
Article
A neural circuit from the d
orsal CA3 to the
dorsomedial hypothalamus mediates balance
between risk exploration and defense
Graphical abstract
Highlights
d dCA3Glu neurons are suppressed by predatory threat and risk

exploration

d A disynaptic dCA3Glu-dLSGABA-DMH circuit is identified

d This circuit controls the switch between defense and risk

exploration

d Activating this circuit inhibits defense by decreasing

predator-evoked arousal
Zhong et al., 2022, Cell Reports 41, 111570
November 1, 2022 ª 2022 The Authors.
https://doi.org/10.1016/j.celrep.2022.111570
Authors

Cheng Zhong, Lulu Wang, Yi Cao, ...,

Fuqiang Xu, Yi Lu, Liping Wang

Correspondence
luyi@siat.ac.cn (Y.L.),
lp.wang@siat.ac.cn (L.W.)

In brief

Zhong et al. show that dCA3Glu neurons

respond positively to contextual

exploration but negatively to potential

threat. A dCA3Glu-dLSGABA-DMH circuit

controlling exploration and defense

balances in complex environments is

identified. Activation or inhibition of this

circuit bidirectionally regulates an

animal’s arousal level and promotes the

switch between defense and risk

exploration.
ll

mailto:luyi@siat.ac.cn
mailto:lp.wang@siat.ac.cn
https://doi.org/10.1016/j.celrep.2022.111570
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2022.111570&domain=pdf


OPEN ACCESS

ll
Article

A neural circuit from the dorsal CA3
to the dorsomedial hypothalamus mediates
balance between risk exploration and defense
Cheng Zhong,1,3 Lulu Wang,1,3 Yi Cao,1 Chongyang Sun,1 Jianyu Huang,1 Xufang Wang,1 Suwan Pan,1 Shuyu He,1

Kang Huang,1 Zhonghua Lu,1 Fuqiang Xu,1,2 Yi Lu,1,* and Liping Wang1,4,*
1Guangdong Provincial Key Laboratory of Brain Connectome and Behavior, the Brain Cognition and Brain Disease Institute, Shenzhen

Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen-Hong Kong Institute of Brain Science-Shenzhen Fundamental

Research Institutions, Shenzhen 518055, China
2Center for Brain Science, Wuhan Institute of Physics and Mathematics, Center for Excellence in Brain Science and Intelligence Technology,

Chinese Academy of Sciences, Wuhan 430071, China
3These authors contributed equally
4Lead contact
*Correspondence: luyi@siat.ac.cn (Y.L.), lp.wang@siat.ac.cn (L.W.)

https://doi.org/10.1016/j.celrep.2022.111570
SUMMARY
An appropriate balance between explorative and defensive behavior is essential for the survival and repro-
duction of prey animals in risky environments. However, the neural circuit and mechanism that allow for
such a balance remains poorly understood. Here, we use a semi-naturalistic predator threat test (PTT) to
observe and quantify the defense-exploration balance, especially risk exploration behavior in mice. During
the PTT, the activity of the putative dorsal CA3 glutamatergic neurons (dCA3Glu) is suppressed by predatory
threat and risk exploration, whereas the neurons are activated during contextual exploration. Moreover, op-
togenetic excitation of these neurons induces a significant increase in risk exploration. A circuit, comprising
the dorsal CA3, dorsal lateral septal, and dorsomedial hypothalamic (dCA3Glu-dLSGABA-DMH) areas, may be
involved. Moreover, activation of the dCA3Glu-dLSGABA-DMH circuit promotes the switch from defense to risk
exploration and suppresses threat-induced increase in arousal.
INTRODUCTION

Individual survival requires precise execution of a variety of

instinctive behaviors. Because of potential threats that exist in

the natural environment, for survival and reproduction, instinc-

tive risk explorations are vital for individuals across species to

attain their basic needs (food, water, mates, etc.) (Berlyne,

1966; Gottlieb and Oudeyer, 2018). Once risk information is de-

tected during exploration, terminating exploratory behavior and

initiating defensive behavior is essential for the animal to avoid

potential harm frompredators or other threats in the environment

(Evans et al., 2019; Headley et al., 2019; LeDoux, 2012). There-

fore, accurately controlling the balance between exploration

and defensive behavior is crucial for prey animals to adapt to

(Darwin, 1969), especially in a complex and dangerous natural

environment (De La Flor et al., 2017; LeDoux, 2012; van Kampen,

2015); however, the neural circuit mechanism underlying this

process remains largely unclear.

In a pre-encounter threat context, where there is a potential

predator, the dorsal hippocampus (dHPC) is thought to be

necessary for defensive behavior (Mobbs, 2018; Qi et al., 2018;

Wikenheiser and Schoenbaum, 2016), because it is critical in

environmental exploration and perception of fearful environ-
C
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mental cues (Berger et al., 2006; Saab et al., 2009; Wang et al.,

2020). Recent studies suggest that the dHPC (DG-CA3) re-

sponds to the conditioned fear paired threat context, especially

ambiguous environmental threat information, specifically via the

dorsal lateral septum (dLS) (Besnard et al., 2019, 2020). More-

over, the LS receives dense projections from the dHPC (Risold

and Swanson, 1996; Strange et al., 2014) and subsequently

modulates functions of the action-executing targets (Bender

et al., 2015; Leroy et al., 2018; Luo et al., 2011; Sweeney and

Yang, 2015, 2016; Tingley and Buzsaki, 2018), such as the hypo-

thalamic structures. Therefore, the LS is considered an impor-

tant relay between the dHPC and downstream regions, which

translates and sends environmental information to regulate other

behaviors. For instance, the dorsal CA1-dLS-lateral hypothalam-

ic circuit modulates motion (Bender et al., 2015) and feeding be-

haviors(Sweeney and Yang, 2015, 2016), whereas the dorsal

CA2-LS circuit projects to the ventrolateral part of the ventrome-

dial hypothalamus to regulate aggressive behaviors (Leroy et al.,

2018; Wong et al., 2016). As the medial part of the hypothalamus

(especially the dorsomedial hypothalamus [DMH]) is considered

to be a key subcortical region associated with animals’

defensive behavior and arousal states (Kataoka et al., 2020; Le-

Doux, 2012; Li et al., 2002; Martinez et al., 2008; Pinol et al.,
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2018), we hypothesized that the dHPC-dLS-DMH pathway may

play an active role in controlling the balance between exploratory

and defensive behaviors.

We investigated the balance between exploration and defense

in a semi-natural potential threat environment, in which a preda-

tory rat was confined in the test chamber of the predator threat

test (PTT) equipment (De La Flor et al., 2017; Kim et al., 2015;

Ribeiro-Barbosa et al., 2005; Silva et al., 2013). In a dynamic

complex threat environment, individuals show more complex

behaviors, such as risk explorations (e.g., investigation of

dangerous zones and avoidance) and high-risk explorations

(e.g., active approach of caged predators). At the neuronal level,

we identified the dCA3Glu-dLSGABA-DMH circuit, which re-

sponds to the exploration-defense balance in the PTT. Further-

more, optogenetic activation of this circuit induced an increase

in risk exploration and a decrease in defensive behavior, while

its inhibition specifically suppressed risk exploration and

enhanced defensive behaviors. In addition, activation of dCA3-
GABA induced an extraordinary promotion of defensive response

and suppression of risk exploration. Notably, activation of the

dCA3Glu-dLSGABA-DMH circuit specifically suppressed preda-

tory threat-evoked increases in arousal levels. Our results

show that, in nature, animals adopt appropriate behaviors for

the balance between defensive and explorative activities, and

the dCA3Glu-dLSGABA-DMH circuit favors such a switch by

modulating the animal’s arousal state.

RESULTS

The dHPC involved in defensive and exploratory
behavior
Risk exploration behavior is an intrinsically driven, active

behavior process. To investigate the balance between risk

exploration and defense, we adopted a PTT behavior paradigm

(De La Flor et al., 2017; Kim et al., 2015; Ribeiro-Barbosa et al.,

2005; Silva et al., 2013). The PTT apparatus consisted of a home

chamber (HC), a narrow corridor (NC), and a test chamber (TC),

in which a predatory rat was confined (Figures 1A and S1A). Only

themice, not the predatory rat, could pass through the doors and

move freely throughout the apparatus (Figure 1A). The PTT

contains a No Rat period followed by a Rat period (Figure S1A).

During the No Rat period, the mice showed a high exploration

activity throughout the entire apparatus (Figure 1A), while in the
Figure 1. dHPC neurons are inhibited by a potential threat
(A) Schematic representation of the PTT and examples of mouse movement trac

(B) Quantitative comparison of defensive behavioral activities of mice (n = 18 mic

(C and D) c-Fos expressions in the dCA3 (C) and dDG (D) in the housed, No Rat,

Blue, DAPI; red, c-Fos.

(E and F) Quantitative analysis of c-Fos expression in the dCA3 (E, housed, n = 6m

n = 4 mice; Rat, n = 7 mice).

(G and H) Representative raster plots and waveforms of a positive (G) and a neg

(I) Schematic representations of NC entering behavior.

(J and K) The percentage of excited (red), inhibited (blue), and non-responsive (gra

eight mice) and PI neurons (circle, No Rat, n = 139 neurons from eight mice; Rat,

period (J) and Rat period (K).

