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SUMMARY

Major depressive disorder (MDD) is among the most common mental ilinesses. Serotonergic (5-HT) neurons
are central to the pathophysiology and treatment of MDD. Repeatedly recalling positive episodes is effective
for MDD. Stimulating 5-HT neurons of the dorsal raphe nucleus (DRN) or neuronal ensembles in the dorsal
dentate gyrus (dDG) associated with positive memories reverses the stress-induced behavioral abnormal-
ities. Despite this phenotypic similarity, their causal relationship is unclear. This study revealed that the
DRN 5-HT neurons activate dDG neurons; surprisingly, this activation was specifically observed in positive
memory ensembles rather than neutral or negative ensembles. Furthermore, we revealed that dopaminergic
signaling induced by activation of DRN 5-HT neurons projecting to the ventral tegmental area mediates an
increase in active coping behavior and positive dDG ensemble reactivation. Our study identifies a role of
DRN 5-HT neurons as specific reactivators of positive memories and provides insights into how serotonin
elicits antidepressive effects.

INTRODUCTION

Major depressive disorder (MDD), characterized by heteroge-
neous symptoms including depressed mood and anhedonia,
is among the most common mental illnesses worldwide.'?
Serotonergic neurons (5-HT neurons) are central to MDD patho-
physiology and treatment.>® Accordingly, selective serotonin
reuptake inhibitors (SSRIs), which enhance serotonergic neuro-
transmission, are first-line MDD treatments.® '® Furthermore,
5-HT neuron activation in the dorsal raphe nucleus (DRN), the
largest 5-HT nucleus in the brain, elicits antidepressant-like ef-
fects'*'°; these effects disappear rapidly after the termination

uuuuu

of optogenetic stimulation.’® Zou et al. showed that chronic
stimulation of the DRN 5-HT neurons projecting to the ventral
tegmental area (VTA) reversed the social interaction deficit
induced by chronic social defeat stress (CSDS), and the effect
continued even after the termination of optogenetic stimula-
tion."” However, the underlying mechanisms are unclear.
Clinical evidence shows that memory recall is important in
MDD pathophysiology and treatment. Patients with MDD exhibit
significant difficulties in recalling positive memories and tend to
recall negative memories.'® 2" A meta-analysis demonstrated
that repeatedly recalling positive episodes improved MDD
symptoms.?> Memory is retrieved when neuronal ensembles
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Figure 1. Repeated activation of DRN 5-HT neurons and positive dDG ensembles reverses CSDS-induced depression-like behavioral
changes

(A) Left: Schematic illustration of experiment. Right: Representative image of eGFP (green), TPH (red), and nuclei (DAPI, blue). Scale bar, 20 um.

(B) Experimental design (see STAR Methods for details). ¢ and hexagons: contact with a female mouse and exploration in a novel cage, respectively.

(C) Top: Schematic illustration of the chamber and representative heat maps (target session). Bottom: Time spent in the interaction zone. Social interaction ratio:
the ratio of time spent in the interaction zone during a target and no-target session; n = 24 (Venus) and 20 (CheRiff) mice.

(D) Immobility duration in the tail suspension test; n = 13 (Venus) and 12 (CheRiff) mice.

(E) Locomotor activity in the open field test; n = 18 (Venus) and 18 (CheRiff) mice.

(F) Left: Schematic diagram of tamoxifen (TAM)-induced flip-excision. Right: Schematic illustration of experiment.

(G) Experimental design. Created with BioRender.com.

(H and I) TAM injection induced robust transgene expression in the dDG. Scale bar, 100 um.

(legend continued on next page)
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(especially in the hippocampus) that were activated during a
particular experience are reactivated by the subsequent presen-
tation of similar conditions.***> Some studies have suggested a
link between memory-related neuronal ensembles in the hippo-
campus and the pathogenesis and improvement of a depres-
sion-like state in rodents.?®?” Ramirez et al. demonstrated that
optogenetic reactivation of the dorsal dentate gyrus (dDG)
neuronal ensembles associated with a naturally rewarding (pos-
itive) experience induces an antidepressant-like effect.?® Inter-
estingly, this antidepressant-like effect disappeared 1 day after
reactivation, whereas a 5-day regimen of repeated reactivation
persistently improved chronic restraint stress-induced depres-
sion-like behavior.?®

Collectively, these studies suggest that acute activation of
DRN 5-HT neurons and dDG neuronal ensembles associated
with positive experience can transiently improve depression-
like behavior, whereas chronic stimulation leads to persistent re-
covery. Importantly, pharmacological enhancement of 5-HT
neuronal transmission and repeated recall of positive episodes
are commonly used in MDD treatment. Despite their phenotypic
similarity, it is unclear whether and how these two neuronal pop-
ulations are causally linked.

In this study, we showed that activation of VTA-projecting
DRN 5-HT neuron preferentially reactivates the positive-experi-
ence-associated dDG neuronal ensemble via dopaminergic
(DA) signaling. Lack of sociality and increased passive coping
to inescapable stress induced by CSDS were reversed by
repeated stimulation of DRN 5-HT neurons, VTA-projecting
DRN 5-HT (5-HTPRN=VT™) neurons, or dDG neuronal ensembles
activated during a naturally rewarding experience. Histological
analysis revealed that DRN 5-HT or 5-HTPRN=VTA neyron activa-
tion increases the activity of dDG neurons; surprisingly, this
activity increase was specifically observed in positive memory
ensembles rather than neutral or negative ensembles. Dopamine
receptor antagonists blunted the increased active coping
behavior and positive memory ensemble reactivation in the
dDG but did not affect the recovery from lack of sociality. Our
study, for the first time, identifies a role of DRN 5-HT neurons
as a specific reactivator of positive memories and provides in-
sights into how serotonin elicits antidepressive effects.

