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ABSTRACT

BACKGROUND: Susceptibility to chronic stress has been associated with depression, a mood disorder that highly
implicates the hippocampus. Hippocampal contribution to stress susceptibility has been supported by findings in
mice following chronic social defeat stress (CSDS). However, little is known about the role of hippocampal activity in
determining the development of stress susceptibility.

METHODS: We used the UCLA Miniscope to longitudinally measure the activity of dorsal CA1 hippocampal neurons
during CSDS. In addition to examining the representation of social information by these neurons, we compared social
memory in mice that were either susceptible or resilient to CSDS.

RESULTS: We observed more stable dorsal CA1 correlates of social interaction and social memory in CSDS-resilient
mice. Such changes were absent in CSDS-susceptible mice and accompanied by greater social memory impairments.
CONCLUSIONS: CSDS susceptibility may be supported by hippocampal social cognitive processes, as reflected in
diminished hippocampal representations of social information and greater impairment in social memory in suspectible

compared with resilient mice.

https://doi.org/10.1016/j.bpsgos.2025.100455

Chronic stress represents a risk factor for depression, a
debilitating mood disorder impacting approximately 280 million
individuals globally (1,2). The hippocampus is highly implicated
in depression (3). Differential hippocampal changes have been
identified in stress-exposed groups of people who go on to
develop depression-like features, termed susceptible,
compared with those who seem to be resilient to stress. Hip-
pocampal hyperactivity is among the observed changes in
both patients with depression responding to negative stimuli
and mouse models of depression (4-6). Using a social stressor
called chronic social defeat stress (CSDS) to separate mice
into susceptible and resilient populations (7), we found that
more hippocampal CA1 neurons were reactivated by the
CSDS experience in susceptible mice (8). Changes in hippo-
campal activity invariably led to alterations in its function,
including social cognition.

In humans, hippocampal activity during facial recognition
correlates with how well participants report knowing a pre-
sented face (9). Findings from rodents support crucial roles of
hippocampal subregions, including the dorsal CA2 and ventral
CA3 and CA1 (10-12), in social memory. The dorsal CA1
(dCAT1) subregion may also contribute to social information
processing. dCA1 neurons preferentially fire according to a
conspecific’s location (13,14), which is likely crucial for
informing the decision to engage in prosocial (e.g., approach)
or antisocial (e.g., avoidance) behavior. The dCA1 is also

essential for the recognition of social identity (15,16). Whether
changes in dCA1 representation of social targets are related to
social stressor susceptibility remains unclear.

To examine dCA1 representation of social information dur-
ing CSDS, we longitudinally performed in vivo calcium imaging
of dCA1 neurons throughout CSDS in male C57BL/6 mice. We
hypothesized that the altered hippocampal activity in stress-
susceptible mice would impact the processing of social in-
formation by the dCA1 and social memory.

METHODS AND MATERIALS

Animals

Male adult C57BL/6 mice (ages 2-3 months) and CD1 retired
breeders (>6 months) were obtained (Charles River). Mice were
housed under a 12-hour light/dark cycle (light on at 8:00 awm), with
experiments being conducted during the light-on phase. All ex-
periments were approved by the Facility Animal Care Committee
at the Douglas Research Centre and followed the guidelines
from the Canadian Council on Animal Care (protocol no.: DOUG-
5935).

Surgeries

Under isoflurane, 253 nL of AAV2/9-SYN-GCaMP6f virus at 23
nl/s was stereotaxically injected in the dCA1 (bregma:
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AP: —1.60; ML: +1.70; DV: —1.40 or AP: —1.90; ML: +1.40; DV:
—1.10; the coordinates achieved comparable results). The vol-
ume was separated into 5 injections, with interinjection intervals
of 30 seconds and the pipette remaining in place for a total of
10 minutes prior to being withdrawn. One week later, a gradient
refractive index lens (pitch: 0.25, diameter: 1.8 mm, length: 4 mm;
Edmund Optics) was implanted above the injection site, with the
cortical tissue above aspirated. The gradient refractive index lens
was fixed in position using cyanoacrylate and dental cement.
Three weeks later, a baseplate for attaching the miniscope was
cemented on the head surface.

