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NEUROSCIENCE

Adult newborn granule cells confer emotional
state—dependent adaptability in memory retrieval

Bo Lei"?t, Bilin Kang"*t, Wantong Lin?, Haichao Chen*, Yuejun Hao'?,

Jian Ma’, Songhai Shi*?, Yi Zhong' %>+

Achieving optimal behavior requires animals to flexibly retrieve prior knowledge. Here, we show that adult new-
born granule cells (anbGCs) mediate emotional state-dependent adaptability of memory retrieval. We find that
acute social reward (aSR) enhances memory retrieval by increasing the reactivation of engram cells, while acute
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social stress (aSS) weakens retrieval and reduces the reactivation. Such bidirectional regulation relies on the
activation of distinct populations of anbGCs by aSR and aSS, triggering opposing modifications of dDG activity,
which is sufficient to regulate and predict the performance of memory retrieval. Concordantly, in emotional
disorder models, aSR-dependent memory adaptability is impaired, while the effect of aSS remains intact. Together,
our data revealed that anbGCs mediate adaptability of memory retrieval, allowing animals to flexibly retrieve
memory according to the current emotional state, and suggested the essential roles of anbGCs in translating

emotional information to the regulation of memory expression.

INTRODUCTION

Multiple hypotheses suggest that adult hippocampal neurogenesis
could provide long-sought mechanisms for linking emotional expe-
riences and memory (1-4). There are two lines of evidence supporting
these hypotheses. First, adult hippocampal neurogenesis is pro-
foundly influenced by many behavioral factors (5, 6). Specifically,
spatial learning can promote the differentiation of neural progenitor
cells and the survival of newborn neurons to increase neurogenesis
(7), while voluntary exercise increases the proliferation of neural
progenitor cells (8) and environmental enrichment can increase the
survival of newborn neurons (9) to promote neurogenesis. Emotional
experiences are also reported to be involved in bidirectional regula-
tion of neurogenesis: Chronic stress experiences decline the rate of
cell proliferation by increasing the levels of glucocorticoids (10) or
inducing neuroinflammation in the hippocampus (11), while social
reward can increase neurogenesis via regulating stress-related hor-
mones and optogenetically activating positive memory engram cells
in the hippocampus can restore the chronic stress-induced decline
of neurogenesis (12). Second, neurogenesis is widely investigated in
diverse memory processes via ablating hippocampal neurogenesis
or increasing the number of adult newborn granule cells (anbGCs),
including pattern separation of contextual memory (13), adaptive
forgetting of remote memory (14), and memory flexibility in rever-
sal learning (15). Consistent with these hypotheses, previous studies
have revealed that chronic experience-triggered regulation of hip-
pocampal neurogenesis is sufficient to affect memory performance.
For instance, voluntary running can lead to adaptive forgetting by
increasing hippocampal neurogenesis (14), while chronic stress can
cause cognitive functional defects by decreasing hippocampal neu-
rogenesis (11). However, these effects are confined to the change in
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the number of anbGCs, which takes a long time interval to be effec-
tive, and such mechanisms are inadequate to explain the impacts of
pervasive daily experiences within a limited time window.

Extensive effort has been devoted to investigating how acute emo-
tional experiences affect the memory process (16, 17), enabling
animals to flexibly retrieve memories according to their immediate
emotional state. Acute stress can effectively impair memory retrieval
in both animal models (18-20) and humans (21, 22), while the novel
context, rewarding experiences, and natural emotional stress are
capable of enhancing memory acquisition or maintenance (23-25).
However, how the hippocampus integrates the impacts of such
diverse emotional experiences into distinct modulation of memory
performance is still poorly understood.

Here, we have used multiple approaches to examine how daily
social experiences modulate memory retrieval and characterize the
roles of anbGC activity in mediating such modulation. We found
that acute social reward (aSR) and acute social stress (aSS) exert dif-
ferential impacts on the retrieval but not the formation of contextu-
al fear memory by modifying the reactivation efficacy of engram
cells. Such emotional state-dependent bidirectional modulation of
memory retrieval is mediated by the activation of distinct popula-
tions of anbGCs to trigger opposing regulation of dorsal dentate
gyrus (dDG) activity.

RESULTS

Acute social experiences regulate memory retrieval

Although efforts have been devoted to studying the effects of social
experience on memory in humans (22, 26), there are few behavioral
paradigms available for assaying the impacts of acute daily social
experiences on memory in animal models, which strongly limits the
further investigation of the related neural mechanisms. Here, we
designed two social interaction paradigms to assay the effects of aSR
and aSS on memory.

After contextual fear conditioning (CFC), we exposed a condi-
tioned male mouse to two female mice for 10 min as aSR or five grouped
male mice as aSS (Fig. 1A and Materials and Methods). When acute
social experiences were presented before the retrieval of recent
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memory (at 4 or 24 hours after CFC; Fig. 1A), aSR enhanced
contextual fear memory retrieval significantly, while aSS reduced it
(Fig. 1, B and C). We also used interaction with juvenile mice as aSR
and social defeat as aSS, as reported in previous studies (11, 27-30),
and observed similar regulatory effects on memory retrieval (fig. S1).
However, when acute social experiences were presented immediately
before CFC acquisition, both aSR-mediated promotion and aSS-
mediated reduction of memory retrieval were abolished (Fig. 1, D to F).

Memory retrieval

We also tested the locomotion and basal freezing of mice with aSR
or aSS$ and found no impact of aSR or aSS on them (fig. S2, A and B).
To further validate the effect of acute social experiences on memory
retrieval, we used novel object location test (NOLT) (31) and found
that aSR before memory recall significantly promoted memory per-
formance while aSS reduced NOLT memory retrieval (fig. S2, C to E).
Thus, our data revealed that acute social experience paradigms could
bidirectionally regulate memory retrieval but not the acquisition of

Memory acquisition
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Fig. 1. Acute social experience-dependent bidirectional regulation of retrieving recent contextual fear memory. (A and D) Experimental schedules of acute social
experiences before memory retrieval (A) and memory acquisition (D). (B and C) Bidirectional regulation of aSR and aSS on retrieval of 4-hour (h) memory [(B), ncr=14,
nasp =14, and nass = 14] and 24-hour memory [(C), ncr =10, nasg = 10, and nass = 9]. (E and F) aSR and aSS before memory acquisition had no effect on 4-hour memory [(E),
ncr=10, nasp= 8, and n,ss = 8] or 24-hour memory [(F), ncr =10, nasr= 10, and nass = 111. (G) Experimental schedule of the effective time window of acute social experiences.
(H) Four-hour memory affected by aSR at different time window (ncr= 11, noh =11, nosh = 8, n1n = 10, and nyp = 11). (1) Four-hour memory affected by aSS at different
time window (nct= 10, ngh = 10, Ngsh = 10, n1h = 10, and n,, = 10). (J) Experimental schedule of two sequential retrieval tests. (K) Reversible regulations of acute social ex-
periences on retrieval (ncr =16, Nasp-ass = 16, and Nass.asg = 16). *P < 0.05, **P < 0.01, and ***P < 0.001, one-way analysis of variance (ANOVA) with Dunnett’s test. Graphs
show means + SEM.
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recent memory, which indicate that the efficacy of memory retriev-
al is adaptive to different emotional states.