(L) Distribution of NFRD of the classified dCA3 putative inhibitory neurons (dCA3 P

or NC (red) during the No Rat period and Rat period. Bin = 0.1. Data are presented

used; *p < 0.05, ***p < 0.005, N.S., not significant.
Rat period, the presence of a predator elicited robust defensive

responses (Silva et al., 2013). This was evidenced by a consis-

tent avoidance in the HC, i.e., the safe zone (p = 3 3 10�8),

and decreased entries to (p = 0.034, Figures 1A and 1B) the

dangerous zone (the NC and TC) and increased flight behavior

(Video S1). Notably, the mice still retained a noticeable tendency

to explore the dangerous zones after the emergence of a

potential threat (a confined predator rat) (Figure 1B), which dem-

onstrates the ability of risk exploration to update environmental

information tomeet basic resources and thus a capacity to adapt

(De La Flor et al., 2017; Padilla et al., 2016). Next, we investigated

the exploratory activity in response to a range of threat levels,

including neutral, risk, and high-risk exploration (De La Flor

et al., 2017; Dudchenko and Wallace, 2018; Padilla et al.,

2016; Sturman et al., 2018) (Figures S2E–S2H, and Video S1).

We observed that the mice have shown appropriate exploratory

and defensive behaviors, leaving the HC and revisiting the NC to

explore the environment under potential threat, and flee back to

the HC afterward, leading to a repeated spatial transition be-

tween the safe and dangerous zones. During this process, the

activity of risk exploration could be considered a measure of

the balance between exploration and defense. Therefore, PTT

offers an ideal paradigm for the quantification of the characteris-

tics of exploratory and defensive behaviors and the relationship

between them.

To identify which brain regions are engaged in contextual

exploration or a predatory threat, we performed c-Fos mapping

of the mouse brains after PTT (Figure S1B). Compared with the

Housed (in homecage) group, samples in the PTT groups (both

in No Rat and Rat periods) exhibited significantly increased c-

Fos expression in a broad range of brain regions, including the

dHPC (Figures 1C–1F), septum, posteroventral part of the media

amygdala (MeApv), DMH, and dorsomedial part of the ventrome-

dial hypothalamus (VMHdm), lateral hypothalamus (LH), anterior

hypothalamus, and posterior hypothalamus (PH) (Figures S1C

and S1D). Compared with the No Rat period, the VMH neurons

were significantly activated by the presence of predators (p =

0.01609. Figure S1D), which is consistent with previous studies

(Kunwar et al., 2015; Perez-Gomez et al., 2015; Silva et al.,

2013). However, c-Fos expression in the dCA3 showed a signif-

icant decrease during the Rat period (dCA3, p = 3.2 3 10�5;

Figures 1C and 1E), suggesting that the activity of dHPC neurons

(dCA3) were inhibited by the predatory rat.
es.

e).

and Rat groups, respectively. Right: enlarged view of the region in the red box.

ice; No Rat, n = 5mice; Rat, n = 4mice) and dDG (F, housed, n = 6mice; No Rat,

ative (H) response dCA3 neuron of NC entering behavior in the Rat period.

y) PE (triangle, No Rat, n = 60 neurons from eight mice; Rat, n = 66 neurons from

n = 128 neurons from eight mice) in the dCA3 during NC entering in the No Rat

I, 137 units) and putative excitatory neurons (dCA3 PE, 59 units) in the HC (blue)

as mean ± SD; paired t tests were used in (B); in (E and F), unpaired t tests were
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Driven by an instinctive exploratory nature, the experimental an-

imals exhibiteda tendency to reenter theNCfromtheHCtoupdate

the environmental information. To directly monitor the function of

dCA3 neurons in this risk exploration behavior, single-unit record-

ings were conducted in vivo during PTT, and the responsive neu-

ronswere identified (Figures 1G and 1H). When themousemoved

from the HC to the NC (entering the NC), 47% of dCA3 putative

excitatory neurons (PE) were activated (28 excited PE, 8 inhibited

PE) in the No Rat period, and 50% of dCA3 PE were inhibited (33

inhibited PE, 12 excited PE) in the Rat period. In contrast, 29%

of dCA3 putative inhibitory neurons (PI) were excited by entering

the NC (37 excited PI, 15 inhibited PI). To further evaluate the

changes in the firing of dCA3neurons inHCandNC,wecompared

the distribution of the normalized firing rate difference (NFRD). We

found that in the HC, most of dCA3 neuronal NFRD (93%PI, 83%

PE) was concentrated within an interval between �0.2 and 0.2. In

the NC during the Rat period, the NFRD of 56 (41%) PIs and 9

(15%) PEs were above 0.2, and the NFRD of 25 (18%) PIs and

27 (46%) PEs were below �0.2 (Figure 1L). In the NC during the

No Rat period, the changes in the NFRD of PIs (NFRD < �0.2,

27%; NFRD >0.2, 21%) and PEs (NFRD < �0.2, 32%; NFRD

>0.2, 12%)were lessobvious than those in theRat period. Further-

more, we analyzed the distribution of NFRDof the shuffled control

group (Figure S1E), and we found that the rate of NFRD above 0.2

or below �0.2 was approximately 19%. Overall, the dCA3

GABAergic neurons tended to be more excited under a potential

threat than they were in a neutral environment, while dCA3 gluta-

matergic neurons tend to be more inhibited.

dCA3 glutamatergic neurons were conversely
responsive to contextual exploration and risk
exploration
We further observed that the experimental mice displayed other

risk exploration behaviors, including exploring at the entrance to

the NC from the HC (HC door) (Video S1, Figures S2F, and S2H,

79% of risk exploration), rearing in the NC (Video S1,

Figures S2F, and S2H, 21% of risk exploration), and exploring

at the entrance to the TC from the NC (TC door), which were

defined as high-risk explorations (Video S1, Figures S2G, and

S2H). Therefore, we further analyzed the neuronal activity related

to these risk exploration behaviors (Figures 2 and S2A–S2D). We

found that in the No Rat period, dCA3 PE neurons were signifi-

cantly excited by contextual exploration (HC door exploration,

p = 0.00152; TC door exploration, p = 3.8 3 10�4; Figure 2C),

in accordance with our c-Fos mapping results showing that hip-

pocampal neurons were activated by contextual exploration in

the No Rat period (Figures 1C–1F, No Rat group vs. Housed

group: dCA3, p = 7 3 10�9; dDG, p = 2.8 3 10�4). In contrast,

risk exploration induced a decrease in dCA3 PE neurons (HC

door exploration, p = 2.1 3 10�6; Figure 2C). It is known that

the hippocampus plays a key role in exploration (Berger et al.,

2006; Saab et al., 2009; Wang et al., 2020); our results showed

that dCA3Glu neurons responded negatively to risk exploration

in the Rat period, whereas dCA3Glu neurons were activated by

contextual exploratory behavior in the No Rat period. To clarify

whether the responsive dCA3Glu neurons could be included in

the same population, we quantified the change in activity of

dCA3 neurons when the mice were exploring at the HC door
4 Cell Reports 41, 111570, November 1, 2022
and entering the NC both in the No Rat and Rat periods, respec-

tively. In 60 dCA3 PE neurons, 34 units were excited by exploring

at the HC door (No Rat period), 28 units (82%)were inhibited dur-

ing exploration at the HC door (Rat period) (Figure 2D). Similarly,

in 24 dCA3 PE neurons excited by entering the NC (No Rat

period), 16 units (67%) were inhibited by entering the NC (Rat

period) (Figure 2E). Directly, firing of dCA3 PE neurons signifi-

cantly decreased during exploration at the HC door during the

Rat period compared with the No Rat period (p = 4.93 10�6, Fig-

ure S2B). Meanwhile, the dCA3 PI neurons did not show this

phenomenon; few PI neurons were simultaneously responsive

to both contextual exploration and risk exploration (Figure S2C).

Taken together, there is a subpopulation of the dCA3Glu neurons

(�35%) that have a positive response to contextual exploration

and a negative response to risk exploration, which indicates

that they may participate in the balance between exploratory

and defensive behavior by changing the firing of their neurons

(Figure S2D). Interestingly, activation of dCA3 PE neurons may

predict further exploratory behavior, which was demonstrated

by neuronal activity in mice before entering the NC (in the HC)

(p = 0.03853, Figure 2C).

dCA3Glu activation increases exploration and
locomotion but inhibits defensive behaviors
Next, we recruited optogenetic stimulation to verify the dual

function of dCA3Glu neurons in defense and exploration behav-

iors, especially risk exploration behaviors. We found that optical

activation of dCA3Glu neurons produced a significant decrease in

defensive behaviors and an increase in locomotion (p = 0.03093,

Figure S7C), including decreasing time spent in the HC (p =

0.00143) and increasing entries into the dangerous zone (p =

8.9 3 10�4, Figures 3A, 3B, and S3A). In contrast, optogenetic

activation of dCA3 GABAergic neurons led to an increase in

avoidance of the dangerous zone (p = 0.00249, Figure S2I) and

a decrease in locomotion (p = 0.0236, Figure S7C). Furthermore,

the exploratory activity of the mice was increased by dCA3Glu

activation in the PTT, including neutral, risk, and high-risk explo-

ration (p = 0.03412, p = 0.00112, p = 4.73 10�4, Figures 3C, 3D,

and S3A).

We then sought to elucidate whether dCA3 influences defense

and exploration behavior through the downstream LS circuitry.

