA—Cups (Cups1or Cups2) x social recall x cohort, F(3,108) = 8.124,
P=0.014). Box plots—central line, median; bottom and top edges, 25th and

75th percentiles; whiskers, most extreme data points (excluding outliers); dots,
individual animals. Bonferroni post hoc and ¢-tests, as appropriate—*P < 0.5,

**P < 0.01and **P < 0.001. Sex was balanced per condition, no sex differences
were observed (for statistical comparison between females and males, see
Supplementary Table1). NS, not significant.
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Fig.2|Social fear conditioning induces robust social fear discrimination
memory that requires the activity of dCA2. a, SFC paradigm. b, Left,

CS™and CS*interaction times after mock-SFC or SFC (two-way repeated
measures ANOVA—cohort x stimulus mouse, F(1,100) =10.91, P=1.32 x1073).
Right, discrimination scores. b-f, n =26 C57BL/6) wild-type mice per cohort.
Discrimination scores for band h—unpaired, two-sided t-tests between cohorts;
two-sided one-sample ¢-tests against zero. ¢, lllustration of approach-avoidance
behaviors. d, Velocity versus head orientation angle plots toward CS™ (top) and
CS* (bottom) for mock-SFC (green) and SFC (purple) groups. Approach, 0° and
retreat, 180°. e, Relative approach/retreat velocity after mock-SFC and SFC.
Note faster approach thanretreat to CS”and faster retreat than approach to

CS* after SFC (Methods; two-way repeated measures ANOVA—cohort x arena
half, F(1,100) =117.05, P=1.6 x 107). f, Frequency of approach-avoidance
behaviors toward CS* (open bars, solid lines) and CS™ (filled bars, dashed lines)
after mock-SFC or SFC. Two-sided Kolmogorov-Smirnov test, ****P=8.1x 107,
g, Timeline of chemogenetic experiment. h, Left, Cre”but not Cre* (dACA2-
silenced) cohortinteracted more with CS™ than CS* (two-way repeated

measures ANOVA—cohort x stimulus mouse, F(1,76) =32.92,P=1.85x107).CS*
interaction times are similar between groups (P = 0.071; Bonferroni post hoc
test). Right, discrimination scores. h-1,n =10 Avprlb-Cre”, n =10 Amigo2-Cre’,
n=10 Avprib-Cre* and n=10 Amigo2-Cre'.i, Cartoonillustrating CS* selective
approach-avoidance behaviors for Cre” but not Cre* group. j, Velocity versus
head orientation angle plots show Cre” mice (purple) but not Cre* mice (orange)
selectively retreated from CS* after SFC. k, Relative approach/retreat velocity
scores. Two-way repeated measures ANOVA—cohort x arena half, F(1,76) = 200,
P=5.5x10"%.1, Frequency of approach-avoidance events toward CS* was greater
than toward CS™ for Cre” but not Cre* group after SFC. Two-sided Kolmogorov-
Smirnov test, ***P=2.4 x 107, Box plots—central line, median; bottom and

top edges, 25th and 75th percentiles; whiskers, most extreme data points
(excluding outliers); dots, individual animals. Bonferroni post hoc and ¢-tests,
asappropriate—*P<0.05,*P< 0.01, **P< 0.001and ****P < 0.0001. Sex was
approximately balanced across conditions, and no sex differences were observed
(for statistical comparison between females and males, see Supplementary
Table1and Extended Data Fig. 5a-f).

approach-avoidance event frequency during the SFC social recall trial
(Fig.2g-1).Inthese experiments, both Cre*and Cre~ littermate controls
wereinjected with Cre-dependent AAV to express hM4Di selectively in
the Cre" mice. Bothgroups were theninjected with CNO 30 min before
SFC. In agreement with the results of Fig. 1, the Cre* (dCA2-silenced)
group showed a marked inhibition in social fear discrimination mem-
ory relative to the Cre™ controls, evidenced by the similar times that

dCA2-silenced mice spent in the CS* and CS™ arena halves and inter-
acting with the CS" and CS™ mice (Fig. 2h). Of particular interest, the
changes in behavior following dCA2 silencing reflected an increased
fear response directed towards the CS”, apparent by the decrease in
CSinteractiontime and theincrease in CS™ approach-avoidance event
frequency, relative to the control group (Fig. 2i-1). The nonselective
fear response to the CS™ and CS* after dCA2 silencing was not due
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Fig.3|dCA2 pyramidal neuron activity is required for social fear
discrimination memory duringrecall. a, Experimental timeline of
chemogenetic silencing of dCA2 pyramidal neurons during SFC recall (day 2).

b, Cre* mice and Cre” mice displayed comparable freezing durations (two-way
repeated measures ANOVA—cohort x stage, F(1,60) = 0.0001, P= 0.99) that were
significantly greater during social than cup recall trials. b-g, n = 8 Amigo2-Cre
and n=8Avuprlb-Cre’;n=8 Amigo2-Cre' and n=8 Avprlb-Cre". c, Left, Cre” but
not Cre" mice selectively avoided the CS* arena half (left, two-way repeated
measures ANOVA—cohort x arena half, F(1,60) =168.02, P= 4.48 x 10™). Right,
discrimination scores. Discrimination scores for ¢ and d—unpaired, two-sided
t-tests between cohorts, two-sided one-sample ¢-tests against zero. d, Left, Cre™
mice preferentially interacted with CS” relative to CS*; Cre* mice showed little
interaction with either (two-way repeated measures ANOVA—cohort x stimulus
mouse, F(1,60) =15.46, P=2.221x10™*). CS" interaction times did not significantly
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differ between the Cre”and Cre* cohorts (P=0.068, Bonferroni post hoc test).
Right, discrimination scores. e, Velocity versus head orientation angle plots
showing Cre™ (purple) but not Cre* (orange) mice selectively retreat from CS".

f, Relative approach/retreat velocity score (two-way repeated measures
ANOVA—cohort x arena half, F(1,60) = 37.45, P=7.726 x10°®). g, Density plots
show Cre” but not Cre* cohort had significantly more approach-avoidance events
to the CS* than CS™. Two-sided Kolmogorov-Smirnov test, ***P=3.1x 107,

Box plots—central line, median; bottom and top edges, 25th and 75th percentiles;
whiskers, most extreme data points (excluding outliers); dots, individual
animals. Bonferroni post hoc and ¢-tests, as appropriate—*P< 0.05, ***P < 0.001
and ***P < 0.0001. Sex was balanced across conditions, and no sex differences
were observed (for statistical comparison between females and males,

see Supplementary Table 1and Extended Data Fig.5a-f).

to generalized fear or anxiety, as the Cre* and Cre” groups showed
similar low levels of freezing in the empty cup recall session and similar
behaviorsinthe elevated plus maze or inlocomotor activity (Extended
DataFigs.2band 3c,d).

The difference in social fear discrimination between Cre* and
Cre” mice was not due to their different genotypes, as separate con-
trol groups of Cre* and Cre™ mice that did not express iDREADD and
were injected with either saline or CNO before SFC showed similar
behaviors (Extended Data Fig. 4). We saw a similar efficacy of dCA2
silencing in suppressing social fear discrimination memory in male
and female subjects and when we used the Amigo2-Cre or Auprlb-Cre*
lines, demonstrating the generality of our findings (Extended Data
Fig.5).Finally, the effect of dCA2 silencing was not due toadecreasein
theefficacy of the SFC protocol, as there was no significant difference
in the number of foot shocks required for subjects to learn to avoid
the CS* during the SFC learning trial when dCA2 was active or silenced
(Extended Data Fig. 3e, f).

As CNO injection inhibits the activity of neurons expressing
iDREADD for several hours during both SFC encoding and consolida-
tion, we next used an optogenetic approach to selectively silence
dCA2 during the SFC learning trial to examine its role specifically in
SFC memory encoding. Similar to the chemogenetic results, we found
that optogenetic silencing of dCA2 selectively during SFC encoding
disrupted social fear discrimination memory during the recall session
inCre* relative to Cre” mice (Extended Data Fig. 6).

Toinvestigate whether dCA2 activity was alsorequired during the
recall of social fear discrimination memory, Cre* and Cre” cohorts were
injected with Cre-dependent iDREADD AAV in dCA2 and subjected to

SFCintheabsence of CNO. Both groups of mice were theninjected with
CNO 30 min before the 24 h recall sessions (Fig. 3). Similar to what we
observed when we silenced dCA2 during SFC learning, silencing dCA2
duringrecall did not alter theincreased freezing relative to the cup recall
trial (Fig. 3b). However, dCA2 silencing during recall was sufficient to
suppress social fear discrimination memory (Fig. 3¢,d), withincreased
socialavoidance of the CS™ (Fig. 3e-g) relative to the Cre” control group.

Asrodentsadapt their behavior to potential threats through social
observation®, the ability of asubject to discriminate the CS* from CS~
might, in principle, depend on acquired fear behaviors displayed by
the CS*. However, we found that when mock-SFC mice interacted with
the same CS*and CS™ used as stimulus mice in previous SFC trials with
other subject mice, they failed to discriminate between the CS* and
CS". Moreover, chemogenetic silencing of dCA2 to impair the social
memory of the CS*and CS™ mice during SFC did not alter the subject’s
preference (Extended Data Fig. 7). Thus, the ability of the subject to
discriminate the CS* from the CS”most likely depends onthe memory
ofthe subject for the differing valences of the stimulus mice.

To assess whether dCA2 was specifically required for social aver-
sive learning, we performed an analogous object fear conditioning
(OFC) protocol, in which mice received a foot shock when interacting
with one of two novel objects (Fig. 4). Similar to SFC, OFC mice, but
not mock-OFC mice, displayed increased freezing when re-exposed
totheobjects after 24 hand spent significantly more time interacting
with the CS™ than the CS* object (Fig. 4c,d). Also similar to SFC, OFC
mice displayed increased approach-avoidance behaviors toward the
CS'relative tothe CS” object (Fig. 4e-g). However, in stark contrast to
SFC, chemogeneticsilencing of dCA2 during the OFClearning trial did
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Fig.4 | dCA2 pyramidal neurons are not required for object fear
discrimination memory. a, OFC paradigm. b, OFC but not mock-OFC cohort
displayed increased freezing during object recall relative to the habituation
trial (two-way repeated measures ANOVA—cohort x stage, F(1,44) =18.797,
P=8.335x107).b-g, n=12 C57BL/6) wild-type mice per cohort. ¢, Left, OFC

but not mock-OFC mice selectively avoided the CS* arena half (two-way
repeated measures ANOVA—cohort x arena half, F(1,44) =19.36, P= 6.8 x107%).
Right, discrimination scores. Discrimination scores for ¢, d, jand k—unpaired,
two-sided ¢-tests between cohorts; two-sided one-sample t-tests against
zero.d, Left, OFC but not mock-OFC cohort interacted more with the CS™ than
CS* object (two-way repeated measures ANOVA—cohort x stimulus object,
F(1,44) = 6.1, P=0.017). Right, discrimination scores. e, Speed versus head
orientation angle plot. f, Relative approach/retreat velocity score for mock-OFC
and OFC groups (two-way repeated measures ANOVA—cohort x arena half,
F(1,44) =51.87,P=5.781 x10°°). g, Frequency of approach-avoidance events,
two-sided Kolmogorov-Smirnov test, ***P=9 x 1075, h, Experimental timeline
of chemogenetic experiment. i, Cre* (dCA2-silenced) and Cre” controls injected
with CNO 30 min prior to OFC displayed comparably elevated freezing during

Speed (cm's)
Head orientation (°)

13 CS directed [0 CS' directed

objectrecall relative to the habituation trial (two-way repeated measures
ANOVA-—cohort x stage, F(1,44) = 0.694, P= 0.409).i-n, n =12 Amigo2-Cre” and
n=12Amigo2-Cre* mice.j, Left, Creand Cre* cohorts both avoided the CS*arena
half (two-way repeated measures ANOVA—cohort x arena half, F(1,44) =2.096,
P=0.154). Right, discrimination scores. k, Left, comparable CS"and CS* object
interaction times between cohorts (two-way repeated measures ANOVA—
cohort x stimulus object, F(1,44) = 0.235, P=0.629). Right, discrimination
scores. I, Cre”and Cre" mice exhibit similar selective retreat from CS*. m, Relative
approach/retreat velocity to CS™and CS* for Cre”and Cre* cohorts (two-way
repeated measures ANOVA—cohort x arena half, F(1,44) = 0.078, P=0.78).

n, Frequency of approach-avoidance. Two-sided Kolmogorov-Smirnov test for
CS relative to CS*,***P=9.14 x 10~° and ****P =8 x 10~ for OFC Cre*and OFC Cre",
respectively. Box plots—central line, median; bottom and top edges, 25th and
75th percentiles; whiskers, most extreme data points (excluding outliers); dots,
individual animals. Bonferroni post hoc and t-tests, as appropriate—*P < 0.05,
**P<0.01,**P<0.001and ***P < 0.0001. Sex was balanced across conditions,
and no sex differences were observed (for statistical comparison between
females and males, see Supplementary Table 1). Hab., habituation trial.

notimpair object fear discrimination memory (Fig. 4h-n). Our finding
that dCA2 was selectively important for the encoding and recall of
social fear discrimination memory compared to object fear memory
isconsistent with previous resultsindicating arelatively selective role
of dCA2in socially relevant forms of memory”".

dCA2 pyramidal cells encode the identity and valence of the
CS*and CS” mice

We nextinvestigated whether and how dCA2 represented social fear dis-
crimination memory by imaging the calcium activity of dCA2 pyramidal
neurons in subject mice as they explored stimulus mice before and

after SFC. We expressed GCaMP8m in dCA2 pyramidal neurons using
Cre-dependent AAVinjections and recorded calcium dynamicsin freely
behaving mice through microendoscopicimaging (Fig. 5a-d). We first
recorded dCA2 activity before SFC (day1) as a subject mouse explored
anopenarenacontaining two empty cup cages. This was immediately
followed by two social exploration (SE) imaging trials in which the
subject explored two novel stimulus mice (in cup cages), whose loca-
tions were swapped between trials. After 2 h, the subjects underwenta
mock-SFC trialinthe SFC chamber. On day 2, we re-exposed the subjects
tothe openarenawith empty cups, followed by four consecutive social
recall (SR) imaging trials, with the positions of stimulus mice swapped
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between each trial, which enabled us to disentangle dCA2 social and
spatial information'*>***¥’. One week later, the same imaging protocol
was repeated, but now withtwo novel stimulus mice 2 hbeforeand 24 h
after performing SFC, as described above.