Chronic Social Defeat Stress

C57BL/6 mice were attacked by CD1 aggressors during CSDS
(8). CSDS consisted of 8 episodes of defeat. Mice were
attacked daily, with up to 12 attacks occurring during a
maximum period of 5 minutes. Following defeat, C57BL/6 mice
were housed with the CD1 aggressor for 24 hours. A perfo-
rated partition separated defeated mice from aggressors dur-
ing cohousing to allow for the presence of sensory stressors. A
new CD1 aggressor was used in each defeat episode to pre-
vent habituation from the same aggressor. Control non-
stressed C57BL/6 mice were weighed daily and pair-housed
for 8 days. After CSDS or pair housing, social behaviors of
stressed and control mice were examined in a social interac-
tion test (SIT) (17).

The SIT consisted of two 150-second sessions in an open
field (44 X 44 X 44 cm). An empty perforated enclosure
(10 X 5 X 30 cm) was placed in the center of the north side
of the open field during session 1. During session 2, a novel
CD1 mouse was placed in the enclosure. Both sessions
were performed under ambient red light and static white
noise (60 dB). Time spent in the interaction zone (10 cm
around the enclosure) during the SIT was estimated using
TopScan LITE (Clever System Inc.). The social interaction
ratio was calculated as interaction time session 2 (CD1)/
interaction time session 1 (empty). Stressed mice with a
social interaction ratio >1 were considered resilient. All
other stressed mice were considered susceptible mice.
Gradient refractive index lens placement was histologically
confirmed after the SIT.

Social Memory Tests

Testing took place 1 day prior to the start of CSDS or 5 days
post-CSDS. For both pre- and post-CSDS studies, subject
mice were tested in three 8-minute open field sessions: 1) 2
empty cups, 2) 1 empty cup and 1 cup with novel CD1 A, and
3) 1 cup with now-familiar CD1 A and novel CD1 B. The
intersession durations for pre- and post-CSDS studies were 1
minute and 2 hours, respectively. Cup position was counter-
balanced. For post-CSDS studies, another open field session
with the familiar CD1 A and an empty cup was added the next
day. Time spent exploring each cup was measured. All ses-
sions were performed under ambient red light and static white
noise.

In Vivo Calcium Imaging

Using the UCLA Miniscope (version 3), we conducted in vivo
calcium imaging of dCA1 neurons during cohousing with a
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conspecific or an aggressor after the second, fifth, and
eighth episode of CSDS and the SIT. Mice were separated
from the cohoused control or aggressor by a perforated
partition.

Recordings were performed via the Miniscope-DAQ-QT-
Software (Aharoni-Lab, GitHub). These recordings were
concatenated, motion-corrected, and aligned using NoRM-
Corre (18). Calcium signals from each cell segment were
identified and extracted using Constrained Non-negative
Matrix Factorization for microEndoscopic data (CNMF-E)
(19). Overlapping segments (>60%) were discarded. The
signal rising phase was binarized for estimating inferred
spikes. Mouse body parts were annotated using Deep-
LabCut (20) to generate head position and heading direction
vectors. All calcium and behavioral data were downsampled
to 5 Hz.

Social Ensembles

dCA1 neurons were sorted according to their activity during
social interaction bouts. Relative to the head of the social
target, social interaction bouts were defined as <10 cm be-
tween the head of the subject mouse and <50° from the
heading direction of the subject mouse. Only social in-
teractions lasting at least 5 frames (1 second) were used. We
identified neurons that were active during at least 40% of the
social interaction bouts and calculated the mean activity of
these neurons to construct the social ensemble vector. We
found that the cosine similarity index (CSI) (21,22) of the social
ensemble vector, which was calculated from the ensemble
activity vector (C) and the social interaction bout vector (binary
logical values of social interaction frames B; CSI =
2B e C/(|B? ¢ |C[?)), was significantly higher than 95% of
shuffled social interaction bout vectors (10,000 shuffled vec-
tors). The social ensemble vector also showed poorer similarity
with other behavioral vectors, such as subject mouse running
speed and head direction.

Ensemble size was calculated by dividing the number of
dCAT1 neurons within a social ensemble by the total number of
registered neurons within the same recording. Neuron reac-
tivation was tracked using CellReg (23). Spatial information of
dCA1 neurons in social ensembles was estimated (24) using
I = fxl(x)logzﬁ—x)p(x)dx (I = spatial information, x = spatial
location, A(x) = mean firing rate of the cell at location x, p(x) =
probability of mice at location x, A = overall mean firing rate of
the cell), with spatial bins of 4 cm?. Only frames with mice
moving at >5 cm/s were included. MATLAB (version 2020g;
The MathWorks, Inc.) codes for calcium imaging and spatial
information calculations are shared at GitHub (https://github.
com/tpwonglab/social-ensemble-analysis).

