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Astrocytic inhibition of lateral septal
neurons promotes diverse stress responses

KainSeo1,2,8, SanghyunWon 1,2,8, Hee-YoonLee3,8, YeonjuSin 1, SanghoLee1,2,
Hyejin Park4, Yong Geon Kim1, Seo Young Yang1, Dong-Jae Kim4,
Kyoungho Suk 5, Ja Wook Koo 6, Myungin Baek 1, Se-Young Choi 3 &
Hyosang Lee1,2,7

Inhibitory neuronal circuits within the lateral septum (LS) play a key role in
regulating mood and stress responses. Even though glial cells can modulate
these circuits, the impact of astrocytes on LS neural circuits and their func-
tional interactions remains largely unexplored. Here, we demonstrate that
astrocytes exhibit increased intracellular Ca²⁺ levels in response to aversive
sensory and social stimuli in both male and female mice. This astrocytic Ca²⁺
elevation inhibits neighboring LS neurons by reducing excitatory synaptic
transmissions through A1R-mediated signaling in both the dorsal (LSd) and
intermediate LS (LSi) and enhancing inhibitory synaptic transmission via
A2AR-mediated signaling in the LSi. At the same time, astrocytes reduce inhi-
bitory tone on distant LS neurons. In the LSd, astrocytes promote social
avoidance and anxiety, as well as increased heart rate in socially stressedmale
mice. In contrast, astrocytes in the LSi contribute to elevated heart rate and
heightened blood corticosterone levels in unstressedmalemice. These results
suggest that the dynamic interactions between astrocytes and neurons within
the LS modulate physiological and behavioral responses to stressful
experiences.

Experiencing a harmful stimulus or engaging in an aggressive
encounter disrupts ongoing neural activities in the brain, affecting the
internal state and body homeostasis1. Prolonged exposure to stressors
can lead to adverse emotional effects andpathological conditions such
as anxiety disorders, social isolation, and depression2–4. The lateral
septum (LS) is a forebrain region involved in stress responses and
anxiety5–8, as well as fear, sociability, feeding, and spatial memory9–13.
Principally composed of GABAergic neurons, LS neurons respond to
diverse aversive and stressful stimuli14–17. The LS receives strong

synaptic inputs from the hippocampus and establishes both uni-
directional and bidirectional connections with the prefrontal cortex,
hypothalamus, bed nucleus of the stria terminalis, nucleus accumbens,
and amygdala5,18. Cortical and subcortical input patterns show distinct
spatial distributions across the LS subregions18–20. These innervation
patterns and associated neural pathways may support functional dis-
parities within the LS, suggesting spatially-restricted functions21. LS
neurons not only project to downstream brain regions but also send
collateral inhibitory projections to other neuronswithin the LS to form
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local circuits22,23. These local circuits may process diverse presynaptic
inputs to drive functional outcomes in the LS24–26. Advancedmolecular
genetic techniques have identified molecularly defined, discrete neu-
ronal populations or ensembles within the LS. For example, a subset of
LS neurons expressing corticotropin-releasing hormone receptor 2
(CRHR2) promotes stress and fear responses6,15. Neurotensin (NTS)-
expressing neurons, which partially overlap with CRHR2+ neurons,
mediate chronic stress-induced social deficits16. In contrast, neurons
expressing somatostatin (SST) play a role in suppressing stress-
induced social avoidance and anxiety, while dopamine receptor D3-
expressing neurons alleviate social deficits following early life
stress11,27,28. Interestingly, some of these functionally distinct neuronal
populations are activated by similar aversive stimuli. Further investi-
gations into circumscribed neuronal circuits within the LS and the
intricate interactions among those molecularly defined neuronal
populations are necessary to understand the functional and physio-
logical roles of the LS.

However, how non-neuronal cells like astrocytes contribute to the
diverse functions in the LS remains unknown. Astrocytes modulate
local neural circuits by influencing extracellular ionic composition,
neurotransmitter levels, and the release of gliotransmitters in the peri-
synaptic area29–31. Astrocytes also contribute to processing stress and
affective responses. For instance, astrocytes in the lateral habenula
induce burst firing of neighboring neurons, thereby promoting
depressive-like behaviors32. Astrocytic oxytocin receptors in the lateral
part of the central nucleus of the amygdala (CeA) enhance GABAergic
inputs to neurons in the medial CeA and increase anxiolytic
behaviors33.We hypothesize that LS astrocytes, together with neurons,
regulate responses to aversive and threatening stimuli and correlated
stress responses and affective behaviors.

Here, we demonstrate that LS astrocytes elevate intracellular Ca²⁺
levels in response to aversive and stressful stimuli in vivo. This increase
in astrocytic Ca²⁺ suppresses nearby LS neurons by reducing excita-
tory synaptic transmission via the activation of neuronal A1 adenosine
receptors in both the dorsal (LSd) and intermediate (LSi) regions.
Concurrently, it enhances inhibitory synaptic transmission in the LSi
through the activation of neuronal A2A adenosine receptors. Further-
more, we find that LSd astrocytes promote social avoidance, anxiety-
like behaviors, and increased heart rate in mice previously exposed to
social defeat stress. In contrast, LSi astrocytes drive physiological
stress responses inunstressedmice, including increasedheart rate and
elevated blood corticosterone levels. These findings suggest that
astrocytes modulate neuronal activity in the LS and influence both
physiological and behavioral responses to stress.

Results
LS astrocytes respond to aversive sensory and social stimuli
in vivo
We delineated the distribution of astrocytes within the LS using
immunofluorescent staining with two antibodies targeting the
astrocyte-specific markers, S100β and glial fibrillary acidic protein
(GFAP) (Supplementary Fig. 1a, b). S100β+ cells were evenly distributed
throughout the LS, but GFAP+ cells were relatively more concentrated
in the dorsal LS, although low-level expressionwas also seen in the rest
of the LS.

Using fiber photometry, we then examined the intracellular Ca2+

levels of LS astrocytes (Fig. 1a). An adeno-associated virus (AAV)
expressing the hgfaABC1D promoter-driven genetic Ca2+ indicator
GCaMP6f was injected into the LS, and a fiber optic cannula was
installed above the virus-injected region for recording purposes. His-
tological analysis utilizing the specific markers for astrocytes (GFAP)
and neurons (NeuN) confirmed the selective expression of GCaMP6f in
LS astrocytes (Fig. 1b and Supplementary Fig. 1c).

To systematically evaluate the responsiveness of LS astrocytes, we
obtained fiber photometric Ca2+ recordings throughout the LS, mainly

between bregma 0.62 and 0.02mm (Supplementary Fig. 1g). Histolo-
gical analysis of cannula damage enabled the classification of lateral
septum placements into dorsal, intermediate, and ventral (LSv)
according to the Mouse Brain Atlas (Supplementary Fig. 1g)34. Astro-
cytes in the LSd displayed a Ca2+ transient in response to an unex-
pected external movement toward a GCaMP6f-expressing mouse
(Fig. 1c). In addition, LSd astrocytes responded to a visual stimulus that
mimicked the approach of an airborne predator (Fig. 1d and Supple-
mentary Movie 1). However, they did not respond to a neutral visual
stimulus, a slow-moving grating, suggesting selective responsiveness
to threatening stimuli (Fig. 1e). LSd astrocytes also responded to an
electric shock delivered to the paw (Fig. 1f).

LSd astrocytes remained unresponsive to aversive stimuli pro-
duced by other modalities, including startling noise, fox urine (tri-
methylthiazoline), or bitter taste stimulus (denatonium benzoate), as
well as rewarding stimuli such as a sucrose solution for water-deprived
mice or food pellets for food-restricted mice (Supplementary
Fig. 2a–e). Using the resident intruder paradigm, we investigated
whether LSd astrocytes from a GCaMP6f-expressing male mouse
exhibited changes in Ca2+ levels while interacting with an intruder. LSd
astrocytes showed no Ca2+ changes during the appetitive phase of
social interactions, including approach, investigation, or mounting,
toward either a male or female intruder (Fig. 1g, h, and Supplementary
Fig. 2f). Conversely, a rapid Ca2+ elevation was detected when a
GCaMP6f-expressing male mouse was attacked by a CD-1 or C57BL/6
male aggressor (Fig. 1i, Supplementary Fig. 2g, and Supplementary
Movie 2).

We then examined astrocytic responses to stressful experiences.
We discovered that intracellular Ca2+ levels in LSd astrocytes did not
change during tail suspension or restraint stress (Supplementary
Fig. 2i, k). Interestingly, peak values did increase during tail suspension
with concomitant signs of struggle (Supplementary Fig. 2i) or upon
release from restraint (Supplementary Fig. 2l), consistent with pre-
vious findings regarding NTS+ LS neuronal properties17. Wheel-running
during the rotarod test did not trigger any alterations in astrocytic Ca2+

levels, indicating that astrocytic responses to aversive stimuli are not a
consequence of heightened locomotion (Supplementary Fig. 2h).
Altogether, LSd astrocytes selectively responded to a subset of dan-
gerous, frightening, and stressful stimuli. They remained unresponsive
to neutral and rewarding stimuli, as well as during the appetitive phase
of social interaction.

Astrocytes in the LSi and LSv of male mice exhibited similar
responses to aversive visual, somatosensory, and social stimuli (Sup-
plementary Fig. 3a, b). However, unlike LSd astrocytes, LSi and LSv
astrocytes exhibited small but significant increases in average Ca2+

levels during tail suspension and restraint stress (Supplementary
Fig. 3a, b). In addition, LSi astrocytes displayed a significant increase in
Ca2+ in response to a startling acoustic stimulus (Supplementary
Fig. 3a). In female mice, Ca²⁺ responses of LSi astrocytes to aversive
stimuli were similar to thoseobserved inmalemice, except in response
to acoustic stimulation and restraint stress (Supplementary Fig. 3c).
Detailed analysis of astrocytic responsiveness along the ante-
roposterior LS at bregma 0.62-0.5, 0.38-0.26, and 0.14-0.02mm
revealed an overall functional homogeneity of LS astrocytes in
response to external stimuli, regardless of their subregional localiza-
tion (Supplementary Fig. 3d–f). Taken together, these results suggest
that LS astrocytes selectively respond to stimuli with strong negative
valence.