We first compared the effects of SFC versus mock-SFC on the
response profile of individual dCA2 pyramidal neurons, combin-
ing data from ten mice with an average of 65.2 + 10 simultaneously
imaged cells per mouse (mean + s.d.; Fig. 5e,f). Before mock-SFC
or SFC, a relatively small fraction of neurons showed a significant
change in activity when the subject was interacting with a given
stimulus mouse, relative to baseline activity levels during periods
of nonsocial exploration (P < 0.01; Methods). Thus, 9.0% + 3.2%
(mean *s.e.m.) of active dCA2 neurons responded selectively dur-
ing periods of interaction with the prospective CS* mouse, and
7.0% +1.5% of cells responded selectively during exploration of the
prospective CS” mouse. An additional 8.0% + 3.8% of cells showed
mixed selectivity, responding during interactions with both CS* and
CS™ mice.

Notably, SFC caused asignificantincreaseinthe fraction of CS”and
CS* selective cells. Thus, after SFC, the fraction of CS* selective cells
increased to13% + 4.1%, and the fraction of CS™ selective cellsincreased
to14% + 3.7% (chi-square test compared to before SFC, x*(4) =30.237,
P=8.76 x107°). In contrast, SFC caused no significant change in the
fraction of mixed-selectivity cells (y*(4) = 3.364, P= 0.498).In contrast
toSFC, there wasno changein the fraction of CS"or CS™ responsive cells
orinthefraction of mixed-selectivity cells after mock-SFC (Fig. 5e). The
fraction of CS*and CS  selective cells also increased after SFCwhen we
analyzed datainindividual mice separately, although there was more
variability (Extended Data Fig. 8). When we aligned the responses of
the CS"and CS™ cells to the start of each social interaction bout, the
event-triggered average activity for each group reached a peak near
the start of the interaction (Fig. 5g, top row). After SFC, the CS" selec-
tive cells displayed an increase in calcium responses slightly before
the start of an interaction, during the approach of the subject to the
CS' (Fig. 5g, bottom row).

In addition to increasing the fraction of responsive cells, SFC
caused a striking increase in the stability of response selectivity for
boththe CS*and CS responsive cells across the 2 days of the recordings
compared to mock-SFC (Fig. 5h). Thus, only 8.5% of CS* cells and 7.5%
of CS™ cells retained their selectivity for the same mouse before and
1day after mock-SFC, similar to chance levels (8% and 9%, respectively;
based onthefraction of CS*and CS™ selective cellson day 2).In contrast,
43% of CS" selective cells and 44% of CS selective cells retained their
response selectivity after SFC, threefold greater than the chance levels
of 13% and 14%, respectively (CS* cells—x*(4) = 24.307,P= 6.9 x 10~ and
CS cells—x*(4) =21.409,P=2.62x107™).

dCA2 population activity encodes social threat and social
safety

Although dCA2 population activity encodes both social novelty and
social identity'**¥, it is not known whether social representations in
dCA2 or any hippocampal region may be modified following an aver-
sive social experience to encode social fear discrimination memory.
We, therefore, used a linear support vector machine (SVM) classifier
to assess whether dCA2 activity contained sufficient information to
discriminate the CS* from the CS”and whether this discrimination was
altered after SFC. To construct binary classes for the CS*and CS™ that
were independent of spatial location, we pooled calcium responses
duringequal times of interaction with a given stimulus mouse when it
wasinthe frontand back cups fromtwo consecutive trials (Fig. 6a). To
control for the interaction preference of the subject, we subsampled
the data to include equal interaction times for the CS* and CS™. We
compared decoding accuracy to chance levels (-50%), determined for
each animal as the average decoding accuracy performed on 1,000
random shufflings of the CS*and CS™ labels (Methods).

Inline with previous work”, conspecificidentity could be decoded
from dCA2 activity at levels significantly above chance, even before
mock-SFC or SFC (Fig. 6a). Of note, SFC led to the avoidance of the
CS" and preference for the CS”, as described above, and significantly
enhanced the accuracy of decoding the CS* from CS™(Fig. 6a). Thus,
decodingaccuracy increased from 57.1% + 1.15% in the SE trials before
SFCt067.7% +2.44% in the SR trials after SFC (mean +s.e.m.forn=10
mice; Bonferroni multiple comparisons test—SE 1and 2 versus SR tri-
alsland2,P<0.01;SE1and 2 versus SR3and 4, P<0.01). In contrast,
no significant change in decoding performance was observed after
mock-SFC, where the mean decoding accuracy remained at-60%. The
increasein decodingaccuracy was dependentonthe11%increaseinthe
fraction of CS"and CS™ selective cells after SFC (Fig. 5e), as decoding
accuracy after SFC was not significantly different from that before SFC
when those cells were omitted from the post-SFC decoding analysis
(Extended Data Fig. 9a,b). The decrease in accuracy was not simply a
result ofthe decreased number of neurons used for decoding because
we still observed asignificantincrease indecoding accuracy whenwe
deleted arandom set of 11% of cells after SFC. Our finding of enhanced
decoding of conspecificidentity following SFCis thus consistent with
our single-cell analysis and suggests that past aversive social experi-
ences are incorporated into dCA2 representations of conspecifics.

Theincreasein decodingaccuracy following SFCis likely to be of
behavioralrelevance as it was strongly correlated with both theincrease
infreezing durationand theincreasein CS'/CS”behavioral discrimina-
tionscore during SR trials1and 2 (Fig. 6a,b). In contrast, there was not
a significant correlation between increased decoding accuracy and
either behavioral discrimination score or freezing in SR trials 3 and 4.
We attribute the lack of correlation to the greatly diminished freez-
ing and decreased avoidance of the CS* during trials 3 and 4, which
may result from habituation or extinction of fear behavior due to the
absence of areinforcing stimulus during SR trials 1and 2. That decod-
ing accuracy remained high in the last two trials while fear behavior
was greatly diminished indicates that the enhanced decoding of the
CS*from CS™ following SFCis not simply areflection of the differential
fear response elicited by the stimulus mice. In contrast to the results
with SFC, we observed no significant correlation between either type
ofbehavioral readout and decoding accuracy for the mock-SFC cohort.

The enhancement in decoding of the CS* from CS™ could reflect
arefinement in the representation of the CS" alone, the CS™ alone or
both. To distinguish these possibilities, we used the SVM classifier to
decode interactions with the empty cup (during the empty cup recall
trial) compared to interactions with the cup in the same positioninthe
social recall trials, when the cup contained either the CS" or CS™. We
found that the accuracy of decoding CS" and CS™ interactions versus
their respective empty cup interactions were enhanced roughly equally
after SFC, suggesting that the representations of both conspecifics
were strengthened (Fig. 6¢).

Next, we assessed whether SFC led to enhanced decoding of con-
specific identity within a more naturalistic setting when the subject
freely interacted with the CS" or CS™inan open arena (Fig. 7a). Similar
towhen the stimulus mice were confined to cups, mice that underwent
SFC, but not mock-SFC, freely interacted with the CS”significantly more
thanthe CS' (Fig.7b,c).Inaddition, alinear SVM classifier successfully
decoded periods when the subject approached or interacted with the
CS* or CS” compared to periods when the subject was not engaged in
socialinteractions (matched for velocity and distance between subject
and stimulus mice but with the head of the subject mouse oriented
away from the stimulus mouse). Moreover, the accuracy of decod-
ing increased significantly as the nose-to-nose distance between the
subject and stimulus mouse decreased (Fig. 7d). Decoding accuracy of
either stimulus mouse was significantly greater after SFC compared to
mock-SFC. Moreover, after SFC the accuracy with which dCA2 activity
decoded the presence of the CS* was significantly greater than that for
the CS~, especially at greater interaction distances. Thus, while dCA2
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repeated measures ANOVA—cohort x session. Decoding accuracy—F(2,54) = 8.4,
P=6.67 x10*and discrimination score—F(2,54) = 6.65 x 10"*. Thin lines,
individual animals. Filled symbols connected by thick lines and error barsina
and ¢, mean + s.e.m. averaged from different animals for SFC, mock-SFC and null
model asindicated. a-c, n =5 male Auprib-Cre" and n = 5 male Amigo2-Cre" mice,
514 cells total. Bonferroni post hoc tests between SFC and mock-SFC, **P < 0.01
and ***P < 0.0001 (see Supplementary Table 2 for Pvalues of CS-decoding
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against the nullmodel). b, Correlation between change in freezing time (top
graphs) or behavioral discrimination score (bottom graphs) with change in
decoding accuracy before and after SFC (left graphs) or mock-SFC (right graphs).
Dots, individual animals. Filled symbols and solid lines, data from SR trials 1
and 2; open symbols and dashed lines, data from SR trials 3 and 4. r, Pearson’s
correlation coefficient. For SFC, both correlations were significant with SR
trials1and 2 data; neither was significant for trials 3 and 4 data. For mock-SFC,
no correlations were significant. ¢, Accuracy of decoding CS* (solid lines) or
CS™ (dashed lines) versus empty cup (same arena position) was enhanced after
SFC but not mock-SFC (two-way repeated measures ANOVA—cohort x session,
F(5,108) =4.717,P=6.18 x10™*). Symbols and error bars show mean + s.e.m.
averaged from different animals. Significantly greater than chance decoding
accuracies for SFC and mock-SFC for all trials. Significantly greater decoding
accuracies after SFC versus mock-SFC on day 2 (one-sided, paired t-tests; see
Supplementary Table 2 for Pvalues across all trials).

activity successfully decoded the presence of the CS* whenitwasup to
5cmaway fromthe subject, the CS” could only be decoded at distances
of1.5cmorless. Incontrast, CA2 activity in the mock-SFC cohort could
only decode the stimulus mice when they were within 0.5 cm, with no
difference in decoding of either stimulus mouse.

As dCA2 encodes spatial as well as social information, we next
asked whether SFC enhanced the accuracy of spatial decoding by pool-
ing dCA2activity datafrominteractions around the same cup location
(that is, back or front cup) from two consecutive social exploration
and social recall trials before and after SFC or mock-SFC. In line with
previous work”, we found that dCA2 activity allowed us to decode
withabove-chance-level accuracy spatial position (that is, front versus
back cup location). However, unlike social decoding, spatial decoding
accuracy did not significantly increase after SFC and was not corre-
lated with behavioral discrimination of the CS* from CS™ (Extended
DataFig.9c-e).

Asafurthertest of the behavioral relevance of the increase in stim-
ulus mice decoding accuracy after SFC, we examined whether dCA2
representations of novel objects were modified following OFC, using
aprotocol similar to that used for SFC calciumimaging. The activity of
asmall fraction of dCA2 pyramidal neurons selectively responded as
the subjectinteracted with one of the two stimulus objects before OFC.

Inaddition, dCA2 representations were able to decode the two distinct
objectsatabove-chancelevels of accuracy. However, in contrast to SFC,
dCA2 single-cell and population-level activity were not significantly
modulated by object-valence associations, with no significant change
in either the fraction of object selective cells or in object decoding
accuracy (Extended DataFig. 10). The differential effect of SFCand OFC
on dCA2 pyramidal neuron representations mirrors the differential
role of dCA2 in SFC and OFC behaviors, supporting the view that the
changesin dCA2 activity we observed following SFC are likely to be of
behavioral relevance.

dCA2 encodes an abstract representation of social valence

Our finding that SFC enhanced the ability of dCA2 representations
to discriminate the CS* from CS™ mouse prompted us to investigate
whether SFC led to the incorporation of a representation of social
valence into that of social identity. We used a linear classifier decod-
ing approach to measure a quantity termed the cross-condition gen-
eralization performance (CCGP)*®, which required the use of training
and testing datasets from distinct conditions, with two pairs of binary
classes that differ in one common variable, in our case social valence.
We therefore recorded calcium signals from the same set of dCA2
neurons as a subject mouse underwent two separate rounds of SFC,
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SFC. a, Subject and stimulus mice during free interactions in an open arena.

b, Trajectories of the subject (top) and indicated stimulus mouse (bottom)
during SE before SFC (left) and during two successive recall sessions with CS™and
CS* 24 hafter SFC (right) with reduced social interactions during the latter. ¢, Left,
subject mouse shows greater interaction time with CS™ relative to CS* after SFC;
no difference before SFC (two-way repeated measures ANOVA—cohort x stimulus
mouse, F(1,60) =15.46, P=2.21 x 10™). Right, discrimination scores for CS™ versus
CS*interaction times. Unpaired, two-sided ¢-tests between cohorts and two-sided
one-sample t-tests against zero. ¢,d, n = 5 male Amigo2-Cre* mice, 382 cells total.
d, CS* (solid lines) or CS— (dashed lines) decoding accuracy as a function of
distance to subject mouse relative to no interaction at the same distance. After
SFC (purple), CS" interactions decoded over a greater range of distances and with
higher accuracy than CS~interactions (dashed line; ANOVA—cohort x distance,
F(30,176) = 3.215, P= 6.13 x 10°®). After SFC, CS* decoding accuracy was above

the chance level at all distances. CS™ only was decoded above chance for
separations <1.5 cm. CS" accuracy was significantly greater than CS™accuracy at
all distances. After mock-SFC (green), decoding accuracies for interactions with
the two stimulus mice did not differ and were above chance only for separations
<0.5 cm. Bonferroni post hoc tests and one-sided, paired ¢-tests against decoding
accuracies obtained from the null model (see Supplementary Table 3 for Pvalues
across all distances). Bold lines and barsind, mean + s.e.m. across cohorts. Box
plots—central line, median; bottom and top edges, 25th and 75th percentiles;
whiskers, most extreme data points (excluding outliers); dots, individual animals.
Bonferroni post hoc tests (c, left) and ¢-test (¢, right), *P < 0.05 and **P < 0.01.