First, we investigated the effects of dCA3Glu activation on

neuronal activity in the dCA3 and other PTT-related brain areas

under predatory threat via c-Fos expression after the behavioral

test (Figures 3E, 3F, S3B, and S3C). Compared with the no-stim

group, optical stimulation of the dCA3 neurons caused a dra-

matic increase in the expression of c-Fos in the dDG, dCA3,

and LS, whereas decreased c-Fos expression was recorded in

the DMH, MS, and LH (Figures S3B and S3C). We observed

that most of the activated dDG and dCA3 neurons were glutama-

tergic neurons (Figures 3E and 3F), while more than 95% of the

activated dLS neurons were GABAergic neurons (Figures S3D

and S3E). In addition, c-Fos expression in DMHVGLUT+ neurons

decreased by activation of dCA3Glu neurons (p = 0.01321; light

off group, 4.7 ± 4 cells, 19.5% ± 2.8%; light on group, 1.3 ± 2

cells, 1.6% ± 3%; Figures S3D and S3E). As the LS is one of

the major projection targets of the hippocampus predominated

by GABAergic neurons (>90%, Figure S3D), we hypothesized



Figure 2. A subpopulation of dCA3Glu neu-

rons were excited by contextual explora-

tions but inhibited by risk explorations

(A) Schematic representation of in the HC,

exploring at theHC door, in theNC, before entering

the NC and exploring at the TC door behaviors.

(B and C) Comparisons of NFRD of the classified

dCA3 putative inhibitory neurons (B, dCA3 PI, 136

units from eight mice) and putative excitatory

neurons (C, dCA3 PE, 59 units from eight mice) in

the HC, exploring at the HC door, before entering

the NC, in the NC and exploring at the TC door

during No Rat period and Rat period of PTT.

(D and E) Radar plot representation of the dCA3 PE

neuronal response to the HC door exploration (D,

no response (N.R.)-N.R. = 10 units, Ex.-N.R. = 1

unit, Ex.-Ex. = 14 units, Ex.-N.R. = 4 units, Ex.-In. =

28 units, N.R.-In. = 2 units, In.-In. = 4 units,

In.-N.R. = 5 units, In.-Ex. = 4 units) and upon

entering the NC (E, N.R.-N.R. = 7 units, Ex.-N.R. =

8 units, Ex.-Ex. = 3 units, Ex.-N.R. = 5 units, Ex.-

In. = 16 units, N.R.-In. = 11 units, In.-In. = 6 units,

In.-N.R. = 2 units, In.-Ex. = 2 units) in the Rat and

No Rat periods. n = 60 units from eight mice. Insert

of (D): Schematic representations of the HC door

exploration in the Rat and No Rat periods; insert of

(E): Schematic representations of the NC entry in

the Rat and No Rat periods. Excited (Ex.); inhibited

(In.); N.R. Saffron, Rat period; black, No Rat period.

Data are presented as mean ± SD; paired t test

was used; *p < 0.05, ***p < 0.005, N.S., not sig-

nificant.
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that the activity of DMH neurons was suppressed by the excita-

tion of the dCA3Glu-dLSGABA circuit in PTT.

Connections of the dCA3Glu-dLSGABA-DMH circuit
To confirm our hypothesis that the dCA3-dLS-DMH

circuit dominates the regulation of exploration and defense
Ce
behavior, we first verified the structural

and functional connections of this cir-

cuitry. We used both anterograde

(adeno-associated virus [AAV]) and

retrograde (cholera toxin subunit B

[CTB]) tracing techniques to identify

the inputs to and outputs from the LS,

observing strong direct projections

from the dCA3Glu neurons to the dLS

and from the dLSGABA neurons to the

DMH (Figures S4A–S4D). Furthermore,

to test whether the dHPC-dLS-DMH cir-

cuit is a dual synaptic connection, we

adopted RV tracing for structural label-

ing (Figure 4A), and RV+ neurons

were preferentially observed in both

the dLS and dCA3 (RV + neurons in

dCA3 more than dCA1, p = 0.00222,

Figures 4B–4D), whereas it was not

observed in the dHPC in the control

group (Figure S4E). These results
suggest a top-down multi-synaptic circuit for dCA3Glu-

dLSGABA-DMH.

To investigate the functional characteristics of the dCA3-dLS-

DMH circuit, we combined optogenetic stimulation and multi-re-

gion electrophysiological recordings to dissect the response of

DMH neuronal activity to the dCA3-dLS projections, dLS
ll Reports 41, 111570, November 1, 2022 5



Figure 3. Activating the dCA3Glu neurons increases exploratory and inhibits defensive behaviors

(A) Left, targeted sites for in vivo optical stimulation. Right, schematic of the PTT.

(B) Defensive behavioral analysis during the activation of dCA3Glu neurons in the Rat period (n = 9 mice).

(C) Schematic representation of different exploratory behaviors. The dots represent the location of mice.

(D) Exploratory behavioral analysis during activation of dCA3Glu neurons in the Rat period (n = 9 mice).

(legend continued on next page)
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neurons, or dLS-DMH projections. We observed that dCA3Glu-

dLS activation (20 Hz, 473 nm, 5 ms) excited 43% (59) of dLS

neurons and the interspike intervals (50 ms) became more regu-

lar (Figures 4E, 4F, and S4F–S4H), suggesting a direct excitatory

effect on the projected dLSGABA neurons. Furthermore, dCA3Glu-

dLS activation resulted in profound changes in neuronal activity

in the DMH, where 35% (25) of the DMH neurons was signifi-

cantly inhibited and 33% (23) of them was significantly activated

(Figures 4G and S4H). As shown in Figures 4E and 4F, neurons

with wide half-widths tended to be more inhibited. Moreover, a

previous study considered the action potential half-width of hy-

pothalamic glutamatergic neurons to be wider (Siemian et al.,

2020). Interestingly, the c-Fos expression of DMH VGlut+ neu-

rons was decreased, while the c-Fos expression of DMH

GAD+ neurons was increased by activation of the dCA3Glu neu-

rons in the PTT (Figures S3D and S3E). These results demon-

strate that neuronal activity in the DMH can be functionally

modulated via dCA3Glu-dLS excitation, and DMHGlu may be

the target of the dCA3Glu-dLS pathway.

Moreover, we studied the functional response of DMH neu-

rons to dLSGABA activation and dLSGABA-DMH projection activa-

tion. We observed that direct activation of dLSGABA neurons

caused increased activity in 45% (44) of DMH neurons

(Figures S4J–S4M). Interestingly, activating the dLSGABA-DMH

projections resulted in the inhibition of 35% (36) of the DMH neu-

rons (wide half-width neurons tend to be inhibited) and the exci-

tation of 36% (37) of the DMH neurons (Figures 4H, 4I, and S4I);

recall that this result is similar to the neuronal responses during

dCA3Glu-dLS activation. From these results, we can infer that

both dCA3Glu-dLS and dLSGABA-DMH projections can produce

similar effects to DMH neurons. Therefore, these results verify

the existence of a connection, both anatomic and functional, be-

tween the dCA3 and DMH, which proved our hypothesis that the

dLSGABA-DMH pathway can process information from dCA3Glu,

including defensive and exploratory behaviors.

dLS and DMH neurons were responsive to risk
exploration in the rat period of the PTT
To directly verify whether dLS andDMHparticipate in processing

threat context information in the Rat period, we monitored the

neuronal activity of dLS and DMH in free-behaving mice during

the Rat period (Figures 5 and S5). We analyzed these two brain

areas firing in the NC and after fleeing behaviors. We found that

22% (20) of the dLSGABA neurons were inhibited by entering the

NC (Figure 5B), whereas 28% (25) of the dLSGABA neurons were

excited after the mice stopped fleeing (Figure S5), suggesting

that the activity of dLSGABA neurons was primarily suppressed

by threat. Furthermore, 23% (25) of DMH neurons responded

positively to entering the NC (Figure 5C), whereas 18% (18) of

DMHneurons showed a negative response after fleeing behavior

(Figure S5). As previous studies have suggested that neurons in

subcortical brain regions can be classified according to the fre-
(E) Left and middle, co-localization of c-Fos-positive neurons with VGLUT-positiv

enlarged view of the region in the red box. Blue, DAPI; green, c-Fos; red, VGlut

(F) Quantification of the co-localization levels of c-Fos-positive neurons with GA

VGlut/c-Fos+, n = 5 mice; GAD/c-Fos+, n = 3 mice; dCA3, VGlut/c-Fos+, n = 4 mice

± SD; in (B and D), paired t tests were used; in (F), unpaired t tests were used; *p
quency of firing rate of electrophysiological properties (Siemian

et al., 2020; Trenk et al., 2022), we classified neurons in the dLS

and DMH according to firing rates. We then analyzed different

types of neurons in response to different risk exploration behav-

iors, and the results are shown in Figures 5F–5I and S5. Notably,

we found that dLS class II neurons (firing rates >2Hz) were signif-

icantly decreased (2 dLS class II neurons NFRD>0.2, and 22 dLS

class II neurons NFRD < �0.2; p = 2.6 3 10�4; Figure 5G) and

DMH class I neurons (firing rates <2 Hz) were significantly

increased (17 DMH class I NFRD >0.2, 11 DMH class I

NFRD < �0.2; p = 0.035; Figure 5I) in the NC compared with

the HC in the Rat period. Moreover, dLS class II neurons (firing

rates >2 Hz) also were suppressed by flight (p = 1.1 3 10�5)

and risk exploration (exploring at the HC door, p = 0.045). DMH

class I neurons were increased by flight behavior (p = 0.0012),

and DMH class II neurons were increased by risk exploration

(exploring at the HC door, p = 0.0032). These results demon-

strated that predator threat inhibits high-frequency dLS class II

neurons while exciting low-frequency DMH class I neurons.

Taken together, the dCA3Glu-dLSGABA-DMH circuit may be in-

hibited by predator-induced risk information, which is involved

in the regulation of defensive and risk exploratory behaviors.