We next investigated the dynamics and flexibility of such acute
social experience-mediated adaptability of memory retrieval. First,
we tested whether this effect is temporary and how long it can
maintain. We found that the presentation of acute social experiences
was effective only when given immediately or up to 0.5 hours before
memory recall and was ineffective if given 1, 1.5, or 2 hours before
memory recall (Fig. 1, G to I). Second, we performed two sequential
retrieval tests to determine the flexibility of the regulation. The two
contextual fear memory tests were 2 hours apart from each other,
with every conditioned mouse being subjected to aSR immediately
before one test and aSS immediately before another in counterbal-
anced order (Fig. 1]). Compared to the control group, the mice that
experienced aSR immediately before the first test and then experi-
enced aSS immediately before the second test (Fig. 1) showed en-
hanced memory performance in the first test and reduced memory
performance in the second (Fig. 1K), while the mice that were sub-
jected to aSS and then aSR (Fig. 1]) performed worse in the first
test and better in the second (Fig. 1K). Such results indicated
that recent contextual fear memory could be strengthened or weak-
ened depending on the acute social experiences that occurred
immediately before retrieval. Overall, we observed temporally
sensitive, dynamically regulated retrieval depending on acute social
experiences.

anbGCs in dDG mediates effects of acute social experiences
on memory retrieval

Given that hippocampal neurogenesis is sensitive to diverse experi-
ences (3-10, 12, 32) and shows a profound impact on memory pro-
cesses (1, 4, 13-15, 33), anbGCs have been suggested to mediate the
impacts of experiences on memory performance (1-3). As a test of
the possibility that hippocampal neurogenesis is involved in such
acute social experience-mediated memory adaptability, we exam-
ined whether acute social experience was still effective in mice with
declined hippocampal neurogenesis. For this purpose, we irradiated
the heads of mice with x-rays, which are thought to be able to sig-
nificantly block neurogenesis (Fig. 2, A to C) (34, 35), and we found
that the effects of acute social experiences on 4-hour memory re-
trieval were eliminated in the irradiated mice (Fig. 2D). To avoid
these results being caused by the side effects of x-ray irradiation,
such as induced neuroinflammation within the first month (36), we
conducted the behavior experiments 5 weeks after the irradiation
treatment. We observed that the x-ray-irradiated mice showed nor-
mal basal freezing level (before receiving foot-shock) in the CFC con-
text, normal learning curve during CFC, and normal performance
in anxiety-like behavior test (open-field tests; fig. S3, A, E, and I),
which was consistent with previous research showing that x-ray
irradiation-induced ablation of neurogenesis could not induce
depression- or anxiety-like behaviors directly (37). To further confirm
the effect of adult neurogenesis ablation, we next applied pharma-
cological treatment with temozolomide (TMZ) (14), which significantly
decreases neurogenesis (fig. S4, A to C) with normal performance of
basal freezing, memory acquisition, and anxiety-like behavior (fig.
S3, D, H, and L). We observed failed aSR-mediated enhancement
and aSS-mediated reduction of memory retrieval in TMZ-treated
mice, and such impairment of acute social experience-based
memory adaptability was similar to the effects of x-ray irradiation
(fig. S4D). We next used retrovirus (RoV)-dependent strategy to
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specifically label and manipulate anbGCs in the dDG. We injected
the RoV to target neural progenitors and their progeny (38, 39) and
express the cyclization recombination enzyme (Cre). Then, a Cre-
dependent adeno-associated virus (AAV) drove the expression of
caspase3 to induce apoptosis in neurons expressing Cre (fig. S4E).
Five weeks after the injection of RoV and AAV in the dDG, the
number of anbGCs [labeled with doublecortin (DCX)] was signifi-
cantly reduced in the dDG (fig. $4, F and G), without affecting the
number of anbGCs in the ventral DG (fig. S4, I to K) and the per-
formance of basal freezing, memory acquisition, and anxiety-like
behavior (fig. S3, B, F, and J). With this manipulation, acute social
experiences, whether aSR or aS$, had no influence on 4-hour mem-
ory retrieval (fig. S4H).

Furthermore, aged mice (older than 15 months old) with natu-
rally declined neurogenesis (Fig. 3, E and F) (40) and normal per-
formance of basal freezing, memory acquisition and anxiety-like
behavior (fig. S3, C, G, and K) also failed to show promoted memory
retrieval with aSR and reduced memory retrieval with aSS (Fig. 2G).
The data presented confirm the importance of adult hippocampal
neurogenesis in mediating the regulation of memory retrieval on
the basis of acute social experience.

We next investigate how adult neurogenesis in dDG is involved
in such memory adaptability. Previous studies show that the gener-
ation and activation of anbGCs can both affect cognitive function,
such as memory forgetting (14), cognitive flexibility (I, 15), and
pattern separation (13). Since the acute social experience was pre-
sented only 10 min before retrieval, we suspected that anbGC activity
would play a major role in the regulation of memory retrieval. To
test whether anbGCs were activated during acute social experiences,
we injected bromodeoxyuridine (BrdU) into mice 6 weeks before CFC
to label anbGCs. Then, conditioned mice were perfused 1.5 hours
after social interactions to label acute social experience-activated
anbGCs by c-Fos and BrdU staining (Fig. 2, H and I) (41, 42). Com-
pared to the control group, both acute social experience groups had
increased proportions of c-Fos™ anbGCs in the overall anbGC pop-
ulation (Fig. 2J), confirming the involvement of anbGC activation
during acute social experiences.

We next validated the role of such anbGC activation in acute
social experience-dependent adaptability of memory retrieval via
inhibiting anbGC activity. For this purpose, we crossed two trans-
genic mouse lines to form a model with inhibitory chemogenetic
tool expressed in anbGCs. One transgenic mouse line R265SL-#M4Di
expressed Cre-dependent hM4DGi, the inhibitory designer receptor
exclusively activated by designer drugs (DREADD) (43), and the
other expressed a tamoxifen (TAM)-inducible Cre®™'2 recombinase
under the control of the Nestin gene promoter (6). Nes-CrefR12,
R2@LSL-hMA4DI double-transgenic mice (referred to as Nes-Gi mice)
were injected with TAM to induce hM4DGi expression 5 to 6 weeks
before CFC training (Fig. 2K), which limited the expression only in
anbGCs at the time we inject the DREADD receptor agonist clozapine-
N-oxide (CNO) to make hM4DGi function (Fig. 2L and fig. S6,
A and B). The results showed that with inhibiting the anbGCs during
social experiences, aSR and aSS both failed to regulate memory re-
trieval in Nes-Gi mice, while single-transgenic mice showed normal
acute social experience-based memory adaptability (Fig. 2M). Thus,
the effects of acute social experiences on memory retrieval were me-
diated by anbGC activity.