Astrocytic responses to aversive stimuli require hippocampal
inputs to the LS
To elucidate the mechanism driving Ca2+ responses in LS astrocytes
after exposure to aversive stimuli, wepredicted that neuronal inputs to
the LS drive astrocyte responses. We visualized brain regions pro-
jecting to the LS using a retrograde AAV expressing hEF1α promoter-
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drivenmCherry injected into the LSd (Supplementary Fig. 4a, b). Using
the mCherry fluorescence patterns and the regions’ reported roles in
stress responses, we focused on the hippocampus (HPC), infralimbic
cortex (IL), and lateral hypothalamic area (LHA) for further analysis35–37.

Next, we inhibited neurons in candidate upstream regions using
AAV to bilaterally express theGi-linked chemogenetic effector, hM4Di-
mCherry, and administering the agonist, clozapine-N-oxide (CNO)
intraperitoneally (i.p.) (Fig. 2a, b). Silencing excitatory neurons in the
dorsal hippocampus significantly reduced the amplitude of Ca2+ tran-
sients in LSd astrocytes elicited by our tested aversive stimuli, indi-
cating that the hippocampal inputs contribute to astrocytic responses
to these stimuli (Fig. 2c–h). The remaining Ca2+ responses suggest that
additional mechanisms participate in generating astrocytic Ca2+

responses. However, silencing IL or LHA did not alter the Ca2+

responses of LS astrocytes, suggesting that these regions are dis-
pensable for astrocytic responses in these stress responses, if at all
necessary (Supplementary Fig. 4c–i).

To determine whether activation of hippocampal neurons can
evoke Ca2+ transients in LS astrocytes, we expressed the optogenetic
activator ChrimsonR in dorsal CA1 neurons (Fig. 2i, j)38. Photo-
stimulation of ChrimsonR-expressing cell bodies in the hippocampus
using red light at 635 nm increased Ca2+ levels in LS astrocytes
(Fig. 2k, l). The astrocytic response was also triggered by photo-
stimulation of ChrimsonR-expressing nerve terminals in the LS
(Fig. 2m, n). Interestingly, a short delay was observed between pho-
tostimulation of hippocampalneuronal cell bodies or their terminals in

the lateral septum (LS) and the subsequent increase in astrocytic Ca2+

levels, resembling the latency of astrocytic responses to aversive sti-
muli (Fig. 2k, l and Fig. 1). This delay may not reflect signaling through
local neurons, as Ca2+ elevations in astrocytes triggered by an
approaching hand and social defeat remained unaffected by the che-
mogenetic silencing of LS neurons using hM4Di (Supplementary
Fig. 4j–l). Collectively, these results indicate that the hippocampus
contributes to increasing Ca²⁺ levels in LS astrocytes.

LSd and LSi astrocytes inhibit neighboring neurons by
activating neuronal adenosine receptors
To investigate the influence of elevated astrocytic Ca2+ levels on neu-
ronal activity in the LS, we expressed the Gq-linked chemogenetic
effector, hM3Dq, in either LSd or LSi astrocytes using an adeno-
associated virus (AAV) and recorded LS neurons in septal slices
(Fig. 3a, b). Histological analysis confirmed the predominant expres-
sion of mCherry and hM3Dq in their respective target cell types
(Supplementary Fig. 1d, e). We demonstrated that manipulating
astrocytes in the LSd and LSi using hM3Dq was insufficient to alter the
intrinsic properties of LS neurons surrounded by hM3Dq-expressing
astrocytes, such as the action potential firing rate, resting membrane
potential, or input resistance (Supplementary Fig. 5a, b). However,
hM3Dq-mediated manipulation of LSd astrocytes decreased the fre-
quency of sEPSCs in those neurons, with no observable effect on
sIPSCs (Fig. 3c, d). In contrast, the samemanipulation of LSi astrocytes
not only reduced the frequency of sEPSCs but also increased the

a
hgfaABC1D GCaMP6f

b

GCaMP6f GFAP NeuN

100
80
60
40
20

0
GFAP NeuNM

ar
ke

r+
/G

C
aM

P6
f+

ce
lls

 (%
)

97.1%

0.8%
10 s

5%

c Approaching hand 30

20

10

0

-10
-5 0 5 10 15

Δ
F/
F 

(%
)

Approaching hand

Time (s)

30

20

10

0

-10
BL

M
ea

n 
Δ
F/
F 

(%
)

Hand

****

x15
0

40

D
ia

m
et

er
(d

eg
)

0.5 s 33 ms
8 sd

Looming disk
30

20

10

0

-10
-5 0 5 10 15

Δ
F/
F  

(%
)

Time (s)

30

20

10

0

-10M
ea

n 
Δ
F/
F 

(%
) **

BL Disk

14 cm/s, 8 s
e 30

20

10

0

-10

Δ
F/
F  

(%
)

Drifting grating

-5 0 5 10 15
Time (s)

n.s.30

20

10

0

-10
BL

M
ea

n 
Δ
F/
F 

(%
)

Drifting
grating

Electric shockf
20

10

0

-10

Δ
F/
F  

(%
)

Electric shock

-5 0 5 10 15
Time (s)

30 30

20

10

0

-10M
ea

n 
Δ
F/
F  

(%
)

BL Electric
shock

**** Social investigation

intruder
C57BL/6 ♂♂

g 30

20

10

0

-10

Δ
F/
F  

(%
)

0 5 10 15
Time (s)

Investigating ♂

-5

30

20

10

0

-10
BL

M
ea

n 
Δ
F/
F 

(%
)

Inv. ♂♂

n.s.

i
Attack by CD-1 ♂

30

20

10

0

-10

Δ
F/
F 

(%
)

-5 0 5 10 15
Time (s)

Attack 30

20

10

0

-10
Attack

by CD-1 

 (%
)

BL

M
ea

n 
Δ
F/
F

****

intruder
♀C57BL/6 

Mounting
Social investigationh 30

20

10

0

-10

Δ
F/
F 

(%
)

-5 0 5 10 15
Time (s)

♀Mounting 30

20

10

0

-10M
ea

n 
Δ
F/
F 

(%
)

BL Mount. ♀♀

n.s.

Wildtype ♂♂

AAV

LSd

Fig. 1 | LS astrocytes respond to specific aversive sensory and social stimuli
in vivo.AnAAVexpressingGCaMP6f under the control of thehgfaABC1Dpromoter
was injected into the LS of wildtype mice resulting in the selective expression of
GCaMP6f (green) in GFAP+ astrocytes (magenta) but not in NeuN+ neurons (blue)
(a). Quantification of overlap obtained from 3 sections per mouse, across 5 mice
(b). Intracellular Ca2+ levels in LSd astrocytes in response to various stimuli: an
approaching hand (c), looming disk (d), drifting grating (e), electric shock (f),
investigation of a male intruder (g), investigation and mounting of a female

intruder (h), and attack by a CD-1 male intruder (i). In each set of panels, the first
panel includes a representative Ca2+ trace (c, f–i) or a stimulus protocol (d, e). The
second panel displays an averaged Ca2+ trace with the stimulus applied at 0 s,
indicated by a vertical dotted line. The third panel shows themean ΔF/F at baseline
(BL, open circles) and after the stimulus (filled circles). Scale bar, 50μm.The number
of samples and the associated statistical details are listed in Supplementary Data 1.
Source data are available in the SourceData file. **p < 0.01, ****p < 0.0001, n.s., not
significant. The data are presented as the mean ± SEM.
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frequency of sIPSCs in surrounding neurons (Fig. 3e, f). In addition, the
amplitudes of sEPSCs and sIPSCs in LSi neurons increased following
CNO treatment of LS slices containing LSi astrocytes expressing
hM3Dq, compared to the untreated CNO group (Fig. 3e, f). However,
these increases were not statistically significant compared to the
mCherry-expressing group (Fig. 3e, f). Interestingly, a subset of neu-
rons in the LSi area with low or absent hM3Dq expression showed a
decrease in both the amplitude and frequency of sIPSCs following
astrocytic manipulation (Supplementary Fig. 6a–d). These findings
suggest that astrocytes exert inhibitory effects on nearby LS neurons,
while simultaneously reducing inhibitory influences on distant
neurons.

Extracellular adenosine from astrocytes modulates sIPSC and
sEPSC frequency39–42. Thus, we predicted that adenosine receptors
regulate LS astrocytic responses. The adenosine A1 receptor (ADORA1
or A1R) antagonist DPCPX reversed the decreased sEPSC frequency in
both LSd and LSi neurons, while the adenosine A2A receptor (ADORA2
or A2AR) antagonist KW6002 reversed the increased sIPSC frequency

in LSi neurons (Fig. 4a–d). Consistent with these findings, the A1R
agonist CCPA decreased the frequency of sEPSCs in both LSd and LSi
neurons (Supplementary Fig. 7a, b). In addition, the A2AR agonist
CGS21680 increased the frequency of sIPSCs, specifically in LSi neu-
rons (Supplementary Fig. 7c, d). mEPSCs and sEPSCs exhibited similar
patterns in both the LSd and LSi (Fig. 3c, e, and Supplementary
Fig. 7e, f). Astrocyte manipulations in the LSi did not affect the mIPSC
frequency in the LSi, in contrast to the impact of these manipulations
on sIPSC frequency (Supplementary Fig. 7g). This result suggests that
the astrocyte-mediated increases in sIPSCs depend on presynaptic
mechanisms. Finally, astrocyte manipulations did not alter eEPSCs or
eIPSCs, or affect the paired-pulse ratio (PPR) in LSd neurons (Supple-
mentary Fig. 5c–e). In contrast, manipulating astrocytes with hM3Dq
increased both eEPSCs and eIPSCs in LSi neurons (Supplementary
Fig. 5f). Since the PPR in the LSi was unaltered, we conclude that these
evoked responses do not arise from changes in the probability of
neurotransmitter release (Supplementary Fig. 5g, h). Together, these
results suggest that LS astrocytes exert an inhibitory influence on LS
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Fig. 3 | Astrocytes exert inhibitory influences on neighboring neurons by reg-
ulating synaptic transmissions in theLS.Voltage-clamp recordings of LSneurons
in acute septal slices expressing mCherry or hM3Dq in LS astrocytes. Schematic
showing AAV injection into either LSd or LSi (a). A brain slice displaying an astro-
cyte expressing mCherry alongside a neuron recorded using a patch pipette. The
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neighboring LSd neurons (c, d) and LSi neurons (e, f). Scale bars, 50 μm. The
number of samples and the associated statistical details are listed in Supplementary
Data 1. Source data are available in the Source Data file. *p < 0.05, **p < 0.01,
****p < 0.0001, n.s., not significant. The data are presented as the mean± SEM.
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neurons through a subregion-specific differential modulation of pre-
synaptic inputs by activating different adenosine receptor subtypes.

