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ABSTRACT

Chronic stress has been implicated in anxiety, depression, and other mental disorders. In this
regard, studies on the neural mechanism mediating behavioral response to stress have been mainly
progressed, but in recent years there has been a growing interest of studying astrocytes. Astrocytes
not only provide homeostatic support for neurons but also play an important role in behavioral regu-
lation by interacting with neurons. However, despite the diverse functions of astrocytes, research
focusing on the role of astrocytes in stress-induced behaviors has been conducted in only a few
brain regions. Using chronic social defeat stress (CSDS), an animal model for depression, we found
that astrocytes in the lateral septum (LS) area exhibited a delayed response to CSDS. Specifically,
molecular and morphological changes, indicating reactive astrocytes, were observed in the LS after
CSDS. Raising astrocytic calcium signaling by Gq pathway activation in LS astrocytes stimulated
astrocytes and nearby neurons and promoted depressive- and anxiety-like behaviors under sub-
threshold stress that did not alter behaviors in unmanipulated mice. In contrast, reducing calcium
signaling in LS astrocytes blocked acute stress-induced neuronal activity. Notably, selective inhibi-
tion of LS astrocytes was sufficient to produce antidepressant-like effects following CSDS. These
findings suggest that astrocytes in the LS may contribute to regulating stress-evoked behaviors and

providing a novel therapeutic target for treating depression.

Keywords: stress, astrocytes, lateral septum, depression, anxiety, social defeat, chemogenetics, cFos
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I. INTRODUCTION

Maladaptive response to environmental stress is a risk factor for psychiatric diseases, includ-

ing depression and anxiety (Caspi, 2003; Bartolomucci and Leopardi, 2009; Heim and Nemeroff,

2001). Repeated and prolonged exposure to noxious stimuli impairs behavioral responsiveness and

increases susceptibility to mental disorders (Mariotti, 2015; Chaijale et al., 2014). To date, the mech-

anisms underlying stress-induced behavioral dysfunction have been largely studied by using animal

models. In rodent models, chronic social defeat stress (CSDS) is considered as one of the robust mod-

els for studying stress-induced mood disorders due to its etiological relevance and similarity to psy-

chosocial stress experienced by humans (Berton et al., 2006; Golden et al., 2011). Social defeat stress

increases activation of the hypothalamic-pituitary-adrenal (HPA) axis and elevates levels of blood

serum corticosterone (Buwalda et al., 1999). Additionally, it induces social avoidance, dysfunctional

reward-related behaviors, and increased sensitivity to helplessness measures which are described as

depressive-like symptoms (Krishnan and Nestler, 2008; Kudryavtseva et al., 1991).

The neural mechanisms regulating responses to CSDS have been well-characterized, espe-

cially concerning cellular and molecular adaptations in the mesolimbic dopamine system. Following

CSDS, brain-derived neurotrophic factor (BDNF) expression is increased in the nucleus accumbens

(NAc) of susceptible mice, and local knockdown of BDNF in dopaminergic neurons from the ventral

tegmental area (VTA) blocks SDS-induced social avoidance (Berton et al., 2006). Susceptible mice

also show an upregulation of phasic firing in VTA dopamine neurons, an effect not seen in resilient

mice (Krishnan et al., 2007). When the VTA-NAc pathway is optogenetically stimulated, susceptible

phenotypes are rapidly induced in mice previously resistant to the effects of CSDS, whereas optoge-

-1-



netic inhibition of this pathway induces resilience (Chaudhury et al., 2012). In addition, recent evi-

dence shows that CSDS reduces levels of neuroligin 2, the inhibitory synapse-specific protein, in the

NAc medium spiny neurons (MSNs), which promotes social avoidance (Heshmati et al., 2018).