1week apart, using different pairs of novel CS*and CS™ mice in each
session (Fig. 8a). We measured CCGP from the accuracy with which
alinear classifier trained to decode interactions with one pair of CS*
and CS™ mice was able to decode the second pair of CS*and CS™ mice.
As the identities of the four mice were distinct, the classifier trained
on one pair of mice should only be able to decode the second pair of
miceif dCA2 representations contained ageneralized (that s, abstract)
representation of social valence, the common variable.

With the two CS* and two CS” mice from weeks1and 2 (CS1*, CS2°,
CS1 and CS2") and the two recall trials per session (with positions of
stimulus mice swapped), there were atotal of eight conditions, provid-
ing a number of ways of assessing CCGP. We first determined CCGP
using binary classes balanced for spatial location (back and front cups)
and SFC session (weeks 1and 2), as illustrated in Fig. 8b (grouping 1).
Thus, we formed one training class by pooling dCA2 activity around
CSI intherecall trials of week 1and the other training class by pooling
dCA2 activity around CS2" in recall trials from week 2. We found that

the classifier successfully decoded the similarly pooled test data from
the pair of stimulus mice not used for training (CS” fromweek 2and CS*
from week 1), yielding a high CCGP that was greater than chance at a
high level of statistical significance (Fig. 8c). In contrast, CCGP was at
chancelevels when determined using a similar protocol with two pairs
of mice that underwent mock-SFC.

In principle, a high CCGP could also be obtained if dCA2 repre-
sentations encoded the passage of time between week 1 and week 2.
However, in this case, grouping training and testing conditions by
valence and not time would lead to a consistent assignment of the test-
ing data to the wrong class used for training, resulting in CCGP levels
significantly below chance (below 50% correct), inconsistent with the
high CCGP we observed. That dCA2 did not encode the passage of time
isfurther supported by the mock-SFC results, where CCGP determined
across weeks 1and 2 was not greater than chance.

Next, we investigated whether dCA2 population activity permit-
ted the decoding of social valenceirrespective of both social identity
and spatial position of the CS"and CS™ mice (Fig. 8b (grouping 2)). We
thus trained a classifier to decode one pair of CS*and CS” miceinone
cup location (for example, the back cup) and tested its performance
on decoding a different pair of CS" and CS™ mice in the other cup
location (for example, the front cup). The resultant CCGP was again
significantly above chance after SFC, but not mock-SFC, despite the
differences in spatial location and social identity in the training and
testing groups (Fig. 8c). Similar to previous results®’, dCA2 also pro-
vided a generalized representation of spatial position independent
of socialidentity or valence. Thus, a classifier trained to decode inter-
actions with the back versus front cup containing a pair of stimulus
mice of one valence could decode cup location when tested on data
from a second pair of stimulus mice with the other valence (Fig. 8b
(grouping 3) and 8c).

AsSFCstabilized the single-cell responses to the CS*and CS™ from
1day to the next, we next asked whether the coding of valence by sin-
gle cells was maintained across the two pairs of mice over the 1-week
interval between the two SFC sessions. We found that a significant
fraction of cells that selectively responded during interactions with a
mouse of agiven valence after the first round of SFC maintained their
selective valence responses when tested with the second pair of mice
after the second round of SFC (Fig. 8d). Thus, both CCGP measures and
single-cell analyses provide a consistent picture that dCA2 pyramidal
neuronsincorporate ageneralized and stable encoding of valence into
their representations of social identity following SFC.

The ability of a linear classifier to read out a generalized or
abstract variable is a hallmark of low-dimensional representations
in neural activity space’® (Fig. 8e). In the simple scheme presented
in Fig. 8e, we consider the representations of four individuals (two
CS"and two CS™ mice) before and following SFC based on the mean
firing rates of three hypothetical dCA2 neurons, with each individual
represented as adistinct vector, or point, in three-dimensional neural
activity space. In the least constrained geometrical arrangement,
the four individuals are represented at four random locations in a
tetrahedral three-dimensional geometry. Although a linear classi-
fier can be trained to discriminate between any two individuals by
constructing an appropriate decoding plane that separates the two
clusters of points, there is no generalization as this decoding plane
will not necessarily separate the other pairs of mice. Based on our
CCGP results, we posit that the incorporation of social valence into
dCA2representations following SFC leads to arearrangementin the
geometry of neural activity so that the representations of animals
with similar valence are now grouped closer to each other than are
animals with different valences. This geometric arrangement after
SFC predicts that the accuracy of decoding the identity of animals
with the same valence should be less than that for animals with differ-
ent valences, which s consistent with our pairwise decoding results
presented in Supplementary Table 4.
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Fig.8|dCA2 population activity encodes an abstract representation of social
valence and position. a, Protocol to measure CCGP. Two SFC sessions, separated
by 1week, with stimulus mice CS1"and CS1” in week 1and CS2*and CS2" in week
2.CS™mice, blue; CS" mice, red. Week 1 mice, darker shades; week 2 mice, lighter
shades. Back cup interactions, solid color; front cup interactions, cross-hatched.
b, Assignment of binary classes for training and testing data to measure the
following CCGPs: (1) cross-identity CCGP for social valence, (2) cross-identity

and cross-position CCGP for social valence and (3) cross-identity CCGP for
position. ¢, (1) Cross-identity social valence; CCGP = 70.6% + 1.4% (mean + s.e.m.
throughout figure) after SFC (***P =3.11 x 10~* compared to null model, one-sided
paired t-test throughout). CCGP = 51.5% + 2.1% after mock-SFC (NS, P=0.97).

(2) Cross-identity and cross-position social valence; CCGP = 63.5% + 1.3% after
SFC (**P=1.2x107). CCGP =51.7% + 1.8% after mock-SFC (NS, P=0.94). (3)
Position; CCGP = 67.2% + 1.3% after SFC (***P=8.43 x107%). CCGP = 63.8% + 1.8%
after mock-SFC (**P=2.17 x107). ¢,d, n = 5 male Amigo2-Cre* mice with 309

cells tracked across both SFC sessions. Box plots—central line, median; bottom
and top edges, 25th and 75th percentiles; whiskers, most extreme data points
(excluding outliers); dots, individual animals. d, Response profiles of dCA2 cells
during week 2 mock-SFC or SFC recall sessions that were originally responsive
to CS* or CS™ (labeled below pie charts) during corresponding week 1 recall
sessions. Two-sided chi-square tests against cell fractions expected by chance:
mock-SFC CS*™—x*(4) =5.2103, P= 0.266; mock-SFC CS™—x*(4) =4.7123,P=0.318;
SFC CS*™—x*(4) = 28.353,P=1.1x107 and SFC CS —x*(4) =24.711,P=5.8 x 107,

e, Hypothetical decoding plane fromalinear classifier trained to decode

CS1* from CS1”based on three-dimensional trapezoidal-like representational
geometry before SFC (left) fails to separate (decode) CS2* from CS2". Classifier
plane trained to decode CS1' from CS1” based on two-dimensional planar
representations after SFC (right) will decode CS2* from CS2". Distances between
points are drawn roughly to scale based on pairwise decoding results from
Supplementary Table 4.
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Discussion

Using a combined social-spatial fear conditioning paradigm, we find
thatindependent neural processes underlie the ability of ananimal to
discriminate between spatial valence associations and social valence
associations. Thus, while dCA1 pyramidal neurons are required for
spatial but not social threat discrimination, consistent with their role
in spatial reference memory and conditioned place aversion®, dCA2
pyramidal neurons are required for social but not spatial threat dis-
crimination. Although previous studies have implicated dCA2 in social
novelty recognition memory’'°and the association of social odor with
awater reward*’, our study demonstrates that dCA2 is also necessary
for complex forms of episodic social memory requiring the association
of specificindividuals with athreatening or safe social experience. Our
results alsoindicate that the two major components of social memory,
the recognition of whether an individual is familiar or novel and the
recollection and discrimination of previous experiences with equally
familiar individuals*>">*¢, are mediated by a single class of neurons
located in arelatively small brain subregion. Whether the same indi-
vidual dCA2 neurons encode familiarity, socially associated reward
and socially associated threat remains to be determined.

Another key finding of our study is the dissociation of the role of
dCA2insocialfear discrimination memory fromits lack ofimportance
inassociating threat with a general social context. Thus, subject mice
exhibited afear response to both threat- and safety-associated indi-
viduals when we silenced dCA2; however, the subject mice were not
fearful during exposure to the empty cup cages that housed the stimu-
lus mice during social recall trials. This suggests that brain regions
outside of dCA2, such as those implicated in social fear responses
following social defeat or astandard SFC protocol (that s, ventral hip-
pocampus, amygdala, hypothalamus and lateral septum***), mediate
the general association of social context with an aversive experi-
ence, with dCA2 required specifically to discriminate threat- from
safety-associated individuals. The nonselective social fear phenotype
of dCA2-silenced miceis reminiscent of social anxiety disorder, where
fear responses are generalized to both safety- and threat-associated
social contexts.

Our results also support the view that dCA2 has arelatively selec-
tive role in social forms of associative memory. Thus, while dCA2
was required for social fear discrimination memory after SFC, dCA2
was not necessary for object fear discrimination memory after OFC.
Similarly, a previous study found that dCA2 was not required for
nonsocial contextual fear conditioning in male mice’, although it
does have a role in female mice*’. Moreover, we found that SFC, but
not OFC, strengthened the ability of dCA2 representations to dis-
criminate a CS* from CS™ (Figs. 6 and 7 and Extended Data Fig. 7).
Ourresultsthat dCA2is of particularimportance for socially-related
forms of memory are consistent with previous findings that dCA2 is
required for social novelty recognition memory’ '’ but not for novel
object memory”” and that dCA2 is required for social odor-reward
memory but not for nonsocial odor-reward memory*’. Similarly, our
results on dCA2 representations are consistent with findings that
social odor-reward learning but not nonsocial odor-reward learn-
ing strengthens the ability of dCA2 representations to discriminate
rewarded from unrewarded odors*.

What neural circuits might enable the information within dCA2 to
influence the behavioral discrimination of social threats from social
safety? Results from previous studies suggest that both vCAl and
lateral septum are potential downstream targets. Thus, output from
dCA2 to vCAl contributes to social novelty recognition memory'®*,
whereas dCA2 outputs to lateral septum promote social aggression™®.
The latter action is of particular interest as it depends on the disin-
hibition of the ventrolateral subdivision of VMHvI**, an area whose
posterior subregion promotes social aggression while its anterior
region regulates social avoidance*?**, vCAl is also noteworthy as
it contributes to both social novelty recognition memory'"> and

regulates emotional behaviors through projections to diverse brain
regions, includingamygdala*, nucleus accumbens'®, medial prefron-
tal cortex? and hypothalamus**. Further evidence implicating vCAl
comes from the finding that optogenetic activation of vCAl social
engram cells when paired with a foot shock can elicit a subsequent
social fear response’.

In principle, dCA2 could provide information solely about social
identity to downstream brain regions, which would then associ-
ate a given social identity with threat or safety. Alternatively, dCA2
itself could participate in the association of valence with a specific
individual’s identity. We favor the latter possibility as SFC led to the
incorporation of a generalized (that is, abstract) representation of
social threat and social safety into dCA2 representations of social iden-
tity, based on a high CCGP, which is consistent with low-dimensional
representations®® of social valence (Fig. 8e). Of further note, our
finding that a linear classifier yields a generalized decoding of social
valence suggests a simple neurobiological implementation. Thus, a
downstream neuron that linearly sums its dCA2 inputs with synap-
tic weights given by the decoding weights of the linear classifier can
provide a generalized readout of social valence based on whether the
inputs reach the threshold for driving neural output. Such a neuron
couldthereby provide social valenceinformationto hard-wired circuits
totrigger socialapproach orsocial avoidance behaviorsindependent
of the specific social identity of a conspecific.

At present, itis unclear whether the same or distinct subpopula-
tions of dCA2 neurons participate in social novelty recognition mem-
ory and social fear discrimination memory. For example, different
subpopulations of dCA2 pyramidal neurons could mediate different
socialmemory behaviors through projectionsto distinct dCA2 targets,
including vCAl and lateral septum, the latter important for regulat-
ing social avoidance®?*. Alternatively, a single population of dCA2
pyramidal neurons could mediate both forms of memory throughthe
routing of dCA2 signals to distinct neural circuits based on the action
of neuromodulators. This is consistent with findings that oxytocin and
vasopressin contribute to social novelty recognition memory and social
aggression through their actions in dCA2 (refs. 14,45-47) and lateral
septum®, respectively, and that oxytocin actionsin lateral septum®and
VMHVvI* regulate social fear behaviors. Finally, the appropriate readout
ofthe two forms of social memory could be achieved through distinct
geometric representations in the activity space of asingle population
of dCA2 neurons that enable downstream neurons with appropriate
synaptic weights to be differentially recruited by the distinct memory
codestoelicit an appropriate social behavior.