Astrocytes induce excitation of LS neurons in regions with low
or absent hM3Dq expression
We examined c-Fos expression in the LS following chemogenetic sti-
mulation of LSd or LSi astrocytes with hM3Dq (Fig. 5a, e). LS sections
from mice with hM3Dq-manipulated LSd astrocytes contained a sig-
nificantly higher number of c-Fos immunoreactive astrocytes and

neurons in the LSd compared to control mice expressing mCherry
(Fig. 5b). A detailed analysis revealed that c-Fos expression in LSd
astrocytes was primarily localized to regions where hM3Dq was highly
expressed. In contrast, c-Fos expression in LSd neurons was pre-
dominantly found in regions with low or absent hM3Dq expression
(Fig. 5c). c-Fos induction resulting from LSd astrocytic manipulation
was also observed in the LSi, where astrocytic hM3Dq expression is
absent. Most c-Fos immunoreactive neurons were located in the
anterior LSi (Bregma 0.8–0.4mm) (Fig. 5d). Similarly, manipulation of
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Fig. 4 | Astrocytic modulation of synaptic transmissions in the LS is mediated
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LSi astrocytes induced c-Fos expression in LSi neurons (Fig. 5e–g). In
contrast to LSd astrocytes,manipulating LSi astrocytes failed to induce
c-Fos expression in LSd neurons, indicating a lack of communication
between LSi astrocytes and LSd neurons (Fig. 5h). Together with our
electrophysiological findings, these results suggest that astrocytes in
the LSd and LSi suppress the excitation of neighboring neurons in the

LS while facilitating the activation of distant neurons within the same
or adjacent LS subregions. Given the unidirectional communication
from LSd to LSi, but not vice versa, neural circuits involving inhibitory
neurons, rather than the diffusion of signaling molecules through
astrocyte networks connected via gap junctions, may regulate sub-
regional communication in LS.
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To investigatewhether astrocyte-induced c-Fos expressionoccurs
in LS neuronal populations responsive to aversive stimuli, we per-
formed an RNAscope analysis using probes targeting c-Fos, Crhr2, Nts,
and Gad1 (used as a marker for LS neurons). Our results indicate that
hM3Dq-mediated manipulation of LSd or LSi astrocytes significantly
increased the number of c-Fos+ and Gad1+ cells co-expressing Crhr2 or
Nts across the entire LS, compared to CNO-treated astrocytes
expressing mCherry (Supplementary Fig. 8a–d). LSd astrocyte-
induced neuronal c-Fos overlapped more with Nts than with Crhr2,
while LSi astrocyte-induced neuronal c-Fos tended to overlap more
with Crhr2 than with Nts (Supplementary Fig. 8b, d). LSd astrocyte-
induced c-Fos was observed in 8.8% of Crhr2+ neurons in the LS,
representing 11.0% of c-Fos+ neurons (Supplementary Fig. 8e). LSd
astrocyte-induced c-Fos+ was expressed in 32.4% of Nts+ neurons in the
LS, representing 60.9% of c-Fos+ neurons (Supplementary Fig. 8e). LSi
astrocyte-induced c-Foswas detected in 42.4% of Crhr2+ neurons in the
LS, which accounted for 36.5% of c-Fos+ neurons (Supplementary
Fig. 8f). Lastly, LSi astrocytes induced c-Fos expression in 31.4% of Nts+

neurons, accounting for 23.9% of c-Fos+ neurons (Supplementary
Fig. 8f). These findings suggest that LSd astrocytes may preferentially
affect a subset of Nts+ neurons, whereas LSi astrocytes may have a
slightly greater influence on a subset of Crhr2+ neurons compared to
Nts+ neurons.

Subregional localization of LS astrocytes enables specific stress
responses
To investigate the physiological and behavioral consequences of
intracellular Ca2+ increases in astrocytes across LS subregions, we then
injected anAAV expressing the hgfaABC1D promoter-driven hM3Dqor
mCherry into the LSd or LSi (Fig. 6a, i). Upon administration of CNO,
mice expressing hM3Dq in LSi astrocytes exhibited an increase in heart
rate and blood corticosterone levels (Fig. 6b, c). Except for marble-
burying behavior, hM3Dq-mediated manipulation did not elicit beha-
vioral changes, such as anxiety-like behaviors, social interactions, or
defensive responses to aversive sensory stimuli (Fig. 6d and Supple-
mentary Fig. 9a–f). Also, this manipulation did not influence behaviors
in mice subjected to subthreshold social defeat stress (SSDS)
(Fig. 6e–h and Supplementary Fig. 10a–d).

In contrast, activation of LSd astrocytes using hM3Dq in unstres-
sed mice did not noticeably change heart rate, blood corticosterone
levels,marble-burying behavior, defensive behaviors elicitedby threat-
like stimuli, food intake, forced swimming, home cage social interac-
tions, anxiety-like behavior, or social interactionwith a novel aggressor
(Fig. 6i–l and Supplementary Fig. 9g–o). Even repetitive treatments
with CNO for 10 days before behavioral testing had no impact on
anxiety-like behavior or social interaction (Supplementary Fig. 9p).
However, when mice were subjected to SSDS, hM3Dq-mediated
manipulations showed enhanced anxiety-like behavior in the open
field and elevated plus maze tests, as well as social avoidance toward a
novel aggressor (Fig. 6m–o). This manipulation also significantly
increased the proportion of mice susceptible to social defeat stress
(Fig. 6p). Finally, the combined application of SSDS and hM3Dq-
mediated LSd astrocytemanipulation increasedheart rate, whileblood
corticosterone levels remained unaffected (Supplementary Fig. 9q, r

and Supplementary Fig. 10e, f). Histological analysis revealed that
combined astrocytic hM3Dq manipulation and SSDS increased c-Fos
induction in LSd neurons, particularly in areas with low or absent
hM3Dq expression (Fig. 6q, r). In summary, our findings suggest that
astrocytes in the LSi can generate a sympathetic response and stress
hormone release in stress-naïve mice, whereas their effects on beha-
vior, regardless of stress experience, are limited. On the other hand,
astrocytes in the LSd do not appear to influence sympathetic or hor-
monal responses under unstressed conditions, but they can promote
increases in heart rate, as well as anxiety and social avoidance in mice
exposed to SSDS.

Social avoidance induced by acute and chronic social defeat
stress requires LSd astrocytes
Subsequently, we investigated the impact of suppressing Ca2+ increa-
ses in LS astrocytes on behavioral responses to aversive and stressful
stimuli by expressing the plasma membrane Ca2+ pump, hPMCA2w/b,
in astrocytes (Fig. 7a and Supplementary Fig. 1f). Overexpressing
hPMCA2w/b can suppress astrocyte calcium elevation43,44. In unstres-
sed mice, hPMCA2w/b expression in astrocytes did not significantly
change threat-induced avoidance or defensive behaviors, social
interactions, or anxiety levels (Fig. 7b–d and Supplementary Fig. 11a–i,
m-q). In contrast, manipulating LSd astrocytes with hPMCA2w/b in
mice subjected to acute social defeat stress (ASDS) alleviated anxiety-
like behavior in the open-field test and reduced social avoidance
(Fig. 7e–h and Supplementary Fig. 10g–k). Moreover, this manipula-
tion increased the proportion of mice who were resilient to social
defeat stress (Fig. 7i). Overexpressing hPMCA2w/b in LSd astrocytes
also mitigated chronic social defeat stress (CSDS)-induced social
avoidance (Fig. 7j–n and Supplementary Fig. 10l–o). These results
demonstrate the essential role of LSd astrocytes in mediating social
avoidanceduring both acute and chronic social defeat stress, aswell as
their participation in stress-induced anxiety. In contrast, LSi astrocytes
were not required for these behaviors, despite the presence of stress
experiences (Supplementary Fig. 11j–l).