Statistical Analysis

All statistical analyses were performed using JMP version 15
and GraphPad version 10. Data normality was examined using
the Shapiro-Wilk test. Two-way analysis of variance and post
hoc Tukey tests were used to analyze calcium imaging data.
For behavioral measures, 1-way analysis of variance and post
hoc Tukey tests were used. Kruskal-Wallis and post hoc Wil-
coxon tests were used for data that were not normally
distributed. Student’s t test and Mann-Whitney tests were
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used for parametric and nonparametric pairwise comparisons.
All data are presented as mean = SEM.

RESULTS

Mouse Behaviors During CSDS Cohousing and SIT

We longitudinally monitored dCA1 activity in conjunction with
social behavior using the miniscope to determine how neuronal
correlates of social interactions evolved throughout CSDS in male
mice. In vivo calcium imaging was performed during the co-
housing that followed a defeat episode where both the C57BL/6
subject and CD1 aggressor (or nonstressed control mouse) were
freely moving or during the SIT on day 9 (Figure 1A). To examine
the long-term effect of CSDS on hippocampal activity, in vivo
calcium imaging was performed 1-hour postdefeat. CSDS sus-
ceptibility and resilience were determined from behavioral per-
formance in the SIT. Briefly, in the SIT, control and resilient mice
spent more time in the area surrounding a CD1 mouse—containing
enclosure, termed the interaction zone, than susceptible mice
(Figure S1A, B). Susceptible mice spent more time in the corner
zones (Figure S1C). No differences in the latency to first attack,
attack number, or weight change during CSDS were observed
between the 2 stressed groups (Figure S1D).

We compared the head distance (Distneaq) @and the angle of
heading direction (Anglenead) Of subject mice to the
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neighboring social target’s head during cohousing or the
mouse-containing cup (center) in the SIT (Figure 1D). During
cohousing, resilient mice maintained a smaller Distpeag and
Angleneaq With aggressors than control mice (Figure 1C), sug-
gesting closer contacts between resilient mice and aggressors
during cohousing. Moreover, behavioral analysis during the SIT
revealed a shorter Distyeaq in resilient mice than susceptible
mice (Figure 1D). The greater Disty¢.q does not represent a lack
of attention toward the aggressor by susceptible mice because
unlike control mice, both susceptible and resilient mice dis-
played a between-session reduction of Anglepeag. This sug-
gests a smaller viewing angle in stressed mice toward the
social target in the SIT. One-way analysis of variance of ses-
sion 2 data from the SIT also revealed a group effect of greater
Distheag @and smaller Angleneaqg in susceptible mice compared
with resilient and control mice, respectively. Thus, during the
SIT, resilient mice remained at closer proximity and positioned
toward the CD1, while susceptible mice maintained a further
distance but continued to face the CD1, potentially indicators
of vigilance or social anxiety (25).

To specifically analyze social behavior during cohousing,
interactions were defined as behavioral frames where the
Disthead Was <10 cm (D10), and the Angleneag between mice
was smaller than £50° (A50; Figure 2A). Both stressed groups
spent more time at D10 than control mice. We also compared
the percentage of time that mice were situated at regions away

Figure 1. Differences in behavior between sus-
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Figure 2. Identifying dorsal CA1 social ensem-
o sus bles. (A) Percentage of time spent at (left) head
distance < 10 cm (D10) and (right) head angle <
+50° (A50) following defeat sessions 2, 5, and 8 in
con (white) (n = 7-8), res (blue) (n = 8-10), and sus
(red) (n = 6-8) mice. *p < .05, *p < .01, **p < .001,
effect test of group in 2-way analysis of variance
followed by Tukey’s multiple comparisons test. #p
< .05, 1-way analysis of variance followed by

o Sfwooe
colfio o

Tukey’s multiple comparisons test. (B) Left: dCA1
field of view demonstrating maximal activity from all
active neurons expressing GCaMP6f in a recording
session (scale bar = 20 um). Right: micrograph from
in vivo calcium imaging recording outlining individ-
ual dCA1 neurons with traces representing corre-
sponding GCaMP6f fluorescent signals (scale bar =
1 minute). (C) Left: schematic representing in-
teractions between a chronic social defeat stress
subject mouse (black) and a CD1 aggressor (white)
in the cohousing post-chronic social defeat stress.
Right: inferred calcium activity for each dCA1

neuron sorted according to activity during social

interaction bouts (red lines above raster plots). dCA1
social ensembles of neurons that were active during