Although evidence for underlying neural circuits of SDS-induced behaviors has been pre-

sented in many researches, few studies have directly assessed the contribution of non-neuronal cells

to the development of those behaviors. Astrocytes, the most abundant non-neuronal cells found in the

central nervous system, have traditionally been considered as supportive cells supplying energy

sources to neurons, providing homeostasis control, and maintaining the blood-brain barrier (Tian et al.,

2005; Tsacopoulos and Magistretti, 1996; Janzer and Raff, 1987; Parpura and Verkhratsky, 2012). As-

trocytes have also been found to sense and affect neuronal excitability, synaptic plasticity, and the

local environment with an intracellular calcium transient (Haim and Rowitch, 2016; Nagai et al.,

2019; Panatier et al., 2011). When the intracellular calcium level is increased in response to neuro-

transmitters, astrocytes release neuroactive substances, termed “gliotransmitters”, that regulate synap-

tic transmission and plasticity (Perez-Alvarez et al., 2014; Guerra-Gomes et al., 2018). Accumulating

data suggest that astrocytes are involved in neuronal circuit functions and regulate various behaviors,

including learning and memory, fear response, and depression-related behaviors (Adamsky et al.,

2018; Cao et al., 2013; Martin-Fernandez et al., 2017; Nam et al., 2019).

Several postmortem studies have reported that individuals have suffered from major depres-

sive disorder (MDD) showed alterations of astrocytic characters, such as cell number and density,

morphology, protein expression level, and membrane channel functions in the different brain regions

including the medial prefrontal cortex, hippocampus, amygdala, and locus coeruleus (Bernard et al.,



2010; Bowley et al., 2002; Chandley et al., 2013; Choudary et al., 2005; Cotter et al., 2002; Ernst et

al., 2011; Klempan et al., 2007; Miguel-Hidalgo et al., 2014; Rajkowska et al., 1999). For example,

gene transcription and protein expression of a glial fibrillary acidic protein (GFAP), the main inter-

mediate filament in astrocytes, decreased in various brain regions (Altshuler et al., 2010; Chandley et

al., 2013; Miguel-Hidalgo et al., 2010; Miiller et al., 2001; Torres-Platas et al., 2015). Other studies

have also reported increased astrocytic cell density in hippocampal regions and hypertrophy of astro-

cytes in the white matter of the anterior cingulate cortex of depressive patients (Stockmeier et al.,

2004; Torres-Platas et al., 2011). In addition to the studies on humans, those using rodents have also

revealed that astrocytes have functionally crucial roles in depression. By way of illustration, astrocyt-

ic lesions, but not neuronal lesions, of the prefrontal cortex is sufficient to trigger depressive- and

anxiety-like phenotypes (Banasr and Duman, 2008). Lastly, a recent study showing that astrocytes

can induce depressive symptoms by producing pro-inflammatory cytokines and interacting with neu-

rons suggests astrocytes as promising targets for regulating depression (Leng et al., 2018). However,

despite the heterogeneity of region-specific astrocytic functions, studies on the role of astrocytes in

depression have been conducted in only a few brain areas.

Here, we identified that astrocytes in the lateral septum (LS) respond to chronic social defeat

stress (CSDS), which results in increased astrocytic activity and altered morphology. To explore the

role of LS astrocytes in modulating behavioral responses to social defeat stress, astrocyte-specific

chemogenetic tools were employed. Neither acute nor chronic activation of LS astrocytes was suffi-

cient to trigger behavioral changes in stress-naive mice, but astrocytic activation combined with sub-

threshold social defeat stress enhanced depression- and anxiety-like behaviors. Moreover, reducing



calcium signaling in LS astrocytes rescued depression-like behaviors following CSDS. Taken together,

this study shows that the LS astrocytes can regulate stress-evoked behaviors, suggesting a potential

therapeutic target for the treatment of stress-induced disorders.



II. MATERIALS & METHODS

Animals

All animal experiments were approved by the Institutional Animal Care and Use Committee at the
Daegu Gyeongbuk Institute of Science & Technology (DGIST-IACUC-20011502-08) and conducted
in accordance with NIH guidelines. Wildtype C57BL/6J mice (C57BL/6JBomTac) and CDI retired
breeders were purchased from a vendor (DBL, South Korea). Two to five mice were housed per cage
and maintained on a 12-h light/dark schedule with ad libitum access to food and water. C57BL/6J
mice at the age of 8 to 14 weeks were housed singly at least seven days before being tested behavior-
ally or imposed on social defeat stress. CD1 male mice aged over three months were used as aggres-

sors in the social defeat stress model.