Discussion
Here, we show that astrocytes in the LS regulate specific stress
responses in a spatially restricted manner. Furthermore, we have
revealed that astrocytes influence the activity of LS neurons through
subregion-specific inhibitory and activationmechanisms.Astrocytes in
the LSd subregion do not affect autonomic or hormonal stress
responses under unstressed conditions but enhance heart rate,
anxiety-like behavior, and social avoidance in mice exposed to social
defeat stress. At the local circuit level, astrocytes in the LSd inhibit
neighboring neurons by suppressing presynaptic excitatory inputs
through A1R. Astrocytes in the LSi inhibit presynaptic excitatory inputs
through A1R activation while simultaneously increasing inhibitory
synaptic transmission through A2AR, which leads to the inhibition of
nearby neurons in the LSi. Both LSd and LSi astrocytes simultaneously
promote the activation of neurons distant from the manipulated
astrocytes. To provide further mechanistic insight into the underlying
processes of the stress response, we demonstrated that LS astrocytes
displayed increased intracellular Ca2+ levels when exposed to aversive

Fig. 5 | LS astrocytes induce neuronal c-Fos in LS regions where hM3Dq
expression is low or absent. The AAV hgfaABC1D-mCherry (mCh) or hM3Dq-
mCherry (hM3Dq) was injected into either the LSd (a) or LSi (e) of wild-type mice.
c-Fos expression elicited by astrocytic manipulation in targeted regions (b, f).
Native fluorescence of mCherry and hM3Dq-mCherry in LS astrocytes (magenta)
and immunoreactivities of c-Fos (green) and NeuN (blue) in the LSd (b, left) and LSi
(f, left). Arrows indicate c-Fos+ cells that overlapped with mCherry or NeuN.
Quantification of c-Fos+ neurons in the whole LSd (b, right) and LSi (f, right). The
correlation between hM3Dq-mCherry fluorescence intensity and the number of

c-Fos+ astrocytes (hM3Dq-mCherry, magenta) or neurons (NeuN, blue) was asses-
sed via Poisson regression modeling (c, g). R2 is the coefficient of determination.
Neuronal c-Fos was induced in the neighboring region that was not targeted by the
virus (d, h). Note that only chemogenetic manipulation of LSd astrocytes induced
c-Fos expression in the LSi, not vice versa.Anterior LSi or LSd (bregma 0.8-0.4mm),
posterior LSi or LSd (bregma 0.4-0.0mm). Scale bars, 50μm. The number of sam-
ples and the associated statistical details are listed in Supplementary Data 1. Source
data are available in the Source Data file. *p < 0.05, **p < 0.01, n.s., not significant.
The data are presented as the mean± SEM.
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sensory stimuli and stressful environments. These astrocytic respon-
ses are induced by neural inputs originating from the hippocampus.
Taken together, our data suggest that astrocytes shape neuronal
responses in the LS to integrate environmental information and con-
tribute to generating appropriate physiological and behavioral
responses in a subregion-specific manner (Supplementary Fig. 12).

Aversive and stressful stimuli such as physical restraint, social
defeat, and morphine withdrawal activate the LS, leading to a char-
acteristic crescent-shaped pattern of c-Fos expression and
2-deoxyglucose uptake along the dorsoventral axis of the LS5,45. In
addition, in vivoCa2+ recordings of LS neurons reveal dynamic changes
in intracellular Ca2+ levels in response to aversive, rewarding, or
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stressful stimuli in awake animals. For example, NTS+ and CRHR2+

neurons, which are primarily localized in the intermediate and ventral
LS, exhibit increased Ca2+ levels in response to nociceptive and threat-
related stimuli15,17. SST+ neurons located in the LSd display increased
Ca2+ levels in response to electric shocks and anxiogenic environments
but show a decrease in Ca2+ during freezing in fear-associated
contexts9,46. Overall, despite differences in their functions and dis-
tribution patterns within the LS, these subsets of neurons exhibit
increased intracellular Ca2+ levels in response to stimuli that provoke
avoidance or withdrawal behaviors. We note the challenges of

identifying specific responses in the anatomical compartments, as
each neuronal population spans multiple subdomains within the LS
and displays some degree of overlap with other populations. Fur-
thermore, studies employ different types of stimuli, making it difficult
to compare Ca2+ responses among these neuronal populations. Our
systematic analysis of astrocytic responses to a consistent set of sti-
muli across various LS subregions indicates that LS astrocytes exhibit
remarkably similar Ca2+ responses despite the observed functional
heterogeneity in LS subregions. The functional consequences of the
simultaneous activation of astrocytes in disparate LS subregions have

Fig. 6 | Astrocytes contribute to specific aspects of stress responses depending
on their subregional localization in the LS. The AAV hgfaABC1D-mCherry (mCh)
or hM3Dq-mCherry (hM3Dq)was injected into the LSi or LSdofwild-typemice (a, i).
The representative viral expression of hM3Dq is indicated in the brain images
(a, i, magenta). Heart rate (b, j), blood corticosterone level (c, k), and marble
burying behavior (d, l) in unstressed mice. Anxiety-like behaviors (e, f, m, n) and
social interaction (SI, g, h, o, p) were assessed in mice previously subjected to
subthreshold social defeat stress (SSDS). The percentage of mice exhibiting an SI
ratio < 1 (susceptible, SUS) or an SI ratio ≥ 1 (resilient, RES) amongmice treated with
SSDS (h,p). c-Fos was induced by hM3Dq-mediatedmanipulation of LSd astrocytes

in the absence (Control) or presence (SSDS) of SSDS (q, left). Quantification of c-Fos
(green) expression in neurons (NeuN, blue) (q, right). The correlation between
mCherry fluorescence intensity (SSDS only, mCherry in LSd astrocytes, black;
hM3Dq in LSd astrocytes, cyan; SSDS and hM3Dq, magenta) and the number of
c-Fos+ neurons, as determined by Poisson regression modeling (r). R2 is the coef-
ficient of determination. Scale bars, 50μm. The number of samples and the asso-
ciated statistical details are listed inSupplementaryData 1. Sourcedata are available
in the Source Data file. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s., not
significant. The data are presented as the mean ± SEM.
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Fig. 7 | Astrocytes in the LSd are necessary for social avoidance causedby acute
and chronic social defeat stress. hPMCA2w/b (PMCA) or control mCherry (mCh)
was expressed in LSd astrocytes (a). The representative hPMCA2w/b-expressing
area is depicted in magenta in the brain images. The behavioral effects of
hPMCA2w/b expression in unstressed mice (b–d, no stress) and mice subjected to
acute social defeat stress (e–i,ASDS) or chronic social defeat stress (j–n,CSDS) were
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heatmap illustrating the time a subject mouse spent in compartments in the social
interaction test (h, m). The percentage of mice susceptible (SUS) or resilient (RES)
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details are listed in Supplementary Data 1. Source data are available in the Source
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not been fully elucidated. In addition, whether there are subpopula-
tions of astrocytes selectively responding to a subset of those aversive
stimuli in a given subregion has yet to be determined.

The physiological and behavioral roles of LS astrocytes show
some similarities but do not entirely replicate the reported functions
of LS neurons. For example, LSi astrocytes increased heart rate and
elevated corticosterone levels, similar to the effects induced by
optogenetic activation of CRHR2+ neurons, which are highly con-
centrated in the LSi6,15. CRHR2+ neurons can also enhance defensive
behavior and anxiety-like behaviors. However, astrocytes in the LSi did
not phenocopy these functions. Our RNAscope analysis revealed that
hM3Dq-mediated manipulation of LSi astrocytes induced c-FosmRNA
expression in a subset of Crhr2+ neurons (42.4%), suggesting a poten-
tial connection between astrocyte- and Crhr2+ neuron-mediated func-
tions. The partial overlapmay also explain the partial recapitulation of
the observed phenotypes. In contrast, a prominent overlap was
observed between c-Fos mRNA induced by hM3Dq-mediated manip-
ulation of LSd astrocytes and Nts+ neurons, a neuronal population
involved in social avoidance. Whether the activation of astrocyte-
driven subsets of Crhr2+ or Nts+ neurons can recapitulate the physio-
logical and behavioral phenotypes elicited by LSi and LSd astrocytes,
respectively, requires further study.

Unlike LSi astrocytes, LSd astrocytes underlie anxiety-like beha-
viors and social avoidance in mice exposed to social defeat stress. A
primary neuronal population in the LSd, SST+ neurons, can alleviate
anxiety- and depressive-like behaviors and promote social interaction
in stressed mice27,28. Given the inhibitory effect of LSd astrocytes on
local neurons, we posit that LSd astrocytes directly inhibit SST+ neu-
rons, potentially disinhibiting anxiogenic and social avoidance-
promoting neurons within or outside the LS that were previously
under inhibitory control by SST+ neurons46,47. In linewith this,we found
that LSd astrocytes drive neuronal excitation in the LSi region where
NTS+ neurons are highly populated16. Thus, future studies will examine
LS astrocyte-neuron circuit dynamics to elicit specific functional
phenotypes.

Growing evidence has demonstrated the functional implications
of lateral inhibition between LS neurons25. For example, inhibitory
controls among LS neurons play a crucial role in activating the ven-
trolateral part of the ventromedial hypothalamus (VMHvl) neurons
and promoting inter-male aggression24. Stimulation of glutamatergic
afferents into the LS initially induces an excitatory synaptic potential,
followed by a hyperpolarizing potential in LS neurons48,49. In addition,
the activation of specific neuronal subsets, such as adenosine A2A

receptor+, oxytocin receptor+, or vasopressin receptor 1A+ neurons,
leads to an overall reduction in neural activity or an increase in tonic
inhibitory transmission within the LS50,51. We demonstrated that c-Fos
expression induced by hM3Dq, an astrocytic manipulation, negatively
correlates with the expression level of the effector molecule. Slice
electrophysiology further revealed that LS astrocytes inhibit neigh-
boring neurons while reducing inhibitory inputs to distant neurons.
Combined with prior studies on lateral inhibition between GABAergic
neurons within the LS, we hypothesize that astrocyte-promoted inhi-
bition of nearbyGABAergic neuronsmaydisinhibit other LS neurons in
local neural circuits by relieving lateral inhibition. Further research will
establish the synaptic connectivity among oppositely regulated LS
neurons and clarify the causal relationship between astrocyte-driven
inhibition and activation in these local circuits.

Astrocytes play a critical role in regulating neural circuit activity
through various mechanisms52. They can influence the intrinsic prop-
erties of neighboring neurons53,54. In addition, astrocytes modulate
synaptic transmission to local neurons and impact the structure of
dendritic spines and synapses29,55. Our study revealed that astrocytes in
the LS modulate neighboring neurons by affecting their synaptic
inputs without altering their intrinsic electrophysiological properties.
We also found that astrocytes in different subregions of the LS employ

distinct modulatory mechanisms on neural inputs. LSd astrocytes
inhibit excitatory synaptic inputs to LSd neurons by activating Gi-
linked A1Rs. LSi astrocytes utilize an additional mechanism, strength-
ening inhibitory synaptic inputs to LSi neurons by activating Gs-linked
A2ARs. We suspect that these regulatory effects on excitatory and
inhibitory synaptic inputs impact the excitatory-inhibitory balance of
LS neurons.