We also inhibited anbGC activity specifically during acute so-
cial experiences by using optogenetic tool. By using a RoV-based
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Fig. 2. anbGCs in dDG mediate effects of acute social experiences on memory retrieval. (A) Experimental schedule of anbGCs ablation through x-ray irradiation.
(B) Representative images of anbGCs [labeled by doublecortin (DCX)] in dDG. (C) Quantification of anbGCs in the dDG (nsham =6 and nx.ray = 6). (D) Four-hour memory in
sham group (ncr =14, nasg= 15, and n,ss = 12) and x-ray group (ncr = 12, nasp = 12, and nass = 11). (E) Representative images of anbGCs (DCX) in the dDG. (F) Quantification
of anbGCs in the dDG (Nyoung = 6 and naged = 6). (G) Four-hour memory in young mice (ncr = 13, nasg = 13, and nass = 11) and in aged mice (ncr=11, nasg =11, and nass = 11).
(H) Experimental schedule of retrieval-activated anbGC labeling. (I) Representative images of retrieval-activated anbGCs (labeled by c-Fos and BrdU). (J) Quantification of
the ratio of retrieval-activated anbGCs (nct =5, nasg = 6, and n,ss = 5). (K) Experimental schedule of inhibiting anbGCs by using double-transgenic mice. (L) Representative
images of hM4DGi-expressing neurons (labeled by HA tag) in dDG. (M) Four-hour memory without anbGC inhibition (n = 15 per group) and with anbGC inhibition (n =15
per group). *P < 0.05, **P <0.01, ***P < 0.001, and ****P < 0.0001, unpaired two-tailed t test (C and F), one-way ANOVA with Dunnett’s test (J), or two-way ANOVA with

Tukey’s test (others). Graphs show means + SEM.

labeling strategy, we expressed optogenetic tool eNpHR3.0 in an-
bGCs at a specific age (approximately 4 weeks old; fig. S5, C and D),
in conjunction with RoV injected into the dDG at 4 weeks and AAV
injected at 2 weeks before CFC (fig. S5, A, B, and G). In the electro-
physiological recording of brain slices, optical stimulation reliably
silenced RoV-labeled anbGCs expressing eNpHR3.0 (fig. S5, C to
F). Inhibiting anbGCs, i.e., stimulating eNpHR3.0 using a 589-nm la-
ser, during acute social experiences blocked the regulatory effect of
those experiences on memory retrieval (fig. S4H) without altering
social interaction time (fig. S7, E and F), suggesting an essential role
of anbGC activation in the acute social experience-dependent reg-
ulation of memory retrieval.

anbGCs mediate the effects of aSR and aSS through
bidirectional modulation of engram cell reactivation

Since the reactivation of engram cells in the dDG is strongly cor-
related with memory retrieval performance (44-46), we assayed en-
gram cell reactivation during memory retrieval with acute social
experiences. Engram cells in the dDG were labeled with mCherry
during the training sessions by using the c-Fos promoter-driven
Tet-off system, as reported in previous studies (44, 45, 47), and the
system was switched off by intraperitoneal doxycycline (Dox) admin-
istration 1.5 hours before retrieval (Fig. 3A). To visualize retrieval-
activated neurons, we perfused mice 1.5 hours after the recall test
for c-Fos staining (Fig. 3, A and B, and fig. S10C). The ratio of
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retrieval-reactivated engram cells (mCherry and c-Fos colabeled)
to total engram cells (mCherry positive) was significantly increased
with aSR and decreased with aSS (Fig. 3C). Thus, aSR-dependent
enhancement of memory corresponds to the reactivation of more
engram cells upon retrieval, while aSS-dependent decrease of mem-
ory corresponds to fewer reactivated engram cells.

To investigate whether the observed modulation of engram cell
reactivation depends on anbGCs, we examined the reactivation pat-
tern of engram cells in mice with x-ray irradiation (Fig. 3, D to F).
We found that blockade of neurogenesis could abolish both aSR-
mediated promotion and aSS-mediated reduction of the engram
cell reactivation (Fig. 3G).

aSR and aSS$ activate distinct anbGC populations

Since the impacts of both aSR and aSS rely on activating anbGCs,
the question arises as to how such activation leads to opposing ef-
fects. It can be explained by that distinct anbGC populations are recruited
via different social experiences. One hypothesis is that memory-related
anbGCs are recruited by aSR, while aSS activates others. To test it,
we inhibited anbGCs in Nes-Gi mice during training so that they
were excluded from encoding memory (Fig. 4A). With such manip-
ulation, we found that aSR failed to regulate memory retrieval (Fig.
4, B and C), while aSS remained effective (Fig. 4, B and C). This re-
sult indicates that aSR acts through memory engram anbGCs, while
aSs activates non-engram anbGCs.
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Fig. 3. Acute social experiences modulate engram cell reactivation through
anbGCs. (A) Experimental design for testing engram reactivation with acute social
experiences. (B) Representative images of engram cells (mCherry labeled) and
retrieval-activated cells (c-Fos labeled) in the dDG. (C) Quantification of the engram
reactivation ratio (ncr =6, Nasg =6, and nass = 7). (D) Experimental design for testing
engram reactivation with acute social experiences in mice with x-ray irradiation.
(E) Representative images of anbGCs (DCX) in the dDG. (F) Representative image of
engram cells (mCherry labeled) and retrieval-activated cells (c-Fos labeled) in the
dDG. (G) Quantification of the engram reactivation ratio in mice with x-ray irradia-
tion (ncr =5, Nasg =6, and nass = 6). **P < 0.01, one-way ANOVA with Dunnett’s test.
Graphs show means + SEM.