40% (top) or 10% (bottom) of Sl bouts (scale bar = 2

minutes). (D) Inferred calcium spike rate of (left) 40%

far

°
%
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4 esembl

ensemble and (right) 10% ensemble aligned ac-
cording to close (<10 cm, green) and far (>25 cm,
pink) social interaction onset. All data are expressed
as mean = SEM. con, control; dCA1, dorsal CA1;
res, resilient; Sl, social interaction; sus, susceptible.
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from the social targets (when Disteag >25 cm) and found that
resilient mice spent less time in this zone than control mice
(Figure S2A). In terms of viewing angle, we found that sus-
ceptible mice remained at A50 longer than control mice
(Figure 2A). A significant increase in time at A50 was also seen
in susceptible mice between the second and eighth defeat

Time of Sl onset (s)

session. Notably, when we compared the compass angle of
subject mouse head direction (i.e., Angleneaq toward north = 0,
unrelated to social targets), we observed no between-group
differences (Figure S2B), suggesting that the increased time
spent at A50 by susceptible mice was social target-related.
Finally, while both stressed groups moved less than control
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mice during recording, no difference between resilient and
susceptible groups was found (Figure S2C). Together, these
results indicate that nuances in social behavior seem to
manifest throughout the course of defeat and result in
diverging behavioral phenotypes in the SIT. These findings
prompted us to further examine neuronal correlates of in-
teractions (D10 and A50) between subject mice and social
targets.

dCA1 Social Ensemble Activity Throughout CSDS
and the SIT

Next, we determined whether variations in social behavior
were accompanied by changes in hippocampal activity as
measured by in vivo calcium imaging. Fluorescent calcium
spikes were extracted and used as proxies for neuron activa-
tion (Figure 2B). We found an elevated inferred spike rate of
dCA1 neurons in resilient compared with control mice
(Figure S2D). These findings prompted us to identify dCA1
neurons that were active during social interaction. We extrac-
ted dCA1 population activity that was related to social inter-
action between the subject and target mice. This was done
through the calculation of CSls (26) between the mean inferred
calcium spiking rate vector from a neuronal ensemble and the
behavioral vector of social interaction bouts (D10 and A50). We
identified ensembles of neurons that were active in 40% or
10% of all social interaction bouts and compared the activity of
these neuronal ensembles (Figure 2C). An increase in the
inferred calcium spike rate of the 40% ensemble was observed
at the onset of close interactions (Distheaq < 10 cm) compared
with far encounters (Distneaq > 25 cm) (Figure 2D). The inferred
calcium spike rate of the 10% ensemble remained similar
regardless of distance from the aggressor. These results
indicated that the 40% ensemble reflected close social in-
teractions with greater accuracy than the 10% ensemble. For
all future analyses, the 40% ensemble was used and will
henceforth be termed the social ensemble.

Across different sessions of CSDS cohousing, the inferred
spiking rate of social ensemble neurons from all groups was
greater when subjects were close to social targets than when
they were far, except in susceptible mice after the second
session of social defeat (Figure 3A). Although transient, the
absence of social ensemble activity favoring close interactions
in susceptible mice indicated that the neuronal representation
of social interactions may be diminished in susceptible mice.
Next, we quantified the level of congruence between their
mean activity and social interactions that is represented by the
CSI. Social ensembles showed a greater CSI in resilient mice
than in both susceptible and control mice (Figure 3B), indi-
cating that activity from social ensembles was better repre-
sentative of interactions in resilience. Across CSDS sessions,
social ensemble size, which represents the percentage of
recorded neurons in social ensembles, was also greater in
resilient than in control mice (Figure 3C). Considering that
neuron reactivation is another signature relating activity to an
experience (27), we used cell registration (23) to track the ac-
tivity of the same individual neurons across different CSDS
sessions. On average, approximately 50% of neurons reac-
tivated across CSDS cohousing sessions (Figure 3D). Individ-
ual neuron reactivation may be initiated by several cues
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including contextual features; thus, we focused on social
ensemble neuron reactivation. Approximately 50% to 70% of
social ensemble neurons reactivated across CSDS cohousing
sessions and remained comparable across groups. Next, we
compared the reactivation of dCA1 neurons recorded in CSDS
cohousing during the SIT (Figure 3E). We found that suscep-
tible mice displayed reduced reactivation of social ensemble
neurons compared with resilient and control mice. These
findings suggest that in resilient mice, social ensemble neu-
rons represent social interaction more consistently than they
do in susceptible mice.