Virus

Viruses were purchased from the Viral Vector Facility (VVF) at the University of Ziirich (AAVS-
hgfaABC1D-hM3Dg-mCherry, 6.0 x 10'? ge/ml; AAV5-hgfaABC1D-mCherry, 6.1 x 10" ge/ml;
AAV5-hgfaABCID-EGFP, 7.0 x 10'? gc/ml). AAV5-GfaABC1D-mCherry-hPMCA2w/b (7.1 x 10"
gc/ml) was packaged at the University of Pennsylvania Vector Core using a viral vector purchased

from Addgene (pZac2.1-GfaABC1D-mCherry-hPMCA2w/b).

Stereotaxic surgery
A virus was injected into a target brain region using stereotaxic surgery, as described previously (Lee

et al., 2014). Briefly, a mouse was acutely anesthetized in an induction chamber infused with 2.5%
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isoflurane mixed with oxygen and then quickly positioned in a stereotaxic frame, in which 1-2.5%

anesthetizing gas was continuously infused to the mouse nose through a nosecone (David Kopf In-

struments). After lubricating eyes with Liposic ophthalmic gel (Bausch & Lomb), an incision was

made in the scalp, and a hole was drilled in the skull above the target brain region. 50-100 nl of viral

solution loaded in a pulled glass capillary (World Precision Instruments) was injected into the LS at

the speed of 20-30 nl per min using Nanoliter Injector (World Precision Instruments) and Micoro4

controller (World Precision Instruments). The injection coordinates were obtained from either the

Paxinos and Franklin's the Mouse Brain in Stereotaxic Coordinates (ML: £0.39; AP: -0.05; DV: -2.5

mm) or the three-dimensional surgical atlas of the murine head based on magnetic resonance imaging

and micro-computed tomography (ML: +£0.39; AP: -3.39; DV: -2.2 mm) (Chan et al., 2007). After

closing the incision in the scalp with a tissue-adhesive bond (Vetbond, 3M), the mouse was injected

intraperitoneally with ketoprofen (2 pg/g, Unibio) and returned to its home cage. Ibuprofen (0.2

mg/ml, Hanmi Pharm) was provided in drinking water more than three days after the surgery.

Behavioral tests

All behavioral tests were carried out during the light period of the day. Scoring of animal behavior

was conducted by investigators blind to treatments.

Clozapine N-Oxide (CNO) administration

CNO (3 mg/kg, Enzo Lifesciences) dissolved in 0.9% NaCl was administered to a mouse intraperito-

neally 30 min before the beginning of each behavioral test or imposing the social defeat stress. For



the chronic activation of hM3Dq expressed in astrocytes, mice were injected intraperitoneally with

CNO (3 mg/kg) for ten consecutive days at 9-10 AM. The concentration of CNO used in this study

caused no detectable behavioral side effects in control animals.

Chronic social defeat stress (CSDS)

Chronic social defeat stress was applied to C57BL/6J male mice, as previously described (Golden et

al., 2011). Aggressor mice were selected from vendor-bought CD1 male retired breeders with the fol-

lowing criteria: exhibiting at least one attack episode towards C57BL/6] male intruders in more than

two out of three 5-min screening sessions and less than 90 s average attack latency in three screening

sessions. A subject C57BL/6J male mouse was introduced into the home cage of a pre-screened CD1

aggressor to receive physical attacks for 5-10 min. The subject and aggressor mice stayed in the same

cage, but in different compartments separated by a perforated plexiglass divider for 24 hours. The

whole session was repeated in ten consecutive days by introducing a novel CDI1 aggressor in each

session. In the control group, a subject mouse stayed with a conspecific male mouse for 24 hours in

separate compartments of a cage divided by a perforated plexiglass barrier in the middle. The session

was repeated for ten consecutive days by using a novel conspecific male mouse in each session. Both

control and socially defeated C57BL/6J mice were then subjected to the social interaction test per-

formed on the next day.