aSR and aSS trigger opposite modulation of dDG activity

Given that anbGCs played an important role in regulating information
processing in the DG by regulating its overall activity (29, 48, 49),
we hypothesized that aSR and aSS regulate memory by modulat-
ing dDG activity in different patterns. We measured dDG activity
during acute social experiences by using AAV-expressed GCaMP6f
driven by the calcium/calmodulin-dependent protein kinase Ila
(CaMKIlIa) promoter to record calcium signals in the dDG with an
implanted cannula implantation (Fig. 4, D and E). In the first trial,
mice were allowed to move freely for 10 min unattended in a new
cage with space for rearing. In the second trial, the mice were ex-
posed for 10 min to either two female mice as aSR (Fig. 4F) or five
grouped male mice as aSS (Fig. 4I). For aSR, by comparing the ra-
tios (2F/F) of calcium signal in the last 200 s of these two trials, we
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found that dDG activity was significantly decreased after aSR (Fig. 4,
G and H). For aS$, we quantified the calcium signals 60 s before and
after the mouse was attacked (the average number of times the tested
mouse was attacked during the second trial was 3.25, n = 8) and
found a sudden increase in dDG activity during each attack (Fig. 4,
J and K). In addition, we confirmed that observed GCaMP signal
was derived from the change of neuronal activities by recording the
enhanced green fluorescent protein (EGFP) signal in dDG during
aSS. We found no significant change in EGFP signal after aSS treat-
ment (fig. S9). Consistent with calcium recording, after aSS, the num-
ber of c-Fos—positive non-anbGCs (BrdU-negative neurons in dDG
granule layer) was significantly increased (fig. S10, A and B).

We then investigated the relationship between this modulation
of dDG activity and anbGCs. We found that when neurogenesis was
blocked via x-ray irradiation (Fig. 4L), both types of acute social expe-
rience failed to trigger changes in calcium activity (Fig. 4, M to P).
Collectively, these results showed that aSR and aSS have distinct,
anbGC-dependent modulatory effects on dDG activity.

dDG activity is sufficient to regulate and predict

memory retrieval

The observed changes in dDG activity likely contribute to the reg-
ulation of memory retrieval. To further validate the roles of dDG
activity in state-dependent memory adaptability, we altered dDG
activity directly through optogenetic manipulation to mimic the
regulatory effects of aSR and aSS as a way to confirm the relation-
ship between dDG activity and sequential memory retrieval. Mem-
ory performance was significantly enhanced by inhibiting excitatory
neuronal activity within the dDG through laser light stimulation
of eNpHR3.0, driven by the CaMKIIo promoter, before retrieval
(Fig. 5, A to C). Conversely, an increase in dDG activity by stimula-
tion of hChR2 reduced memory retrieval (Fig. 5, E to G). As a control,
manipulation of dDG activity did not influence the freezing perform-
ance of mice in a novel context (Fig. 5, D and H).

To further investigate the relationship between overall dDG ac-
tivity and retrieval efficacy, we tested the correlation between dDG
neuronal activity before memory recall and retrieval performance.
Four hours after training, Ca** activity in the dDG was recorded for
3 min in freely moving mice in their home cages with the expression
of CaMKII-driven GCaMP6f. Immediately after dDG activity re-
cording, mice were tested for memory in the training context (fig.
S11A). By combining data from each individual mouse regarding
dDG Ca®™" activity and memory performance, we found that dDG
activity and memory retrieval efficacy had a significant negative
correlation (fig. S11, B and C), which was consistent with the results
of dDG activity manipulation. Together, our data indicated that
dDG activity was sufficient to both regulate and predict the efficacy
of memory retrieval. Furthermore, this negative correlation between
the efficacy of memory retrieval and overall dDG activity implied
that the regulation of activity noise is the neural basis of acute social
experience-mediated memory adaptability. We next investigated the
relationship between such dDG activity manipulations and acute
social experiences. We first inhibited the activity of dDG during aSS
and found that such inhibition prevented the aSS-induced decline
of memory retrieval (Fig. 5,1 and J). We next activated the dDG after
aSR and found that the activation also reversed aSR-mediated
up-regulation of memory (Fig. 5, K and L). In addition, after optoge-
netic inhibition, aSS could reverse the effect of dDG inhibition on
memory retrieval (fig. S11, D and E), and aSR could prevent the
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aSR and aSS activate distinct populations of anbGCs
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decline of memory performance caused by dDG activation (fig. S11,
F and G). Together, our data indicate that aSR promotes memory
retrieval through inhibiting dDG activity, while aSS elevates dDG
activity to decline memory performance.

Consistently, in experiment of detecting engram reactivation
(see Fig. 3A), we found that neurons activated by aSS had a higher
ratio of non-engram cells (mCherry negative) compared with neurons
activated by aSR (fig. S10, C and D), suggesting that aSR enhanced
the signal-to-noise ratio of memory by facilitating retrieval-dependent
recruitment of engram cells, while aSS reduced the ratio by hinder-
ing recruitment and activating more non-engram cells during re-
trieval. These findings suggest that anbGC-triggered dDG activity
modulation reflects the current emotional state and is a key process
in the regulation of retrieval efficacy.

Lei etal., Sci. Adv. 8, eabn2136 (2022) 11 November 2022

Emotional state-dependent memory adaptability is biased

in stress models and can be rescued by promoted neurogenesis
Given that depression is a typical emotional disorder and that
hippocampal neurogenesis is impaired in many depression models
(37, 50), we next tested whether this emotional state—dependent
memory adaptability is affected in stress models for the study of
depression-related phenotypes. We used two procedures to induce
depression-like behaviors in mice, lipopolysaccharide (LPS) injection
(Fig. 6A) and chronic forced swimming (CFS; Fig. 6I). For inducing
stress model via LPS injection, mice received LPS [intraperitoneally
(i.p.)] every day for seven consecutive days (51). For inducing stress
model via CFS, mice were individually placed in room temperature
water and forced to swim for 10 min each day for 14 consecutive
days (52). Both treatments were associated with impairment in the
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open-field test (Fig. 6, B and J) and in the tail suspension test
(Fig. 6, C and K), which are two parameters for the establish-
ment of depression phenotypes. In these two models, depressed
mice showed negatively biased adaptability of memory retrieval;
hence, mice did not show enhanced memory retrieval after aSR,
while the effect of aSS remained intact (Fig. 6, D and L). In sup-
port of this observation, aSR-dependent down-regulation of dDG
activity was also blocked (Fig. 6, E, F, M, and N) in both stress
models. Furthermore, this biased regulation did not result from
alterations in social interaction time during the social reward
period (fig. S12). These data are consistent with the biased mem-
ory theory in patients with depression (53-55), namely, that those
patients have improved negative memory but impaired positive
memory.