Extracellular adenosine signaling can impact neuronal activity by
reducing sEPSC frequency through A1Rs and increasing sIPSC fre-
quency through A2ARs in several brain regions, including the LS50,56–59.
For example, adenosine inhibits glutamatergic input from the hippo-
campus to the LS in rats59. A recent study has revealed that
A2AR-mediated signaling is crucial for the inhibitory regulation of LS
neurons. The A2AR agonist CGS21680 increased spontaneous firing in
A2AR

+ LS neurons and elevated the sIPSC frequency in neighboring
A2AR

- neurons50. However, the source of extracellular adenosine was
not determined. Consistent with these findings, we observed an
increase in the frequency of sIPSCs in LSi neurons upon treatmentwith
CGS21680. We contend that it is unlikely that A2AR

+ neurons, com-
prising approximately 1% of LS neurons, were included in our random
selection of recorded neurons50,60.

It is intriguing to hypothesize that astrocytes in the LSi may serve
as a major source of extracellular adenosine, which binds to and pro-
motes the spontaneousfiring of A2AR

+ neurons in the LSi, subsequently
suppressing A2AR

- neurons. Evidence for this hypothesis comes from
eliminating the A2AR-mediated inhibitory effects of LSi astrocytes
when inhibiting the spontaneous firing of LS neurons, as shown by our
mIPSC recordings. Further research will elucidate how astrocytes
modulate local LS circuitry and functions, including recordings from
molecularly defined neural populations such as A2AR

+ and A2AR
-

neurons50. Employing mouse genetic tools such as Cre driver mouse
lines will be essential for visualizing and recording rare, elusive LS
neuronal populations. Pharmacological manipulation of adenosine
receptors in septal slices highlighted the role of extracellular adeno-
sine in astrocyte-neuron communication. However, direct measure-
ments of adenosine release from astrocytes are lacking. Thus,
determining in vivo whether astrocytes release adenosine or whether
adenosine is generated from released ATP is important for character-
izing adenosine signaling mechanisms in the LS. Lastly, our findings
presented here underscore assessing these molecular mechanisms in
septal slices from socially stressed mice.

The regulatory effect of astrocytes on local neural circuits in the
LS not only supports a conserved role for astrocyte-neuron interac-
tions in driving functional phenotypes but also reveals similarities in
neuron-astrocyte interaction mechanisms in another brain region
composed exclusively of inhibitory neurons, the CeA61. Astrocytes in
the CeA inhibit excitatory synapses from the basolateral amygdala by
activating the A1 adenosine receptor while activating inhibitory
synapses from the lateral subdivision of the CeA through the A2A

receptor, leading to a reduction in fear expression57. A growingbodyof
evidence suggests reciprocal inhibitory controls between molecularly
and functionally defined neuronal subpopulations in this region62,63.
Shifting the balance of populational activities may facilitate rapid
behavioral switching62,64. These two distinct brain regions, which play
roles in mediating emotional responses, likely share molecular and
neural circuit mechanisms involving astrocytes to fine-tune regional
neural activities, potentially promoting scaled functional outcomes.

In summary, this study advances the role of astrocytes in the LS,
their responses to aversive stimuli, and their modulation of LS neu-
ronal activity and stress responses. Understanding astrocytic con-
tributions to the molecular, synaptic, and neural circuit levels
enhances comprehension of how the LS integrates information to
produce affective behaviors, providing insights into general principles
governing brain regions with predominant GABAergic neuronal sub-
populations. Overall, our findings may suggest conserved principles
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that specify the interactions between astrocytes and neurons to drive
behavioral states.

Methods
Animals
All animal experimentswere approved by the Institutional Animal Care
and Use Committee of the Daegu Gyeongbuk Institute of Science &
Technology (DGIST-IACUC-20011502-08, DGIST-IACUC-24080101-
0000) and followed the guidelines of the National Institutes of Health
(NIH). Vglut2-Cre mice (The Jackson Laboratory, stock no. 016963),
were used in these experiments. Wildtype C57BL/6 J mice (C57BL/
6JBomTac) and retired CD-1 breeder males were obtained from DBL
(South Korea). Mice were housed and maintained under a 12-hour
light/dark cycle, with lights on at 7 AM. The animals had free access to
water and food throughout the study. For behavioral testing and social
defeat stress experiments, 8- to-14-week-old C57BL/6 J mice were
individually housed for at least 7 days prior to the respective proce-
dures. CD-1 retired male breeders aged >3 months were used as
aggressors in the social defeat stress models.

Virus
The following viruses were obtained from the Viral Vector Facility at the
University of Zürich: AAV5-hgfaABC1D-hM3Dq-mCherry (6.0 × 1012 gc/ml,
v97-5), AAV5-hgfaABC1D-mCherry (6.1 × 1012 gc/ml, v222-5), AAV5-
hgfaABC1D-EGFP (7.0 × 1012 gc/ml, v95-5), and AAVretro-hEF1α-mCherry
(7.6 × 1012 gc/ml, v212-retro). In addition, Addgeneprovided the following
viruses: AAV5-hgfaABC1D-hM3Dq-mCherry (1.8 × 1013 gc/ml 50478-
AAV5), AAV5-hgfaABC1D-cyto-GCaMP6f (1.3 × 1013 gc/ml, 52925-AAV5),
AAV5-hgfaABC1D-mCherry-hPMCA2w/b (2.5 × 1013 gc/ml, 111568-AAV5),
AAV1-hSyn-GCaMP6s (2.5 × 1013 gc/ml, 100833-AAV5), AAV2-hSyn-DIO-
hM4Di-mCherry (2.3 × 1013 gc/ml, 44362-AAV2), AAV2-hSyn-DIO-mCherry
(2.1 × 1013 gc/ml, 50459-AAV2), and AAV5-hSyn-FLEX-rc[ChrimsonR-
tdTomato] (2 × 1013 gc/ml, 62723-AAV5). AAV9-hgfaABC1D-GCaMP8s
(1.5 × 1013 gc/ml) was generated by using a pGP-AAV-syn-jGCaMP8s-
WPRE (Addgene, 162374).

Stereotaxic surgery
The AAV vector was administered to the target brain region through
stereotaxic surgery, following the protocol described previously65. A
mouse was initially anesthetized by placing it in an induction chamber
containing 2.5% isofluranemixedwith oxygen. Themouse received the
anesthetizing gas (1–2%), continuously delivered through a nosecone
(David Kopf Instruments), while being quickly positioned in a stereo-
taxic frame. Before surgery, the eyes were lubricated with Liposic
ophthalmic gel (Bausch Health Korea, Carbomer). An incision was
made in the scalp, and aholewasdrilled in the skull above the intended
target brain region.

The viral solution in a pulled glass micropipette (World Precision
Instruments, 504949) was injected into the lateral septum (LS) at
20–40nl/min with a nanoliter injector (World Precision Instruments,
300704) and SMARTouch controller (World Precision Instruments,
MICRO2T). The injection coordinates were determined based on the
mouse brain in stereotaxic coordinates34: LSd, ± 0.37mmML,
+ 0.10mm AP, − 2.60mm DV; LSi, ± 0.50mmML, + 0.60mm AP,
− 3.50mm DV; hippocampus, ± 1.10mmML, − 2.40mm AP, − 1.50mm
DV; ± 2.65mmML, − 2.40mm AP, − 2.40mm DV; ± 2.30mmML,
− 3.00mm AP, − 1.80mm DV; infralimbic cortex, ± 0.30mmML,
+ 1.50mm AP, − 2.85mmDV; and lateral hypothalamus, ± 1.10mmML,
− 1.0mm AP, − 5.10mm DV. The injection sites for fiber photometry
are indicated in Supplementary Fig. 1g. The injection volumes
per hemisphere were 80–200 nl (AAV5-hgfaABC1D-EGFP, AAV5-
hgfaABC1D-mCherry, AAV5-hgfaABC1D-hM3Dq-mCherry, and
AAV5-hgfaABC1D-mCherry-hPMCA2w/b, bilateral), 300–500 nl (AAV5-
hgfaABC1D-cyto-GCaMP6f, AAV9-hgfaABC1D-GCaMP8s, AAV1-hSyn-
GCaMP6s, AAV2-hSyn-DIO-hM4Di-mCherry, AAV5-hSyn-FLEX-

rc[ChrimsonR-tdTomato], and AAV2-hSyn-DIO-mCherry), and 40nl
(AAVretro-hEF1α-mCherry, unilateral). For the unilateral injection,
targeting of the left and right hemispheres was counterbalanced.

After the virus injection, the capillarywas slowly retracted, and the
scalp incision was closed using a tissue-adhesive bond (3M, Vetbond,
084-1469SB). If necessary, a ferrule cannula (200μm in core diameter,
3.2–4.0mm long, 0.48N.A., Newdoon, China) was implanted
approximately 100–200μm above the virus injection site and secured
to the skull with dental cement (Sun Medical, Japan). The mouse was
then injected with ketoprofen (i.p., 2 µg/g body weight, Unibiotech,
South Korea) before being returned to its home cage. Ibuprofen
(0.2mg/ml, Hanmi Pharmaceutical, South Korea) was provided in the
drinking water for at least 3 days after surgery. The mice were indivi-
dually housed and allowed to recover for at least 4 weeks before
behavioral assays and slice recordings were conducted.

Fiber photometry
A 465 nm LED light (Doric Lenses, LEDD_2), passed through a fluores-
cence mini-cube (Doric Lenses, FMC6_IE(400-410)_E1(460-490)_
F1(500-540)_E2(555-570)_F2(580-680)_S), was delivered to the target
brain region via a patch cord (400μm core diameter, 0.48–0.54N.A.,
Doric Lenses) and a ferrule cannula (200μm core diameter, 0.48N.A.,
Newdoon). The excitation light was modulated at 320 or 330Hz using
the RZ5P fiber photometry processor (Tucker-Davis Technologies)
running Synapse software (Tucker-Davis Technologies). The light
intensity wasmaintained below 50μWat the tip of the ferrule cannula.
The emitted light was passed through a mini-cube, collected by a
Femtowatt photoreceiver (Newport Corporation, 2151), and processed
at 1 kHz using the RZ5P processor. The acquired signals were then
adjusted to a sampling rate of 120Hz using MATLAB R2022b (Math-
Works). ΔF/F was calculated as (F465 - F0) / F0, where F0 represents the
median of the baseline fluorescence.