RESULTS

Effects of repeated activation of the DRN 5-HT neurons
or dDG neuronal ensembles associated with positive
experience on CSDS-induced aberrant behaviors

We studied how repeated DRN 5-HT neuron activation affects
the lack of sociality and increases passive coping behavior after
CSDS?® (Figures 1A-1E, S1A, and S1C-S1F). Adeno-associated
virus (AAV) vectors bearing the excitatory optogenetic actuator
CheRiff under the mouse tryptophan hydroxylase 2 (TPH2) pro-
moter were injected into the DRN***° (Figures S1C-S1E). After
CSDS, mice were subjected to optogenetic activation for
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5 days (5 min/session, two sessions/day), followed by an open
field, social interaction, and tail suspension test (OFT, SIT, and
TST, respectively) (Figures 1C-1E). As previously reported,’”
CheRiff-expressing mice spent significantly more time in the
interaction zone and had a higher social interaction ratio than
the Venus control (Figure 1C). Moreover, the immobility duration
of CheRiff-expressing mice in the TST, used as a proxy of a
depression-like state, was significantly shorter than that of
Venus-expressing mice (Figure 1D). In the OFT, we observed
no significant difference in travel distance between the groups
(Figure 1E). Thus, repeated DRN 5-HT neuron activation reverses
the lack of social reward and passive coping behaviors af-
ter CSDS.

Ramirez et al. showed that repeated activation of a positive
memory engram in the dDG elicits antidepressant-like effects
in the TST after chronic restraint stress.”® To assess the same
effect following CSDS, we repeatedly activated positive-experi-
ence-associated dDG neuronal ensembles and assessed
CSDS-induced depression-like behaviors (Figures 1F-1L, S1B,
and S1G). Using a tamoxifen (TAM)-dependent Cre recombinase
activation system (ER™2CreER™), we tagged the neurons that
were active during a particular experience.®’ We injected an
AAV expressing either the excitatory optogenetic actuator
ChETA,"®®? or mCherry in a Cre-dependent manner into the
dDG along with AAV-Fos-ER™2CreER"™. Four weeks after AAV
injection, we implanted optical fibers into the dDG. Subse-
quently, TAM (3 mg/mouse, intraperitoneal [i.p.] administration)
was injected 6 h before exposure to a female mouse, a represen-
tative naturally rewarding (positive) experience, to label dDG
neuronal ensembles (dDG-positive ensembles) (Figures 1F and
1G). Histological analysis confirmed transgene expression in
the dDG upon TAM injection (Figures 1H and 1l). After CSDS,
mice were subjected to a 5-day regimen of dDG activation
(15 min/session, two sessions/day). Next, mice underwent the
OFT, SIT, and TST (Figures 1J-1L). In the SIT, ChETA-expressing
mice spent more time in the interaction zone than mCherry mice
did, resulting in a higher social interaction ratio (Figure 1J). In the
TST, the immobility duration of the ChETA group was signifi-
cantly shorter than that of the mCherry group (Figure 1K). In
the OFT, we observed no significant difference in locomotor
activity between the groups (Figure 1L). These results indicate
that repeated reactivation of a positive ensemble in the dDG
reverses CSDS-induced depression-like behavior.

DRN 5-HT neuron activation elicits preferential
reactivation of positive ensembles in the dDG

Although the behavioral consequences of DRN 5-HT neuron and
positive dDG ensemble activation are phenotypically similar, their
causal relationships are unclear. Thus, we examined whether DRN
5-HT neurons and positive dDG ensembles activate each other
(Figures 2 and S2). We injected AAV-Fos-ER'CreER™ and
AAV-CMV-DIO-mCherry into the dDG and concurrently injected
AAV-mTPH2-Venus or AAV-mTPH2-CheRiff-eGFP injection into

(J) Top: Schematic illustration of the chamber and representative heat maps (target session). Bottom: Time spent in the interaction zone. Social interaction ratio:

same as in (C); n = 12 (mCherry) and 18 (ChETA) mice.

(K) Immobility duration in the tail suspension test; n = 12 (mCherry) and 18 (ChETA) mice.
(L) Locomotor activity in the open field test; n = 12 (mCherry) and 18 (ChETA) mice. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S1.
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the DRN. An optical fiber was then implanted in the DRN (Fig-
ure 2A). At 6 h after TAM injection, mice experienced cohabitation
with a female mouse (positive experience), the exploration of a
new cage (neutral experience), or a single social defeat session
(negative experience). The dDG neuronal ensembles associated
with each experience were labeled with mCherry (positive, neutral,
and negative ensembles).”®?” After CSDS, repeated DRN 5-HT
neuron activation, and behavioral analyses (shown in
Figures 1C-1E; see STAR Methods for details), we performed
further DRN 5-HT neuron stimulation. The mice were sacrificed
90 min later and subjected to immunohistochemical analysis.
Mice expressing CheRiff in the DRN and mCherry in positive
dDG ensembles (CheRiff-positive) showed a significantly higher
c-fos-mCherry colocalization rate and c-fos*mCherry* cell counts
in the dDG than the other groups (Figures 2C-2F and S2A).
Conversely, mCherry* cell counts were similar in all groups (Fig-
ure S2B), whereas c-fos* cell counts increased significantly in
CheRiff-expressing mice irrespective of their experience (Fig-
ure S2C). These results suggest that DRN 5-HT neuron activation
preferentially reactivates the positive dDG ensembles.

Naturally rewarding experiences activate DRN 5-HT neu-
rons.>® However, it is unclear whether reactivation of positive
dDG ensembles is sufficient to activate DRN 5-HT neurons.
Therefore, we investigated c-fos expression in the DRN after re-
activation of positive dDG ensembles (Figures S2D-S2I). We in-
jected AAV-Fos-ER™CreER™ and AAV-CMV-DIO-mCherry or
AAV-CMV-DIO-ChETA-eYFP into the dDG and implanted an op-
tical fiber in the dDG. We applied CSDS after tagging the positive
dDG ensemble using TAM. The mice were then subjected to
optogenetic activation and behavioral analyses and sacrificed
after positive dDG ensemble reactivation, and we analyzed
c-fos expression in the DRN (Figures S2F-S2I). The proportion
of c-fos™ cells among all DAPI* cells (c-fos™/DAPI*; Figure S2G),
that of c-fos*TPH2" cells among all TPH2" cells (c-fos*TPH2*/
TPH2*; Figure S2H), and c-fos*TPH2* cell counts (Figure S2I)
in the DRN did not differ significantly between the groups,
whereas optogenetic DRN 5-HT neuron stimulation led to a
robust increase in c-fos expression in these neurons
(Figures S1C-S1E).
5-HTPRN=VTA heuron activation elicits antidepressant-
like effects in a CSDS paradigm, and dDG neuronal
ensemble reactivation is preferentially associated with
positive experience
We investigated how 5-H neuron activation affects
CSDS-induced depression-like behaviors and dDG neuronal
ensemble reactivation. We injected AAV-mTPH2-Venus or
AAV-mTPH2-CheRiff-eGFP into the DRN and AAV-Fos-ER™