Activating the dCA3Glu-dLSGABA-DMH circuitry inhibits
defensive behaviors and increases risk exploration
specifically
To further verify the role of the dCA3Glu-dLSGABA-DMH circuit in

exploratory and defensive behaviors, we activated dLS-projec-

ting dCA3Glu neurons and DMH-projecting dLSGABA neurons,

respectively (Figures 6 and S6, and Video S2). Consistently, we

found that the defensive behaviors, including time spent in the

HC and entries into the dangerous zone, were significantly

decreased by activation of dCA3Glu-dLS projections (p =

6.4 3 10�4; p = 6.0 3 10�5; Figures 6B, S6A, and S6B), and

the time spent in the HC was significantly decreased by activa-

tion of the dLSGABA-DMH pathway (p = 0.0147; p = 0.0815;

Figures 6E, S6D and S6E).

Moreover, we also analyzed the influence of the activation of

dCA3Glu-dLSGABA-DMH circuit on the exploration behavior in the

PTT Rat period. Our experiments revealed that dCA3Glu-dLS acti-

vation increased exploratory activity (p = 1.0 3 10�4, Figures 6C

and S6C), especially the risk explorations (p = 0.00132) and high-

risk explorations (p = 9.33 10�5), but did not affect the neutral ex-

plorations (p = 0.53982) and locomotion (p = 0.6212, Figure S7D).

In accordance with the results of dCA3Glu activation, this implies

that risk exploration can suppress defensive behavior. During op-

tical stimulations of the dLSGABA-DMH, the activity of exploratory

behaviors (p = 0.283, Figure 6F), including neutral explorations

(p = 0.50237) and risk explorations (p = 0.61306), remained un-

changed. In addition, the locomotion significantly decreased,

while the high-risk explorations increased (p = 0.03074). Further-

more, we recruited optogenetic inhibition to further confirm the
e or GAD-positive neurons in the dDG and dCA3 of mice after the PTT; Right,

or GAD.

D-positive or VGLUT-positive neurons in the dCA3 and dDG Rat group: dDG,

; GAD/c-Fos+, n = 3 mice; Stim group: n = 3 mice. Data are presented as mean

< 0.05, ***p < 0.005, N.S., not significant.
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Figure 4. Anatomic and functional connections in the disynaptic dCA3Glu-dLSGABA-DMH circuit

(A) Schematic representation of the experimental design.

(B and C) The (B) dHPC and (C) dLS in GAD-Cre transgenic mice after the injection of the AAV-helper and RV-OG in the dLS and DMH, respectively. The white

arrowhead indicates the start neurons (C), Blue, DAPI; red, RV; green, AAV-helper.

(D) Left, the number of RV-positive neurons in the dCA3, dCA1 and co-labeled AAV-helper and RV neurons (start cell) in the dLS. Right, the ratio of RV-positive

neurons in the dCA3, dCA1 and start cell in the dLS. n = 4 mice.

(E) The optical stimulation of dCA3Glu-dLS projections and electrophysiological recording in the dLS and DMH.

(F andG) The percentage of excited (red triangle) and inhibited (blue triangle) and non-responsive neurons (gray circle) in the dLS (F, n = 137 neurons) and DMH (G,

n = 70 neurons) during activation of dCA3Glu-dLS projections. n = 10 mice.

(H) The optical stimulation of dLSGABA-DMH projections and electrophysiological recording in the DMH.

(I) The percentage of excited (red triangle), inhibited (blue triangle) and non-responsive neurons (gray circle) (n = 102 neurons) in the DMH during activation of

dLSGABA-DMH projections. n = 7 mice. Data are presented as mean ± SD. Paired t tests were used, ***p < 0.005.
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results (FiguresS6G–S6L).We found that inhibitionof thedCA3Glu-

dLSGABA-DMH circuit induced increase of defensive responses

and decrease of risk explorations, but not the neutral explorations.

In sum, the results are in accordancewith the electrophysiological

and behavioral data described above.
8 Cell Reports 41, 111570, November 1, 2022
Controlling balance between the defensive and
exploratory behaviors
Furthermore, to study the influence of the dCA3Glu-dLS and

dLSGABA-DMH activation on predator-induced changes in

arousal levels, we monitored the effects of both optogenetic



Figure 5. Threat inhibits high-frequency dLS neurons and excites low-frequency DMH neurons

(A) Schematic representation of NC entering behavior and electrophysiological recording in the Rat period of the PTT.

(B andC) The percentage of excited (red), inhibited (blue) and non-responsive (gray circle) neurons (triangle, n = 90 neurons from fivemice) in the dLS (B) and DMH

(C) while entering the NC.

(D and E) Distribution (D) and comparisons (E) of NFRD of the dLS (left, 105 units) and DMH (right, 107 units) neurons in the HC or NC during the Rat period of PTT.

(F and G) Distribution (F) and comparisons (G) of NFRD of dLS class I (left, 59 units) and class II (right, 44 units) neurons in the HC or NC during Rat period of PTT.

(H and I) Distribution (H) and comparisons (I) of NFRD of DMH class I (left, 46 units) and class II (right, 63 units) neurons in the HC or NC during Rat period of PTT.

Data are presented as the mean ± SD, and paired t tests were used, *p < 0.05, **p < 0.01, ***p < 0.005. N.S., not significant.
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Figure 6. Optogenetic activation of dCA3Glu-dLSGABA-DMH circuitry inhibits defensive behavior and increases risk exploration

(A) Experimental design schematic and representative image. Red, AAV virus; blue, DAPI.

(B and C) Behavioral analysis of defenses (B) and explorations (C) before and during the activation of dCA3Glu-dLS projections in the Rat period (n = 11 mice).

(D) Diagrams showing virus injection into the dLS and optical stimulation in DMH.

(E and F) Behavioral analysis of defenses (E) and explorations (F) before and during the activation of dLSGABA-DMH projections in the Rat period (n = 8mice). Data

are presented as the mean ± SD, and paired t tests were used, *p < 0.05, **p < 0.01, ***p < 0.005. N.S., not significant.
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activation and predator exposure on the heart rate of the mice

(Figures 7A–7D). As shown in previous studies, the heart rate is

one physiological measurement of emotional arousal level in

free-living animals (Anderson and Adolphs, 2014; Wascher,

2021). Our results showed that the heart rate of mice that were

behaving freely increased sharply upon exposure to the preda-

tory rat (p = 0.028; p = 6.3 3 10�4; Figure 7C), but returned to

their normal levels following optogenetic stimulation of dCA3-
Glu-dLS or dLSGABA-DMH (p = 0.0041; p = 0.0033). This indicates

that both dCA3Glu-dLS and dLSGABA-DMH activation can elimi-

nate the upregulation of the predator-evoked arousal level.

Moreover, to examine the impact of this pathway on the arousal

level of animals, we monitored the heart rate of anesthetized
10 Cell Reports 41, 111570, November 1, 2022
mice before and during optogenetic stimulation (Figure 7D).

We observed that dLSGABA-DMH projection activation directly

suppressed mouse heart rate (p = 0.02739), whereas dCA3Glu-

dLS activation did not affect heart rate (p = 0.37493). This implies

that the DMH, as the terminal of the dCA3Glu-dLSGABA-DMH cir-

cuit, may act as an effector that individuals’ exploratory behavior

suppresses defensive behaviors.

To further investigate the relationship between exploratory

and defensive behaviors during the Rat period, we calculated

the correlation between the defensive avoidance score (time

spent in the HC divided by the duration of the Rat period) and

the exploratory activities (Figures 7E and S7), observing a

negative correlation between the avoidance score and total



Figure 7. Activation of the dCA3-dLS-DMH circuit mediates balance between defense and exploration

(A) Experimental paradigm for heart rate recording in free-behaving mice.

(B) Top, Diagrams showing virus injection into the dCA3 and optical stimulation in dLS; down, diagrams showing virus injection into the dLS and optical stim-

ulation in DMH.

(C) The heart rates of mice were measured both in the HC and in the TC, as well as optogenetic activation of dCA3Glu-dLS or dLSGABA-DMH projections during in

the TC (n = 7 mice).

(D) In anesthetized mice, heart rates were measured during optical stimulation of dCA3Glu-dLS or dLSGABA-DMH projections (top, n = 6 mice; bottom, n = 16

mice).

(E) The correlation between total explorations and avoidance score during non-stimulation (n = 37 mice), dCA3GABA stimulation (n = 6 mice), dCA3Glu-dLS

stimulation (n = 11 mice), and dLSGABA-DMH stimulation (n = 8 mice). The avoidance score was calculated as the time spent in the HC divided by the entire Rat

period duration (600 s).

(F) Proposed model for the dCA3Glu-dLSGABA-DMH circuit. Data are presented asmean ± SD. Paired t test was used; *p < 0.05, ***p < 0.005, N.S., not significant.
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exploratory activities in the Rat period of PTT. Moreover, the

defensive avoidance score negatively correlated with the risk

exploratory activities (Figures S7F and S7G), including risk ex-

plorations and high-risk explorations. However, no significant

correlation was observed between the defensive avoidance

score and neutral exploration (Figure S7H). Activation of the

dCA3Glu-dLS and dLSGABA-DMH shifted the animals’ behavior

toward higher exploration and lower defense, whereas activation

of the dCA3 GABAergic neurons shifts the animals’ behavior to-

ward lower exploration and higher defense. The correlation be-

tween exploration in the HC and avoidance score was negative,

implying that the number of explorations does not increase with
the time spent in a particular area during PTT. Taken together,

our results imply a competitive relationship between exploratory

and defensive behaviors, and the dCA3Glu-dLSGABA-DMH circuit

may be involved in controlling these transitions within an appro-

priate range.