Fiber photometric recordings were conducted in a controlled
environment without background noise or prominent visual cues.
Before the experiments, all mice were acclimated to the testing
equipment for 20min, and baseline GCaMP6f signals were recorded
for 5–10min. The GCaMP6f-expressing mice were then exposed to
various sensory, social, or stressful stimuli. Simultaneously, mouse
behavior was recorded using a video camera (Logitech, 960-000770).
Recordings were conducted in the home cage, except for the looming
disk and electric shock stimuli, which required specialized equipment.
Food and fluid intake tests were performed in a plexiglass cylinder. For
the “approaching hand” stimulus, the experimenter’s hand was swiftly
lowered from 40 cm to 3–5 cm above the cage floor without making
physical contact with the mouse. The interval between stimuli varied
from 3 to 15 seconds. The looming disk or drifting grating stimuli were
presented to the mouse after a 5-minute baseline recording, with the
mouse positioned in the middle part of the testing arena. The size of
the looming disk increased linearly from 0° to 40° in 0.5 sec and
remained at 40° for 33ms. This procedure was repeated 15 times
within 8 sec. Upon exposure to a looming disk stimulus, a mouse can
exhibit both fleeing and freezing behaviors, with fleeing being more
prevalent under our testing conditions. The fleeing response typically
occurred immediately after the onset of the looming disk, whereas
freezing behavior manifested with a more prolonged delay following
the stimulus. Astrocytic Ca²⁺ elevation occurred within seconds after
the stimulus presentation and aligned more closely with the timing of
fleeing behavior. However, there were instances when fleeing or
freezing behaviors did not accompany astrocytic Ca²⁺ transients.
Therefore, astrocytic Ca²⁺ changes seem to correlate more strongly
with the stimulus itself than with specific defensive behaviors.

The drifting grating stimulus consisted of alternating black and
gray lines (each 4.5 cm in width), moving at a speed of 14 cm/s on an
overhead computer monitor for 8 sec. Electric foot shocks (0.3mA,
0.5 sec) were administered to the mouse using a fear conditioning
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system (Lafayette Instrument, 80014CGAT). In the case of the startling
acoustic stimulus, white noise with intensity increasing from 0 to
80dB in 1 sec was played 10 consecutive times using a mobile speaker
(Axxen, BS11). A predator odor, trimethylthiazoline (TMT, 20μl, 90%,
BioSRQ), was applied by dropping the solution onto a piece of filter
paper placed in a corner of the mouse’s cage (35 cm× 14 cm× 13 cm).
Some mice exhibited a brief Ca2+ response to the approaching hand
during the pipetting procedure. In the denatonium benzoate (bitter
compound, 1mM, Sigma-Aldrich, D5765), sucrose (2%, Duchefa Bio-
chemie, S0809), or food intake experiments, mice that had been
deprivedofwater (for denatoniumbenzoate or sucrose intake) or food
for more than 12 h were given a water bottle containing denatonium
benzoate or sucroseor received foodpellets, respectively. The rotarod
test involved placing the mouse on a rotating wheel (Ugo Basile,
47650), initially set to 5 rpm for 3min, which then accelerated to
40 rpm over 300 sec. The test concluded when the mouse fell off the
wheel. The resident-intruder test was conducted in the mouse’s cage,
with a CD-1 aggressor, C57BL/6 male, or C57BL/6 female mouse
introduced, and the test then proceeded for 5–15min. An attack was
scored from the onset of biting. Restraint and tail suspension stresses
were applied by gently wrapping and holding the mouse’s entire body
in the experimenter’s hand for 1-2min and by securing themouse’s tail
to the wall with tape for 1-2min, respectively. For stimuli that required
locating the subject mouse to test equipment, astrocytic Ca2+ levels
increased during handling (‘hand approach’) but quickly returned to
pre-handling levels afterward.

To identify the neural mechanisms driving astrocytic Ca2+

increase, mice expressing GCaMP6f or GCaMP8s in LS astrocytes and
hM4Di in an upstream brain region (the hippocampus, infralimbic
cortex, or lateral hypothalamic area) or the LS were injected i.p. with
CNO (3mg/kg) or saline (0.9% NaCl) 20min before the fiber photo-
metric recording. After a 10-minute baseline recording, they were sti-
mulated with an approaching hand, a CD-1 aggressor, or an electric
shock. To determine the sufficiency of the hippocampus for the
astrocytic Ca2+ response, GCaMP6f-expressing LS astrocytes were
recorded while hippocampal neurons expressing ChrimsonR or
mCherry were optogenetically stimulated with a 635 nm light pulse
(10 s duration, 20Hz, 20ms pulses). The frequency and duration of
photostimulation were controlled using an Isolated Pulse Stimulator
(A-M Systems). The light intensity was set to 10mW for cell body
activation and 15–20mW for terminal activation.

To evaluate the intracellular Ca2+ levels of LS astrocytes and
neurons before and after a stimulus or a chemogenetic or optoge-
netic manipulation, the mean ΔF/F was calculated during specific
timewindows, using the indicated event as the reference point: − 5 to
0 sec and 0 to 10 sec for astrocytic Ca2+ before and after all sensory
and social stimuli, except for the following stimuli: − 5 to 0 sec and 0
to 60 sec for astrocytic Ca2+ before and after TMT; − 30 to − 20 sec
and 0 to 60 sec for astrocytic Ca2+ before and after onset of restraint;
− 20 to − 10 sec and 0 to 60 sec for astrocytic Ca2+ before and after
initiation of tail suspension; − 5 to 0 sec and 0 to 5 sec for astrocytic
Ca2+ before and after conclusion of restraint and tail suspension; − 20
to 0 sec and 80–100 sec for astrocytic Ca2+ when the rotarod speed
was 5 rpm and 15 to 17 rpm; − 30 to − 20 sec and 0 to 20min for
neuronal Ca2+ before and after astrocyticmanipulation using hM3Dq;
and − 5 to 0 sec and 0 to 30 sec for neuronal Ca2+ before and after
aversive stimuli whilemanipulating astrocytes using hPMCA2w/b.We
chose to present the mean ΔF/F, calculated by dividing the fluores-
cence during stimulation by themedian fluorescence during baseline
recordings because z-scores relying on the mean of baseline
recordings, and the peak ΔF/F can be affected by intermittent noise-
like signals observed during recording. Since the durations of base-
line and stimulus application are unequal, AUCanalysis is not suitable
for our data.

Ex vivo electrophysiology
The LS of each wild-type male mouse was injected with AAV5-
hgfaABC1D-mCherry or AAV5-hgfaABC1D-hM3Dq-mCherry. After a
4-week incubation period for viral expression, acute septal slices
were prepared for ex vivo electrophysiological recordings. The mice
were anesthetized using isoflurane and decapitated, and their brains
were rapidly removed and placed in ice-cold, oxygenated dissection
buffer (95% O2 and 5% CO2) with low Ca2+ and high Mg2+ concentra-
tions. The dissection buffer consisted of 5mM KCl, 1.23mM
NaH2PO4, 26mM NaHCO3, 10mM dextrose, 0.5mM CaCl2, 10mM
MgCl2, and 212.7mM sucrose. Coronal lateral septal slices (300μm)
were cut and transferred to a holding chamber in an incubator filled
with oxygenated artificial cerebrospinal fluid (ACSF). The ACSF
contained 124mM NaCl, 5mM KCl, 1.23mM NaH2PO4, 2.5mM CaCl2,
1.5mMMgCl2, 26mM NaHCO3, and 10mM dextrose. The slices were
maintained at 28–30 °C for a minimum of 0.5–1 h before recording.
They were then moved to a recording chamber and continuously
perfused (2ml/min) with oxygenated ACSF (95% O2 and 5% CO2) at
25–27 °C. The virus-infected regions were identified by the native
fluorescence of mCherry.

In whole-cell recordings, patch pipettes with resistances ranging
from 4–8MΩ were loaded with various internal solutions depending
on the purpose of the recordings: for eEPSC-PPR and eIPSC-PPR
recordings, the solution comprised 130mM Cs-MeSO4, 0.5mM EGTA,
5mM TEA-Cl, 8mMNaCl, 10mMHEPES, 1mMQX-314, 4mM ATP-Mg,
0.4mM GTP-Na, and 10mM phosphocreatine-Na2. To measure the
intrinsic properties of action potential firing and sEPSCs, the solution
contained 135 mM K-gluconate, 8mMNaCl, 10mMHEPES, 2mM ATP-
Na, and 0.2mM GTP-Na. For sIPSC recordings, the solution contained
105mM K-gluconate, 30mM KCl, 10mM phosphocreatine-Na2, 4mM
ATP-Mg, 0.3mM GTP-Na, and 10mM HEPES. All solutions were
adjusted to a pH of 7.4, and the osmolarity was maintained at
280–290mOsm.

The external recording solution was composed of ACSF, to
which 100 μM picrotoxin was added for measuring sEPSCs and
excitability, and 20 μM CNQX and 50 μM DL-AP5 were added for
measuring sIPSCs. To measure mEPSCs and mIPSCs, TTX (1 μM,
Alomone Labs, T-550) was added to the corresponding external
solutions. Neurons were voltage-clamped at − 60mV for recording
eEPSCs and at 0mV for recording eIPSCs. When necessary, CNO
(10μM) was introduced into the external solution. To evoke synaptic
responses, 0.2ms current pulses were applied using a concentric
bipolar electrodepositioned close to the recording regions to induce
local synaptic transmission. The maximal amplitudes of EPSCs or
IPSCs were determined, and 40–50% of each amplitude was
employed to record the eEPSC-PPR and eIPSC-PPR. The A1R antago-
nist DPCPX (1 μM, Tocris, 0439) or the A2AR antagonist KW6002
(300 nM, Sigma, SML0422) was administered to the external solution
at least 15min prior to recording spontaneous synaptic transmission.
CCPA (the A1R agonist, 1 μM, Sigma, C7938) and CGS21680 (the A2AR
agonist, 30 nM, Tocris, 1063) were applied for at least 5min to
determine the effects of A1Rs and A2ARs.