TDRN~>VTA
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CreER™ and AAV-CMV-DIO-mCherry into the dDG. We im-
planted optical fibers into the VTA (Figure 3A). We observed
strong GFP expression in the VTA, indicating sufficient CheRiff
expression in the VTA (Figure 3B). After tagging of dDG ensem-
bles, mice were subjected to CSDS, 5-HTPRN=VTA neuron
activation for 5 days, and behavioral analyses (Figures 3C-3F
and S3A). In the SIT, the CheRiff group spent significantly more
time in the interaction zone and displayed a higher social interac-
tion ratio than the Venus group (Figure 3D). In the TST, the immo-
bility duration of the CheRiff group was significantly shorter than
that of the Venus group (Figure 3E). However, we observed no
significant difference in locomotor activity between the groups
in the OFT (Figure 3F). After behavioral analyses, we further
stimulated the 5-HTPRN=VTA neurons and then sacrificed the
mice. We observed significantly higher c-fos-mCherry colocali-
zation rates and c-fos*mCherry* cell counts in the CheRiff-posi-
tive group than in the other groups (Figures 3G-3l and S3B-S3E).
Conversely, mCherry* cell counts were similar in all six
groups (Figure S3C), whereas c-fos* cell numbers increased
significantly in the CheRiff group irrespective of the experience
(Figure S3D). These results indicate that 5-HTPR"N =Y heuron re-
activates positive dDG ensembles and elicits antidepressant-like
effects.

DA signaling mediates an increase in active coping
behavior and the preferential reactivation of positive
dDG ensembles by 5-HTPRN—~VTA

Activation of the DRN 5-HT axon terminals in the VTA causes DA
neuron excitation.®* Consistent with this finding, optogenetic
5-HTPRN=VTA nheyron stimulation increased the number of
c-fos and tyrosine hydroxylase double-positive cell numbers in
the VTA (Figures S3F-S3J). We tested whether DA signaling
was necessary for the antidepressant-like effects and preferen-
tial reactivation of the positive-experience-associated dDG
neuronal ensembles by 5-HTPRN=VTA neyrons (Figures 4A, 4B,
and S4A). To inhibit DA signaling, we administered a combina-
tion of SCH23390 (0.1 mg/kg, i.p.), a Dy receptor antagonist,
and raclopride (2 mg/kg, i.p.), a D, receptor antagonist (D1+D2
group), 20 min before optogenetic stimulation. In the SIT, we
observed no significant differences between the groups in the
time spent in the interaction zone during a target session or the
social interaction ratio (Figure 4C), indicating that DA signaling
is not necessary for the social avoidance reduction elicited by
5-HTPRN=VTA heyron activation. In the TST, the immobility dura-
tion in the D1+D2 group was significantly longer than that in the
vehicle group (Figure 4D). However, there was no significant
difference in locomotor activity in the OFT (Figure 4E). Finally,
we investigated how D; and D, antagonists affect positive

Figure 2. DRN 5-HT neuron activation preferentially reactivates positive-experience-associated dDG neuronal ensembles

(A) Schematic illustration of experiment.

(B) Experimental design. ? and hexagons: contact with a female mouse and exploration in a novel cage, respectively. Red squares: tamoxifen administration.
Neuronal ensembles associated with a positive, neutral, or negative experience were tagged using tamoxifen. Optogenetic stimulation was applied, and the mice

were sacrificed for immunohistochemical analyses.

(C) Representative images for DAPI (blue), c-fos (optogenetically activated cells; green), and mCherry (tamoxifen-tagged neuronal ensembles; red) in the dDG;

scale bars, 20 um.

(D-F) Quantification of the c-fos*mCherry*-to-c-fos* (D) and -mCherry™ (E) cell colocalization rates, and c-fos*mCherry* cell numbers (F); n = 7 (CheRiff-Positive,
CheRiff-Neutral, and CheRiff-Negative), 8 (Venus-Positive), 6 (Venus-Neutral), and 5 (Venus-Negative) mice. ***p < 0.001. See also Figure S2.
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dDG ensemble reactivation. The c-fos-mCherry colocalization
rate and c-fos*mCherry* cell counts were significantly lower in
the D1+D2 group than in the vehicle control (Figures 4F-4H
and S4B). Conversely, c-fos* and mCherry™ cell counts were
similar between the groups (Figures S4C and S4D). No signifi-
cant effect of D4 and D, antagonist treatment was observed in
CheRiff-expressing mice without photoactivation or in Venus-
expressing mice with photoactivation (Figures S4F-S4H). These
results indicate that DA signaling is necessary for the recovery of
active coping with inescapable stress and reactivation of posi-
tive dDG ensembles elicited by activation of 5-HTPRN—=VIA
neurons.

DISCUSSION

Although clinical evidence has demonstrated the therapeutic ef-
ficacy of SSRIs for MDD,*>° their efficacy requires several
weeks of administration.®>*” Notably, chronic SSRI administra-
tion increases the spontaneous activity of DRN 5-HT neurons
and enhances the SSRI-induced increases in extracellular sero-
tonin concentration in vivo, ex vivo, and in vitro.>®*' However,
the causal relationship between the increased DRN 5-HT neuron
activity and antidepressant-like effects remains elusive. In this
study, we mimicked this increased DRN 5-HT neuron activity af-
ter chronic SSRI treatment using optogenetics. Repeated DRN
5-HT and 5-HTPRN VT neuron activation improved the lack of
sociality and the increase in passive coping caused by CSDS,
even without extrinsic activation during behavioral analyses.
These results indicate that persistent recovery from a depressed
state can occur when DRN 5-HT neurons are in a high-activity
state, even intermittently. We found that repeated DRN 5-HT
neuron stimulation for 5 days was sufficient to reverse CSDS-
induced depression-like behaviors, whereas 3-4 weeks of
chronic treatment with antidepressants is usually required for a
similar effect.”*> This apparent discrepancy may be explained
by the hypoactivity of DRN 5-HT neurons in susceptible but
not resilient mice after CSDS.° As most antidepressants affect
the serotonin transporters that mediate reuptake of released se-
rotonin, antidepressant effects should depend on the quantity of
released serotonin, which depends on 5-HT neuron activity.****
Therefore, DRN 5-HT neuron hypoactivity may attenuate the
efficacy of antidepressants, whereas optogenetic activation reli-
ably triggers action potentials, leading to rapid antidepressant-
like effects. Supporting this, we reported that ketamine, a rapidly
acting antidepressant,*®“® releases serotonin quickly by acti-
vating a4p2 nicotinic and a-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid receptors in the DRN.*"*%