Given that activating anbGCs or increasing neurogenesis can
ameliorate depression-like behaviors in rodents (56-58) and that
hippocampal neurogenesis is required for antidepressants to be ef-
fective in treating depression (37, 50), we next evaluated whether
the promotion of neurogenesis could help mice retain the ability to
use positive stimuli to regulate memory retrieval after LPS injection
or CFS. We found that 5 weeks of voluntary running could effec-
tively promote neurogenesis (fig. S13). After voluntary running,
mice subjected to LPS injection or CFS showed that aSR-dependent

Lei etal., Sci. Adv. 8, eabn2136 (2022) 11 November 2022

enhancement of memory retrieval remained effective (Fig. 6, G, H,
O, and P). To confirm that the effect of voluntary running was
caused by increasing neurogenesis, we injected TMZ to specifically
block voluntary running-induced neurogenesis (fig. S14, A, D, and
E). We found that voluntary running could not rescue the effect
of aSR in depressed mice when they were injected with TMZ. Sup-
portively, we used another method to increase neurogenesis via
injecting fluoxetine and observed a similar effect with voluntary
running (fig. S14, F and G). Our data suggested that in depressed
mice, biased acute social experience-based adaptability of retrieval
can be ameliorated by increasing neurogenesis.

DISCUSSION

Determining how the hippocampus integrates different emotional
information in memory processing is crucial for our understanding
of how emotion affects animal behavior. Previous studies have re-
vealed that acute emotional experiences can affect memory through
hormone- or catecholamine-triggered modification of synaptic strength
(17-20, 23, 25). However, how the hippocampus integrates diverse
experiences and how such modification is reflected in specific memory
engrams remain elusive. In the current work, we sought to determine
how emotional states triggered by acute social experiences affect
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memory and to identify the neural basis of this emotional state—dependent
memory adaptability.

First, we found that retrieval of a hippocampal memory could be
up- or down-regulated by acute social events before it within a short
time window of 30 min and that aSR led to an enhanced, while aSS
led to an attenuated, memory. Such effects were confined to re-
trieval and did not affect memory acquisition [see Fig. 1 (A to F)].
The pervasive nature of such subtle daily social experiences and

Lei etal., Sci. Adv. 8, eabn2136 (2022) 11 November 2022

their impact on memory retrieval demonstrate that memory re-
mains plastic even after consolidation. Such adaptability allows the
efficacy of memory expression to fluctuate from moment to mo-
ment depending on the state immediately before the recall [see
Fig. 1 (G to K)], thereby helping animals achieve optimal behavior-
al outcomes when facing diverse situations.

Second, flexible retrieval of memory is mediated by the activation
of two distinct populations of anbGCs: aSR activates training-activated
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anbGCs, leading to the recruitment of more engram cells in retriev-
al, while aSS$ activates non-training-activated anbGCs, leading to
the recruitment of fewer engram cells. The involvement of anbGCs
is demonstrated by two observations. First, we observed that aSR
and aSS are both capable of activating anbGCs. Second, we found
that retrieval adaptability was abolished by the blockade of neuro-
genesis (see Fig. 2) or optogenetic inhibition of anbGC activity [see
Fig. 3 (D to G)]. The involvement of two distinct populations of
anbGCs is supported by the following three observations: (i) Ex-
cluding anbGCs from engram cells impedes only the effect of aSR
and leaves the effect of aSS intact [see Fig. 5 (A to C)]. (ii) aSR and
aSS exhibited opposite modulatory effects on dDG neuronal activi-
ty, which is mediated by anbGCs, and such modulation is sufficient
to regulate and predict performance in memory retrieval (see Figs. 4
and 5). (iii) In stress models, only aSR-induced enhancement in re-
trieval was impaired, while the aSS effect remains intact, and such
impairment could be ameliorated through voluntary running-
promoted neurogenesis (see Fig. 6). These three lines of evidence sug-
gest that anbGCs confer adaptability of memory retrieval through
two distinct neuronal mechanisms that are activated by positive and
negative states. This notion is consistent with recent reports that the
activity of anbGCs plays an important role in regulating informa-
tion processing in the DG through distinct signaling pathways by
either activating GABAergic neurons to suppress activity (48) or
regulating excitatory synapses via anbGC-activated glutamate re-
ceptors (49).

Together, our data demonstrate that the acute emotional state of
animals can bidirectionally regulate memory retrieval by activating
distinct populations of anbGCs. These data suggest that activation
of distinct populations of anbGCs leads to bidirectional modulation
of dDG activity that, in turn, affects the reactivation efficacy of en-
gram cells. Such changes in reactivation efficacy determine memory
retrieval adaptability. Thus, anbGCs represent a convergence point
in the transformation of both positive and negative acute emotional
events into appropriate levels of memory retrieval to adapt to an
ever-changing environment.

MATERIALS AND METHODS

Animals

All experimental procedures were approved by the Institutional
Animal Care and Use Committee of Tsinghua University and were
performed using the principles outlined in the Guide for the Care
and Use of Laboratory Animals of Tsinghua University. The animal
protocol number is 18-ZY1. All C57BL/6] mice were purchased
and maintained under standard conditions by the Experimental
Animal Center of Tsinghua University. The male mice used through-
out the whole study were 8 to 12 weeks old. The female mice used in
social reward treatments were 4 to 8 weeks old. The juvenile mice
used in social reward treatments were 4 weeks old. The retired
male CD-1 breeder mice used in social stress treatments were 6 to
10 months old. Mice containing TAM-inducible Cre recombinase
under the control of the Nestin promoter (Nes-Cre/ERT2, stock
no. 016261) were purchased from the Jackson Laboratory (Bar
Harbor, ME, USA) and were mated to hM4Di floxed mice (R26-
LSL-Gi-DREADD, stock no. 026219). Mice were genotyped through
polymerase chain reaction using genomic DNA and the Jackson
Laboratory-provided primers. TAM induction was performed at
8 weeks of age.

Lei etal., Sci. Adv. 8, eabn2136 (2022) 11 November 2022

Viral constructs

The AAVq-c-Fos-tTA-pA,AAVo-TRE-mCherry,pAAV-EF1a-DIO-
caspase3-P2A-GFP, AAVy-EF10-DIO-eNpHR3.0-EYFP, AAVq-EFla-
DIO-eNpHR3.0-mCherry, AAVy-EF1la-DIO-mCherry, AAVy-
CaMKllo-eNpHR3.0-EYFP, AAVy-CaMKIlo-hChR2(H134R)-mCherry,
and AAVy-CaMKkIla-GCaMP6f-P2A-nls-tdTomato viruses were
acquired from Vigene. The pRoV-EF10-EGFP-2A-Cre and pRoV-EF10-
EGFP viruses were acquired from OBiO. The viral concentration
was 1.42 x 10" viral genomes (vg) ml™ for AAVg-c-Fos-tTA-pA,
1.02 x 10" vg ml™! for AAVo-TRE-mCherry, 6.59 x 10" vg ml™* for
pAAV-EF1a-DIO-caspase3-P2A-GFP, 2.18 x 10" vg ml™ for
AAVy-EF1a-DIO-eNpHR3.0-EYFP, 5.29 x 10" vg ml™" for AAV,-
EF10-DIO-eNpHR3.0-mCherry, 1.55 x 10" vg ml™" for AAV,-
EFla-DIO-mCherry, 1.85 x 10" vg ml™" for AAV,y-CaMKIlo-
eNpHR3.0-EYFP, 9.52 x 10" vg ml™' for AAVy-CaMKIla-
hChR2(H134R)-mCherry, 7.24 x 10 3 vg ml™! for AAV,-CaMklIla-
GCaMP6f-P2A-nls-tdTomato, 5.13 x 10’ vg ml™' for pRoV-
EFl0-EGFP-2A-Cre, and 1.21 x 10° vg ml™" for pRoV-EFla-
EGFP. Viruses were subdivided into aliquots and stored at —80°C
until use.