Subthreshold social defeat stress (SSDS)

Subthreshold social defeat stress was given to C57BL/6] male mice, as previously described



(Chaudhury et al., 2012; Shen et al., 2019). A subject male mouse was placed into the home cage of a
pre-screened CD1 aggressor to receive attacks for 10 min. The subject and aggressor mice then stayed
in the same cage, but in different compartments divided by the perforated plexiglass barrier built in
the middle of the cage for another 10 min. The subject mouse was returned to its home cage for 5 min.
Then, the whole session was repeated once more using a novel aggressor. CNO (3 mg/kg) was inject-
ed intraperitoneally into the subject mouse 20 min before the beginning of SSDS. At the end of the
second session, the subject mouse was returned to its home cage and housed individually until the

social interaction test performed on the next day.

Social interaction test

The social interaction test was performed as previously described (Golden et al., 2011; Berton et al.,
2006). In the initial session ("no target"), a subject C57BL/6J male mouse was placed in a 38.8 cm
(width and length) x 33.9 cm (height) test box containing an empty 10.5 cm (diameter) x 23 cm
(height) wire-mesh enclosure on one side of the box. Mouse behavior was recorded with a video cam-
era on the ceiling for 150 s. In the immediately following session ("target"), a novel CD1 mouse that
the subject never encountered previously was placed inside the wire-mesh enclosure, and then the
subject mouse was re-introduced into the test box. Mouse behavior was recorded for 150 s. The
brightness of the test room was less than 5 lux for both sessions. The amount of time mouse spent in
the interaction zone, which is 7.39 c¢cm around the wire mesh enclosure, was calculated using Etho-

vision XT 11.5.



Open field test

A mouse was placed in the middle of a 38.8 cm (width and length) x 34 cm (height) test box. Mouse
behavior was recorded with a video camera on the ceiling for 10 min. The brightness of the test room
was 60 lux. The amount of time mouse spent in the center zone (23.28 cm in width and length) was

analyzed using Ethovision XT 11.5.

Elevated plus maze test

The elevated plus maze apparatus was composed of two 30.5 cm (width) x 6.0 cm (length) open arms
(150 lux) and two closed arms by the same size, but with 25 cm height walls around the arms (50 lux).
The arms were positioned 50 cm from the floor. A mouse was placed in the center zone and allowed
to explore for 5 min. Mouse behavior was recorded with a video camera on the ceiling. The amount of

time mouse spent in the open arms was analyzed using Ethovision XT 11.5.

Forced swim test

A mouse was released into a 12 cm (diameter) x 28 cm (height) glass cylinder containing water (23 +
1°C) filled up to 13 cm. Mouse behavior was recorded for 6 min using a webcam, and the last 4 min
was used for analysis. The amount of time the mouse exhibited immobility was calculated by sub-
tracting the amount of time the mouse exhibited movements except for those necessary for balancing

the body and keeping the head out of the water from the 4-min test duration (Cryan et al., 2002).

Histology



Mice were anesthetized by injecting 2% avertin and perfused transcardially with 20 ml phosphate-
buffered saline (PBS), followed by 20 ml ice-cold 4% paraformaldehyde (Sigma Aldrich) in PBS. The
brain was dissected out and cryoprotected in 30% sucrose for 48 hours at 4°C. Then, the brain was
frozen in optimum cutting temperature compound (Scigen) and stored at -80°C. Brain sections were
cut to 30 um in thickness using a cryostat (CM3050 S, Leica).

For detecting cFos expression following activation of hM3Dq in LS astrocytes or social defeat stress,
a mouse was injected intraperitoneally with CNO (3 mg/kg) or exposed to a pre-screened CD1 ag-

gressor and then perfused with 4% paraformaldehyde. The rest procedures are described above.

Immunohistochemistry

Sections were incubated in blocking solution (5% normal donkey serum in PBS containing 0.3% Tri-
ton X-100, NDST) for one hour at room temperature and then treated with primary antibodies diluted
in 1% NDST at 4°C overnight. The following day, the sections were rinsed with 0.3% Triton X-100 in
PBS three times for 5 min each and subsequently incubated with secondary antibodies diluted in 1%
NDST for two hours at room temperature. The primary antibodies are rabbit anti-GFAP (1:500,
70334, DAKO), rabbit anti-cFos (1:300, 2250, Cell signaling), mouse anti-NeuN (1:500, MAB377,
Millipore), and chicken anti-NeuN (1:500, ABN91, Millipore). The secondary antibodies are Alexa
Fluor 488 donkey anti-rabbit (1:500, A21206, Life tech.), Alexa Fluor 647 donkey anti-rabbit (1:500,
A31573, Life tech.), Alexa Flour 488 donkey anti-mouse (1:500, A21202, Life tech.), and Alexa Flour
649 donkey anti-chicken (1:500, A11057, Jackson ImmunoResearch). Lastly, DAPI (1:1000, D9542,