Dysfunctioninassociative learning processes, such as the gener-
alization of conditioned fear to neutral social stimuli, has been impli-
cated inmaladaptive social fear"*** and shown to underlie generalized
social fear behaviors induced both by certain SFC and social defeat
protocols®®?**8, Our finding that dCA2 silencing leads to a loss of the
selective display of safety and fear behaviors toward appropriate social
stimuli, together with findings of alterations in dCA2 properties in
neuropsychiatric disorders in humans***° and in mouse models of
human disease®**', suggests a potential neural substrate for the social
withdrawal and social fear generalization associated with such disor-
ders.Futureresearch on dCA2 may thus enhance our understanding of
boththe neural circuits mediating distinct memory processes and the
etiology of social anxiety and other disorders related to the aberrant
assignment of valence to social stimuli, with the promise of identifying
new therapeutic approaches.
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Methods

Animals

All experiments were approved by the Institutional Animal Care and Use
Committee at Columbia University under protocol number AABJ7554.
Adult male and female mice (8-14 weeks old) were maintained on a12-h
light/12-hdark cyclewith ad libitum access tofood and water. Subject mice
used for all experiments were either from the C57BL/6) strain (Jackson
Laboratories, 000664) or transgenic mice on the C57BI/6) background.
Amigo2-Cre’ or Avprlb-Cre* (Jackson Laboratories, 036876) mice, and
their wild-type littermates (all on a C57BL/6) background) were used for
optogenetic and chemogenetic dCA2 silencing and dCA2 miniscope
imaging experiments. No statistically significant differences between
outcome variables were observed with respect to sex or between
Amigo2-Cre and Avprlb-Cre mice (Extended Data Fig. 5). Thus, data
obtained from these cohorts were pooled. Stimulus mice were age-, sex-
and weight-matchedtosubject miceand from the C57BL/6) or Crestrainsin
experiments where dCA2 was chemogenetically silenced in stimulus mice
duringsocial fear conditioning. Sample sizes were not predetermined, but
our sample sizes are similar or larger to those in previous studies™***,
Experimenters were blind to animal genotypes, and mice wererandomly
assigned toagivengroup withinthe experimental conditions. The order of
experimental trials was randomized. Stimulus mice and stimulus objects
were randomly designated as the ‘CS” or the ‘CS™ for individual experi-
mental trials. The positions of the stimulus mice were chosen at random
for recall and swapped for experiments where further recall sessions
followed. Subjects with mistargeted viral injections and/or optic fibers
were excluded fromanalyses. Inaddition, mice with fewer than 50 pyrami-
dal neurons on day 1 of an experiment were excluded from the analyses,
as well as mice that exhibited freezing for over 80% (240 s) of recall (<5%
of total), which reduced interaction times and/or the number of calcium
events during social interactions to levels that were too low to quantify.

Viral injections and surgical procedures

Mice were anesthetized withisoflurane and administered analgesics for
allsurgical procedures. Stereotaxic injections were performed using a
nano-inject Il (Drummond Scientific). The pipette was retracted 8 min
after stereotaxicinjection, and after stereotaxic surgeries, viruses were
allowed to incubate for 3-4 weeks before behavioral testing.

Pharmacogenetic silencing of dCAl1and dCA2

For the chemogenetic silencing of dCA2 pyramidal neurons
Cre-dependent AAV2/5 hSyn.DIO.hM4D(Gi)-mCherry (Addgene,
44362-AAV5) expressing theinhibitory hM4Di designer receptor exclu-
sively activated by designer drugs (iDREADD) wasinjected bilaterally in
the dCA2region of Amigo2-Creor Avprib-Cremice. A volume of 200 nl of
virus (1.9 x 10 pp ml™) was injected per hemisphere at anteroposterior
(AP), 2.0 mm; mediolateral (ML), +/-1.8 mm and dorsoventral (DV),
-1.5 mm from Bregma. For the chemogenetic silencing of dCA1 pyrami-
dal neurons, Cre-dependent AAV2/8 hSyn.DIO.hM4D(Gi)-mCherry
(Addgene, 44362-AAV8) was injected bilaterally in the dCAl region
of LypdI-Cre mice. A volume of 300 nl of virus (1.9 x 10" pp ml™) was
injected per hemisphereat AP,—1.9 mm; ML, 1.5 mmand DV, -1.0 mm
from Bregma. Wild-type littermates injected with the same AAV hSyn.
DI10.hM4D(Gi)-mCherry or Cre' littermates injected with mCherry
were used as controls. For the spatio-social fear conditioning paradigm
(Fig.1), mCherry controls were approximately evenly split between dCA1
and dCA2injectionsin Lypdi-Creversus Amigo2-Cre or Aupr1b-Cremice,
respectively. For CNO versus saline control experiments (Extended Data
Fig.4i-r), Auprib-Cre mice were injected bilaterally in the dCA2 region
with 200 nl of AAV2/5 hSyn-mCherry (Addgene, 114472-AAV5) in each
hemisphere and with dCA2 coordinates as noted above.

10,42
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Optogeneticsilencing of dCA2
For optogenetic silencing of dCA2 pyramidal neurons,
AAV2/2-EFl1a-DIO-eArch3.0-eYFP (1.9 x 1,012 pp ml™) was injected

bilaterally in the dCA2 region of Amigo2-Cre or Auprlb-Cre mice
and wild-type littermate controls. A volume of 200 nl of virus
(1.9 x10" pp mI™) was injected per hemisphere at AP, -1.8 mm; ML,
+2.1mm and DV, -1.4 mm from Bregma. One week after injections,
optical fiber assemblies (200 pm core, 0.37 numerical aperture, 3 mm;
RWD Life Science) were implanted and placed at AP, -1.8 mm; ML,
+2.1mmand DV, -1.2 mm from Bregma. Fibers were permanently fixed
using dental cement.

Miniscope surgeries

A volume of 200 nl of pGP-AAV2/5-syn-FLEX-jGCaMP8m-WPRE
(1.9 x10™ pp ml™’; Addgene, 162378) expressing the genetically encoded
calcium indicator GcaMP8m was injected into the dCA2 region of the
right hemisphere at AP, 2.0 mm; ML, +1.8 mm and DV, -1.7 mm from
Bregma of Amigo2-Cre or Auprlb-Cre mice (7-8 weeks old). Two to three
weeks after stereotaxic injection, agradient refractiveindex lens (GRIN
lens, Inscopix; 1.0 mm diameter, 4.0 mm height) was implanted. The
skull was scored with a scalpel followed by a rectangular craniotomy
(1.2 x 1.2 mm; centered at AP, -2.0 mm and ML, +2.2 mm). Following
the craniotomy, the GRIN lens was lowered to a depth of DV -1.4 to
-1.5 mm from Bregma at a10° angle to position the lens surface parallel
tothe dCA2 pyramidal layer. Finally, the lens was secured in place using
Metabond dental cement. One week after the lens surgery, abaseplate was
placed over thelens and secured with Metabond dental cementto enable
rigid attachment of the miniscope for in vivo behavioral recordings.

Immunohistochemistry

Mice were transcardially perfused using 0.9% saline, followed by 4%
paraformaldehyde (PFA) diluted in phosphate-buffered saline (PBS).
Brains were collected and incubated in 4% PFA overnight and washed
thrice for 10 min in PBS the following day. Coronal sections (60 pm)
were obtained with a Leica VT1000S vibratome and subsequently
permeabilized and blocked for 2 h with 5% goat serumand 0.5% Triton-X
in PBS at room temperature. Sections were incubated overnight with
primary antibodies and diluted in 5% goat serum and 0.1% TritonX-100
in PBS, at 4 °C. The following day, sections were washed thrice for
10 min in PBS, followed by the application of secondary antibodies
at room temperature for 4 h in 5% goat serum and 0.1% Triton-X in
PBS. Neuronal somata were visualized with a stain against the Nissl
substance by using the NeuroTrace 435/455 fluorescent dye (Invitro-
gen, N21479; 1:200). All secondary antibodies were raised in goats,
purchased from Thermo Fisher Scientific, and diluted at1:500. Sections
were mounted using fluoromount (Sigma-Aldrich), and images were
acquired at x5 and %20 resolution using an inverted confocal micro-
scope (Zeiss, LSM 700) and processed using FlJl software.

For eYFP and mCherry labeling, the first incubation was
performed with chicken anti-GFP (AVES Labs, GFP-1020;1:1,000) and
rabbit anti-RFP (Rockland, 600-401-379; 1:1,000). The secondary
incubation was performed with anti-chicken conjugated to Alexa 488
(ThermoFisher Scientific, A11039) and anti-rabbit conjugated to Alexa
568 (Thermo Fisher Scientific, A11011). For RGS14 and PCP4 labeling,
the firstincubation was performed with mouse IgG2a anti-RGS14 (UC
Davis/National Institute of Health (NIH) NeuroMab Facility, 73-170;
1:50) and rabbit anti-PCP4 (Sigma-Aldrich, HPA005792;1:400). The sec-
ondaryincubationwas performed with anti-mouse IgG2a or anti-rabbit
conjugated to Alexa 488 (Thermo Fisher Scientific, A21131).

Analysis of viral expression

To confirm the selective expression of the AAVs in dCA2, the overlap
between an expressed viral fluorescent marker and the dCA2-specific
markers RGS14 or PCP4 was assessed.

Behavioral assays
Between all behavioral trials, the arena and wire cups were cleaned
with 70% alcohol wipes, followed by cleaning with water and drying.
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Behavioral assays conducted with male versus female mice were
conducted with at least al-week break in between.

Social-spatial fear conditioning (SFC) and social fear
conditioning (SFC) paradigm

Apparatus. A modular shuttle chamber (51 cm length, 25 cm width
and 30 cm height; Coulbourn, Harvard Biosciences) was used for fear
conditioning. The chamber was placed within anisolation cubicle for
noise attenuation and connected to a precision shocker (Coulbourn
H13-15 Precision Shocker). During recall, a rectangular arena (50 cm
length, 25 cmwidthand 30 cm height; made in-house) was used. Imag-
ing Source DMK 37BUX252 video cameras mounted for top-down
recordings of fear conditioning or recall sessions were used for video
recordingat 30 Hz. Throughout all stages of the paradigm, 3D-printed
cylinder-shaped plastic caps were placed on top of wire cage cups to
prevent mice from climbing on top of the cups.

Subject mice. Mice were habituated to the animal facility for at least
1week afterarrival from the vendor. Habituation to handling (Smin d™),
the conditioning room (2 h d*) and wire cage cups (2 h d™) took place
for two consecutive days before the start of the behavioral tests. Mice
were randomly assigned to the fear-conditioned experimental group
or the unconditioned ‘mock’ control group, with the same behavioral
paradigm being followed for the latter with the exception of foot shock
delivery. Subject mice were singly housed beginning 2 hbefore the fear
conditioning stage of the experiment to allow for habituation to the
homecage and maintained singly housed throughout the behavioral
paradigm to prevent social fear extinction due to exposure to social
stimuli. Habituation, fear conditioning and recall sessions took place
during the same time of the day during the light phase.

Stimulus mice. Stimulus mice went through the same habitu-
ation routine as subject mice but were additionally habituated to
being placed underwire cage cups twice for 5 min on each habitu-
ation day. Stimulus mice were singly housed for 1 week before the
social fear conditioning and throughout the paradigm to prevent
odor cross-contamination with other mice. Two animals from distinct
litters from the subject mice served as the social stimulus mice. The
same two stimulus mice were typically used for acohortof around ten
subject mice and designated at random as either the CS* or the CS™ for
each subject mouse. Stimulus mice and control mice were housed in
distinct rooms within Columbia University’s animal facility and kept
separate throughout the entire experiment except for fear condition-
ing and recall phases. Stimulus mice were placed on plastic bases to
prevent them from receiving foot shocks. Stimulus mice were new to
the subjects during day 1 of all experiments carried out.

Social fear conditioning. Fear conditioning consisted of two phases
of 5min each. During a nonsocial ‘cups’ stage, mice were allowed to
freely explore for 5 min the fear conditioning chamber containing
two empty wire cage cups placed on opposite sides of the chamber.
During the social fear conditioning stage, both wire cage cups were
replaced by identical wire cage cups containing the stimulus mice. The
two stimulus mice were randomly assigned as the CS* or the CS™ for
each experimental mouse and placed at random on either the right
or left side of the fear conditioning chamber. Subject mice that were
conditioned received afoot shock (1-s duration, 0.7 mA pulsed direct
current), whichwas manually delivered whenever a subject mouse was
detected tointeract with the CS" mouse, based on the criteria that the
head of the subject mouse was both inside a social interaction zone,
defined as an area within 2.5 cm of the cup containing the CS* mouse,
and oriented toward the center of the CS* cup. The fear conditioning
stage ended either after 5 min of explorations or when four-foot shocks
had been administered, at which time the mice were returned to their
homecage.

Spatial fear recall. Spatial fear recall trials were performed 24 h after
fear conditioningin the same behavioral room and the same fear con-
ditioning chamber. The spatial fear recall consisted of 5 min where
subject mice were exposed to the fear conditioning chamber contain-
ing empty wire cage cups at opposite sides of the chamber.

Social fear recall. Social fear recall trials were performed 24 h after
fear conditioning (Fig. 1 immediately after spatial fear recall) in the
samebehavioral roombutinanovelarena, rotated by 90° with respect
tothe experimenter, with differentlighting (red LED light strips) than
the fear conditioning arena and with smooth acrylic flooring in place
of the metal grid. Similar to the fear conditioning trial, a recall trial
consisted of two phases of 5 min each. Subject mice were exposed to a
nonsocial ‘cups’ recall stage, where mice were allowed to freely explore
two empty wire cage cups placed on opposite sides of the arena. This
was followed after approximately 2 min by a5 min‘social’ recall stage,
where the subject mouse was exposed to the CS*and CS™ stimulus mice
previously encountered during fear conditioning. CS*and CS™ positions
(distal versus proximal parts of the arena, relative to the experimenter)
were assigned at random for the first trial of the recall session. Their
positions were then swapped for every consecutive trial with different
subject mice.

Recall with free social interactions. We used an SFC paradigm where
both the subject and one stimulus mouse (CS™ or CS*) were freely
moving during SE trials before SFC and during social recall trials 24 h
after SFC (Fig. 7c,d). The order of separate exposures of the subject
mouse to the CS" was randomized between animals.