¢ CellP’ress

OPEN ACCESS

Activation of DRN 5-HT neurons and 5-HTPRN™VTA neyrons
preferentially reactivated the positive dDG ensemble. The exact
reason for preferential reactivation is unclear; a recent preprint
indicated that engrams that were initially nonselective became
selective after memory consolidation.*® Thus, the memory
consolidation process may associate positive emotion induced
by various rewards with an ensemble of neurons that were unre-
lated to positive emotion before the initiation of the experiment.
Afterward, stimulation of 5-HTPRN=VTA neurons, which rapidly
induces positive emotion, as we and others have demon-
strated,®*** may result in preferential reactivation of neuronal
ensembles related to positive emotion. There was no significant
difference in the number of tagged neurons after positive,
neutral, and negative experiences or in the number of c-fos-pos-
itive cells after stimulation of DRN 5-HT neurons. These results
imply different downstream circuitry among these ensembles.
Ramirez et al. have shown that activation of positive dDG ensem-
bles but not neutral ensembles increased the number of c-fos-
positive cells in the nucleus accumbens (NAc) shell and amyg-
dala.?® Therefore, positive dDG ensembles may preferentially
activate neuronal ensembiles in these brain regions, which may
lead to its long-term antidepressive effect.

We determined that dopaminergic signaling was necessary for
the increase in active coping behavior and positive dDG ensem-
bles reactivation elicited by 5-HTPRN=VTA Conversely, pharma-
cological inhibition of dopaminergic signaling did not affect the
recovery of social interaction elicited by 5-HTPRN~VTA This indi-
cates that active coping with inescapable stress and recovery
from a lack of sociality are mediated by discrete neuron types
in the VTA, with dopaminergic neurons mediating the former.
Phasic activation of VTA dopaminergic neurons provides rapid
relief of a depression-like state induced by chronic mild stress,*°
whereas the same stimulation exacerbates a depression-like
state induced by CSDS.®" Although these results are apparently
inconsistent, the former study measured active coping behavior
in a TST as a proxy for a depressive state while the latter study
used lack of sociality induced by CSDS. We found that dopami-
nergic signaling is central to increasing active coping behavior
but not to the recovery of sociality, consistent with the findings
of both reports.*>°" In this context, the pharmacological inhibi-
tion of dopaminergic signaling should enhance recovery from a
lack of sociality through 5-HTPRN=VTA neyron stimulation. How-
ever, we did not observe such an enhancement. This apparent
discrepancy could be explained partly by a ceiling effect, as
the social interaction ratio of mice without CSDS is reported to
be approximately 1.5,°% which is similar to that of the mice sub-
jected to chronic 5-HTPRN=VTA neuron stimulation after CSDS

Figure 3. Activation of the DRN 5-HT neurons projecting to the VTA elicits an antidepressant-like effect, and the dDG neuronal ensemble

reactivation is preferentially associated with positive experience
(A) Schematic illustration of experiment.

(B) eGFP expression in the VTA (surrounded by a yellow dotted line); scale bar: 100 um.

(C) Experimental design.

(D) Top: Schematic illustration of the chamber and representative heat maps (target session). Bottom: Time spent in the interaction zone. Social interaction ratio:
the ratio of time spent in the interaction zone during a target and no-target session; n = 22 (Venus) and 20 (CheRiff) mice.

(E) Immobility duration in the tail suspension test; n = 22 (Venus) and 21 (CheRiff) mice.

(F) Locomotor activity in the open field test; n = 22 (Venus) and 17 (CheRiff) mice.

(G-1) Quantification of c-fos*mCherry*-to-c-fos* (G) and -mCherry* (H) cell colocalization rates, and c-fos*mCherry* cell numbers (l); n = 6 (CheRiff-Positive), 5
(CheRiff-Negative, Venus-Positive, and Venus-Neutral), and 4 (CheRiff-Neutral and Venus-Negative) mice. **p < 0.01, ***p < 0.001. See also Figure S3.
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(Figure 3D). Systemic injection of a mixture of DA antagonists in-
hibited the increase in active coping behaviors and the reactiva-
tion of positive dDG ensembles in response to 5-HTPRN—VIA
neurons. The location of the responsible dopaminergic receptors
is unclear. A previous report has shown that dopamine receptor
blockade in the NAc by intra-NAc injection of dopamine antago-
nists reduces active coping behavior induced by VTA dopami-
nergic neurons,” indicating the possible involvement of dopa-
mine receptors in the NAc. Because this previous report
evaluated the acute effect of dopamine receptor antagonists,
further investigation examining the effect of repeated intra-NAc
injection of dopamine antagonists will be necessary. Moreover,
clinical reports have shown that high heterogeneity exists in
the symptom patterns of patients with MDD,**™° highlighting
the importance of elucidating the biological basis of each MDD
symptom. Taken together, our data indicate the critical role of
5-HTPRN=VTA heurons and downstream dopaminergic signaling
in active coping, a stress response that is often damaged in
patients with MDD, **” whereas activation of 5-HTPRN = VTA ney-
rons reverses the lack of social reward induced by chronic stress
in a dopamine-independent manner.