To determine whether variations in dCA1 social ensemble
activity during CSDS cohousing and SIT could be attributed to
parallel differences in interactions, we compared behavior in
these recording sessions. The number of social bouts during
CSDS cohousing was similar in the different mouse groups
(Figure 4A). During social bouts, both defeated groups initiated
approach less frequently and reacted to interactions with
escape behavior more than control mice (Figure 4B). As ex-
pected, susceptible mice interacted less with the aggressors in
the SIT. Together, observed differences in social ensemble
activity during CSDS cohousing and the SIT are likely not
explained by the dynamics of social behavior. Lastly, it is
possible that dCA1 place-cell properties are responsible for
the differences in ensemble activity that we observed in
different mouse groups. We found that lower mean spatial
information was carried by the social ensemble in both
defeated groups compared with control mice during CSDS
(Figure 4C). These findings seem to be congruent with the
reported detrimental effect of stress on place-cell properties
(28). Notably, social ensemble activity during cohousing was
likely less sensitive to changes in place-cell properties
because all mice during cohousing were freely moving and
interacting at random locations. Interestingly, social ensembles
carried more spatial information in susceptible than in resilient
mice during the SIT. Whether this decrease in spatial infor-
mation in a novel context is related to better social represen-
tation by these ensembles in resilient mice remains to be
tested.

CSDS Impairs Social Memory With a Greater Effect
in Susceptible Mice

The decreases in social ensemble fidelity in CSDS suscepti-
bility may result in deficits in social memory. As shown by
previous studies and our findings from another cohort of mice
(Figures S3 and S4), avoidance in CSDS-susceptible mice is
specific to the CD1 strain, suggesting a contribution from so-
cial memory for this aggressive strain. Using the preference for
mice to interact with a novel conspecific (29), we characterized
the impact of CSDS on social memory for the CD1 strain. We
studied 3 different measures of social memory 4 days post-SIT
(Figure 5A): short-term social memory for a familiar CD1
measured 2 hours later, social novelty memory for a novel CD1
versus a familiar CD1, and long-term social memory for a
familiar CD1 measured 1 day later. In all cases, control mice
displayed a decrease in interaction time when the social target
was less novel (Figure 5B). Stressed mice showed impairment
in social memory on all 3 measures compared with control
mice. Interestingly, susceptible mice exhibited lower
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Figure 3. Dorsal CA1 social ensembles better
represent interactions throughout CSDS in resilient
mice. (A) Inferred calcium spike rate of social en-
sembles during close and far social interactions (con:
n=6-8,res: n=8-10, sus: n =6-8). tp < .05, ttp <
.01, t11p < .001, Ttt1p < .0001, paired t tests. (B)
Average CSI of social ensemble neurons following
defeat sessions 2, 5, and 8 in con (white, n = 6-8), res
(blue, n = 8-10), and sus (red, n = 6-8) mice. *p < .05,
*p < .01, effect test of group in 2-way analysis of
variance followed by Tukey’s multiple comparisons
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grams represent reactivations of (left) all recorded
cells or (right) social ensemble neurons. All data are
expressed as mean + SEM. (E) Average percentage
of reactivated dorsal CA1 neurons in the SIT (con:
n = 5-6, res: n = 10, sus: n = 5-6). Histograms
represent reactivations of (left) all recorded cells or
(right) social ensemble neurons. All data are
expressed as mean = SEM. *p < .05, *p < .01, 1-
way analysis of variance followed by Tukey’s multi-
ple comparisons test. con, control; CSDS, chronic
social defeat stress; CSI, cosine similarity index; ns,
not significant; res, resilient; SIT, social interaction
test; sus, susceptible.
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habituation to the revisited familiar CD1 mouse and lower
preference toward the novel CD1 mouse than resilient mice.
Therefore, CSDS impaired social memory for the aggressor
strain, but the effect was greater in susceptible mice.