Recordings were conducted using a MultiClamp 700A amplifier
(MolecularDevices)withdifferential interferencecontrast illumination
on an upright microscope (BX51WI; Olympus). Data acquisition and
analysis were performed using pClamp 10.7 software (Molecular
Devices). Only cells with an access resistance < 20MΩ were recorded;
those with an access resistance change >20% were excluded from the
analysis. The signalswerefiltered at 3 kHz anddigitized at 10 kHz using
a DigiData 1550 system (Molecular Devices). Figure 3 and Supple-
mentary Figs. 5, 7e–g compare responses from different cells treated
with the indicated drugs, whereas Fig. 4, Supplementary Figs. 6, 7a–d
present data from experiments comparing the same cells before and
after drug treatment.
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Heart rate
Heart rate was assessed using a blood pressure analysis system (Visi-
tech Systems, BP-2000, Norway). A mouse expressing hM3Dq or
control mCherry was administered CNO (3mg/kg) and placed in a
temperature-controlled box at 38 °C, with its tail exposed. A pressur-
izing device was utilized to apply pressure to the mouse tail, and
photoplethysmography was employed to measure blood flow and
heart rate from the mouse’s tail.

Corticosterone level
Amouse expressing mCherry or hM3Dq-mCherry in LS astrocytes was
subjected to a 30-minute treatment with CNO between 1:00 and 3:00
PM. After the mice were anesthetized with 5% isoflurane, blood was
collected from the inferior vena cava and kept at room temperature for
30min. Subsequently, the serum was separated from the blood by
centrifugation at 21,206 × g for 30min at 4 °C and stored at − 70 °C
until the corticosterone level was determined.

A corticosterone ELISA kit (Enzo Life Science, Switzerland, ADI-
900-097) was used tomeasure corticosterone levels. A standard curve
was generated using serially diluted stock solutions of corticosterone.
The serum sample was mixed with 0.01% Steroid Displacement
Reagent (1:1), and the absorbance at 405 nm was measured using a
Spark Multimode Microplate Reader (Tecan, Switzerland). The corti-
costerone concentration was calculated using the standard curve and
Magellan software (Tecan, Switzerland).

Behavioral tests
Behavioral tests were conducted during the daytime. Prior to the tests,
mice were habituated to the testing room for at least 30min. Mouse
behavior was scored by investigators who were blinded to the
treatments.

Administration of clozapine N-oxide (CNO). For mice expressing
hM3Dq-mCherry or a control fluorescent protein (EGFP or mCherry),
CNO (3mg/kg, Enzo Life Sciences, BML-NS105) dissolved in 0.9% NaCl
was intraperitoneally administered. CNO was given 30min before all
behavioral assays and 20min before the mice were subjected to sub-
threshold social defeat stress (SSDS). In the caseof chronic stimulationof
LS astrocytes using hM3Dq, mice were injected i.p. with CNO (3mg/kg)
for 10 consecutive days from 9 to 10 AM. Control animals showed no
detectable behavioral changes upon CNO administration.

Looming disk-evoked defensive behavior. The mouse was habi-
tuated to the test room for at least 3 h and then placed in a test box
(35 cm× 35 cm× 35 cm) for 10min. The illumination intensities in the
test box and test room were 6 and 5 lux, respectively. On the test day,
the mouse was moved to the test room and habituated for at least
3 hours in a home cage. After a 5-minute baseline recording in the test
box, themouse underwent visual stimulation with a rapidly expanding
black disk displayed on an overhead monitor. The stimulus was initi-
atedwhen themousemoved to themiddle part of the arena. The black
disk on a gray background expanded exponentially from 5 to 40° in
0.75 sec and remained at 40° for 0.25 sec. This expansion-maintenance
cycle was repeated 30 times consecutively within 30 sec. The stimulus
was delivered to the animal three times in a test session, with at least a
30-second interval between stimuli. Mouse behavior was recorded
using a video camera, and locomotive speed and immobility (>2 sec)
were analyzed using EthoVision XT 11.5 (Noldus).

Acoustic startle behavior. The mouse was placed in an animal holder
(2.85 cm diameter × 12.7 cm) inside a sound-attenuated acoustic
chamber of the SR-LAB-startle response system (San Diego Instru-
ments). The mouse was habituated to the 65 dB background white
noise for 15min. On the following day, after a 5-minute acclimation
period, white noise of intensities 85, 90, and 95 dB was randomly

delivered to the confined mouse for 20ms. The interval between sti-
muli was 25 to 35 sec. The startle reflex of the animal was detected by
the pressure sensor underneath the holder.

Electric shock-evoked freezing. The mouse was placed in a test
chamber (20 cm× 20 cm× 20cm) with a stainless-steel grid floor
(Lafayette Instruments, 80014AT) The mouse was subjected to an
electric foot shock (0.3mA, 1 sec) five times using the Actimetrics Fear
Conditioning Chamber Package (Lafayette Instruments, 80014AT),
with 1-min intervals between stimuli for testing the effect of hM3Dq-
mediated manipulation or 3-min intervals for hPMCA2w/b-mediated
manipulation. Mobility was analyzed with the FreezeFrame 4 (Lafay-
ette Instrument, AM1-FF04), and immobility of the mice for at least
1 sec was counted as freezing.

Shuttle-box test. The shuttle-box test was conducted using a Gemini
active and passive avoidance system (San Diego Instruments, Gemini),
consisting of two chambers with a stainless-steel grid floor (24.1 cm×
33 cm× 20.3 cm) and a gate between the chambers. The mouse was
allowed to explore a randomly assigned chamber for 5min and then
stimulatedwith anelectric foot shock (0.01–0.02mA) for 10 sec, which
caused it to escape to the other chamber. The test was performed ten
times in a session with 30-second intervals between tests. The time
from theonset of the electric foot shock to the time themouse crossed
the entire body to the other chamber was measured. The cut-off time
was set at 10 sec.

Marble burying test. Dried glassmarbles (1.2 cmdiameter), washed in
70% ethanol and distilled water, were arranged in a 4 by 5 pattern on
fresh bedding in a new cage (35 cm× 14 cm× 13 cm). A mouse was
introduced into the cage with a filter-top cover and allowed to explore
for 20min. The number of marbles buried was manually counted.

Resident-intruder test. Malemice that were smaller and younger than
resident males were used as intruders. Interactions between a resident
and an intruder were recorded for 10min using a video camera, and
the time spent on the social investigation, attack, or chasing was
manually scored.

Open field test. The test room was illuminated at 50 to 60 lux. The
mouse was placed in the middle of a test box (38.8 cm× 38.8 cm× 34
cm), and its behaviorwas recorded for 10min. Time spent in the center
zone, a square area (23.28 cm× 23.28 cm) in themiddle of the test box,
was then analyzed using EthoVision XT 11.5 (Noldus).

Elevated plus maze test. The elevated plus maze consisted of two
open arms (6.0 cm× 30.5 cm, 100 lux) and two closed arms (6.0 cm×
30.5 cm, 50 lux) with 25 cmwalls surrounding the arms. The apparatus
was positioned 50cm above the floor. After the mouse was placed in
the central zone, its behavior was recorded for 5min using a video
camera, and the time spent in the open arms was analyzed using
EthoVision XT 11.5 (Noldus).

Light-dark box test. This test was performed in a test box
(39.2 cm× 39.2 cm× 30.5 cm) consisting of light and dark compart-
ments. The light side of the box was illuminated at 200 to 300 lux,
and the dark side was illuminated at < 5 lux. A mouse was introduced
into the dark side, and its behavior was recorded for 10min. Time
spent on the light side of the box was then analyzed using EthoVision
XT 11.5 (Noldus).

Social interaction test. Social interaction was examined as previously
described66,67. The illumination in the test room was kept at <5 lux. In
the first session (“no target”), a C57BL/6 male mouse was introduced
into a test box (38.8 cm× 38.8 cm× 34 cm)with an empty upside-down
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pencil cup (10.5 cm× 23 cm). The subsequent session (“target”) was
conducted in the same test box with the pencil cup containing a CD-1
male mouse that the subject had never encountered before. The sub-
ject/s behavior was recorded for 150 s in each session via a video
camera, and the time spent in the interaction zone was analyzed using
EthoVision XT 11.5 (Noldus). The interaction zone was set at 7.39 cm
around the pencil cup. The social interaction (SI) ratio was calculated
by dividing the time spent in the interaction zone during the “target”
session by the time spent in the same area during the “no target”
session. Mice displaying an SI ratio equal to or greater than 1 were
classified as “resilient”, while those with a ratio less than 1 were clas-
sified as “susceptible”.

Feeding test. A mouse previously provided with food ad libitum was
transferred to a new cage with food pellets. The food left on a food
hopper was collected and weighed at 4, 8, 12, and 16 hours after the
beginning of the test.

Forced swim test. The test consisted of training and testing sessions
conducted over two consecutive days. On the first day, a mouse
expressing hM3Dq or control mCherry was placed in a glass beaker
(12 cm diameter × 28 cm) filled with water (23 ± 1 °C) to 13 cm and
forced to swim for 6min for training. On the second day, the mice
were treated with CNO (3mg/kg) for 30min and then forced to
swim for another 6min. Mouse behavior was recorded via video
camera, and the last 4min of the test was manually scored for
immobility. Mice that made only slight movements necessary for
body balancing or keeping their head out of the water were con-
sidered “immobile”.

Social defeat stress models
Screening of aggressiveCD-1males. RetiredmaleCD-1 breederswho
initiated an attack on a C57BL/6 male intruder within <1min were
selected based on three consecutive resident intruder screening tests.
CD-1mice that exhibited <5 attackboutswithin 5minwereused for the
SSDSmodel. Thosewith >8 attackboutswithin 5minwere used for the
ASDS and CSDS models.