Besides, we investigated the influence of the dCA3Glu-

dLSGABA-DMH activity on motion (Figures S7A–S7E). We used

open field test behavior and optogenetics to verify this and found

that activation of dCA3Glu neurons significantly increased animal

locomotion (p = 0.0309), and activation of dCA3Glu-dLS projec-

tion had no significant influence on animal locomotion (p =

0.6212), while activation of dLSGABA-DMH projections
Cell Reports 41, 111570, November 1, 2022 11
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significantly decreased animal locomotion (p = 0.0078). More-

over, we found that both activation of dCA3 VGAT + neurons

and inhibition of dCA3Glu-dLS projections suppressed

animal movement (p = 0.0236; p = 0.0017). Taken together, the

dCA3Glu-dLSGABA-DMH circuit specifically related to risk explo-

ration and defense, but not to neutral exploration or movement.

In summary, we hypothesized that under normal circumstances,

the dCA3Glu-dLSGABA pathway is activated by contextual explo-

ration, and dLSGABA appropriately inhibits DMH activity to a

baseline level, while arousal levels are normal. When a risk cue

was detected, the activity of the dCA3Glu-dLSGABA pathway

was inhibited, which subsequently weakened the suppression

effect of dLSGABA projections and led to an abnormal increase

in DMH activity. As a consequence, the arousal level was

increased, resulting in elevated defense behaviors, including

flight and avoidance responses (Figure 7F). In contrast, activa-

tion of the dCA3 GABAergic neurons may inhibit the dCA3Glu-

dLSGABA-DMH circuit and lead switch from exploration to de-

fense. Thus, the dCA3Glu-dLSGABA-DMH circuit is involved in

maintaining an individual’s defensive and exploratory behaviors.

DISCUSSION

In this study, we identified a disynaptic dCA3Glu-dLSGABA-DMH

circuit that controls exploration and defense balances in com-

plex environments with potential threats. Our results show that

dCA3Glu neurons regulate both risk exploration and defensive

behaviors in a potential threat environment, adding direct evi-

dence at the cellular level to support the previous studies that

dCA3 mediates exploratory behavior (Berger et al., 2006) and

processes threat-conditioned context information (Besnard

et al., 2020). Furthermore, we determined that the dLS, which

transforms hippocampal cognitive information of the environ-

ment to subcortical action-executing regions (Bender et al.,

2015; Leroy et al., 2018; Luo et al., 2011; Sweeney and Yang,

2015, 2016; Tingley and Buzsaki, 2018), is a key node that re-

ceives dCA3Glu projections and, in turn, sends massive long-

range projecting GABAergic terminals to the DMH. As previous

research suggests that the DMH responds to stressful predator

stimuli (Kataoka et al., 2020), we uncovered that the responsive

DMH low-firing-rate neurons were majorly activated by threat.

Collectively, this work describes a hippocampal-hypothalamic

neural circuit, dCA3Glu-dLSGABA-DMH, which maintains appro-

priate defensive-exploratory behavioral outputs by mediating

animals’ arousal state in a complex potential risk context, updat-

ing current knowledge of interactions between survival behav-

iors in an ambiguous threat environment, otherwise a determi-

nant threat context.

In nature, risk exploration and defense are critical to individ-

uals in order to adapt to the dynamics of prey-predator co-exis-

tence across species (Berlyne, 1966; De La Flor et al., 2017;

Glaudas et al., 2006; Padilla et al., 2016; van Kampen, 2015).

Generally, risk exploration allows individuals to gather informa-

tion about their surrounding environment (De La Flor et al.,

2017; Gottlieb and Oudeyer, 2018; Gottlieb et al., 2013),

including novel features and safety boundaries. In essence, it

is the basis for obtaining the required resources (Mobbs et al.,

2018; Padilla et al., 2016), such as water, food, mates, and shel-
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ter, so that risk exploration is vital for survival and reproduction.

As risk exploration is an active exploratory behavior in an ambig-

uous risk environment, we recruited the confined predator as a

potential threat, and experimental animals were allowed to avoid

the predator in the HC, actively exploring the NC and approach-

ing the caged predator in our behavior test (Besnard et al., 2019;

Kim et al., 2015; Padilla et al., 2016; Silva et al., 2013). In the

semi-naturalistic apparatus, a previous study found that dCA1

place cells participate in coding the predatory threat context

(Kim et al., 2015). More evidence from other labs revealed that

the dHPC was considered dominant in neutral exploration,

including DG, CA3, CA2, and CA1 (Berger et al., 2006; Saab

et al., 2009; Wang et al., 2020). In this study, we used free-mov-

ing electrophysiological recordings to directly monitor neuronal

activity (Ahmadlou et al., 2021) during spontaneous exploratory

behaviors in a semi-naturalistic environment at the single-cell

level, with high temporal resolution. In light of recent research,

our findings indicate that a subpopulation of dCA3Glu neurons

(�35%), which are probably dLS-projecting neurons, can

distinctively respond to neutral and risk explorations as well as

defensive behaviors.

Notably, during exploration in a dynamic environment, with the

emergence of a predator, individuals must quickly terminate

exploration and initiate defensive behavior to avoid harm or

even death (Evans et al., 2019; Headley et al., 2019; LeDoux,

2012). Animals resolving conflict between defense and risk

exploration rely on integrating information from internal states

and their environment (Evans et al., 2019; Headley et al., 2019;

Mobbs et al., 2018). To the best of our knowledge, no evidence

has been reported on the underlying neural circuits controlling

the balance between exploration and defense. Previous studies

on conditioning fear have shown that the hypothalamus and

amygdala play key roles in the processing of defensive behavior

(Cezario et al., 2008; Esteban Masferrer et al., 2020; Kitamura

et al., 2017; Silva et al., 2013). Accordingly, we focused on the

subcortical targeted circuit of dCA3 to support the selection of

behavioral outcomes of exploration and defense, while we found

that optogenetic activation of dCA3Glu neurons not only led to in-

creases in exploratory behaviors, but also decreased predator-

induced defensive responses. The LS is the key relay from the

dHPC to the hypothalamus to receive and transform neutral

and threat contextual information from the dHPC (Besnard

et al., 2019; Tingley and Buzsaki, 2018), as well as environmental

explorations (Berger et al., 2006). Consistent with this view and in

addition to its role in active risk exploration in a threat environ-

ment, we found that approximately 22% to 28% of the putative

dLSGABA neurons were suppressed by the dangerous zone in

the PTT Rat period. As such, our findings demonstrate that the

dCA3-dLS pathway performs the transformation of risk explora-

tion information and benefits to resolve the two conflicting

behaviors of risk exploration and defense, but not neutral explo-

ration or movement (Table 1).

The arousal state, mediated by a broad range of brain areas,

such as the hypothalamus, thalamus, and locus coeruleus, could

alter defensive behavior outcomes. Specifically, in a complex

semi-naturalistic apparatus, we observed that individuals who

were aware of potential predatory threat display risk exploration,

compelling defensive avoidance behavior and visiting
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dangerous zones, and then up-regulate animals’ physiological

and emotional arousal levels, often following a defensive escape

behavior, which is consistent with previous studies (Evans et al.,

2019; LeDoux, 2012; LeDoux and Daw, 2018; Tovote et al.,

2015). Our findings also directly confirmed that the animal’s

arousal level was increased by predatory threat (Johnson

et al., 2010; Kataoka et al., 2020; Pinol et al., 2018; Zelikowsky

et al., 2018). Notably, activation of dCA3Glu-dLS projections sup-

pressed the predator-evoked increasing arousal level but did not

affect the arousal state of anesthetic animals, suggesting that the

dCA3Glu-dLS circuit may directly modulate the threat-induced

change of arousal state. Previous research indicates that the hy-

pothalamus, a major downstream component of LS, is the action

execution center in defensive behaviors, compared with the

emotional center amygdala (Gross and Canteras, 2012). It is

important to note that DMH is considered as one of the arousal

centers, modulating individuals’ instinctual physiological re-

sponses (Pinol et al., 2018), including body temperature, energy

expenditure, heart rate, and defensive response (Johnson et al.,

2010; Zelikowsky et al., 2018). Our data indicate that DMH ap-

pears to control changes in emotional arousal level during risk

exploration and defensive escape balance. We first identified a

disynaptic dCA3Glu-dLSGABA-DMH connection and found that

the low-firing-rate DMH neurons were significantly activated by

the risk environment in the PTT Rat period.

Notably, previous studies have reported the involvement of the

dHPC in both exploration and locomotion (Bender et al., 2015;

Fanselow and Dong, 2010; Wang et al., 2020). Although we

found that dCA3 activation significantly increased animal loco-

motion in an open field, dCA3-dLS activation did not show a

similar response. Furthermore, dLS-DMH activation significantly

decreased animal locomotion in an open field, most likely

caused by the decreased physiological level during DMH regula-

tion (Pinol et al., 2018). Increasing (or decreasing) locomotion ac-

tivity may theoretically increase (or decrease) the entries to each

zone during behavioral tests; however, it would not affect the

proportion of time spent in each zone. As the time spent in the

dangerous zone, explorations at the HC and TC doors during

dCA3, dCA3-dLS, and dLS-DMH activations were significantly

increased. However, we found no relationship between locomo-

tion activity and defensive or risk exploratory behaviors.