Limitations of the study

The limitations of the study are twofold: low efficiency of
ensemble labeling and lack of analysis for ensembles in other
brain regions. In this study, we used a viral-vector-based strategy
to target memory ensembles, as in previous reports.”®>° Howev-
er, it is difficult and unrealistic to label all neurons that consist of
memory ensembles throughout the dDG by this method. Indeed,
we found that approximately 70% of c-fos-positive neurons after
activation of DRN 5-HT neurons were not labeled by transgenes.
This low efficiency also indicates that activation of only part of the
positive dDG ensemble was sufficient for an antidepressive effect
(Figures 1F-1L). Meanwhile, this also suggests that it is imprac-
tical to examine the necessity of positive ensembles for the
antidepressive effect of DRN 5-HT neurons through a viral-vec-
tor-based method because the activation of some positive
ensemble neurons that were not labeled by viral vectors should
be sufficient for the antidepressive effect. The utilization of trans-
genic animals such as Pomc-Cre mice®® and TRAP2 mice®" will
be necessary to overcome this limitation. Another limitation is
that our analysis was restricted to the dDG. Considering that
memory-related neuronal ensembles have been found in a num-
ber of brain regions, including the medial prefrontal cortex®” and
amygdala,®*>°* positive ensembles in these brain regions may be
involved in the antidepressive effect. Because recovery of social
reward after chronic stress was not correlated with reactivation of

¢? CellPress

OPEN ACCESS

positive dDG ensembles, it is possible that positive ensembles in
other brain regions mediate the recovery of social reward due to
activation of DRN 5-HT neurons. In particular, a previous report
indicated that NAc-projecting mPFC neurons bidirectionally con-
trol social interaction behaviors, suggesting a possible role of
positive mPFC ensembles.®®

In summary, we showed that 5-H neurons preferen-
tially reactivate positive memory ensembles in the dDG. Further-
more, we showed that DA signaling mediates increased active
coping behavior and reactivation of a positive memory ensemble
in the dDG but not recovery from a lack of sociality through
5-HTPRN=VTA heyron activation. Considering the heterogeneity
of symptom patterns in patients with MDD, our study provides in-
sights into the biological basis of antidepressant efficacy and
could aid the development of drugs that would selectively and
effectively mitigate a subset of symptoms in patients with MDD.

TDRN —VTA
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Figure 4. DA signaling is necessary for increased active coping behavior and preferential reactivation of dDG-positive ensembles but not for

the recovery from a lack of sociality elicited by the activation of the 5-H

(A) Schematic illustration of experiment.
(B) Experimental design.

TPRN=VTA heurons

(C) Top: Schematic illustration of the chamber and representative heat maps (target session). Bottom: Time spent in the interaction zone. Social interaction ratio:
the ratio of time spent in the interaction zone during a target and no-target session; n = 15 (vehicle) and 13 (D1+D2) mice.

(D) Immobility duration in the tail suspension test; n = 15 (vehicle) and 13 (D1+D2) mice.

(E) Locomotor activity in the open field test; n = 11 (vehicle) and 13 (D1+D2) mice.

(F-H) Quantification of c-fos*mCherry*-to-c-fos* (F) and -mCherry* (G) cell colocalization rates, and c-fos*mCherry* cell numbers (H); n = 5 (vehicle) and 7
(

D1+D2) mice. *p < 0.05, **p < 0.01, **p < 0.001. See also Figure S4.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit polyclonal anti-green fluorescent Life Technologies A-11122; RRID:AB_221569
protein (GFP) antibody

sheep polyclonal anti-tryptophan Merck Millipore AB1541; RRID:AB_90754
hydroxylase (TPH) antibody

mouse monoclonal anti-c-fos antibody (2H2) Novus Biologicals NBP2-50037; RRID:AB_2665387
rabbit polyclonal anti-DsRed antibody Takara Bio 632496; RRID:AB_10013483
rabbit polyclonal anti-tyrosine hydroxylase Merck Millipore AB152; RRID:AB_390204
(TH) antibody

Alexa Fluor 488-labeled donkey anti-rabbit IgG Thermo Fisher Scientific A-21206; RRID:AB_2535792
Alexa Fluor 594-labeled donkey anti-rabbit IgG Thermo Fisher Scientific A-21207; RRID:AB_141637
Alexa Fluor 594-labeled donkey anti-sheep IgG Thermo Fisher Scientific A-11016; RRID:AB_2534083
Alexa Fluor 488-labeled donkey anti-mouse IgG Thermo Fisher Scientific A-21202; RRID:AB_141607
Alexa Fluor 594-labeled donkey anti-mouse IgG Thermo Fisher Scientific A-21203; RRID:AB_141633
Chemicals, peptides, and recombinant proteins

Tamoxifen Toronto Research Chemicals T006000

SCH23390 Sigma-Aldrich D054

Raclopride Abcam ab120563

Experimental models: Cell lines

Lenti-X 293T Clontech 632180

Experimental models: Organisms/strains

C57BL/6J mice Japan SLC RRID: IMSR_JAX:000,664
Recombinant DNA

AAV-mTPH2-CheRiff-eGFP in house PMID: 32245184 (Nagai et al.*")
AAV-mTPH2-Venus in house PMID: 32245184 (Nagai et al.*")
AAV-Fos-ER™CreER™ in house PMID: 35302853 (Niu et al.*")
AAV-CMV-DIO-ChETA-eYFP in house in this study
AAV-CMV-DIO-mCherry in house in this study

RESOURCE AVAILABILITY

Lead contact
Further information and requests for data, resources, and reagents should be directed to and will be fulfilled by the lead contact Ka-
zuki Nagayasu (nagayasu@pharm.kyoto-u.ac.jp).

Materials availability
Plasmids generated in this study will be made available on request to the lead contact.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
o Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All mice were handled in accordance with the ethical guidelines of the Kyoto University Animal Research Committee (approval code:
13-41-2, 19-41-1,2,3). Adult male C57BL/6J mice (8-12 weeks old, Japan SLC, Shizuoka, Japan) were housed in groups (no more
than six mice in an individual cage) with free access to food and water, and kept under constant ambient temperature (24 + 1°C) and
humidity (55 + 10%), with a 12 h light-dark cycles. Mice were randomly assigned to each experimental group.