Sigma-Aldrich) was used for nuclei staining.
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Image quantification

Fluorescent images were acquired using the slide scanner (Axio Scan Z1, Carl Zeiss) and confocal
microscope (LSM 700, LSM 800, Carl Zeiss). The mean intensity of GFAP immunoreactivities in the
LS were measured using ZEN 2 (Carl Zeiss) and ImageJ. The number of cFos™ and NeuN" cells in
five sequential segments of the LS along the anterior to posterior axis was analyzed using ImageJ. For
three-dimensional (3D) reconstructions, serial confocal images of GFAP sections were analyzed with

Imaris software (Bitplane).

Statistical analysis

Data are expressed as mean = S.E.M (n = number of animals or samples). Data from behavioral ex-
periments were evaluated statistically using the Mann-Whitney U test and repeated measure one- or
two-way ANOVA with Bonferroni post hoc corrections. Histological data were analyzed using two-
tailed t-tests. Statistical analyses were performed using Microsoft Excel or Prism (GraphPad). P <0.05

was considered to be significant.
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III. RESULTS

3.1 Chronic social defeat stress increases astrocytic activity in the lateral septum.

Chronic social defeat stress (CSDS) is a well-established mouse model which causes robust

and long-lasting behavioral phenotypes related to social avoidance, depression, and anxiety in male

mice (Berton et al., 2006; Golden et al., 2011; Kudryavtseva et al., 1991; Rygula et al., 2006). To val-

idate behavioral symptoms in this model, mice were subjected to social defeat stress for 10 consecu-

tive days and underwent behavior assays including social interaction (SI) test, forced swim (FS) test,

open field (OF) test, and elevated plus maze (EPM) test (Fig. 1A). As previously reported, defeated

mice showed decreased time in the interaction zone during the target session in the SI test compared

to control mice (Fig. 1B, C). In the FS test, CSDS caused increased immobility time in mice (Fig. 1D).

In addition, defeated mice spent significantly less time in the center area of the OF (Fig. 1E) and the

open arms of the EPM (Fig. 1F) than control mice. Thus, CSDS results in depression- and anxiety-

like behaviors in mice.

To assess whether astrocytes are involved in depressive- and anxiety-like behaviors induced

by CSDS, we examined the expression of astrocyte-specific activity marker, glial fibrillary acidic pro-

tein (GFAP) in the entire mouse brain after CSDS (Fig. 2A). The time-course analysis revealed that

GFAP expression is unchanged after 1 day of CSDS (D11), but significantly increased at 7 days post-

CSDS (D17) in the lateral septum (LS) area of the defeated mice (Fig. 2B, C, D, E). Histological

quantification performed at D38 further revealed that the increase of GFAP expression induced by

CSDS was observed even on the 28 days post-CSDS, a period during which defeat-induced social

avoidance is maintained (Fig. 2F, G).
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Astrocytes are morphologically complex cells that have a soma, several major branches, and
numerous fine processes that contact diverse cellular elements (Haim and Rowitch, 2016; Schiweck
et al., 2018). Moreover, astrocytes are known to alter their morphology during development or physi-
ological conditions (Sun et al., 2017; Naskar and Chattarji, 2019). Thus, morphological analysis of
astrocytes is necessary to understand astrocyte function. To further investigate morphometric changes
caused by CSDS in the LS, we performed a Sholl analysis of individually 3D-reconstructed astrocytes
using Imaris analysis software (Fig. 2H). After CSDS, astrocytes in the LS of the defeated mice
showed an increase in number and total length of astrocytic processes, without altered mean dendrite
length (Fig. 21, J, K). The number of dendritic intersections occurring at a circle starting from the cen-
ter of the soma with a 1 um increase in radius was also increased in the defeated group (Fig. 2L). To-
gether, these results suggest that astrocytes in the LS are activated by CSDS, displaying features of

reactive astrocytes indicated by increased GFAP expression and morphological complexity.
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Figure 1. Chronic social defeat stress causes depressive- and anxiety-like behaviors in mice.