Furthermore, optogenetic activation of the dLSGABA-DMH cir-

cuit not only modulates the balance between risk exploration

and defense, but also suppresses the predator-induced promot-

ing arousal states, as measured by heart rates, which was one

physiological measurement for monitoring emotional arousal

level (Anderson and Adolphs, 2014; Wang et al., 2018; Wascher,

2021; Zhu et al., 2019). This indicates that the DMH is the effector

of the dCA3Glu-dLSGABA circuit, which accepts the integrated

environmental information tomodulate emotional arousal states,

and finally controls the behavior response to potential threats. As

the hypothalamic structure is the major action-executing target

of the hippocampal-lateral septal circuit, the LH and VMHvl

were found to regulate the speed of movement (Bender et al.,

2015), feeding behaviors (Sweeney and Yang, 2015, 2016), and

conspecific aggression behaviors (Leroy et al., 2018; Wong

et al., 2016), respectively. The LSGABA neurons transfer contex-

tual information to mediate the activity of subcortical regions,
thereby modulating behaviors such as anxiety (Anthony et al.,

2014) and feeding (Carus-Cadavieco et al., 2017), whereas we

emphasize that the LSGABA neurons translate threatening

environmental information delivered from dCA3Glu to DMH to

modulate the outcome of the exploration-defense behaviors.

Notably, we suggest that DMH glutamatergic neurons regulate

the arousal state to indirectly modulate behavioral outcomes.

Next, we should uncover how DMHGlu neurons functionally

participate in it. In addition, risk exploration and defensive

response show flexibility to potential threat contexts, including

adjusting the speed of an organism dynamically as the change

of other internal states, such as emotion (anxiety) and drive (hun-

ger). As such, the long-range projecting GABAergic neurons in

the LS are critical for mediating brain internal states via hypotha-

lamic structures, and future studies should uncover the crosstalk

between hippocampus-lateral septum-hypothalamic circuits

(such as HPC-LS-DMH, LH, or -VMH pathways) in survival

behaviors.

In summary, the dCA3Glu-dLSGABA-DMH circuit controls the

balance between exploration and defense, maintaining adapt-

able and changing characteristics of defensive and exploratory

strategies in a natural complex risk environment. It should be

noted that optogenetic activation of dCA3Glu-dLSGABA and

dLSGABA-DMH projections led to significantly decreased defen-

sive behaviors and increased risk of exploratory activity. In

contrast, activation of dCA3GABA neurons and inhibition of the

dCA3Glu-dLSGABA-DMH circuit had the opposite effect, leading

to extraordinary defensive avoidance of the caged predator

and a specific decrease in risk exploration. In the future, we

need to further clarify the spatiotemporal coding mechanism of

this circuit for controlling the balance between exploratory and

defensive behavior, including the determination of which sub-

type of dCA3GABA neurons are responsible and how they work

together with dCA3Glu neurons. Remarkably, the over-excitation

or inhibition of dCA3GABA or dCA3Glu-dLSGABA-DMH circuit can

bidirectionally mediate the balance of exploration and defense

to abnormal range, which implies that dysregulation of this

hippocampal-septo-hypothalamic circuit leads to abnormal

behavioral phenotypes. Therefore, elucidating the fundamental

processes of this circuit will provide insights into the possible

mechanisms underlying the related neuropsychiatric diseases

in humans, such as anxiety, neophobia, and post-traumatic

stress disorder.

Limitations of the study
In this study, we used in vivo physiological recording and opto-

genetics to dissect the function of the dCA3Glu-dLSGABA-DMH

circuit in the balance between defense and risk exploration,

but their precise neuronal subpopulations in the circuit are still

unclear. We found that DMH low-frequency class I neurons

show a broader half-width than that of class II neurons, which

agrees with prior reports of the electrophysiological character

of hypothalamic glutamatergic neurons (Siemian et al., 2020).

In comparison, DMH high-frequency class II neurons exhibited

a narrower half-width, indicating that they may be GABAergic

neurons. Moreover, as the dLS is dominated by different sub-

types of GABAergic neurons, including somatostatin, parvalbu-

min, and calbindin neurons, the low-frequency dLS class I
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neurons and high-frequency dLS class II neurons may belong to

different subtypes defined in prior studies (Letzkus et al., 2015;

Markram et al., 2004; Naka and Adesnik, 2016). However,

more evidence is needed to support our inferences and further

dissect the functions of the different types of neurons mentioned

above. The role of specific subtypes in the dCA3Glu-dLSGABA-

DMH circuit in related brain disorders requires further confirma-

tion in disease models, which are open for investigation in future

studies.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-DIG-POD antibodies Roche Cat#1207733910

C-Fos Cell Signal Technology Cat#2250

Alexa Fluor 488-conjugated

AffiniPure goat anti-rabbit IgG

Jackson ImmunoResearch Cat#111-547-003

Alexa Fluor 594-conjugated

AffiniPure goat anti-rabbit IgG

Jackson ImmunoResearch Cat#111-585-003

Bacterial and virus strains

AAV2/9-Ef1a-DIO-His-EGFP-2a-TVA-WPRE-pA BrainVTA PT-0023

AAV2/9-Ef1a-DIO-RVG-WPRE-pA BrainVTA PT-0021

RV-EvnA-DG-dsRed BrainVTA R01002

AAV9-CaMKIIa-ChR2-mCherry BrainVTA PT-0297

AAV9-Ef1a-DIO-ChR2-mCherry BrainVTA PT-0002

AAV9-CaMKII-eArchT-EYFP WZ Biosciences N/A

AAV9-Ef1a-DIO-eArch3.0-EYFP WZ Biosciences N/A

AAV9-CaMKIIa-mCherry This paper N/A

AAV9-Ef1a-DIO-mCherry This paper N/A

Chemicals, peptides, and recombinant proteins

CTB-594 Molecular Probes C-34777

DAPI Beyotime c1002

Proteinase K Roche 03115828001

DEPC Sigma D5758

EDTA Thermo Fisher AM9261

203 standard saline citrate [SSC] Thermo Fisher AM9765

503 Denhardt solution Sigma D2532

blocking reagent Perkin Elmer FP1020

TSA plus Cy3 kit Perkin Elmer NEL744001KT

Fluoromount-G Southern Biotech 0100-01

Normal goat serum Jackson Immuno Research 005-000-121

Experimental models: Organisms/strains

Mouse: C57BL/6J Guangdong Medical Laboratory

Animal Center, China

N/A

Mouse: GAD2-IRES-Cre The Jackson Laboratory JAX stock # 010802

Mouse: VGAT-ChR2(H134R)-EYFP The Jackson Laboratory JAX stock # 014548

Rat: Sprague-Dawley (SD) Guangdong Medical Laboratory

Animal Center, China

N/A

Software and algorithms

Plexon Offline Sorter software Plexon https://plexon.com/products/

offline-sorter/

MATLAB MathWorks https://ww2.mathworks.cn

Neuroexplorer Plexon https://plexon.com/products/

neuroexplorer/

MATLAB script for spike analysis This paper Zenodo: http://doi.org/10.

5281/zenodo.7115045

Other

Optical fibers Thorlabs N/A

Formvar-coated nickel chromium wires California Fine Wire Company N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Liping

Wang (lp.wang@siat.ac.cn).

Materials availability
All materials developed in this study will be available from the lead contact upon request.

Data and code availability
d All data reported in this study will be available from the lead contact upon request.

d All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOIs are listed in the key

resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All animal experiments were performed in accordance with the protocols approved by the Ethics Committee for Animal Research,

Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences. Groups of six- to eight-week-old male C57BL/6J

wild-type mice (Guangdong Medical Laboratory Animal Center, China), GAD2-IRES-Cre transgenic mice (Jackson Laboratory, re-

pository number: 010802) and eight- to 10-week-old male VGAT-ChR2(H134R)-EYFP transgenic mice were used in our study.

Groups of eight- to 12-week-old male Sprague-Dawley (SD) wild-type rats (Guangdong Medical Laboratory Animal Center,

China) were employed as predators. Animals were housed under controlled conditions (ambient temperature 24 ± 1 �C, humidity

50%–60%, lights on from 08:00 to 20:00) with food and water ad libitum.

METHOD DETAILS

Virus injections
Isoflurane (Attane, induction 3%, maintenance 1.5%; Provet) in oxygen-enriched air was used to anesthetize mice fixed in a stereo-

tactic frame (Kopf Instruments 1900 series). A 33-gaugemetal needle connected to amicrosyringe pump (UMP3/Micro4) was used to

infuse the viruses at a rate of 100 nL/min. After infusion, the needle was kept at the injection site for 10 min and then slowly withdrawn

before the incision was sutured.

To determine the inputs to the dLS and DMH, respectively, 0.15 mL of CTB-594 (C-34777, Molecular Probes) was injected into the

dLS (AP +0.74mm,ML -0.30 mm, DV -3.00 mm) or DMH (AP -1.60mm,ML -0.40mm, DV -4.85mm). Mice were housed for 7 days to

allow the expression of fluorescent proteins in presynaptic cells.

To determine whether dLS serves as a relay for the dHPC-DMH circuit, 0.3 mL of AAV2/9-Ef1a-DIO-His-EGFP-2a-TVA-WPRE-pA

and AAV2/9-Ef1a-DIO-RVG-WPRE-pAmixture (PT-0021, 23 1012 vg/ml, BrainVTA) was injected into the dLS of GAD-Cre transgenic

mice. We injected G-deleted rabies virus (RV-DG, RV-EvnA-DG-dsRed, R01002, 23 108 IFU/mL, BrainVTA) into the DMH after the

expression of AAV-helper in the dLS of GAD-cre transgenicmice. For the noGprotein control experiment, 0.3 ml of AAV2/9-Ef1a-DIO-

His-EGFP-2a-TVA-WPRE-pA (PT-0023, 231012 vg/ml, BrainVTA) was injected into the dLS of GAD2-IRES-Cre transgenic mice. 3–

4 weeks after that, 0.1 ml of RV-ENVA-DG-dsRed (R01002, 23108 vg/ml, BrainVTA) was injected into the DMH. Mice were then

housed for 12 days to allow the viral expression in the target cells. The entire brain was sectioned and imaged using a slide scanner

(VS120, Olympus).