Subthreshold social defeat stress (SSDS) model. The SSDS model
was developed as previously described (Supplementary Fig. 10a–f)68,69.
A subject C57BL/6 male was introduced to an aggressive CD-1 male
resident. After 5 to 10min of attack encounters, the subject and
aggressor were separated for 10min by a perforated Plexiglas barrier
in the middle of the cage. The subject mouse was then returned to its
home cage and allowed to rest for 5min. The whole session was
repeated with another CD-1 aggressor. At the end of the second ses-
sion, the subject mouse stayed in its home cage overnight. The social
interaction, open field, and elevated plus maze tests were performed
on the following 3 days. To assess the effects of SSDS on heart rate and
blood corticosterone levels, we measured the heart rate of both
unstressed and SSDS-treated mice one day before and one day after
stress exposure, followed by blood collection.

Acute social defeat stress (ASDS) model. The ASDS model was
developed following previous studies, with modifications (Supple-
mentary Fig. 10g–k)8,70. A subject C57BL/6 male mouse was attacked
successively by three CD-1 male aggressors for 3 to 4min each and
then returned to its home cage. After a 10-minute rest, the elevated
plusmaze, light-dark box, and open field tests were performed. On the
following day, the mice were tested for social interaction with a novel
CD-1 aggressor confined to a pencil cup.When astrocyticmanipulation
using hPMCA2w/b was necessary, an AAV expressing hPMCA2w/b or
control mCherry was stereotaxically injected into the LS of themice at
the age of 5 weeks, and ASDS was applied 5 weeks after the viral
injection.

Chronic social defeat stress (CSDS) model. CSDS was applied to
C57BL/6 male mice, as previously described (Supplementary
Fig. 10l–o)66. A mouse in the CSDS group was introduced to an
aggressive CD-1 male resident. The subject was attacked for 5–10min
and then separated from the resident overnight by a perforated Plex-
iglas wall in the middle of the same cage. The whole session was
repeated with different CD-1 aggressors for 10 consecutive days. A
mouse in the control groupwashousedwith aC57BL/6malemouse for
24 h in separate cage compartments divided by a perforated Plexiglas
barrier in themiddle. The sessionwas repeated for 10 consecutive days
with different C57BL/6 males. Both control and socially defeated
C57BL/6 mice were then subjected to behavioral tests for social
interaction and anxiety during the following days.

c-Fos induction
To assess the influence of an increase in astrocytic Ca2+ on local neu-
ronal excitation, a mouse expressing hM3Dq or control mCherry in LS
astrocytes was injected with CNO (3mg/kg) 90min before being
sacrificed for histological analysis. To examine the effect of the com-
bined manipulation of LS astrocytes using hM3Dq and SSDS, an
hM3Dq-expressing mouse was treated with CNO (3mg/kg) 20min
before SSDS and then allowed to rest in a home cage for 50min until
perfusion. A control mouse was treated with CNO (3mg/kg) and kept
in a home cage for 120min until perfusion.

Immunohistochemistry
A mouse was anesthetized by injecting 2% avertin (Acros Organics,
421430100) and perfused transcardially with 20ml of PBS, followed by
20ml of ice-cold 4% paraformaldehyde (Sigma-Aldrich, P6148) in PBS.
The brain was dissected and cryoprotected in 30% sucrose for 24 to
48 h at 4 °C. The brain was then frozen in Optimum Cutting Tem-
perature compound (Scigen, 4586) and stored at − 80 °C. Brain sec-
tions were cut at 30 μm on a cryostat (Leica, CM3050S). The sections
were then treated with blocking solution (5% normal donkey serum in
PBS containing 0.3% Triton X-100, NDST) for 1 h at room temperature
and then incubated with primary antibodies diluted in 1% NDST at 4 °C
overnight. The following day, the sectionswere rinsedwith0.3%Triton
X-100 in PBS three times for 5min each and then incubated with sec-
ondary antibodies diluted in 1%NDST for 2 h at room temperature. The
primary antibodies used were rabbit anti-GFAP (1:500, Dako, Z0334),
mouse anti-S100β (1:500, Novus Biologicals, NBP1-41373), rabbit anti-
c-Fos (1:300, Cell Signaling, 2250), mouse anti-NeuN (1:500, Sigma-
Aldrich, MAB377), and chicken anti-NeuN (1:500, Sigma-Aldrich,
ABN91). The secondary antibodies used were Alexa 488-conjugated
donkey anti-rabbit IgG (1:500, ThermoFisher Scientific, A21206), Alexa
568-conjugated donkey anti-rabbit IgG (1:500, Thermo Fisher Scien-
tific, A10042), Alexa 647-conjugated donkey anti-rabbit IgG (1:500,
Thermo Fisher Scientific, A31573), Alexa 568-conjugated donkey anti-
mouse IgG (1:500, Thermo Fisher Scientific, A10037), Alexa 647-
conjugated donkey anti-mouse IgG (1:500, Thermo Fisher Scientific,
A31571), Alexa 488-conjugated donkey anti-chicken IgY (1:500, Jackson
ImmunoResearch, 703-545-155), and Alexa 647-conjugated donkey
anti-chicken IgY (1:500, Jackson ImmunoResearch, 703-605-155). After
the samples were embedded in a mounting medium (Vector Labora-
tories, Cat. No. ZH1122), the slides were dried overnight at room
temperature in the dark before image acquisition. Fluorescence ima-
ges were acquired using Axioscan.Z1 (Carl Zeiss) and confocal micro-
scope (Carl Zeiss, LSM700, LSM800) and analyzedusing ZEN2.6 (Carl
Zeiss) and Fiji (NIH) software. Immunofluorescenceof GFAP and native
fluorescence of mCherry were quantified using ZEN 2.6 (Carl Zeiss).
Fluorescent cells were detected and counted using ImageJ (NIH).
Manual correction by an experimenter blind to the treatments was
applied to eliminate false-positive cells. The number of c-Fos+ neurons
or astrocytes ranged from 0.2mm anterior to 0.2mm posterior to the
virus-infected LS regions.
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To analyze the correlation between the number of c-Fos+ cells and
thefluorescence intensity of hM3Dq-mCherry, the target LS regionwas
divided into 7 to 10 regions (147μm× 147μm). In each region, the
average mCherry fluorescence was measured using ZEN 2.6 (Carl
Zeiss), and the number of c-Fos+ and NeuN+ cells or c-Fos+ and
mCherry+ cells was manually counted. The normalized mCh intensity
was calculated by dividing each intensity value by the largest value in
each group.

RNAscope in situ hybridization
The RNAscope multiplex fluorescent in situ hybridization was per-
formed on fixed frozen tissue sections following the manufacturer’s
instructions (RNAscope Multiplex Fluorescent Reagent Kit v2; ACDBio,
Cat. No. 323100). In brief, slideswere dried for 1 hr at room temperature
and were postfixed in 4% PFA for 15min at 4 °C. Antigen retrieval was
performed in 1X target retrieval reagent for 5min at 90 °C, followed by
treatment with RNAscope Protease III for 30min. After incubation with
probes, the slides were kept in 5X SSC (Invitrogen, Cat. No. 15-557-036)
overnight at room temperature before proceeding to the amplification
steps. Following the final wash, counterstaining was performed with
DAPI (Thermo Fisher Scientific, Cat. No. 62248) at a concentration of
1:1000 in 1X PBS for 2min. The following probes were used to detect
gene expression: Mm-Fos-C1 (ACDBio, Cat. No. 316921-C1); Mm-Crhr2-
C2 (ACDBio, Cat. No. 413201-C2);Mm-Nts-C2 (ACDBio, Cat. No. 420441-
C2); andMm-Gad1-C3 (ACDBio,Cat.No. 400951-C3). Fluorophoresused
to detect signals were as follows: TSA Vivid 650 (ACDBio, Cat. No.
323273) for the C1 probe; TSA Vivid 520 (ACDBio, Cat. No. 323271) for
the C2 probes; and TSA Vivid 570 (ACDBio, Cat. No. 323272) for the C3
probe. Fluorophores were used at a concentration of 1:5000, except for
sections probed with Mm-Crhr2-C2, where mCherry- and hM3Dq-
expressing sections were stained at 1:3000 and 1:5000, respectively.
After the samples were embedded in a mounting medium (Prolong
Diamond Antifade Mountant; Invitrogen, Cat. No. P36970), the slides
were dried overnight at room temperature in the dark before image
acquisition was performed with a confocal microscope (Carl Zeiss, LSM
800). The co-localization of c-Fos, Crhr2, and Nts was identified and
quantified using ImageJ (NIH). The percentage of overlap in c-Fos+ cells,
Crhr2+, or Nts+ cells was calculated exclusively in glutamic acid dec-
arboxylase 1 (Gad1)+ cells to exclude c-Fos induced in astrocytes.

Statistics
The data generated during this study is detailed in Supplementary
Data 1. The data are expressed as the mean± S.E.M (n = the number of
animals or samples). The sample sizes provided in Supplementary
Data 1 were determined by referencing those used in previously pub-
lished papers. We analyzed all samples, excluding those in which virus
expression or the position of the ferrule cannula deviated from the
target. For fiber photometry and electrophysiology, all data were
included in the analysis. The testing order for each group was deter-
mined randomly. Histological data were analyzed using paired or
unpaired two-tailed t tests, two-way ANOVA with Bonferroni post hoc
analysis, and Poisson regression. Fiber photometry results were ana-
lyzed using paired two-tailed t tests and two-way repeated-measures
ANOVA with Bonferroni post hoc analysis. Blood corticosterone levels
were analyzed using an unpaired two-tailed t test. Electrophysiological
datawere analyzedusing two-wayANOVAs (data presented inFig. 3) or
repeated measures two-way ANOVAs (data presented in Fig. 4) with
Bonferroni post hoc analyses. Behaviors were analyzed using a Mann‒
WhitneyU test, two-way ANOVAwith Bonferroni post hoc analysis, and
Fisher’s exact test using GraphPad Prism 7.0 (GraphPad Software Inc.).
A p-value of less than 0.05 was considered significant.

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

Data availability
All data supporting this study are included in the main text and sup-
plementary files. Raw data are available upon reasonable request.
Source data are provided in this paper.

Code availability
The MATLAB code used to process the fiber photometry data, along
with demo datasets, is available on GitHub (https://doi.org/10.5281/
zenodo.13917386).
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