(A) Schematic representation of CSDS procedure and timeline of behavioral tests. (B) Heat maps in-

dicating time spent in the chamber of social interaction test for example control and defeated mice.

(C) Time spent in the interaction zone during the target session of SI test (Mann-Whitney test,

p=0.0004; control n=13, defeated n=15). (D) Immobility time in FS test (Mann-Whitney test,

p=0.0360; control n=8, defeated n=9). (E) Time spent in the center zone of OF test (Mann-Whitney

test, p=0.0016; control n=8, defeated n=9). (F) Time spent in the open arms of EPM test (Mann-

Whitney test, p=0.0016; control n=8, defeated n=9). Data are represented as mean + S.E.M. *p < 0.05,

##p < 0.01, ***p < 0.001.
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Figure 2. Chronic social defeat stress induces delayed molecular and morphological changes of

astrocytes in the lateral septum.

(A) Schematic of experimental timeline. (B) Quantification of GFAP intensity in the LS on D11 (Un-

paired t test, p=0.3139; control n=7, defeated n=6). (C) Representative images of GFAP expression in

the LS of control (left) or defeated (right) mice on D11. Scale bars: 50 pm. (D) Quantification of

GFAP intensity in the LS on D17 (Unpaired t test, p=0.0107; control n=7, defeated n=7). (E) Repre-

sentative images of GFAP expression in the LS of control (left) or defeated (right) mice on D17. Scale

bars: 50 um. (F) Quantification of GFAP intensity in the LS on D38 (Unpaired t test, p=0.0049; con-

trol n=7, defeated n=7). (G) Representative images of GFAP expression in the LS of control (left) or

defeated (right) mice on D38. Scale bars: 50 um. (H) Representative images of GFAP-stained astro-

cytes (up) and 3D-rendered astrocytes using Imaris (down) in the LS of control (left) or defeated

(right) mice on D38. Scale bars: 8 um. (I) Average length of dendrites from astrocytes in the LS (Un-

paired t test, p=0.1159; 15 cells from 5 mice from each group). (J) Total dendrite length of astrocytes

in the LS (Unpaired t test, p=0.0011; 15 cells from 5 mice from each group). (K) The number of den-

drite terminals of astrocytes in the LS (Unpaired t test, p=0.0017; 15 cells from 5 mice from each

group). (L) The number of intersections of astrocytes in the LS by Sholl analysis (Unpaired t test,

p=0.0149; 15 cells from 5 mice from each group). Data are represented as mean + S.E.M. *p < 0.05,

**p < 0.01, ***p < 0.001; n.s., not significant.
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3.2 Gq pathway activation in LS astrocytes is sufficient to modulate astrocytic and neuronal

activity.

If heightened activity of astrocytes is a characteristic of CSDS-induced changes in the LS,

we hypothesized that artificially increasing the activity of LS astrocytes could mimic molecular and

behavioral changes evoked by CSDS. To achieve this, we employed Gg-coupled human Gg-coupled

M3 muscarinic receptor (hM3Dq) to activate LS astrocytes with its agonist clozapine-N-oxide (CNO)

since endogenous Gqg-coupled GPCRs are primarily involved in the astrocytic calcium signaling and

astrocyte-neuron interaction (Agulhon et al., 2008; Araque et al., 2014; Guerra-Gomes et al., 2018).

To validate the efficacy of chemogenetic activation of the astrocytes in vivo, an adeno-associated vi-

rus serotype 5 (AAVS) vector encoding hM3Dq fused to mCherry under the control of the astrocytic

hgfaABC1D promoter (AAV5-hgfaABC1D-hM3Dg-mCherry) was delivered to the LS region (Fig.

3A). The hgfaABC1D promoter, a compact GFAP promoter, was used in this study since it showed

high transduction efficiency in the previous study (Griffin et al., 2019). Co-staining with the astrocyt-

ic marker GFAP and the neuronal marker NeuN showed that the virus expression was found exclu-

sively in astrocytes (> 95% of the GFAP cells expressed hM3Dq), but not in neurons (Fig. 3B).