Experimental design

The time course of behavioral experiments in detail was described in Figures S1A, S1B, S3A, and S4A. A cohort of mice were injected
with AAV-mTPH2-Venus or AAV-mTPH2-CheRiff-eGFP into the DRN and AAV-Fos-ER™CreER'™ together with AAV-CMV-DIO-
mCherry into the dDG. Four weeks later, fiber optic cannula was implanted to the DRN. Tamoxifen (3 mg/mouse, i.p.%") was admin-
istered 6 h before cohabitation with a female mouse (positive experience), exploration in a novel cage (neutral experience), or single
session of social defeat (negative experience). Three (CheRiff) and six (Venus) mice were not administered with AAV-Fos-ER™
CreER™ and AAV-CMV-DIO-mCherry. These mice were not administered with tamoxifen and were not subjected to positive and
neutral experiences but subjected to ten sessions of social defeat. Other mice were subjected to one positive experience, one neutral
experience, and one negative experience regardless of the type of tagged ensembles. Afterward, nine sessions of social defeat were
applied, so that all mice were defeated ten times according to the previous reports.?®°? After social defeat, mice underwent opto-
genetic stimulation, open field test, social interaction test and tail suspension test (Figures 1A-1E ). Thereafter, these mice received
optogenetic activation of DRN 5-HT neurons and perfused 90 min later. The number of c-fos*, mCherry*, c-fos*mCherry*, and DAPI*
cells in the dDG were counted by immunohistochemistry (Figure 2). Another cohort of mice were injected with AAV-Fos-ER™2CreER'™
together with AAV-CMV-DIO-mCherry or AAV-CMV-DIO-ChETA-eYFP into the dDG, and 4 weeks after, they received an implanta-
tion of the fiber optic cannula into the dDG. Following tagging of dDG positive ensemble with mCherry, mice underwent CSDS,
chronic stimulation of dDG positive ensemble, open field test, social interaction test and tail suspension test (Figures 1F-1L). There-
after, these mice received the reactivation of dDG positive ensemble and were perfused 90 min later. The number of c-fos*, TPH2*,
c-fos*TPH2", or DAPI* cells in the DRN were counted by immunohistochemistry (Figures S2D-S2I). Another cohort of mice were
injected with AAV-mTPH2-Venus or AAV-mTPH2-CheRiff-eGFP into the DRN and AAV-Fos-ER™CreER'™ together with AAV-
CMV-DIO-mCherry into the dDG. Four weeks later, they received an implantation of fiber optic cannula into the VTA. Following
tagging dDG ensemble with mCherry, mice underwent CSDS, chronic stimulation of 5-HTPRN=VTA neyron, open field test, social
interaction test, and tail suspension test (Figures 3A-3F). Thereafter, these mice received activation of 5-HTP"N~VTA neuron and
were perfused 90 min later. The number of c-fos*, mCherry*, c-fos"mCherry*, or DAPI* cells in the dDG were counted by immuno-
histochemistry (Figures 3G-3l). Another cohort of mice were injected with AAV-mTPH2-CheRiff-eGFP into the DRN and AAV-Fos-
ER"2CreER' together with AAV-CMV-DIO-mCherry into the dDG. Four weeks later, they received an implantation of the fiber optic
cannula into the VTA. Following tagging of dDG positive ensemble with mCherry, mice underwent CSDS, chronic stimulation of
5-HTPRN=VTA neyrons with pretreatment with SCH23390 and raclopride 20 min before the optogenetic stimulation. Further,
mice underwent open field test, social interaction test, and tail suspension test (Figures 4A-4E). Thereafter, these mice received re-
activation of 5-HTPRN=VTA heuron with pretreatment with SCH23390 and raclopride 20 min before the optogenetic stimulation, and
were perfused 90 min later. The number of c-fos*, mCherry*, c-fos"mCherry*, or DAPI* cells in the dDG were counted by immuno-
histochemistry (Figures 4F-4H). As a control, another cohort of mice were injected with AAV-mTPH2-CheRiff-eGFP into the DRN and
AAV-Fos-ER™CreER together with AAV-CMV-DIO-mCherry into the dDG. This cohort of mice were subjected to tagging of positive
ensembles and CSDS but not to chronic stimulation of 5-HTPRN=VTA neurons. Instead of photoactivation, mice were administered
with SCH23390 and raclopride similar to above mentioned cohort. Further, mice underwent open field test, social interaction test,
and tail suspension test (Figure S4F). Thereafter, these mice were treated with SCH23390 and raclopride and were perfused 110
(= 20 + 90) minutes later. The number of c-fos*, mCherry™, or c-fos*mCherry* cells in the dDG were counted by immunohistochem-
istry (Figure S4G). As a further control in tail suspension test, another cohort of mice were injected with AAV-mTPH2-Venus into the
DRN and AAV-Fos-ER"2CreER" together with AAV-CMV-DIO-mCherry into the dDG. This cohort of mice were subjected to tagging
of positive ensembles, CSDS, and chronic stimulation of 5-HTPRN~VTA neurons with pretreatment with SCH23390 and raclopride
20 min before the optogenetic stimulation. Further, mice underwent tail suspension test (Figure S4H).

METHOD DETAILS

Vector construction

For construction of AAV-CMV-DIO-ChETA-eYFP, ChETA-eYFP fragment and CMV promoter was amplified by PCR from pTYF-
smTPH2-ChETA-eYFP'® and pFUW-CMV-DIO-Magneto2.0-sNRPpA (Addgene, 74,307), respectively. Fragments were ligated to
the AAV backbone obtained from pAAV-hSyn-DIO-hM3Dg-mCherry (Addgene, 44,361). For construction of AAV-CMV-DIO-
mCherry, the CMV promoter fragment amplified by PCR from pFUW-CMV-DIO-Magneto2.0-sNRPpA (Addgene, 74,307) was ligated
to the AAV backbone obtained from pAAV-hSyn-DIO-mCherry.°® Other plasmids were reported previously.***"
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Production and purification of adeno-associated virus (AAV) vector

AAVs were prepared according to the previous report.®° Lenti-X 293T cells (Clontech, Mountain View, CA, USA) were grown to 60-
70% confluency, and 8 pg of pHelper, 5 ug of pAAV-DJ and 5 pg of transfer plasmid were transfected with polyethylenimine (Poly-
sciences, Warrington, PA, USA). After 60-72 h, supernatant was aspirated and the cells were harvested in 500 puL of Gradient Buffer.
Four freeze-and-thaw cycles were used to disrupt cell membrane. After addition of 0.5 uL benzonase (Sigma-Aldrich, St. Louis, USA),
cell suspension was incubated at 37°C for 45 min and centrifuged for 15 min at 3,000 x g. The supernatant was collected and ultra-
centrifuged in discontinuous iodixanol density gradient at 48,000 rpm, 18°C for 1 hin 50.4Ti rotor (Beckman-Coulter, Brea, CA, USA).
After ultracentrifugation, syringe with an 18-gauge needle was inserted approximately 1-2 mm below the boundary surface between
40% and 58% gradient buffer layers, and slowly extracted solution. They were aliquoted and stored at —80°C. The titer of AAV was
measured by qPCR and estimated to be about 1.0 x 10" |U/mL.