SFC behavioral paradigm for miniscope recordings. Before calcium
imaging sessions using aminiature head-mounted microscope (mini-
scope), mice were habituated withadummy miniscope until comfort-
able. A commutator was used during all recording sessions to enable
rotation of the miniscope cable, thus allowing mice to move freely in
thearena. Before behavioral testing, mice were allowed to acclimate to
thebehavioral roomfor 2 h. AnVista 3.0 Inscopix miniaturized micro-
scopewasinsertedinto the baseplate and used torecord fluorescence
signals from dCA2 pyramidal neurons expressing GCaMP8m during
free behaviors using Inscopix data acquisition software (30 frames
per second, 50-ms exposure, 0.2-0.4 mW mmZillumination inten-
sity). The focal plane was optimized for each mouse individually and
maintained throughout all recording sessions. To align behavior and
calcium videos, a 5-V TTL pulse was triggered from an AMi-2 Optoge-
netic interface at the start of calcium recordings through Anymaze
software synchronous with behavioral video recordings, both acquired
atarate of 30 Hz. Habituation to room and handling was conducted as
described for the SFC behavioral paradigm.

Miniscoperecording experiments were performed intwo behavio-
ral paradigms, amock-SFC paradigm and an SFC paradigm, separated
by1week. Inthe mock-SFC paradigm, mice were allowed to explore for
5 minarecall arena containing two empty wire cage cups on opposite
sides of the arena. Two novel stimulus mice were then placed under
the cups, and the subject mouse was allowed to explore the arena for
two additional 5-min trials, with the positions of the stimulus mice
swapped between the two trials. Mice were then returned to their
homecage for 2 h, after which they were allowed to explore the fear
conditioning chamber with two empty cups for 5 min, followed by an
additional exploration trial in which the same two stimulus mice were
present in the cups, with positions randomly assigned to right or left
cup. No shocks were delivered throughout the sessions. Mice were
then returned to their homecage for 24 h and then re-introduced to
therecallarenafor a5 mintrial of exploration of the empty cups (‘cups’
stage). This was followed by four consecutive 5-minrecall trialsinwhich
the same stimulus mice encountered the previous day were presentin
the cups (‘social’ stage). Trials were separated approximately by 2 min
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whenthe arenawas cleaned and the positions of the stimulus mice were
swapped in each consecutive trial. After 1 week, mice underwent the
SFC paradigm. The paradigm was similar to the mock-SFC paradigm
except that subject mice were administered foot shocks during explo-
ration of the designated CS* stimulus mouse in the fear conditioning
chamber, as described above during social fear conditioning. The same
behavioral analysis as for SFC mice was performed for the mock-SFC
cohort for stimulus mice randomly designated as the ‘CS” or the ‘CS™.
The positions of the stimulus mice were chosenat random for the first
recall session and swapped for the following three recall sessions. The
arenawas quickly cleaned both before and between the recall session
with the general cleaning procedure described above. All SFC record-
ings were performed with n = 2foot shocks administered.

Social memory assay. Subject mice were habituated for 20 minto a
rectangular arenawith two empty wire cups (radius 5 cm) on opposite
sides for 4 days. After habituation on day four, two novel stimulus
mice were placed under the wire cups. In learning trials, the subject
mouse was allowed to explore the arena with the novel stimulus mice
for 5 min followed by another 5 min of exploration with the positions
ofthe stimulus mice swapped. The subject mouse was then placed into
aholding cage, followed by re-introduction to the same arena 30 min
later for a5-minrecalltrialinwhich the arenaagain contained two cups,
each with astimulus mouse. One of the cups contained one of the now
familiar stimulus mice encountered in the learning trials (F), chosen at
random, and the other cup contained a third novel stimulus mouse (N).
Socialmemory is manifestintheinnate preference of the subject mouse
to explore the more novel of the two stimulus mice. Social interaction
was defined as times when the subject’s head was oriented toward the
center of a cup containing a stimulus mouse within a 7.5 cm radius of
the cup center (1.5 the radius of the cup; social interaction (SI) zone).
We measured the total social interaction time during the recall trial for
mouse n and mouse F and used this to calculate the following social
discrimination score as a measure of social memory:

Discrimination score =

(SI'time around mouse N)—(SI time around mouse F )

(SI'time around mouse N)+(SI time around mouse F )

Elevated plus maze. Mice were transferred to the behavioral testing
room 2 hbefore the experiment for habituation to the room. For test-
ing, mice were placed in the center of an elevated plus maze (Harvard
Apparatus; two enclosed arms with 15-cm high walls and two open
arms, arms 65 cm long and 6 cm wide; maze elevated 40 cm from the
floor) facing the open arm of the maze and away from the experimenter.
Mice were allowed to explore the maze for 8 min. The position of the
head was tracked with DeepLabCut to calculate the number of entries
into each arm, the time spentin each arm and the distance traveled.

OFC paradigm. We performed an OFC experiment closely based on
the SFC protocol, except we used two novel objectsin place of the novel
stimulus mice, and the objects were not placed under cups. Different
objects made of plastic, rubber or wood (all about 10 cm tall and
5cm x5 cmwide) were used for the OFC paradigm and randomly assigned
asthe CS*orthe CS foreachexperimental mouse. Both fear conditioning
and recall stages were preceded by 5 min of exposure to the respective
empty arena. OFC miniscope recordings were conducted in a similar
manner to SFC miniscope recordings, as described above. The same
behavioral analysis as for OFC mice was performed for the mock-OFC
cohort for stimulus objects randomly designated asthe ‘CS” or the ‘CS™.

Optogenetic dCA2 silencing during social fear conditioning or
recall. Mice were habituated for 4 days to the optogenetic apparatus
by being allowed to freely explore the fear conditioning or the recall
arena for 20 min while being connected to fiber optic leads attached

to an optic rotary joint (Doric Lenses) centered above the arena. For
photostimulation of eArch3.0, ferrules were connected to a 532-nm
laser diode (OEM Laser Systems). A Master-8 pulse stimulator (AMPI)
was used to control the laser, which was adjusted to around 8 mW for
somatic stimulation using a digital power meter console (Thorlabs).
Green light was delivered continuously during the 5 min SFC encoding
trial to inhibit dCA2 pyramidal neurons by activating eArch3.0 bilater-
ally expressed in dCA2 pyramidal neurons of Amigo2-Cre or Avprib-Cre
mice. We used independent cohorts of mice to silence dCA2 during
encodingorrecall. Control wild-type littermates injected with the same
Cre-dependent virus received identical light pulses.

Chemogenetic silencing of dCA1or dCA2 during behavioral assays.
Tosilence dCA2,3-4 weeks after stereotaxic viral injections of AAV2/5
hSyn.DIO.hM4D(Gi)-mCherry, Amigo2-Cre or Avpr1b-Cre mice were
habituated to scruffing and intraperitoneal (IP) saline injections for
four consecutive days. To silence dCA1, 3-4 weeks after stereotaxic
viral injections of AAV2/8 hSyn.DIO.hM4D(Gi)-mCherry, Lypdi-Cre
mice were habituated to scruffing and IP saline injections for four
consecutive days. Mice were then injected 30 min before behavioral
experiments intraperitoneally with 5 mg kg™ of the iDREADD agonist
CNO (Cayman Chemical, 34233-69-7) and returned to their homecage
untilbehavioral testing. The volumes of saline and CNO injections were
matched between habituation and testing days.

Chemogenetic silencing of dCA2 in stimulus mice during behav-
ioral assays. Social memory tests and SFC paradigms where dCA2
was silenced in Avprlb-Cre stimulus mice were performed approxi-
mately 3-4 weeks after stereotaxic viral injections of AAV2/5 hSyn.DIO.
hM4D(Gi)-mCherry in the dCA2 of the stimulus mice. Social memory
tests were performed with intraperitoneal administration of CNO to
the stimulus mice 30 min before the first social memory encoding
session. One week later, a social memory test was conducted with the
same stimulus mice and a new cohort of subject mice, whereas intra-
peritoneal saline injections were administered to the stimulus mice
30 min before the first social memory encoding session. For the SFC
paradigm with dCA2-silenced stimulus mice (that is, the CS" and the
CS"), stimulus mice were administered intraperitoneal CNO 30 min
before social fear conditioning (day 1 of the SFC paradigm). The same
pair of CS*and CS™ mice received 1 week later intraperitoneal saline
injection 30 min before social fear conditioning and was used for a
new cohort of subject mice. Both the socialmemory and the SFC assays
with dCA2-silenced stimulus mice were in addition conducted with a
second pair of stimulus mice and independent cohorts of subject mice.

Behavioral analysis

Pose tracking with DeepLabCut. DeepLabCut software®* (v.2.3)
based on ResNet-50 was used for markerless pose estimation of social
fear-conditioned and unconditioned control mice during the ‘cups’
and the ‘social’ stages of recall. DeepLabCut was trained based on
the following markers on the body of the subject mouse: (1) tip of the
nose, (2) left ear, (3) right ear, (4), center of head (between both ears),
(5) left side of waist, (6) right side of waist, (7) body center, (8) base of
thetail, (9) center of the tail and (10) tip of the tail and four additional
markers indicating the corners of the arena, as well as two markers
indicating the center of the wire cage cups placed on opposite sides
of the arena. The training set was composed of 320 videos and a total
of 2,000 labeled frames randomly sampled with the built-in k-means
algorithmand run for 500,000 iterations. Coordinates predicted with
alikelihood below 95% were replaced by interpolation. Manual labeling
of markers was done with the experimenter blind to genotype and
experimental conditions.

Head direction analysis. The head direction of mice was calculated
based on the vector connecting the nose and body center. A subject
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mouse was taken as being oriented toward a stimulus mouse when the
center of the relevant wire cage cup was within20° to either side of this
vector. Social interactions were defined as times when the subject’s
head was oriented toward the center of a cup containing a stimulus
mouse within a 7.5 cm radius from the cup center (1.5x radius of the
cup radius).

Manual annotation of videos. Video labels for supervised classifica-
tion were obtained through manual annotation with BORIS software®,
based ontop-down video recordings obtained from the ‘social’ stage
of recall trials from nonconditioned controls, social fear-conditioned
mice and social fear-conditioned mice during chemogenetic silenc-
ing trials. Behaviors were categorized as (1) ‘freezing’ (no movement
except for respiration and heartbeat for at least 1), (2) ‘approach’
(approach to a stimulus mouse in stretched posture with a velocity
below 10 cm s, ending with nose marker crossing the interaction
zone), (3) “avoidance’ (rapid retreat fromastimulus mouse, thatis, with
avelocity of above 10 cm s and crossing the midline of the arena), (4)
‘tail rattling’ (fast waving movement of the tail) and (5) ‘other’ for any
other type of behavior. A total of 60 videos with a framerate of 30 Hz
were annotated, resulting in a total number of 540,000 annotated
frames. All annotations were carried out with the experimenter blind
tothe genotype and experimental condition.

Feature extraction for supervised and unsupervised classifica-
tion of behaviors. The following behavioral features were used to
classify the behaviors of the subject mice both in the presence and
absence of social stimulus animals: (1) center of the head (calculated
as the position between ear markers), (2) distance of body center to
cup centers, (3) distance of head center to cup centers, (4) distance
of nose to cup centers, (5-8) distance of the head to each of four
corners, (9-12) distance of head to each of four walls, (13) distance
betweenbody center and nose, (14) distance between the base of tail
and nose, (15) distance between the left and right waist, (16) speed of
the subject mouse (running average over two frames), (17 and 18) head
orientation angle of the subject mouse with respect to cup centers
and (19) all x and y coordinates for the relevant markers as obtained
with DeepLabCut.

Feature preprocessing. Behavioral features for supervised and unsu-
pervised classification were normalized to the [0,1] range with Python’s
sklearn.preprocessing StandardScaler to account for variability in ani-
malsize and slight differencesin camera position. Features with values
outside the 1stand 99th percentiles were removed to exclude outliers.

Supervised classification of behaviors with a long short-term mem-
ory (LSTM) recurrent neural network. To classify behaviorsinto the
five classes as described above, an LSTM recurrent neural network
was implemented using Python’s TensorFlow package to account for
the sequential nature of behaviors. Manual annotations were used
as the ground truth, and prediction relied on the behavioral features
defined above. The LSTM model architecture comprised aninput layer,
the LSTM layer with 100 memory units and a fully connected softmax
layer enabling multiclass classification. Custom Python code was
implemented to generate sequences of 90 frames (3 s) with a shift of
at least ten frames between consecutive sequences. Data were strati-
fied such that train and test sets contained sequences extracted from
different segments of the video set to minimize dependency. The
Adamalgorithm for gradient descent was used for optimization of the
model together with the categorical cross-entropy loss function, and
classificationaccuracy was used as the outcome metric. A dropout and
recursive dropout of 0.2 were used for regularization. Shuffled data-
sets were generated by random permutations of the behavior labels.
Python’sscikit-learn kernel density estimation function was then used
for visualizing the distribution of predicted behaviors.

Analysis of one-photon calcium imaging data

Preprocessing of one-photon calcium data. Videos of calcium-
dependent fluorescence signals from separate sessions within 1 day
were concatenated within Inscopix Data Processing Software as ‘time
series’. Time series were corrected for defective pixels and 4x spatially
downsampled. Background fluorescence was removed using a spatial
band-pass filter based on default parameter values, and fluorescence
videos were motion-corrected to the mean image using the Inscopix
motion correction algorithm. Cellidentification wasimplemented with
the Inscopix CalmAn implementation with the average cell diameter
evaluated with the Inscopix measurement tool, with a minimum pixel
correlation parameter of 0.9, a merging factor of 0.9 and a minimum
peak-to-noise ratio of 15. Default values were used for all other param-
eters, and the temporal traces were normalized to dF/F, that is, the
change of a cell’s fluorescence normalized to the mean fluorescence
across theentire recording.