To verify that hM3Dq activates astrocytes upon CNO application, CNO (3 mg/kg) or saline

was administered intraperitoneally to the mice and the brains were collected for histological analysis

90 min after drug injection (Fig. 3A). CNO increased the GFAP expression in LS astrocytes of com-

pared with saline-injected controls (Fig. 4A, B). Moreover, hM3Dq activation with CNO also in-

creased the number of cFos-positive neurons in the LS (Fig. 4C, D). These data suggest that Gq

pathway activation in astrocytes increases astrocytic activity and nearby neuronal activity in the LS.
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Figure 3. hM3Dq is specifically expressed in LS astrocytes by hgfaABC1D promoter.

(A) Schematic diagram of virus injection in the LS and experimental timeline. (B) (up) Representative
immunohistochemistry images of hM3Dq (red) and GFAP (green) expression in the LS and Quantifi-
cation of GFAP-positive cells out of hM3Dqg-positive cells (n=15 slices from 5 mice, 474 cells). Colo-
calized hM3Dq and GFAP indicated by white arrows. Scale bars: 50 pm. (down) Representative im-
munohistochemistry images of hM3Dq (red) and NeuN (green) expression in the LS and Quantifica-
tion of NeuN-positive cells out of hM3Dg-positive cells (n=15 slices from 5 mice, 474 cells). No col-

ocalization with NeuN. Data are represented as mean + S.E.M.
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Figure 4. Chemogenetic Gq activation of LS astrocytes can induce molecular changes in both
neurons and astrocytes.

(A) Representative immunohistochemistry images of hM3Dq (red) and GFAP (green) expression in
the LS from mice treated with saline (up) or CNO (down). Scale bars: 100 pum. (B) (left) Quantifica-
tion of GFAP-positive area in the LS from mice treated with saline or CNO (Two-way ANOVA with
Bonferroni test, p=0.0087 (0.86), p=0.0078 (0.46), p=0.0136 (0.06), p=0.0081 (-0.34); saline n=5,
CNO n=5). (right) Quantification of average GFAP intensity in the LS from mice treated with saline
or CNO (Unpaired t test, p=0.0068; saline n=5, CNO n=5). (C) Representative immunohistochemistry
images of cFos (green) colocalization with NeuN (green) in the LS from hM3Dg-expressing mice
treated with saline (up) or CNO (down). (D) The number of cFos-positive neurons in the LS from
hM3Dg-expressing mice treated with saline or CNO (Two-way ANOVA with Bonferroni test,
p=0.0596 (0.86), p=0.0003 (0.46), p<0.0001 (0.06), p=0.0072 (-0.34); saline n=5, CNO n=5). Data
are represented as mean £ S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n.s., not sig-

nificant.
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3.3 Gq pathway activation in LS astrocytes is not sufficient to induce behavioral changes in

stress-naive mice.

Next, we investigated whether astrocytic activation itself can induce behavioral phenotypes

seen in the CSDS model in naive mice. To test this, the viral vectors expressing hM3Dq or EGFP in

astrocytes (AAVS5-hgfaABC1D-hM3Dg-mCherry or AAV5-hgfaABC1D-EGFP) were injected into

the LS. After four weeks of viral incubation, the mice were i.p. injected with CNO (3 mg/kg) 30 min

before behavior assays, and depression- and anxiety-related behaviors were assessed using SI, FS, OF,

and EPM tests (Fig. 5A). However, there were no differences in behaviors between hM3Dq and

EGFP-expressing mice (Fig. 5B, C, D, E). Additionally, we also examined whether chronic activation

of LS astrocytes for 10 days, similar to the CSDS period, could affect behaviors (Fig. 5F). Like acute

activation, chronic activation of LS astrocytes also did not make alterations in the assessed behaviors

(Fig. 5G, H, L, J). Thus, neither acute nor chronic activation of LS astrocytes is sufficient to affect be-

haviors in stress-naive mice.
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Figure 5. Acute or chronic Gq activation of LS astrocytes is insufficient for evoking depressive-

and anxiety-like behaviors in stress-naive mice.

(A) Schematic diagram of virus injection in the LS and experimental timeline of acute Gq activation.