For optogenetic activation of the dHPCGlu neurons and the dHPCGlu–dLS projections, 0.3 mL of AAV9-CaMKIIa-ChR2-mCherry

(PT-0297, 2 3 1012 vg/ml, BrainVTA) was injected into the dCA3 (AP -2.06 mm, ML -1.80 mm, DV -1.85 mm) of C57BL/6J wild-

type mice. For optogenetic excitation of dLSGABA neurons or dLSGABA–DMH projections, 0.3 mL of AAV9-Ef1a-DIO-ChR2-mCherry

(PT-0002, 23 1012 vg/ml, BrainVTA) was injected into the dLS of GAD2-IRES-Cre transgenic mice. For optogenetic inhibition of the

dHPCGlu–dLS projections, 0.3 mL of AAV9-CaMKII-eArchT-EYFP (4 3 1012 vg/ml, WZ Biosciences) was injected into the dCA3 of

C57BL/6J wild-type mice. For optogenetic inhibition of dLSGABA–DMH projections, 0.3 mL of AAV9-Ef1a-DIO-eArch3.0-EYFP

(4 3 1012 vg/ml, WZ Biosciences) was injected into the dLS of GAD2-IRES-Cre transgenic mice. For control experiment of optoge-

netic stimulation of dHPCGlu neurons and dHPCGlu–dLS projections, 0.3 mL of AAV9-CaMKIIa-mCherry (2 3 1012 vg/ml, Liping

Wang’s Lab at the SIAT CAS) was injected into the dCA3 of C57BL/6J wild-type mice. For control experiment of optogenetic stim-

ulation of dLSGABA–DMH projections, 0.3 mL of AAV9-Ef1a-DIO-mCherry (2 3 1012 vg/ml, Liping Wang’s Lab at the SIAT CAS) was

injected into the dLS of GAD2-IRES-Cre transgenic mice. The animals were allowed to recover, and their viral expression was moni-

tored for 4 weeks.
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Fabrication of implants
Optical implants were fabricated from optical fibers (0.37 numerical aperture [NA], Thorlabs) and optical ceramic ferrules. For opto-

genetic stimulation and electrophysiological recordings in anesthetized mice, acute multi-channel optrode arrays, each containing

one optical channel and eight twisted stereotrodes (16 channels in total), were fabricated from optical fibers (200 mm diameter, 0.37

NA, Thorlabs) and formvar-coated nickel chromium wires (17-mm diameter, California Fine Wire Company). Each stereotrode was

threaded through a silica tube (75-mm inner and 150-mm outer diameters, Polymicro Technologies) and arranged around an optical

fiber using a custom-made optrode mold. To ensure illumination of the recorded neurons in each optrode array, the electrical

recording sites were � 400 mm deeper than the optical fiber. The electrochemical impedance of each recording site was decreased

to � 500 kU (at 1 kHz in artificial cerebrospinal fluid [ACSF]) prior to use. Two pairs of silver microwires (100-mm diameter) were sol-

dered onto the electrode connector as the ground and reference electrodes, respectively.

For electrophysiological recordings in free-moving mice in PTT, drivable microwire electrode arrays were fabricated from formvar-

coated nickel chromium wires (17-mm diameter, California Fine Wire Company). Each stereotrode was also threaded through a silica

tube (75-mm inner diameter and 150-mm outer diameter, Polymicro Technologies), and 10 stereotrodes in silica tubes were arranged

in a custom-made drivable three-layer nested structure. Finally, a drivable microwire electrode array with a nested structure was ob-

tained, and platinum nanoparticles were deposited on the tip of the microwires to decrease their impedance to �500 kU (at 1 kHz in

ACSF) prior to use.

Implantation surgery and optogenetics
Themice were implantedwith optical implants for optogenetic manipulation in vivo. For optical activation of the dCA3Glu or dCA3VGAT

neurons, the tip of optical fiber was lowered into the dCA3 (AP -2.06 mm, ML -1.80 mm, DV -1.65 mm). For optical stimulation of the

dLSGABA neurons or dCA3Glu-dLS circuit, the tip of the optical fiber was lowered into the dLS (AP +0.74 mm, ML -0.30 mm, DV

-2.75 mm). For optical manipulations of the dLSGABA-DMH circuit, the tip of the optical fiber was lowered into the DMH (AP

-1.60 mm, ML -0.40 mm, DV -4.65 mm). All optical fibers were tested for effective light transduction before the implantation. The an-

imals were allowed to recover for at least 1 week after surgery.

For electrophysiological recording from the dCA3-dLS-DMHcircuit in PTT, drivablemicrowire electrode arrayswere implanted into

the dCA3 (AP -2.06 mm, ML -1.80 mm, DV -2.25 mm), dLS (AP +0.74 mm, ML -0.30 mm, DV -3.10 mm), or DMH (AP -1.60 mm, ML

-0.40 mm, DV -5.00 mm). The implants were fixed to the skull using skull screws and dental cement. The animals were allowed to

recover for 7–10 days after the surgery before testing.

Predator threat test (PTT) and behavioral analysis
Following previous studies (De La Flor et al., 2017; Kim et al., 2015; Ribeiro-Barbosa et al., 2005; Silva et al., 2013), the behavior of

mice was tested using the PTT. The PTT apparatus was composed of similar detachable home and test chambers (HC and TC,

25 cm 3 25 cm 3 25 cm) that were connected via a narrow corridor (NC, 12.5-cm wide, 60-cm long, 30-cm high) terminated by a

door (2.5-cm wide) at each end. Both doors could be opened and closed manually, and only the mice (not the predatory rat) could

pass through. The experimental paradigm is depicted in Figure S1A. Each mouse subject was housed in the HC for 2 h on three

consecutive days for habituation (days 1–3, habituation I) and was then allowed to access the entire apparatus for 20 min per day

for another three days (days 4–6, habituation II). On day 7, the PTT was performed in two steps: First, the experimental subject

was free to explore the entire apparatus for 10 min (No Rat period). Then, this mouse was confined to the TC by closing the door,

and a predatory rat was placed in the TC. The mouse was kept with the rat for 5 s, allowing interactions to occur before the door

was re-opened to allow it to escape. The behaviors of the mice were monitored in the presence of the predatory rat (confined to

the TC) for a further 10min (rat test). Defensive behaviors were scored during the NoRat and Rat periods. Before testing each subject,

the apparatus was cleaned with a 50% ethanol aqueous solution (vol/vol).

To investigate light-mediated effects on the behaviors of the mice during the Rat period, the mice were allowed to move freely

within the apparatus for 30 min in the presence of a predatory rat: 10 min before, 10 min during optogenetic stimulation, respectively.

For optogenetic activation, laser light pulses (473 nm, 5-ms pulse duration) controlled by an analog input were used (Cardin et al.,

2010; Ucar et al., 2021; Vander Weele et al., 2018). The light density was adjusted with an optical power meter (Thorlabs) to reach

10 mW and 15 mW for the activation of the somas and terminals, respectively. Light pulses with frequencies of 11 Hz, 20 Hz, and

40 Hz were used to activate dCA3VGAT, dCA3Glu, and dLSGABA neurons, respectively. For optogenetic inhibition, a constant yellow

light was delivered (589 nm) through dual-core fiber patch cables with 20 mW at fiber tip.

The behaviors of the test subjects were monitored using a custom-made dual-camera system and tracked offline using the soft-

ware package AnyMaze (Stoelting). Defensive behavior-related parameters, including the time spent in the HC (safe zone), and en-

tries into the NC were calculated. During the Rat period, detailed behavioral assessments were performed using the behavioral

checklist method (Deacon, 2006; Grailhe et al., 1999; Inoue et al., 1996; Sano et al., 2009). To evaluate the exploratory activity of

the mice, the behaviors in each test period were counted, including digging, rearing, and exploring at the HC door (head direction:

HC-NC) and the TC door (head direction: NC-TC). Neutral exploration was defined as the animal exploring the safe zone, including all

digging and rearing in the HC. Risk exploration was defined as the animal exploring the dangerous zone, including rearing in the NC

and exploring at the HC door. High-risk exploration was defined as the animal exploring at the TC door. The total exploratory activity

was defined as the sum of neutral, risk, and high-risk exploratory activities.
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Open field test (OFT)
Mice were placed in the center of an open square arena (length: width: height, 50: 50: 60 cm) and videotaped individually. To assess

the effect of optogenetic stimulation of dCA3-dLS-DMH circuitry on locomotor activity, mice were tested in 20-min sessions, con-

sisting of 10-min light off and 10-min light on periods. The distance traveled in the OFT were automatically analyzed by ANY-maze.

Electrophysiological recordings
Electrophysiological recordings in anesthetized mice were performed following procedures reported in previous studies (Lu et al.,

2016; Wei et al., 2015). Briefly, after the animal’s head was fixed in a standard stereotaxic frame, the cranium was exposed through

a small midline scalp incision. Holes were drilled through the skull, and optrode arrays were directed toward the targeted brain re-

gions for optical stimulation and electrical recordings. Blue light pulses were delivered via the implanted optrode arrays with a cycling

stimulation mode (30 s on, 150 s off).