Stereotactic injection and optical fiber implant

Mice were anesthetized with 0.5% sodium pentobarbital (70 mg/kg,
350 ul/25 g). Bilateral craniotomies were performed using a
0.5-mm-diameter drill, and 400 nl of the virus was injected into the
dDG using a 10-ul NanoFil syringe controlled by UMP3 and
Micro4 system (WPI) with a speed of 60 nl/min. The dDG injections
were bilaterally targeted to —2.2 mm anteroposterior (AP), 1.3 mm
mediolateral (ML), and —2.0 mm dorsoventral (DV). After the in-
jection, the needle remained in place for 10 min to ensure that the
virus spread to the targeted area before it was slowly withdrawn. For
mice that need fiber implanting, after withdrawing the needle, a Doric
fiber-optic patch cord (core diameter, 200 um; Doric Lenses) was
precisely cut to the optimal length and lowered above the injection
site (=2.2 mm AP, 1.3 mm ML, and —1.8 mm DV). A jewelry screw
was screwed into the skull to provide an extra anchor point. Dental
cement (Teets Cold Cure; A-M Systems) was applied to secure
the optical fiber implant. After surgery, the mice were allowed to
recover for at least 2 weeks before all subsequent experiments were
performed.

Drugs

Bromodeoxyuridine

BrdU (Sigma-Aldrich) was dissolved in 0.9% saline containing
0.007 mM NaOH and injected (100 mg/kg, i.p.) into mice twice per
day at 12-hour intervals for five consecutive days.

Temozolomide

TMZ (Sigma-Aldrich) was dissolved in 0.9% saline containing 10%
dimethyl sulfoxide and injected (25 mg/kg, i.p.) per day for four
consecutive days. A total of four rounds of treatment (1 week apart)
were administered to mice (59).

Clozapine N-oxide

CNO was dissolved in phosphate-buffered saline (PBS) with 0.5%
dimethyl sulfoxide and injected into mice expressing hM4DGi
(i.p-), 20 min before the behavioral experiments. CNO was admin-
istered at 2.5 mg/kg for inhibiting neurons.

Tamoxifen

TAM (Sigma-Aldrich) was dissolved in corn oil at 20 mg/ml and
injected (i.p.) at 150 mg/kg for five consecutive days.
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Voluntary running

Mice in the voluntary running group were given voluntary access to
two running wheels (diameter, 13 cm) placed in their home cages.
Mice in the sedentary group were similarly housed but were not
given running wheels (8, 14).

X-ray irradiation

Mice were anesthetized with Avertin (250 mg/kg, i.p.) and before
being placed under the x-ray irradiation apparatus (Radsource). A
lead shield was used to cover the animal’s entire body except the
head during irradiation. The dose rate was approximately 0.86 gray
(Gy)/min at a source-to-skin distance of 13 cm. The irradiation lasted
700 s and delivered a total of 10 Gy (35).

Acute social reward/stress treatment

For the social reward treatment used throughout the whole study,
we placed two female mice, aged between 4 and 8 weeks, in a cage
(W, 16 cm; D, 28 cm; and H, 13 cm) with soft packing beforehand
for 5 to 10 min to acclimate the mice to the new environment. Then,
we placed the male mouse to be tested in CFC into the cage for
10 min. For the social stress treatment used throughout the whole
study, we placed the male mouse to be tested into a home cage con-
taining five male mice for 10 min. For the social reward treatment
using juvenile, we placed two juvenile mice, aged 4 weeks, in the
cage (W, 16 cm; D, 28 cm; and H, 13 cm) with soft packing before-
hand for 5 to 10 min to acclimate the mice to the new environment.
Then, we placed the male mouse to be tested into the cage for 10 min.
For social stress induced by social defeat, we placed the male mouse
to be tested into a home cage containing a retired male CD-1 breeder
mouse (6 to 10 months old) for 10 min.

Behavioral testing

Social interaction test

Mice were subjected to the social reward procedure described above.
Experimenters monitored the whole process and recorded the time
of intimate interactions between the male mouse and the female
mice. Intimate interaction was defined as actions in which the male
mice sniffs, chases, or attempts to mate with the female. The exper-
imenters were blinded to the groups during the tests.

Contextual fear conditioning

Fear conditioning was performed on male mice. For fear condition-
ing, the context was a chamber (W, 18 cm; D, 18 cm; and H, 29 cm)
and a grid floor that consisted of 16 stainless steel rods. Subject mice
were placed in the conditioning chamber for 2 min before being
given five foot shocks (2 s, 0.8 mA, 1 min apart). Four hours after
training, mice were placed into the original context and were allowed
to explore for 180 s to monitor their freezing behavior. The same
procedure was conducted at 24 hours, 48 hours, or 7 days after train-
ing, respectively. For Fig. 1 (J and K), we set two sequential retrieval
tests at 4 hours after training and 6 hours after training. Four hours
after training, the mice’s memory performance was first tested for
120 s in the chamber after a 10-min social experience. Two hours
later, mice were tested again for 180 s after another 10-min social
experience.

Novel object location test

NOLT consisted of a habituation phase, a training phase, and a test-
ing phase. In the first to third days, mice were subject to a chamber
(50 cm by 50 cm by 40 cm) with different patterns on the left and
right walls without objects. In the fourth day, mice were trained in
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the chamber with different patterns on the left and right walls. Two
same objects were placed near either patterned wall, and mice were
allowed to explore the chamber for 10 min. The location of the
objects was counterbalanced among each group. Four hours after
training, mice were placed into the chamber with the one object placed
to a novel location for 5 min. Exploration of object was recorded
using an animal behavior video tracking system (ANY-maze) when
the animal’s nose was pointed at the object with a maximum distance
of 2 cm from the object. The heatmap was plotted in the Any-
maze software on the basis of the average exploration time of each
group of mice.