Stereotaxic surgeries

Stereotaxic surgeries were conducted using a small animal stereotaxic frame (Narishige, Tokyo, Japan) according to the Brain
Atlas.®” Mice were anesthetized with sodium pentobarbital (50 mg/kg, i.p., Kyoritsu Seiyaku, Tokyo, Japan) or 3% isofluran (Escain,
Pfizer, Tokyo, Japan). AAV-mTPH2-Venus and AAV-mTPH2-CheRiff-eGFP were microinjected at 1 pL into the mouse DRN (antero-
posterior (AP) —4.3 mm, mediolateral (ML) 0 mm, dorsoventral (DV) +3.4 mm from the bregma, 20°). 0.4 uL of AAV-Fos-ERTCreER?
together with AAV-CMV-DIO-mCherry or AAV-CMV-DIO-ChETA-eYFP in a 1:1 ratio was microinjected into the dDG (AP —1.8 mm,
ML +0.8 mm, DV +2.2 mm from the bregma). For optical stimulation, 4 weeks after the viral injection the mice were implanted with a
fiber optic cannula so that the tip of the cannula was placed just above the dorsal border of the target regions. The following coor-
dinates (in mm) were used for fiber implant, DRN (AP -4.3 mm, ML +1.2 mm from the bregma, depth +3.3 mm from the skull at 20°),
bilateral VTA (AP -3.4 mm, ML +0.5 mm, DV +4.3 mm from the bregma), bilateral dDG (AP -1.8 mm, ML +0.8 mm, DV +2.0 mm from
the bregma). Mice were individually housed for at least 7 days to recover before tagging activated neurons in dDG and were kept in
the singly housed until sacrifice.

Tagging of dDG ensemble

Six hours after tamoxifen administration (TAM; 3 mg/mouse, TO06000, Toronto Research Chemicals, Toronto, Canada), mice under-
went positive (exposure to a female mouse), neutral (exploration of new cage), or negative (a single social defeat stress) experience.
Positive experience: one female mouse (postnatal day 30-40) was introduced into the home cage of experimental male mouse with a
clear cage top and the male mice were allowed to interact with a female mouse freely for 2 h. Neutral experience: experimental male
mice were placed into a new plastic cage with a clear cage top for 2 h. Negative experience: a single social defeat session. Mice were
randomly assigned to one of the three groups.

Chronic social defeat stress (CSDS)

Chronic social defeat stress (CSDS) was applied as described previously.?® Briefly, male ICR mice were screened based on their
aggressiveness to a naive C57BL/6 mouse, as measured by the latency and the number of attacks, and were used as aggressor
mice for CSDS. For social defeat stress, the isolated mouse to be defeated was introduced and kept in the home-cage of a resident
aggressor ICR mouse for 5 min daily. All mice were exposed to social defeat stress for 10 consecutive days. The pair of defeated and
aggressor mice was changed daily to minimize the variability in the aggressiveness of ICR mice. The social interaction test was per-
formed after optical activation as described below.

In vivo optogenetic manipulation

Fiber optic cannulae made of multimode LC/PC ceramic ferrules (1.25 mm outer diameter, 270 um hole size, Thorlabs, Newton, NJ,
USA) and plastic optic fiber (CK10, 250 um diameter, NA 0.5, Mitsubishi Rayon, Tokyo, Japan). Implanted fiber optic cannula was
connected to the fiber-optic patch cord (M83L01, Thorlabs, Newton, NJ, USA) or bifurcated fiber bundle (BFYL2LFO1, Thorlabs,
Newton, NJ, USA) coupled with the rotary joint (Doric Lenses, QC, Canada). Light emitted from the diode-pumped solid-state
(DPSS) laser (Beijing Viasho Technology, Beijing, China) was converged to the fiber optic which was connected to the rotary joint.
The DPSS laser was driven by the microcontroller (Arduino SRL, ltaly) to generate the pulse width modulation signal. For AAV-
mTPH2-Venus and AAV-mTPH2-CheRiff-eGFP mice, after CSDS for 10 consecutive days, blue light illumination for 5 min was
delivered twice a day for 5 days (473 nm, 5 mW at the tip of the fiber, 10 ms duration, 20 Hz frequency, 20 s ON/10 s OFF). For
AAV-Fos-ER™CreER™ and AAV-CMV-DIO-mCherry or AAV-CMV-DIO-ChETA-eYFP mice, blue light illumination for 15 min was
delivered twice a day for 5 days (473 nm, 10 mW at the tip of the fiber, 15 ms duration, 20 Hz frequency). One day after the final optical
activation, mice underwent behavior tests.

Optogenetic manipulation with dopamine receptor antagonists

D1 receptor antagonist SCH23390 (0.1 mg/kg) (Sigma-Aldrich) and D2 receptor antagonist raclopride (2 mg/kg) (ab120563, abcam,
Cambridge, UK) was dissolved in saline containing 0.5% dimethyl sulfoxide (DMSO). For optogenetic activation with pharmacolog-
ical intervention, vehicle (0.5% DMSO in saline) or drugs in a volume equal to 1% of the mouse body weight were administered
intraperitoneally 20 min before the optogenetic stimulation (473 nm, 5 mW at the tip of the fiber, 10 ms duration, 20 Hz frequency,
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20 s ON/10 s OFF for 5 min). This session was performed twice a day for 5 days. One day after the final optogenetic activation, all mice
underwent behavior tests.

Behavioral tests

Open field test

Open field test was performed as described previously.'® In brief, the open field arena (a white acrylic cube (50 x 50 x 50 cm))
was used to measure locomotor activity. Each animal placed individually into the center of the arena and permitted free explora-
tion. The behavior of the animal was recorded with a camera over a 10 min. The recorded data were analyzed automatically using
video tracking system (ANY-maze version 4.99, Stoelting, Wood Dale, IL, USA). Total distance traveled during a session were
measured.