Lastly, a separate cohort of mice underwent a social novelty
preference test prior to CSDS exposure and behavioral testing
in the SIT (Figure 5C). It was found that stress-naive mice with
greater social novelty preference went on to show more
interaction following CSDS with a CD1 mouse in the SIT

6

(Figure 5D). Taken together, this finding suggests that stressed
mice with lower interaction behavior in the SIT have preexisting
impairments in social novelty memory.

DISCUSSION

Using a miniscope to longitudinally track hippocampal activity
throughout CSDS, we identified differences in dCA1 repre-
sentations of social interactions between susceptible and
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A Figure 4. Social behavior and activity governed by
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resilient groups. When we examined population activity, we
found that both the size and the information carried by social
ensembles during CSDS cohousing were higher in resilient
mice. Additionally, susceptible mice showed decreased social
representation and memory for CD1 mice. Our findings sug-
gest that differences in the processing of social information by
the dCA1 may regulate stress susceptibility.

Prior reports from our group and others have examined
hippocampal activity during the defeat period (6,8). Unlike
previous studies, examining hippocampal activity during co-
housing did not reveal greater reactivation in susceptible mice.
This discrepancy may be largely due to differences in the
stimuli inducing reactivation, which was physical attacks in the
previous studies compared with social interactions in the
current study. In addition, previous calcium imaging studies
did not examine the effect of aggressor attacks on the activity
of social ensembles (6). Future calcium imaging studies are
needed to determine whether the reactivation of social en-
sembles during attacks are different in susceptible and resilient
mice.

CSDS is a commonly used rodent model for the study of
diverging responses to social stressors (7). Following identical
stressors, the SIT can separate mice that are susceptible and
express social avoidance from resilient mice that retain a
greater level of social investigation (Figures S1 and S3).

Susceptible and resilient mice shared behavioral similarities
during CSDS cohousing (e.g., they appeared vigilant toward
their neighboring aggressor). However, subtle differences were
also found. Resilient mice maintained a shorter Distneag and
Angleneaq to the CD1 aggressor than control mice during co-
housing (Figure 1). When we compared the occupancy of A50,
only susceptible mice showed a smaller Angleneaq to their
cohoused neighbor than control mice, particularly following the
last defeat episode (Figure 2). These findings support the
importance of considering both head distance and heading
direction toward social targets in the definition of social
ensembles.

dCAT1 spatial representations can be modulated by social
processes and valenced experiences. dCA1 social place cells
representing the location of social targets could support nav-
igation processes through social environments (13,14).
Recently, dCA1 activity in bats was shown to simultaneously
represent spatial and social information (30). dCA1 neurons
tuned to the relative distance between a subject and a
conspecific were identified in instances where social presence
was behaviorally important, such as the avoidance of collisions
during bat flight (31). Spatial mapping is also influenced by
valenced experiences, such that dCA1 place cells are biased
to represent reward locations (32-34) and remap following an
aversive experience (35). dCA1 neuron ensembles tuned to
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Figure 5. CSDS impairs social memory to a greater extent in susceptible mice. (A) Schematic of social memory tests. On day 1, subjects (defeated mice or
nonstressed control mice) interacted with a novel CD1 A mouse (white) and an empty cup in an open field. Two hours later, subjects could investigate the now-
familiar CD1 A mouse (light gray) or the novel CD1 B mouse (yellow). On day 2, subjects could investigate the familiar CD1 A mouse (green) or an empty cup. (B)
Social memory performance in con (white) (n = 8), res (blue) (1 = 7), and sus (red) (n = 8) mice. Left: short-term social memory measured as the time spent
investigating the CD1 A mouse when it was familiar (2 hours) compared with novel. Middle: social novelty preference measured as the time spent investigating the
novel CD1 B mouse compared with time spent investigating the familiar CD1 A mouse. Right: long-term social memory measured as the time spent investigating
the CD1 A mouse when it was familiar (24 hours) compared with novel. All data are expressed as mean *= SEM. *p < .05, *p < .01, **p < .001, Kruskal-Wallis test
followed by Wilcoxon test. (C) Schematic of the experimental design: Subject mice underwent the social novelty test with the first session with 2 empty cups, the
second session with one of these cups containing the familiar mouse, and the third session with the familiar and novel mice in different cups (only the third session
is depicted). One day later, subject mice were stressed by CSDS for 8 days. One day later, stress susceptibility was determined by the social interaction test. Time
subject mice spent in the second session (with a CD1 mouse)/time subject mice spent in the first session (empty cup) was used to calculate the SIR. (D) The SIR of
subject mice that exhibited social novelty preference (i.e., showed a preference for the novel mouse in the social novelty test) (SN+) (n = 10) or no social novelty
preference (i.e., showed a preference for the familiar mouse in the social novelty test) (SN—) (n = 7). All data are expressed as mean = SEM. *p < .05, Mann-Whitney