Single-cell analysis of calcium data. Calcium signals were meas-
ured in 100 ms bins during periods when the subject mouse was
in aninteraction zone around a cup (either empty or containing a
stimulus mouse) and oriented toward the center of a given cup. To
determine whether the activity of agiven neuron was modulated by
socialinteractions, we compared the calcium signals when the sub-
ject mouse explored the CS* or CS™ to the calcium signals recorded
during the same trial when the subject mouse was not engaged in
social interactions. We used a nonparametric Wilcoxon rank-sum test
to determine whether there was a significant difference in calcium
signals during social exploration compared to nonsocial explora-
tion periods. Cells whose activity during SE with the same stimulus
mouse differed significantly from baseline activity (P< 0.01) during
two consecutive social recall trials and across both spatial positions
(back and front cup) were classified as CS" and/or CS™ selective,
according to the nature of the responses. Cells that were both CS*
and CS~ selective were classified as ‘mixed selective’. Cells whose
activity during SE was significantly different from baseline across
one spatial position independent of stimulus mouse identity were
classified as spatially selective.

Linear population decoding. We used SVM with a linear kernel to
decode calcium responses using a Python implementation of the
libsvm package®* (libsvm3.23). We trained the decoder on a subset
of 90% of the data and then tested the performance on a subset of
10% of data that was withheld from the training dataset (tenfold
cross validation). Features were constructed by averaging the dF/F
calcium fluorescence signals of each cell over 100 ms bins and by
assigning labels to the samples according to the mouse’s behavior
(for example, social interaction with the CS* or the CS™). Sample sizes
were balanced by class and across mice. Training, validation and test
sets were stratified to contain samples from distinct social interac-
tion periods. To decode information on the social identity of the CS*
versus the CS” independently of spatial location based on dCA2 cal-
ciumactivity, binary classification was performed on data combined
from two consecutive trials, where the positions of the CS*and the CS~
areswapped, with time spent exploring right and left cups balanced.
To decode information on spatial position based on dCA2 calcium
activity, binary classification was used with calcium data combined
fromsocialinteractions around the back versus the frontinteraction
zones of the arena, irrespective of the interaction partner (CS*or CS),
with time spent exploring the two stimulus mice balanced. The binary
SVM classifier was then used to decode spatial position (back versus
frontinteraction zone). Decoding for free social interactions (Fig. 7)
was implemented with the same scheme, except that binary classes
were constructed based on instances where subject and stimulus
mice were oriented toward each other versus when they were not,
matched for distance and velocity of the moving agent. In addition,
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social interaction times were matched between subject mouse
positions in the four quadrants of the recall arena (Fig. 7a).

CCGP. To calculate the CCGP, a linear SVM was trained to dissoci-
ate a dichotomy under one set of conditions and tested on the same
dichotomy on data from a different set of conditions. For example, to
determine the CCGP for the dichotomy valence, we trained the classifier
based oninteractions with the CS1* versus CS2"and thentested that clas-
sifier forits ability to decode the interactions with the CS2* versus CS1°
(Fig.8b,‘(1)") We thenreversed training and test datasets and measured
CCGPastheaverage decoding performance for the two determinations.
For cross-identity and cross-position social valence CCGP (Fig.8b‘(2)")
and cross-identity position CCGP (Fig. 8b “(3)’), training and test sets
were constructed fromdata pairs withopposing nondecoding variables.
For instance, when decoding cross-identity and cross-position social
valence CCGP, one training set contained datafrom social interactions
around the back cup, while one test set contained left-out data from
socialinteractions with a different pair of CS*and CS™around the front
cup. The CCGP decoding was repeated with swapped training and test
setsand for (2) and (3) withswapped nondecoding variable associations.
The reported CCGP was calculated as the average decoding accuracy
forallrelevanttraining and testing schemes, whereby sample sizes were
balanced across all possible classes. The CCGP null model was estimated
by randomly shuffling neuronindices”.

Permutation testing and empirical chance-level calculation. The
empirical chance level was calculated for each animal by carrying out
thetenfold cross-validated decoding as described above 1,000 times.
However, classification labels were permuted for each of them=1,000
iterations, such that classification labels were randomly assigned to the
feature vector (datasamples averaged across 100 ms of calcium record-
ings)>. Thus, for each individual animal, 1,000 shuffled classification
accuraciesbased onrandomly permuted labels were obtained. Onthe
group level, statistical significance was calculated by comparison of
true classification accuracies (n = 10 values, one value per animal) ver-
suschance-levelaccuracies averaged for each animal over them =1,000
permutations (n =10 average chance-level accuracies, one value per
animal) with a paired t-test. Visualized are chance-level accuracies and
s.e.m.across n =10 animals (Figs. 6 and 7).

Statistical analysis

All statistical analyses were implemented either in Python (v.3.11.1)
or R (4.2.2). Data distribution was assumed to be normal, but this was
not formally tested. One-way analysis of variance (ANOVA), two-way
repeated measures ANOVA and ¢-tests were used where indicated.
Midlines of box plots indicate median, while the range of the box plot
indicates the back (75%) and lower (25%) quartiles. Box plot whiskers
include datawithinal.5x interquartile range. A significance threshold
of a = 0.05was used except when indicated differently, with not signifi-
cant (NS) thus indicating P> 0.05 and the following used otherwise:
*P<0.05,*P<0.01, **P < 0.001 and ***P < 0.0001. All behavioral,
imaging and optogenetics experiments were replicated in multiple
subject animals with similar results.

Python packages

The majority of the code was implemented in Python and makes
use of the following packages: ‘os’ (v2.1.4), ‘sys’ (v3.11.4) and ‘utils’
(v1.0.2) for system administration; ‘numpy’ (v2.0), ‘scipy’ (v1.14.0)
and ‘pandas’ (v2.2.2) for data processing, data analysis and general
datahandling; ‘scikit-learn’ (v1.5.0) for preprocessing of the data for
classification and k-means clustering; ‘TensorFlow’ (v2.11) and ‘libsvm’
(v3.23.0.4) for LSTM and SVM classification, respectively; ‘Matplotlib’
(v3.9), ‘seaborn’ (v0.11.2) and ‘plotly’ (v5.7) for data visualization.
Plotly data visualization was used for polar plots based on modified
custom code’.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Datasets and analytical tools included in this study are available from
the corresponding authors upon reasonable request. Source data are
provided with this paper.

Code availability
Python code for underlying visualization and analysis can be obtained
from https://github.com/Siegelbaumlab/dCA2_SFC.
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Extended Data Fig.1| Deep learning pipeline for the automated
quantification of behavior. a, Markerless pose estimation during recall was
implemented with DeepLabCut. Training of the ResNet-50 network was based on
atotal of 9 markers on the body of the subject mouse, 4 markersindicating the
corners of the arena and 2 markers indicating the center of the wire cage cups
placed on opposite sides of the arena as a proxy of stimulus mouse position.
Dotted circles around cupsillustrate the social interaction zone (1.5x the radius
ofthe cup). Dark blue linesillustrate the head orientation of the subject mouse
(see Methods for further details). b, Markers as predicted with DeepLabCut were
employed to obtain features pertaining to posture of the mouse, its velocity and
its position and orientation within the arena. ¢, To categorize behaviors into

the five classes, along short-term memory (LSTM) neural network was used to
account for the sequential nature of behaviors, whereby manual annotations
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served as the ground truth. lllustration of the model for a single time frame,
with the LSTM layer comprising 100 memory units (green) and input features
described ina. The LSTM layer was followed by a fully connected softmax layer
for the prediction of class probabilities. d, Example sequencesillustrating
behaviors of interest. Behaviors not falling into these categories were labeled
as ‘other’. e, F1score calculated based on softmax output probabilities; shuffled
control data based on randomly shifted frames were associated with significantly
lower classification accuracies. F1scores from10-fold cross-validation. Two-
sided Mann-Whitney U=100, ***P=1.826 x 10™*. Box plot: central line, median;
bottom and top edges, 25th and 75th percentiles; whiskers, most extreme data
points (excluding outliers); dots, decoding accuracies from 10-fold cross-
validation.
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Extended Data Fig. 2| See next page for caption.
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Extended DataFig. 2| SFCinduces freezing and decreases distance traveled
during social recall. a, Freezing duration for mock-SFC (green) and SFC

cohorts (purple) during recall trials 24 h after SFC. SFC but not mock-SFC cohort
displays elevated freezing duration during the ‘social recall trial relative to the
non-social ‘cups’ recall trial 24 h after SFC (two-way repeated measures ANOVA:
cohort x stage, F(1,100) =38.82, P=1.104 x 10°%). N = 26 C57BL/6) wild-type mice
per cohort. b, Freezing duration for Cre™ (purple) and Cre* cohorts (orange; dCA2
silenced) during ‘cups’ and ‘social’ recall trials 24 h after SFC. Both cohorts display
similar low freezing duration during ‘cups’ recall trials and similarly elevated
freezing duration during ‘social’ recall trials (two-way repeated measures ANOVA:
cohort x stage, F(1,76) =1.3846, P= 0.243).N =10 Avprlb-Cre”,N =10 Amigo2-Cre’,
N =10 Avprib-Cre*,N=10 Amigo2-Cre'.c, Distance traveled (m) for mock-SFC
(green), SFC Cre™ (purple) and SFC Cre* (orange) cohorts during ‘cups’ trial in

the SFC chamber (before SFC; SFC marked by dashed vertical line) and during

‘cups’ and ‘social’ recall trials in novel recall arena 24 h after SFC. There was no
significant difference in distance traveled among cohorts during ‘cups’ trial on
day1before SFC. On day 2, mock-SFC cohort (green) showed significantly greater
mobility during the ‘social’ recall trial than both Cre™ (purple) and Cre* (orange)
SFC cohorts. Cre”and Cre* cohorts did not differ significantly in terms of their
mobility (two-way repeated measures ANOVA: cohort x stage, F(4,171) =1.35,
P=0.0113). Data pooled and subsampled from Fig. 2; mock-SFC: N = 20 C57BL/6)
wild-type mice; SFC Cre™: N =10 Avprlb-Cre” and N =10 Amigo2-Cre’;

SFC Cre':N =10 Aupr1b-Cre* and N =10 Amigo2-Cre*. Bonferroni post hoc tests:
*** P <0.001, *** P < 0.0001, n.s.: not significant. Box plots: central line, median;
bottom and top edges, 25th and 75th percentiles; whiskers, most extreme

data points (excluding outliers); dots, individual animals. Sex is balanced per
condition.
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Extended Data Fig. 3| General anxiety-like behavior and locomotor activity
are not affected by SFC, and SFCbehaviors do not depend on number of foot
shocks administered. a, No difference in locomotion between mock-SFC and
SFC cohorts as quantified by the distance traveled during the non-social ‘cups’
recall trial 24 h after SFC. Two-sided, unpaired ¢-test: Distance traveled t =1.019,
p=0.313.N =26 C57BL/6) wild-type mice per cohort. Datainaand c are from
Figs. 2 and 3, respectively. b, No difference in general anxiety behaviors between
mock-SFC and SFC cohorts as quantified with the elevated plus maze (EPM) 24 h
after SFC. Two-sided, unpaired t-test: open armentriest = 0.32, p = 0.751, time on
openarm:t=0.934, p=0.358.N =15 C57BL/6) wild-type mice per cohort.c, No
difference inlocomotion between SFC Cre” and Cre* cohorts with CNO injection
30 mins prior to the SFC session is observed for the distance traveled during the
‘cups’ recall trial 24 h after SFC. Two-sided, unpaired ¢-test: Distance traveled
t=0.767,p=0.447.SFCCre:N =10 Avprib-Cre” and N =10 Amigo2-Cre; SFC Cre":
N =10 Avprlb-Cre* and N =10 Amigo2-Cr'.d, No difference in general anxiety
between SFC Cre™and Cre* cohorts is observed during exploration of the EPM

24 hafter SFC, with CNO administration 30 min prior to the EPM assay.
Two-sided, unpaired t-test: open armentries t =1.092, p = 0.289, time on open
arm:t=0.637, p=0.531.N =10 Amigo2-Cre” and N =10 Amigo2-Cre".

e, Discrimination score based on CS™ versus CS* interaction times (y-axis) as a
function of number of foot shocks received by subject mouse during SFC (x-axis).
Data are shown for SFC Cre™ control mice (purple outlined boxes) and SFC Cre*
mice (orange outlined boxes); both groups received CNO 30 min prior to SFC
onday 1. Data for female mice (gray bars) and male mice (open bars) are shown
separately. No difference between discrimination scores during social recall 24 h
after SFC for Cre” mice receiving 2 versus 3 or 4 foot shocks (two-sided Welch’s
t-test:t = 0.213, p = 0.836) and for Cre" mice receiving 2 versus 3 foot shocks
(two-sided Welch’s t-test: t =—0.48, p = 0.643). e,f, SFC Cre: N =31 Avprlb-Cre”
and N =31Amigo2-Cre” (N =53 mice administered 2-foot shocks); SFC Cre":N=18
Avprlb-Cre*and N =18 Amigo2-Cre*; 31 mice administered 2-foot shocks). Sex is
balanced per condition. f, No difference in freezing duration during social recall
trial 24 hafter SFC for Cre” mice receiving 2 versus 3 or 4 foot shocks (two-sided
Welch’s t-test: t = -1.71, p = 0.121). No difference in freezing duration during the
social recall trial 24 h after SFC for Cre* mice receiving 2 versus 3 foot shocks
(two-sided Welch’s ¢-test: t = 0.08, p = 0.938). Box plots: central line, median;
bottom and top edges, 25th and 75th percentiles; whiskers, most extreme data
points (excluding outliers); dots, individual animals.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | No significant effect of Cre* genotype or CNO
administration in absence of iDREADD expression. a, Cre and Cre’ littermates
underwent SFC (day 1) and were intraperitoneally injected with CNO on day
2,30 min prior to social recall. N =12 Amigo2-Cre” and N = 12 Amigo2-Cre*
miceina-d.Sexis balanced per condition. b, Amigo2-Cre” and Amigo2-Cre*
cohorts displayed similar freezing durations 24 h after SFC (two-way repeated
measures ANOVA: genotype x stage, F(1,44) = 0.871,p = 0.68).c, Spenta
comparable amount of time in the CS™ versus CS* arena half (two-way ANOVA:
genotype x arena half, F(1,44) =1.97, p = 0.52; right, discrimination scores,
two-sided unpaired t-test t =-0.033, p = 0.973). d, Displayed comparable CS~
versus CS" interaction times (two-way ANOVA: genotype x stimulus mouse,
F(1,44) =1.28, p = 0.47; right, discrimination scores, two-sided unpaired ¢-test:
t=0.292,p=0.772.e-h,Same paradigm as in a-d but with Aupr1b-Cre* and
Avprlb-Cre subject mice.N =8 Auprib-Cre*,N = 8 Auprib-Cre” ine-r.Sex s
balanced per condition. f, Aupr1b-Cre” and Avpr1b-Cre* cohorts displayed
similar freezing duration 24 h after SFC (two-way repeated measures ANOVA:
genotype x stage, F(1,28) =1.298, p = 0.26) and g, spent comparable times in the
CS™and the CS* arena halves, respectively (two-way ANOVA: genotype x arena
half, F(1,28) =1.384, p = 0.24; right, discrimination scores, two-sided unpaired
t-testt=-0.832, p=0.41) and h, displayed comparable CS” versus CS" interaction
times (two-way ANOVA: genotype x stimulus mouse, F(1,28) = 0.225, p = 0.638).
Right, discrimination scores, two-sided unpaired t-test: t = -0.744, p = 0.46.1i, To
assess whether effects of SFC differ between CNO-administered (fuchsia) versus
saline-administered (blue) Aupr1b-Cre” mice, both cohorts expressed mCherry
indCA2 and underwent SFC on experimental day 1. Twenty-four hours later,
mice were intraperitoneally injected with CNO or saline 30 min prior to recall.