Social interaction test

Social interaction test was performed according to previous report.?® Mice were kept for 150 s in an open field chamber (50 x 50 x
50 cm) with an empty wire mesh cage (10 x 6.5 cm) located at one end of the chamber (no-target session). Consecutively, the same
mouse was kept for 150 s in the same open field chamber with an ICR mouse enclosed in the wire mesh cage (target session). Mouse
behaviors were video monitored, and the trajectory of mouse ambulation was determined and recorded by ANY-MAZE (Stoelting
Co., Wood Dale, IL, USA). The four corners of the chamber (9 cm square) and the area surrounding the wire mesh cage (14 x
24 cm) was defined as the avoidance zone and the interaction zone, respectively. Time spent in the interaction zone during each ses-
sion were measured. Social interaction ratio was calculated as time spent in the interaction zone in target session divided by that in
no-target session.

Tail suspension test

Tail suspension test was performed as described previously. '® Briefly, the mice were hung on a hook (35 cm from the floor of the test
box) with the tail taped to a force-transducer (PowerLab 2/26, AD Instruments, Dunedin, New Zealand) fixed to the ceiling of the test
box (40 x 40 x 40 cm). The immobility time was recorded for 6 min.

Histological analyses

After behavioral tests, all mice received a single optogenetic activation. Mice injected with AAV-mTPH2-Venus and AAV-mTPH2-
CheRiff-eGFP received blue light stimulation for 5 min (473 nm, 5 mW at the tip of the fiber, 10 ms duration, 20 Hz frequency, 20 s
ON/10 s OFF). Mice injected with AAV-Fos-ER™CreER™ and AAV-CMV-DIO-mCherry or AAV-CMV-DIO-ChETA-eYFP received
blue light stimulation for 15 min (473 nm, 10 mW at the tip of the fiber, 15 ms duration, 20 Hz frequency, 20 s ON/10 s OFF).
In Figure 4, 20 min after injection of SCH23390 and raclopride or vehicle, mice injected with AAV-mTPH2-CheRiff-eGFP received
blue light stimulation for 5 min (473 nm, 5 mW at the tip of the fiber, 10 ms duration, 20 Hz frequency, 20 s ON/10 s OFF). Ninety
min after stimulation, all mice were deeply anesthetized under sodium pentobarbital (50 mg/kg) or mixture of medetomidine
(0.3 mg/kg) (Kyoritsu Seiyaku, Tokyo, Japan), midazolam (4.0 mg/kg) (FujiPharma, Tokyo, Japan), and butorphanol (5.0 mg/kg)
(Meiji Seika Pharma, Tokyo, Japan). Mice were transcardially perfused with phosphate buffer saline (PBS) followed by 4% para-
formaldehyde (Nacalai Tesque, Kyoto, Japan) in phosphate buffer. After perfusion fixation, the brains were removed, equilibrated
in 15% sucrose in PBS for overnight, and frozen. The brains were cryosectioned into 30 um-thick coronal sections with the cryo-
stat (Leica CM3050S; Leica Biosystems, Nussloch, Germany) and stored at —20°C until immunohistochemical processing. For
immunohistochemistry, the sections including DRN, VTA or dDG were immersed in 0.25% Triton X-100 (Nacalai Tesque) for per-
meabilization and then incubated overnight at 4°C with rabbit polyclonal anti-green fluorescent protein (GFP) antibody (1:2000;
A-11122, Life Technologies, Carlsbad, CA, USA), sheep polyclonal anti-tryptophan hydroxylase (TPH) antibody (1:200; AB1541,
Merck Millipore, MA, USA), mouse monoclonal anti-c-fos antibody (2H2) (1:1000, NBP2-50037, Novus Biologicals, CO, USA), rab-
bit polyclonal anti-DsRed antibody (1:500, 632,496, Takara Bio, Shiga, Japan) and rabbit polyclonal anti-tyrosine hydroxylase (TH)
antibody (1:200; AB152, Merck Millipore) followed by incubation with Alexa Fluor 488-labeled donkey anti-rabbit IgG (1:200;
A-21206, Thermo Fisher Scientific, MA, USA), Alexa Fluor 594-labeled donkey anti-rabbit IgG (1:200; A-21207, Thermo Fisher Sci-
entific), Alexa Fluor 594-labeled donkey anti-sheep IgG (1:200; A-11016, Thermo Fisher Scientific), Alexa Fluor 488-labeled donkey
anti-mouse 1gG (1:200; A-21202, Thermo Fisher Scientific) or Alexa Fluor 594-labeled donkey anti-mouse IgG (1:200; A-21203,
Thermo Fisher Scientific) for 2 h at room temperature. The sections were then washed in PBS and mounted on glass with
Fluoromount/Plus (K048, Diagnostic Biosystems, Pleasanton, CA, USA) or DAPI Fluoromount-G (0100-20, Southern Biotech, Bir-
mingham, AL, USA). Immunofluorescence was visualized using a laser scanning confocal microscopy (Fluoview FV10i, Olympus,
Tokyo, Japan). Images were processed with FV10i-SW software (Olympus) and Imaged software (National Institutes of Health, Be-
thesda, MD, USA). The number of c-fos, mCherry, GFP, TH and TPH2 positive cells were quantified in at least three different sec-
tions and averaged across sections. All AAVs infection and fiber implantation site were verified immunohistochemically. The data
points obtained from the mice with failed AAV infection or fiber implantation were excluded. The numbers of the animals used were
determined according to the previous reports.?®2758
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QUANTIFICATION AND STATISTICAL ANALYSIS

The data are plotted as dots, unless otherwise stated. The bar graph represents median. Statistical analysis was performed by
GraphPad Prism (version 8 and 9, GraphPad Software Inc., La Jolla, CA, USA). Two-sided unpaired Student’s t-test was used for
comparisons of 2 individual groups unless otherwise stated. For comparison of social interaction ratio, Mann-Whitney test was
used. For comparisons of 3 or more groups, data were compared using two-way analyses of variance (ANOVA), followed by Tukey’s
multiple comparisons test or two-way repeated measures ANOVA followed by the Sidak’s multiple comparisons test. In all cases, p
values less than 0.05 (p < 0.05) were considered statistically significant.
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