test. con, control; CSDS, chronic social defeat stress; res, resilient; SIR, social interaction ratio; SN, social novelty; sus, susceptible.

aversive stimuli have also been identified (36). Finally, some
studies have shown that dCA1 activity is required for identi-
fying social targets that were associated with emotionally
salient experiences (15,16). Here, we also uncovered differ-
ences in the dCA1 representation of social interactions in
CSDS-susceptible and CSDS-resilient mice.

Compared with anatomical methods labeling active neurons
(8,37), in vivo calcium imaging allows for increased temporal
reliability, which enabled us to isolate neurons whose activity
covaried with behavior. How these changes in dCA1 function
contribute to CSDS susceptibility and resilience remains un-
clear. Following the second episode of CSDS, the activity of
dCA1 social ensembles was reduced at a far distance from the
social target in control and resilient mice only (Figure 3), sup-
porting a reduction in social ensemble selectivity for close
social interactions in susceptible mice. Social ensembles had
increased CSI and greater size and reactivated more frequently
in the SIT in resilient mice. Susceptible mice also exhibited
lower reactivation of social ensembles in the SIT. These find-
ings point to deficits in social information processing and
memory in susceptible mice, which may be preexisting and
indicate a vulnerability to social stress (Figure 5). In fact, im-
pairments in spatial cognition have been reported following
CSDS (38,39) and are accompanied by decreased hippo-
campal levels of proteins supporting memory functions (40).

The deficits in the dCA1 representation of social interaction
may reduce social memory quality in susceptibility, thereby
supporting memory generalization. CSDS has been shown to
induce changes in dCA1 activity and contextual fear general-
ization (41). Despite both susceptible and resilient mice
differentiating between CD1 and C57BL/6 mice in the SIT

(Figure S4), susceptible mice showed greater difficulty recog-
nizing novel versus familiar CD1 mice in the social memory test
(Figure 5). Recent work has found that some susceptible mice
show generalized fear toward CD1 mice and conspecifics (42),
while sociability is preserved in CSDS-resilient mice interacting
with novel strains, C57BL/6 adults, and juveniles, potentially
attributable to the recognition of their nonthreatening nature
(42-45). From literature on contextual fear conditioning, it has
been suggested that poorer association between aversive
stimuli and context could be a driving force for generalization.
For example, context pre-exposure has been repeatedly
shown to reduce context fear generalization (46,47). These
findings led us to propose that diminished social representa-
tion and memory in susceptible mice may be a factor leading
to higher and more generalized social fear.

We may draw parallels to hallmark memory deficits
observed clinically in stress-related psychopathologies. Poor
recollection of detailed autobiographical memory is a feature of
depression and posttraumatic stress disorder (48). Similarly,
fear generalization, or defensive responses triggered by
incorrect assessments of imminent threat, is well described in
posttraumatic stress disorder and anxiety (49). Together, these
results suggest that it is possible that susceptible mice have
increased memory for the negative CSDS event but that this
memory is lacking specificity.

Importantly, investigations in female cohorts are warranted
because stress-related psychopathology is more prevalent
among women (50,51), presenting a limitation of the current
study. CSDS models have typically been more challenging to
implement in female cohorts due to a lack of consistent natural
aggressive behavior among female mice. With the advent of
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promising new defeat models in female mice, future studies
related to social memory and information processing following
social stress can be conducted with both sexes (52).

Conclusions

Our findings uncovered a role for hippocampal social cognitive
processes in the individual variability of stress responses. CSDS
resilience was characterized by greater social investigation of the
aggressor strain and was accompanied by more reliable dCA1
correlates of social interaction and maintained social memory,
while these changes were absent in susceptible mice, which
instead showed diminished social memory for the aggressor
strain. Therefore, susceptibility may manifest in mice through
deficits in the processing and storage of social information.
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