Open-field test

The open-field test was conducted in an open plastic arena (50 cm
by 50 cm by 40 cm). Mice were first placed in the peripheral area
with their head toward the wall. Exploration time for 10 min in
the peripheral and central areas, respectively, was measured using
an automated video-tracking system (ANY-maze software). The cen-
tral field is defined as a 20 cm-by-20 cm area in the middle of
the arena. We used ratio of central distance/total distance to
evaluate anxiety-like behavior and used total distance to evaluate
locomotion.

Tail suspension test

Mice were suspended by their tails with scotch tape, in a position
preventing them from escaping or holding on to nearby surfaces.
The immobile time was recorded manually during the 5-min test.
The experimenters were blinded to the groups during the tests.

Laser delivery

Inhibition of anbGCs during social experiences

A 589-nm laser was bilaterally delivered by two optic fibers for op-
togenetical inhibition. Mice to be tested in CFC were first anes-
thetized by isoflurane for fiber implantation. Then, they experienced
either social reward or stress for 10 min. The timing started when
the mice recovered from the anesthesia and acted normally. After a
10-min test, mice were anesthetized again to unplug the fiber. After
mice recovered from anesthesia for 3 to 5 min, they were tested
for memory performance. Control mice were not infected with
eNpHR3.0 but were still implanted with the cannula delivering light
into the dorsal hippocampus.

Inhibition of dDG activity during social stress

Mice were anesthetized to implant the fiber before light delivery.
Light from the 589-nm laser was bilaterally delivered to inhibit
dDG activity throughout the 10-min social stress. The timing started
when the mice recovered from the anesthesia and acted normally.
After social stress, mice were tested for memory performance. The
control group was also infected with eNpHR3.0 and implanted with
the cannula but without delivering light into the dDG during so-
cial stress.

Inhibition of anbGCs during training

Mice were anesthetized before and after light delivery. Light from the
589-nm laser was bilaterally delivered to inhibit anbGCs through-
out the training procedure.

Inhibition or activation of dDG neurons

Mice were anesthetized before and after light delivery. Mice were
placed into a box that was distinguishable from the training context.
Light from a 589-nm laser was bilaterally delivered for inhibition,
while hChR2 was stimulated bilaterally at 12 Hz (10-ms pulse width)
using a 473-nm laser (10 to 15 mW). hChR2 stimulation was con-
ducted for only 20 to 30 s during the 10-min assessment.
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Calcium recording

Calcium signals were measured 3 weeks after viral infection with
AAVy-CaMKklIla-GCaMP6f-P2A-nls-tdTomato and implantation of
a single lateral optical fiber at the dDG. A 40- to 60-s baseline re-
cording of the environment was taken, with the light off, before
recording each conditioned mouse. Mice to be recorded were first
anesthetized using isoflurane for fiber implantation. When testing
the change of dDG activity caused by social interaction, mice were
allowed to move freely, unattended, in a non-homecage box for
10 min, and the final 200-s signal was recorded. This procedure was
followed by another 10-min recorded exposure of the mouse being
recorded to either a pair of female mice (social reward treatment)
or five male mice (social stress treatment). Social reward treatment
was recorded during the last 200 s of the total 10-min trial, while
in the social stress treatment, the no-attack period and the attack
periods (before and after the attack) were recorded during the
10-min trial. When testing dDG activity to predict behavior per-
formance, mice were allowed to move freely, unattended, in a non-
homecage box, and their calcium signal during the whole 3 min was
recorded. When recording mice with expressing EGFP, we put a
mouse in a box for 5 min and then put an aggressive CD-1 mouse
into the box. After the attack of CD-1 mouse on the tested mouse,
we took the CD-1 mouse away to avoid following attack, and the
no-attack period and the attack period (before and after the attack)
were recorded.

Data of the calcium recording were presented as AF/F versus time
(ins). AF/F was computed as (F(t) — Fo)/Fy. Fluorescence of GCaMP
or EGFP (F) was computed as (signaliest — signalpasline)/signalpagline-
Mean baseline fluorescence was recording in experimental environ-
ment for 40 to 60 s preceding each recording. The last 200 s of social
reward treatment were compared with the last 200 s of the unattended
state. For the social stress treatment, attack periods were compared
with no-attack periods.

Electrophysiology and immunohistochemistry

forrecorded slices

Double-virus system was used to drive the expression of the optogenetic
tool eNpHR3.0 that targets age-specific anbGCs in conjunction with
pRoV-EF1a-EGFP-2A-Cre, injected into the dDG at 4 weeks, and
AAV,-EF10-DIO-eNpHR3.0-EYFP, at 2 weeks, before in vitro elec-
trophysiological recording. Brains were removed, and acute cortical
slices (300 to 350 um) were prepared using a vibratome (VT1200S,
Leica) in chilled choline solution containing 120 mM choline chlo-
ride, 2.6 mM KCl, 26 mM NaHCO3, 1.25 mM NaH,PO,, 7 mM MgSOy,
0.5 mM CaCl,, 1.3 mM ascorbic acid, and 15 mM p-glucose, bub-
bled with 95% O, and 5% CO, on. Slices were kept in artificial cerebral
spinal fluid containing 126 mM NaCl, 3 mM KCI, 26 mM NaHCOs,
1.2 mM NaH,POy, 1.3 mM MgSOy, 2.4 mM CaCl,, and 10 mM
D-glucose, bubbled with 95% O, and 5% CO,, recovered at 32°C for
1 hour and then stored at room temperature before recording.
All slice recordings were performed at 34°C. An upright microscope
(Olympus) equipped with epifluorescence and infrared differential
interference contrast illumination, a charge-coupled device camera,
and two water immersion lenses (x10 and x60) was used to visual-
ize and target recording electrodes to EGFP-expressing neurons
located in DG. Short pulses of light (590 nm, 700 mA) were gener-
ated by a digital micro-mirror device (Polygon400, Mightex) inte-
grated into the optical path of the microscope through the x10 objective
(fig. S5). PolyScan2 software (Mightex) was used to control the
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location and shape of the area of stimulation. Microelectrodes (5 to
8 megohms) were filled with an intracellular solution containing
110 mM potassium-gluconate, 20 mM KCI, 2 mM MgCl,, 0.2 mM
EGTA, 10 mM Hepes, 4 mM MgATP, 0.4 mM Na3;GTP, and 0.3%
Neurobiotin (Invitrogen; pH 7.25 and 295 mOsm). Whole-cell re-
cordings were performed with an Axon MultiClamp 700B amplifier
and pCLAMP10.6 (Molecular Devices). Series resistance was 10 to
30 megohms and periodically monitored. Data were analyzed us-
ing Clampfit.