j—m:N=8Avprib-Cre” mice per condition (CNO or saline). Sex is balanced per
condition. j, CNO- and saline-administered Auprlb-Cre” cohorts displayed similar
freezing durations 24 h after SFC (two-way repeated measures ANOVA: treatment
(saline or CNO) x stage, F(1,28) = 0.029, p = 0.865), (k) spent comparable times
inthe CS™and the CS" arena halves (two-way ANOVA: treatment x arena half,
F(1,28) = 4.468, p = 0.051; right, discrimination scores, two-sided, unpaired
t-testt=-0.47, p = 0.643), (I) displayed comparable CS™ versus CS* interaction
times (two-way ANOVA: treatment x stimulus mouse, F(1,28) = 0.243, p = 0.625;
right, discrimination scores, two-sided unpaired ¢-test: t = 0.427, p = 0.676)

and (m) traveled comparable distances (two-way repeated measures ANOVA:
cohort x stage, F(2,42) = 0.077, p = 0.925). n, As ini-m, with CNO- or saline-
administered Auprib-Cre* cohorts. o-r:N =8 Avprlb-Cre* mice per condition
(CNO orsaline). Sex is balanced per condition. 0, CNO- and saline-administered
Avprlb-Cre* cohorts displayed similar freezing durations 24 h after SFC (two-way
repeated measures ANOVA: treatment x stage, F(1,28) = 0.676, p = 0.417), (p)
spent comparable times in the CS™and the CS* arena halves (two-way ANOVA:
treatment x arena half, F(1,28) =1.374, p = 0.251; right, discrimination scores, two-
sided unpaired t-test t = 0.828, p = 0.42), (q) displayed comparable CS™ versus CS*
interaction times (two-way ANOVA: treatment x stimulus mouse, F(1,28) = 0.074,
p =0.786; right, discrimination scores, two-sided unpaired t-test: t =-0.185,

p =0.855) and (r) traveled comparable distances (two-way repeated measures
ANOVA: cohort x stage, F(2,42) = 0.391, p = 0.678). Bonferroni post hoc tests:

*p <0.05, *p < 0.01, **p < 0.001. Box plots: central line, median; bottom and top
edges, 25th and 75th percentiles; whiskers, most extreme data points (excluding
outliers); dots, individual animals.
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Extended Data Fig. 5| No significant effect of sex or Amigo2-Cre versus
Avprib-Cregenotype on SFCbehaviors. a, No significant differences between
female (gray fill) and male (white fill) mice with respect to freezing duration
during the non-social ‘cups’and the ‘social’ recall trials 24 h after mock-SFC
(greenoutline) or 24 h after SFC (purple outline; three-way repeated measures
ANOVA: cohort x sex x stage, F(1,96) = 0.69, p = 0.4). Datain a-c are from
Fig.2a,b-f: N =26 C57BL/6) wild-type mice per experimental condition. Sex

is balanced per condition. b, Female and male mock-SFC and SFC mice spend
acomparable amount of time interacting with the CS™and the CS* stimulus
mouse, with no significant difference between sexes (three-way repeated
measures ANOVA: cohort x sex x stimulus mouse, F(1,96) = 0.14, p = 0.7). Right,
discrimination scores, two-way ANOVA: cohort x sex, F(1,48) = 0.227, p = 0.6357.
¢, Thereis no significant difference between female and male mock-SFC and SFC
micein their relative velocities of approach versus retreat toward the CS™and the
CS*stimulus mice. Velocity score = (approach velocity - retreat velocity)/sum
of velocities, (three-way repeated measures ANOVA: cohort x sex x arena half,
F(1,96) = 0.8, p = 0.37).d, Female and male mice display similar freezing durations
during the non-social ‘cups’ recall trial and the ‘social’ recall trial 24 h after SFC,
for both Cre™ control (purple) and Cre* cohorts (orange; three-way repeated
measures ANOVA: cohort x sex x stage, F(1,72) = 0.064, p = 0.8). Dataind-iare
from Fig. 2g-1; SFC Cre™: N =10 Avupr1b-Cre”,N =10 Amigo2-Cre”,SFC Cre":N =10
Avprlb-Cre',N =10 Amigo2-Cre*. Sex is balanced per condition. e, No significant

differences between female and male Cre”and Cre* mice with respect to social
interaction times with the CS™and the CS* stimulus mouse (three-way repeated
measures ANOVA: cohort x sex x stimulus mouse, F(1,72) = 0.341, p = 0.56). Right,
discrimination scores (two-way ANOVA: cohort x sex, F(1,36) = 0.577, p = 0.452).
f, Female and male Cre™and Cre” mice display comparable relative velocities of
approach versus retreat toward the CS™ and the CS* stimulus mouse (three-way
repeated measures ANOVA: cohort x sex x arena half, F(1,72) =1.15, p = 0.29).

g, Nossignificant differences between Cre™ (purple) or Cre* (orange) Avprib-
Creand Amigo2-Cre mice with respect to freezing duration for the non-social
‘cups’ recall trial and the ‘social’ recall trial 24 h after SFC (three-way repeated
measures ANOVA: cohort (Cre™ vs. Cre*) x genotype (Amigo2- vs. Avprlb-

Cre) x stage, F(1,72) = 0.615, p = 0.44). h, No significant differences between
Auprlb-Cre and Amigo2-Cre Cre” or Cre" mice with respect to social interaction
time and no significant difference between sexes (three-way repeated measures
ANOVA: cohort x genotype x stimulus mouse, F(1,72) = 0.165, p = 0.685). Right,
discrimination scores, two-way ANOVA: cohort x genotype, F(1,36) = 0.004,
p=0.95.i, Nosignificant differences between Avprib-Cre and Amigo2-Cre Cre”
and SFC Cre" mice for relative approach/retreat velocities (three-way repeated
measures ANOVA: cohort x genotype x arena half, F(1,72) = 0.08, p = 0.7758).
Box plots: central line, median; bottom and top edges, 25th and 75th percentiles;
whiskers, most extreme data points (excluding outliers); Dots, individual
animals.
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Extended Data Fig. 6 | Optogenetic silencing of dCA2 during SFC disrupts
social fear discrimination memory. a, An optogenetic approach was used
during SFC onday 1to silence dCA2 selectively during social fear memory
encoding: Cre* miceand Cre” littermates were injected in dCA2 with AAV-DIO-
eArch3.0-eYFP and implanted with bilateral ferrules for optic fiber probes above
dCA2.dCA2 wasilluminated in Cre* and Cre” groups with green light pulses
continually during the 5-min SFC learning trial. b-f: N =12 Amigo2-Cre™ (purple)
mice; N =12 Amigo2-Cre+(turquoise). Sex is balanced per condition. b, Example
confocal image from an Amigo2-Cre* mouse showing optical fiber tract (dashed
lines) and eArch3 expression with co-expression of the CA2 marker protein PCP4.
¢,SFCCre* and Cre™ cohorts display similar freezing duration during recall trials
24 h after SFC (two-way repeated measures ANOVA: cohort x stage, F(1,40) = 0.75,
p =0.72) and significantly elevated freezing levels during the ‘social’ as compared
to the ‘cups’recall trial (Bonferroni post hoc tests). d, Cre” cohorts show a
preference for exploring the arena half containing the CS” mouse, whereas Cre*
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cohorts show generalized avoidance of the CS* and the CS™ arena halves (two-way
repeated measures ANOVA: cohort x arena half, F(1,40) =8.219, p = 6.58 x 107%).
Right, discrimination scores: unpaired, two-sided ¢-test between cohorts:
t=-3.256, p=0.003.e, Cre” cohorts prefer to interact with the CS"mouse,
whereas Cre" mice display generalized avoidance toward the CS* and CS™ mice
(two-way repeated measures ANOVA: cohort x stimulus mouse, F(1,40) = 7.429,

p =9.47 x107%). Right, discrimination scores: unpaired two-sided t-test between
cohorts: t=2.791, p = 0.01.f, Velocity per head orientation angle plot, illustrating
the generalized avoidance behaviors of dCA2-silenced Cre" mice (turquoise) but
not of Cre™ controls which maintain selective approach-avoidance toward the
CS”mouse (purple). Bonferroni post hoc and ¢-tests, as appropriate: *p < 0.05,
**p < 0.01, **p < 0.001. n.s.: not significant. Box plots: central line, median;
bottom and top edges, 25th and 75th percentiles; whiskers, most extreme data
points (excluding outliers); dots, individual animals.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Stimulus mouse experience does not affect social
memory or social fear discrimination memory in subject mice. a,b, Social
memory assay with dCA2-silenced male Amigo2-Cre stimulus mice. a, After
3-4 weeks of iDREADD injections, CNO was administered to stimulus mice

30 min prior to the first social memory encoding session (‘social 1’), which was
immediately followed by a second encoding session (‘social 2’) with the position
of stimulus mice swapped. Thirty minutes later, a stimulus mouse, chosen at
random, was replaced by anovel mouse (‘recall’). One week later (week 2), the
procedure is repeated with saline injection administered to the same stimulus
mice and a new cohort of subject mice. This was repeated with a different pair
of stimulus mice and two cohorts of subject mice, resulting in a total of N = 20
C57BL/6) wild-type male subject mice (N = 5 per cohort). b, Left, subject mice
display comparable interaction times when stimulus mice were administered
CNO versus saline, two-way ANOVA: injection type x stimulus mouse (novel

or familiar), F(1,36) = 1.14, p = 0.293. Right, discrimination scores; unpaired,
two-sided ¢-test: t =—0.879, p = 0.39). One-sided, one-sample ¢-tests against
zero: stimulus mouse + saline, p = 0.0057, t = 3.603; stimulus mouse + CNO,
t=3.882,p=0.0037.c,d, SFC assay with dCA2-silenced male Amigo2-Cre
stimulus mice. ¢, After 3-4 weeks of iDREADD injections, CS*and CS™ stimulus
mice received CNO 30 min before SFC. The same stimulus mice were used for
SFC1week later with saline injections and anew cohort of subject mice. This
was repeated with a different pair of stimulus mice and two different cohorts
of subject mice, resulting in a total of N = 20 male subject mice (N =5 per
cohort).d, Left, subject mice display comparable interaction times toward

CNO- versus saline-administered CS* versus CS™ stimulus mice. Two-way ANOVA:

injection type x stimulus mouse (CS* or CS"), F(1,36) = 0.98, p = 0.328. Right,

discrimination scores; unpaired, two-sided ¢-test: t = 0.342, p = 0.736. One-sided,
one-sample t-tests against zero: stimulus mouse + saline, t = 2.806, p = 0.02;
Stimulus mouse + CNO, t =3.403, p = 0.007. Bonferroni post hoc tests: *p < 0.05,
**p < 0.01. e-g, Effect of prior SFC experience by CS* and CS™ stimulus mice on
subject mouse behavior for mock-SFC (green; N = 6 C57BL/6) wild-type mice per
condition), SFC Cre™ (purple; N =3 Aupr1b-Cre”,N = 3 Amigo2-Cre™ per condition)
or SFC Cre* (orange; N =3 Avpr1b-Cre*,N = 3 Amigo2-Cre’ per condition) subject
mice during recall trial on day 2. Sex is balanced per condition. e, Freezing
duration of mock-SFC (green), SFC Cre™ (purple) or SFC Cre* (orange) subject
mice during recall trial on day 2 does not significantly differ when stimulus mice
are ‘naive’ (gray-filled bars; no prior SFC experience) versus ‘experienced’ (open
bars; used in prior SFC experiments with N = 5subjects; three-way repeated
measures ANOVA: cohort x stage x stim. mouse experience, F(2,40) = 0.016,
p=0.984).f, Nosignificant difference in relative velocities toward naive or
experienced CS™ or CS* mice, three-way ANOVA: cohort x arena half x stim.
mouse experience, F(2,40) = 0.2, p = 0.82.g, Comparable interaction times

of subjects with naive versus experienced stimulus mice (three-way repeated
measures ANOVA: cohort x stimulus mouse (CS™ vs. CS") x stim. mouse
experience, F(2,40) = 0.126, p = 0.88). Right, discrimination scores, two-way
ANOVA: cohort x stim. mouse experience, F(2,20) =1.04, p = 0.37. Data pooled
from Figs.2 and 3 and Extended Data Fig. 2a,b, with corresponding sex and
genotype. Box plots: central line, median; bottom and top edges, 25th and 75th
percentiles; whiskers, most extreme data points (excluding outliers); dots,
individual animals. Bonferroni post hoc and ¢-tests, as appropriate: *p < 0.05,
**p < 0.01. n.s.: not significant.
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Selectivity profiles on days 1 and 2
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Extended Data Fig. 8 | Comparison of dCA2 neuron stimulus selectivity and
stability before and after mock-SFC and SFC for individual mice. a, No change
inthe CS or CS* selective fraction of cells was observed across mock-SFC (two-
sided x*(6) =4.943, p = 0.551). Dots, individual mice. SE: social exploration trials
before mock-SFC; SR: social recall trials after mock-SFC. Data corresponding

to Fig. Se.a-d: N = 5 male Amigo2-Cre' and 5 male Aupr1b-Cre' mice.b, SFC
significantly increased the fraction of cells that responded selectively to the
CS*orthe CS™(chi-square test; two-sided x*(6) = 34.382, p =5.675 x 107°). Dots,
individual mice. Data corresponding to Fig. 5e. SE: social exploration trials
before SFC; SR: social recall trials after SFC. ¢, Percentage of CS* (left) and