To investigate the neural circuit processing mechanisms at the functional level, electrophysiological recordings in free-behaving

mice were performed during the No Rat and Rat period, respectively. During the recording sessions, a preamplifier (Plexon) was con-

nected to the output connector of each optrode array, and electrophysiological recordings were performed using amultichannel neu-

ral acquisition processor (Plexon). Single and multi-unit recordings were sampled at 40 kHz and bandpass-filtered at 300–5000 Hz.

Electrophysiological data analysis
Neural signal analyses were performed using Plexon Offline Sorter software (Plexon) and a custom-designed MATLAB (MathWorks)

code. Individual spikes were detected by setting a threshold at five times the standard deviation (SD) and were measured within a

1400-ms time window. Principal component scores were calculated for the unsorted aligned waveforms and plotted on the three-

dimensional (3D) principal component spaces. The cluster was clearly distinguished from the others in the 3D principal components

plane using the L-ratio (< 0.2) and isolation distance (> 18). Units with an L-ratio > 0.2 and an isolation distance < 18 were excluded

from the subsequent analysis. To characterize putative inhibitory neurons (PI) and putative excitatory neurons (PE), two features of

the extracellular waveform, the peak-to-peak time and the half-width of the spikes, were calculated. Neurons with narrow and wide

peaks were regarded as PI and PE, respectively. In addition, we classified dLS and DMH neurons into two classes based on firing

rate: class I, firing rate of average < 2 Hz; class II, firing rate of average > 2 Hz.

Peri-event raster plots andwaveformswere created usingNeuroexplorer software. For the peri-event raster plot, optogenetic stim-

ulation-induced neural activity was calculated from 90-s segments of continuous neural recordings (from 30 s before to 30 s after

optical stimulation) using counts/bin (bin = 10 s). Auto-correlogram histograms and z-score normalized firing rates were created us-

ing the MATLAB software. Z-score values were calculated by subtracting the average baseline firing rate over the 60 s period pre-

ceding stimulus onset and divided by the SD of the baseline.

In free-moving recordings, because of the average firing rates of recorded neurons are variable, proper normalization was used

instead of firing rates to investigate the overall response of neuronal activity (Barter et al., 2015). To intuitively compare the changes

of neuronal activity during a pair of behaviors transition, z-score normalized firing rates during the HC-NC transition, fleeing-after

fleeing transition, were calculated by subtracting the average baseline (the firing rate 5 s before behavior event onset) and divided

by the SD of the baseline across all trials, separately for each unit. To compare the changes in neuronal activity between different

events in the behavioral test, the NFRDwas calculated by subtracting the average firing rate of the entire period from that of a behav-

ioral event and dividing the difference by the average firing rate of the entire period across all trials (in the HC, in the NC, exploration at

the HC door, before entering the NC, exploration at the TC door, separately for each unit).

NFRD =
FR� FRaverage

FRaverage

The distribution of NFRDwas analyzed to quantify the response distribution of all neurons to a behavioral event (Figures 1 and 5). In

addition, if the NFRD of a neuron was greater than 1, we calculated it as 1.05. In other words, all neurons with NFRD >1 were consid-

ered to have NFRD = 1.05.

Histology
After the experiments had been concluded, mice were deeply anesthetized and perfused through the ascending aorta with 0.1 M

phosphate-buffered saline (PBS, pH 7.3) followed by 4% paraformaldehyde in 0.1 M PBS. The brains were removed quickly

from the skull and incubated in 4% PFA at 4�C overnight for post-fixation. After thorough rinsing in 0.1 M PBS, the brains were cry-

oprotected in 0.1 M PBS containing 30% sucrose for 72 h. The brains were embedded in optimum cutting temperature compound,

snap-frozen at �20�C, and stored at �80�C. Coronal sections with a thickness of 35 mm were prepared using a cryostat microtome

(Leica, CM1950). The brain sections were washed in 0.1M PBS for 10min. After that, the sections weremounted onto gelatin-coated

slides and coverslipped with fluoromount (ProLong Gold Antifade Reagent with DAPI, P36935, Invitrogen). The mounted slices were

observed using an inverted confocal microscope (Zeiss, LSM880 with Airyscan).
e4 Cell Reports 41, 111570, November 1, 2022
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Immunohistochemistry for c-Fos protein
All groups of animals were sacrificed and perfused 90 min after PTT, following the paradigm Figure S1B. Another group of mice,

which was housed in a home cage, was sacrificed and perfused as a control group. The detailed experimental design is summarized

in Figure S1B. In situ hybridization (ISH) was performed as previously described (Hanchate et al., 2015; Kondoh et al., 2016). For RNA

ISH, 25-mm thick brain sections were obtained using a cryostat microtome (Leica, CM1950). The sections were mounted individually

on SuperFrost Plus slides (Fisher Scientific) for ISH (6 slices/slide). Slideswere dried at 65�C for 5min, incubated at room temperature

(RT) in 0.02% Triton-X 100 DEPC PBS (1:1000 DEPC diluted 13 PBS) for 3 min, and washed for 3 min in DEPC PBS. The slices were

then incubated in 0.2% H2O2 DEPC PBS for 15 min and washed twice with DEPC PBS for 3 min. For high-sensitivity ISH, the slices

were treated with Proteinase K (0.08 mg/mL, 03115828001, Roche; diluted in 1 M Tris PH 7.5, 0.5 M EDTA, DEPC PBS) for 10 min,

washed for 3min in 0.2%glycine DEPCPBS, incubated for 15min in 0.25 acetic anhydride and 0.1M triethanolamine buffer, followed

by two washing steps, each for 3 min at room temperature in DEPC PBS. Next, the slices were hybridized with 1:200 RNA probes

(GAD 1/2 or VGLUT 1/2 probe, 40 ng/mL) in hybridization buffer (50% formamide, 203 standard saline citrate [SSC], 503 Denhardt

solution, yeast RNA, 1 M DTT, 0.1% volume of herring sperm DNA) at 56 �C overnight. The slices were then washed for 5 min in 23

SSC and 20 min in 0.23 SSC at 65 �C, followed by 20 min at RT in 0.23 SSC. The slices were incubated with Anti-DIG-POD anti-

bodies (1:300, 1207733910, Roche) diluted in blocking buffer (0.1 M Tris-HCl pH 7.5, 0.15 M NaCl, 0.5% blocking reagent

[FP1020, Perkin Elmer]) for 45 min at 37�C, and then washed three times for 5 min at RT in TNT (0.1 M Tris-HCl pH 7.5, 0.5 M

NaCl, 0.05% Tween20) buffer. Next, the slices were incubated for 10 min in TSA-cy3 (1:100; NEL744001KT, TSA plus Cy3 kit; Perkin

Elmer) followed twice for 5 min in TNT buffer.

For c-Fos staining, the slices were incubated with c-Fos primary antibodies (1:200, c-Fos [9F6] rabbit mAb, #2250, Cell Signal

Technology) in PBS, supplemented with 5% BSA and 0.2% Triton-X 100, for 3 h at 37�C, and washed twice for 5 min in TNT buffer.

The slices were then incubated with secondary antibodies (1:100, Alexa Fluor 488-conjugated AffiniPure goat anti-rabbit IgG, 111-

547-003, Jackson ImmunoResearch) for 30 min at 37�C and washed twice for 5 min in TNT buffer. The slices were then incubated for

10min in DAPI (1:2000, c1002, Beyotime) and washed twice for 5min in TNT buffer. Slides weremounted with Fluoromount-G (0100-

01; I1516-W896, Southern Biotech) and then evaluated for fluorescence using Alexa Fluor 488 (green), 543 (red), and 405 (blue) on an

inverted confocal microscope (Zeiss, LSM880 with Airyscan).

To quantify the increased neuronal activity after PTT, the slices were treated with PBS three times for 10 min each and blocked in

10%normal goat serum (005-000-121, Jackson ImmunoResearch) for 1 h. The sampleswere then incubatedwith primary antibodies

(1:200; c-Fos [9F6] rabbit mAb, #2250, Cell Signal Technology) overnight at 4�C and diluted with 3% NGS and 0.1% triton-x in PBS.

Next, the slices were washed with PBS three times for 10 min each and incubated for 2 h with secondary antibodies (1:200, Alexa

Fluor 594-conjugated AffiniPure goat anti-rabbit IgG, 111-585-003, Jackson Immuno Research). After washing with PBS three times

for 10 min each, the slices were mounted onto gelatin-coated slides and cover slipped with mounting medium (VECTASHIELD Anti-

fade Mounting Medium with DAPI, H-1200, Vector Laboratories, Inc.). Slices were evaluated for fluorescence using a virtual slide

system (Olympus, VS120-S6-W).

Heart rate (HR) measurements
HR was recorded using a pulse oximeter (MouseOx Plus; Starr Life Sciences). For HR recording in an anesthetized mouse, hair was

removed from the mouse’s neck skin with depilation cream (VEET� Gel), and a sensor was attached to the neck of the mouse to

obtain HR signals from the carotid arteries. To investigate light-mediated effects on the HR of the mice, a continuous HR baseline

(300 s) was recorded before blue light pulses were conducted (30 s). Prior to HR measurements in freely behaving animals, the

test subjects were habituated to the sensors for 10 min per day for 3 consecutive days. To study the relationship between HR

and predatory threat, the HR of mice was tested in the HC and TC (occupied by a predatory rat). Optogenetic stimulation (180 s)

was performed to investigate the influence of dCA3Glu-dLS and dLSGABA-DMH circuit activation on HR in the presence of a predator.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using two-tailed, paired, or two-sample t-tests using the Origin software. All data are presented as mean ± stan-

dard deviation of the mean (mean ± SD). Significance levels are indicated as follows: *p < 0.05, **p < 0.01, and ***p < 0.005. The sta-

tistical details are shown in the respective figure legends.
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