After recording, slices were incubated in 4% paraformaldehyde
(PFA) in PBS at 4°C overnight and then stained with primary antibody
chicken anti-GFP (1:1000; Aves, GFP-1010, RRID: AB_2307313) at
4°C for 2 days. Slices were incubated with secondary antibody, in-
cluding Alexa Fluor 488 donkey anti-chicken (the Jackson Laboratory,
703-545-155, RRID: AB_2340375, 1:500) and Alexa Fluor 546-
conjugated streptavidin (Invitrogen) at 4°C overnight. Z-series im-
ages were acquired using a confocal laser scanning microscope
(Olympus FV3000; fig. S5).

Engram labeling

To label the engram cells formed in the dDG during training, we
injected a mixture of AAVy-c-Fos-tTA-pA and AAVy-TRE-mCherry
into mice (47, 60). Following virus injection, the mice were fed with
diet containing Dox (40 mg/kg). To label the engram cells formed
during the CFC, the mice were taken off Dox for 2 days. The mice
were then subjected to CFC and injected with Dox (i.p., 5 mg/ml,
10 pl per gram of mouse) 1.5 hours before memory retrieval. When
Dox treatment was not stopped in mice, no detectable labeled cells
can be seen in the dDG (fig. S8).

Histology

Tissue preparation

A total of 1.5 hours after acute social experiences, retrieval, or train-
ing, mice were deeply anesthetized with 2% pentobarbital (160 mg/
kg,10 pl/g) and transcardially perfused, first with cold PBS and then
with cold 4% PFA. The brains were extracted, postfixed in PFA over-
night at 4°C, transferred to a 30% sucrose solution, and then stored
at 4°C for 3 days. Next, the brains were coronally sectioned at 60 pum
through the DG using a freezing microtome.
Immunohistochemistry

Floating sections were used in all the following immunostaining
experiments. Unless otherwise stated, all incubations occurred at
room temperature. For c-Fos, DCX, and hemagglutinin (HA)-tag
immunostaining, sections were washed three times in 1x PBS and
rinsed in 1% Triton X-100 for 15 min before a blocking step in PBS
with 0.5% Triton X-100 and 10% normal donkey serum for 1 hour.
Incubation with primary antibody was performed at 4°C for 48 hours
(rabbit anti-doublecortin: Cell Signaling Technology, 4604; RRID:
AB_561007; 1:500; guinea pig anti—c-Fos: Synaptic Systems, 226005;
RRID:AB_2800522; 1:500; and rabbit anti-HA-tag: Cell Signaling
Technology, 3724, RRID: AB_1549585; 1:1000) in PBS with 0.5%
Triton X-100 and 1% normal donkey serum. Sections were then washed
three times in PBS and incubated with secondary antibody [donkey
anti-rabbit immunoglobulin (IgG) Alexa Fluor 647: 711-605-152,
RRID: AB_ 2492288; donkey anti-GP IgG Cy3: 706-165-148, RRID:
AB_2340460, Jackson ImmunoResearch, 1:500] for 2 hours. Sections
were then washed three times in PBS and incubated in 4’,6-diamidino-
2-phenylindole that was diluted in PBS (1:3000) for 10 min. Next,
sections were again washed in PBS three times before being mounted
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onto slides and coverslipped with antifade mounting medium
(Invitrogen).

For BrdU immunochemistry, slices were washed three times in
PBS and then incubated in 2 M HCI for 30 min at 37°C. Next, HCI
was removed, slices were washed three times in PBS and then neu-
tralized with 0.1 M sodium borate buffer for 10 min. Sodium borate
buffer was removed, and slices were washed three times in PBS. The
following steps were identical to those described for the c-Fos/DCX
immunostaining, as described above. The sections were stained with
primary antibody (rat anti-BrdU: Abcam, ab6326; RRID: AB_305426;
1:500) and secondary antibody (donkey anti-rat IgG Alexa Fluor 647:
Jackson ImmunoResearch, 712-605-153; RRID: AB_2340694; 1:500).
Imaging and quantification
Fluorescence was detected using a Zeiss LSM 880 with Airyscan for
Figs. 2F and 3E, and an LSM 710 META was used for imaging the
other figures with the aid of the ZEN software (black edition).
Images were acquired with a x20 objective, and colocalization was
confirmed by a three-dimensional reconstruction of Z-series images.

For cell counting, six unilateral dDG regions across all the sec-
tions from one brain sample were chosen randomly. Counting was
performed manually using the ZEN software (blue edition). Reported
cell counts were calculated by averaging the results from all six
sections.

Induction of stress models

CFS-induced stress model

Mice were individually placed in an open cylindrical container (di-
ameter, 20 cm; height, 30 cm), containing room temperature water
at depth of 20 cm. Each mouse was forced to swim for 10 min each
day for 14 consecutive days. After swimming, mice were dried in a
separate box and were then placed back to their home cage (52).
LPS-induced stress model

LPS (Sigma-Aldrich) was dissolved in 0.9% saline and injected
(0.5 mg/kg, i.p.) into mice every day for seven consecutive days (51).

Quantification and statistical analysis

The CFC experiments were recorded and analyzed by the software
Freeze Frame 3, and the freezing threshold was set uniformly. The
open-field tests were recorded and analyzed by the software ANY-
maze. The calcium imaging experiments were recorded by the soft-
ware FiberPhotometry. For the tail suspension tests, the immobile
time was recorded manually during the 5-min test, and the experi-
menters were blinded to the groups during the tests. For the cell
counting of imaging works, six unilateral dDG regions across all the
sections from one brain sample were chosen randomly. Counting was
performed manually using the ZEN software (blue edition). The ex-
perimenters were blinded to the groups during the counting.

For calcium imaging experiments, mice that did not show signif-
icant response to laser compared to base level were excluded from
the data analysis. For other experiments, no data were excluded from
the analysis. All behavioral experiments were repeated biologically
at least once, and calcium imaging experiments were repeated both
technically and biologically at least once.

Statistical tests were performed using GraphPad Prism 7.0. No
statistical methods were used to predetermine sample sizes, but our
sample sizes are similar to those reported in previous publications.
Student’s f test was used for the comparison between two groups.
One-way analysis of variance (ANOVA) with Dunnett’s test was used
for comparing a number of groups with a single control group. Two-way
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ANOVA with Tukey’s test was used for comparison of multiple
groups with two factors. All tests were two tailed. The sample size
and statistical tests used are indicated in the figure legends. The
sample size “n” represents the number of mice. A full report of
P values and statistics was summarized in the “Statistics informa-
tion” section in the Supplementary Materials. A P value less than
0.05 was considered statistically significant. The data are shown as
means = SEM [*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001;
and nonsignificant (n.s.), P > 0.05].

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn2136

View/request a protocol for this paper from Bio-protocol.
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