CS™ (right) selective dCA2 pyramidal neurons (y-axis; seeaandb), plotted asa
function of social exploration or social recall trials (x-axis): for mock-SFC (top)
and SFC cohorts (bottom). Mock-SFC: one-way repeated measures ANOVA
CS*:F(2,18) =0.68,p=0.519; CS™: F(2,18) =1.497, p = 0.2503. SFC: one-way
repeated measures ANOVA CS*: F(2,18) =7.177,p = 0.00512; CS™: F(2,18) =8.996,
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p=0.00195. Thin lines: individual animals. Filled symbols connected by thick
lines and error bars inaand c: mean + SEM averaged across animals. Data are from
Fig. Se.d, Individual animal data showing the stability of dCA2 neuron response
profiles for cells that initially responded on day 1 selectively to CS* or CS™ (labeled
above graphs) before mock-SFC (left) or SFC (right). Graphs show response
profiles for CS"and CS™ selective cells identified on day 1 when measured during
the recall trial on day 2 after mock-SFC or SFC. For the SFC cohort, cells selective
for the CS*or CS” on day 1show a greater probability of responding, respectively,
tothe CS* or the CS™ in the recall trial after SFC (day 2). Data are from Fig. 5h.

Total number of cells (mean + SEM across mice): mock-SFC day 1: 672 (69 + 14);
mock-SFC day 2: 658 (64 +10); SFC day 1: 647 (62 + 7); SFC day 2: 630 (58 + 6). Cells
that responded to both CS*and CS™ were classified as ‘mixed selective’. Box plots:
central line, median; bottom and top edges, 25th and 75th percentiles; whiskers,
most extreme data points (excluding outliers); dots, individual animals.
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Extended Data Fig. 9 | CS-selective cells enhance identity decoding after SFC,
but spatial decoding performance is not enhanced after SFC. a, CS* versus CS™
decodingaccuracies for two social exploration trials (SE) on day 1 before SFC and
social recall trials on day 2 after SFC (SR1and 2; SR 3 and 4). Decoding is based
onthe original dataset (purple; Fig. 6) or when arandomly selected subset of 11%
of cells were removed from (ochre). Thin lines show individual animals; circles
and thicklines show mean + SEM. Decoding accuracies for the two datasets are
comparable throughout the experiment: two-way repeated measures ANOVA:
cohort x session, F(2,54) = 0.018, p = 0.98. For both datasets, decoding of CS*
versus CS™is significantly greater after SFC (one-sided, paired t-tests: all cells
SR12vs.SE12:t =-4.42, p = 0.00083; random subset removed SR12 vs. SE12:
t=-2.82,p=0.01).a-e:N = 5male Amigo2-Cre" and 5male Avprib-Cre* mice per
cohort.b, Decoding based on the original dataset (purple ; Fig. 6) or with the 11%
of CS"and CS™ selective cells newly recruited after SFC was removed from the
population for all time points (blue). Removal of the newly recruited selective
cells caused a significant decrease in decoding accuracy after SFC but not before
SFC. Decoding accuracies for the two datasets are significantly different for

the different SFC stages (two-way repeated measures ANOVA: cohort x session,
F(2,54) =3.623,p = 0.0334). When CS* and CS™ selective cells newly recruited

by SFC have been removed, no enhancement of decoding accuracy can be
observed (one-sided, paired t-tests, CS-selective cells removed SR12 vs. SE12:
t=-1.81, p=0.051). Bonferroni post hoc tests: *p < 0.05, n.s.: not significant.
Decodingaccuracy, mean + SEM: all cells (purple; SE1and 2: 57.1 +1.15,SR1and 2:
69.24 +2.62,SR3 and 4: 66.17 +2.25); random subset (11% cells) removed (ochre;

ADecoding accuracy (%)

SEland2:58.74 +£1.32,SR1and 2: 66.39 + 2.42,SR 3 and 4: 64.03 £ 1.3); SFC-
recruited CS*and CS™ selective cells removed (blue; SE1and 2: 57.27 +£1.76, SR1
and 2: 61.76 + 2.13,SR3 and 4: 59.53 + 1.6). Unpaired, two-sided ¢-test, comparison
of decoding accuracies when random subset removed versus when CS*and

CS  selective cells removed for SR1and 2: t = -2.34, p = 0.031. Thin lines show
individual animals; circles and thick lines show mean + SEM. ¢, To assess how
SFCimpacts dCA2 representations of spatial variables, dCA2 calcium activity
datawere acquired during social-spatial interactions with the CS*and CS™in
front and back right cups before and after SFC. Arena and spatial location of cups
differ from SFClearning trial so only social information is present in the recall
trial relevant to SFC. dCA2 activity data were pooled from interactions around
the same cup location (i.e., back or front cup) from two consecutive recall trials,
irrespective of stimulus mouse identity. d, r, Pearson’s correlation coefficient.
Changes in spatial decoding are not correlated with changes in freezing behavior
(top graphs) or behavioral discrimination of CS* from CS™ (bottom graphs)

for SFC (left graphs) or mock-SFC cohorts (right graphs). e, Spatial decoding
accuracy is similar before (SE trial) and after (SR trials) SFC (purple). SFC and
mock-SFC (green) cohorts show similar spatial decoding accuracy throughout
the paradigm, suggesting that the past threat-associated experience associated
witha conspecific does not affect the representation of position in the recall
arena. Two-way ANOVA: cohort x session, F(2,54) =1.284, p = 0.285. Bonferroni
post hoc tests: n.s.: not significant. Thin lines show individual animals; circles and
thick lines show mean + SEM.
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Extended Data Fig.10 | OFC does not enhance dCA2 single-cell or population-
level responses to safety- versus threat-associated objects. a, OFC paradigm.
Onday1, asubject mouse was allowed to explore an open arena (the same used
for SFC social exploration and recall trials) for 5 min (‘Hab.), followed by two
S-min trials in which the subject explored the prospective CS*and CS™ objects
(OE, ‘object exploration’ trials), with positions swapped across trials. Inweek 1,
OE trials were followed 2 hours later by amock-OFC trial. On day 2, the subject
was re-exposed to the open arena (‘Hab.), followed by four consecutive ‘object
recall’ (OR) trials, with positions of stimulus objects swapped between each
trial. In week 2, the same procedure was repeated with two novel objects and
with the mock-OFC trial replaced by an OFC trial. b, dCA2 cells with indicated
response selectivity profiles; cells that responded to both CS*and CS™ objects
were classified as ‘mixed selective’. b-d, N =7 mice (N = 3 male Amigo2-Cre";N =4
male Aupr1b-Cre' mice). OFC did not significantly change the fraction of CS* or
CS selective, mixed-selective or spatially selective cells (two-sided Chi-square
tests; X%(6) = 6.26, p = 0.395), no change of the responsive cell populations was
observed for the mock-SFC cohort (two-sided x*(6) = 3.678, p =0.72). ¢, OFC did
not alter population-level decoding of CS* versus CS™ objects. Top left, calcium
activity was measured from dCA2 pyramidal neurons during exploration of CS*
and CS™ objectsin two object exploration (OE) trials on day 1 and four object
recall (OR) trials on day 2 (after mock-OFC or OFC), with positions of objects
swapped after each trial. Bottom left, linear SVM decoding of CS* versus CS™
objects from calcium data recorded with object positions swapped across two
successive trials. Right graphs: top, CS* versus CS™ object decoding accuracy

I
OR 3&4

A Decoding accuracy (%)

during two object exploration trials (OE) before OFC (purple) or before mock-
OFC (green) and during the first two or the second two object recall trials (OR1
and 2; OR3 and 4) 24 hafter OFC (purple) or 24 h after mock-OFC (green). Thin
lines show individual animals; circles and thick lines are mean + SEM. Bottom,
behavioral discrimination scores before and after OFC and mock-OFC (averaged
across two consecutive trials). OFC enhances behavioral discrimination
performance but not dCA2-based decoding accuracy of objects (two-way
repeated measures ANOVA: cohort x session, F(2,36) = 0.1933, p = 0.825 for
decodingand F(2,36) =5.017, p = 0.0119 for behavior). Paired, one-sided ¢-test
against chance-level accuracies from null model. Bonferroni post hoc and
t-tests, as appropriate: *p < 0.05, ***p < 0.001, n.s.: not significant. d, r, Pearson’s
correlation coefficient. Changes in freezing behavior (top graphs) and behavioral
discrimination of CS* from CS™ objects (bottom graphs) plotted versus change
indecodingaccuracy of CS* from CS™ objects after OFC (left graphs; purple)

or mock-OFC (right graphs; green) relative to values before OFC or mock-OFC.
Filled symbols and solid lines; data from OR1and OR2 recall trials; open symbols
and dashed lines, data from OR3 and OR4 recall trials. No significant correlation
between behavior and decoding performance. Circles represent individual
animals. All mice were administered 2-foot shocks during OFC. Total number of
cells (mean + SEM per mouse): mock-OFC—object exploration trial, n = 456 cells
(65 + 11 per animal); object recall trial, n = 418 (64 + 9 per animal); OFC—object
exploration trials, n =402 (57 + 8 per animal); OFC object recall trials, n =388

(55 + 8 per animal).
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Software and code

Policy information about availability of computer code

Data collection  Data were collected using commercially available software reported in the Methods. Calcium recordings were acquired with Inscopix hard-
and software, and behavioural tracking was performed using DeeplabCut.

Data analysis Data were analyzed using commercially available, open source, and custom Python scripts. Detailed descriptions of these analyses are found
in the Methods. We used Python (v.3.11.1) and the following python packages: ‘os’ (Version 2.1.4), ‘sys’ (Version 3.11.4) and ‘utils’ (Version
1.0.2) for system administration; ‘numpy’ (Version 2.0), ‘scipy’ (Version 1.14.0) and ‘pandas’ (Version 2.2.2) for data processing, data analysis
and general data handling; ‘scikit-learn” (Version 1.5.0) for preprocessing of the data for classification and k-means clustering;
‘TensorFlow’ (Version 2.11) and ‘libsvm’ (Version 3.23.0.4) for LSTM and Support Vector Machine classification respectively;
‘Matplotlib” (Version 3.9), ‘seaborn’ (Version v0.11.2) and ‘plotly’ (Version 5.7) for data visualization.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Datasets generated in the current study will be made available upon reasonable request. Source data are provided with this paper. Python code for underlying
visualization and analysis can be obtained from
https://github.com/Siegelbaumlab/dCA2_SFC
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Human research participants
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Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were not predetermined, but our sample sizes are similar or larger to those in previous studies (Toth et al., 2012; Donegan et al.,
2020; Oliva et al., 2020; Boyle et al., 2024).

Data exclusions  Subjects with mistargeted viral injections and/or optic fibres were excluded from analyses. In addition, mice with fewer than 50 pyramidal
neurons on day 1 of an experiment were excluded from the analyses, as well as mice which exhibited freezing for over 80% (240 s) of recall
(<5% of total), which reduced interactions times and/or the amount of calcium events during social interactions to levels that were too low to
quantify.

Replication Experimental findings were reliably reproduced among all subjects in all experiments comprised of at least 3 cohorts.

Randomization  Mice were randomly assigned to a given group within the experimental conditions. The order of experimental trials was randomized. Stimulus
mice and stimulus objects were randomly designated as the “CS+” or the “CS-” for individual experimental trials. The positions of the stimulus

mice were chosen at random for recall, and swapped for experiments where further recall sessions followed.

Blinding The experimenter was blinded to the experimental conditions.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies used 1) chicken anti-GFP (1:1000, AVES Labs, #GFP-1020, LOT# GFP3717982 ) 3
2) rabbit anti-RFP (1:1000, Rockland, #600-401-379, LOT# 48710) L
3) mouse IgG2a anti-RGS14 (1:50, UC Davis/NIH NeuroMab Facility, #73-170, LOT# 472-1JU-12) <
4) rabbit anti-PCP4 (1:400, Sigma-Aldrich; #4HPA005792, LOT# 000047475)
Validation Quality control information and relevant citations for antibodies used in this study are available at the following:

1) chicken anti-GFP: https://www.fishersci.com/shop/products/anti-chicken-gfp-0-4mg/NC9510598

2) rabbit anti-RFP: https://www.rockland.com/categories/primary-antibodies/rfp-antibody-pre-adsorbed-600-401-379/
3) mouse IgG2a anti-RGS14: https://neuromab.ucdavis.edu/datasheet/N133_21.pdf

4) rabbit anti-PCP4: https://www.sigmaaldrich.com/US/en/product/sigma/hpa005792

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals 8-14 week old male and female C57BL/6J, Amigo2-Cre and Avprlb-Cre mice were used. Mice were maintained on a 12:12 light:dark
cycle at 22°C and 40% humidity.

Wild animals No wild animals were used.

Reporting on sex Males and females were used for all experiments except only males were used for miniscope imaging experiments and experiments
with CA2-silenced stimulus mice.

Field-collected samples  No field-collected samples were used.

Ethics oversight All experimental procedures were approved by the Institutional Animal Care and Use Committee at Columbia University for the
protocol AABJ7754.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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