(B) Time spent in the interaction zone during the target session of SI test (Mann-Whitney test,

p=0.0845; control n=10, defeated n=11). (C) Immobility time in FS test (Mann-Whitney test,

p=0.2331; control n=9, defeated n=10). (D) Time spent in the center zone of OF test (Mann-Whitney

test, p=0.1655; control n=10, defeated n=10). (E) Time spent in the open arms of EPM test (Mann-

Whitney test, p=0.5516; control n=9, defeated n=11). (F) Schematic diagram of virus injection in the

LS and experimental timeline of chronic Gq activation. (G) Time spent in the interaction zone during

the target session of SI test (Mann-Whitney test, p=0.3823; control n=8, defeated n=8). (H) Immobili-

ty time in FS test (Mann-Whitney test, p=0.1086; control n=8, defeated n=8). (I) Time spent in the

center zone of OF test (Mann-Whitney test, p=0.4418; control n=8, defeated n=8). (J) Time spent in

the open arms of EPM test (Mann-Whitney test, p=0.2345; control n=8, defeated n=8). Data are rep-

resented as mean £+ S.E.M. n.s., not significant.
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3.4 Activation of LS astrocytes promotes stress-evoked behaviors under subthreshold social de-

feat stress.

Since activation of LS astrocytes alone was not sufficient to induce behavioral changes in

stress-naive mice, we aimed to examine whether increasing astrocytic activity in the LS through Gq

activation could promote stress-evoked behaviors under subthreshold stress. To this end, we adopted

subthreshold social defeat stress (SSDS) paradigm which has been used to investigate mechanisms

mediating stress susceptibility (Chaudhury et al., 2012, Shen et al., 2019). In this paradigm, mice re-

ceive physical attack for 10 min followed by 10 min sensory contact and 5 min of rest in home cage,

which is repeated two times (Fig. 6A). We injected an AAV expressing hgfaABC1D promoter-driven

hM3Dq or mCherry (AAV5-hgfaABC1D-hM3Dg-mCherry or AAV5-hgfaABC1D-mCherry) into the

LS and stimulated astrocytic activation in this region during the SSDS paradigm four weeks after sur-

gery. Mice were then subjected to behavioral assays after CNO (3 mg/kg) injection (Fig. 6A). Under

SSDS paradigm, mCherry-expressing mice did not exhibit social avoidance in the SI test (Fig. 6B).

Notably, the hM3Dq group dramatically spent less time in the interaction zone during the target ses-

sion (Fig. 6B) and showed increased immobility time in the FS test (Fig. 6C) than mCherry group.

Moreover, astrocyte activation with SSDS increased anxiety-like behaviors in the OF and the EPM

tests (Fig. 6D, E). To specifically determine the causal effect of astrocytic activation in modulating

behaviors, we activated LS astrocytes only during SSDS and measured behaviors without CNO injec-

tion (Fig. 6F). Mice treated with CNO only in the SSDS paradigm showed no behavioral changes in

all tests performed (Fig. 6G, H, I, J). These results imply that continuous Gq activation of LS astro-

cytes promotes stress-evoked depressive- and anxiety-like behaviors following SSDS.
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To further examine the effect of SSDS on the LS when astrocytic Gq pathway is activated,

we conducted a cFos induction test as the expression of cFos can serve as an indicator of cellular re-

sponses induced by psychomotor stimulants. First, mice were bilaterally injected with AAVS-

hgfaABC1D-hM3Dg-mCherry or AAV5-hgfaABC1D-mCherry to the LS. Four weeks later, CNO (3

mg/kg) was administered intraperitoneally, and brains were collected 120 min later. For 120 min, the

control group stayed in their home cage, whereas the SSDS group underwent SSDS for 50 min, 20

min after CNO injection, and rested in home cage for the remaining 50 min (Fig. 7A). The staining

for cFos revealed that SSDS combined with astrocytic Gq activation dramatically increased cFos ex-

pression levels in the LS, compared to the effect of SSDS alone or astrocytic Gq activation alone (Fig.

7B, C). Additionally, co-staining with the neuronal marker NeuN showed that SSDS affected only

neuronal activity, while SSDS under Gq activation in LS astrocytes induced increased activity not

only in neurons but also in astrocytes (Fig. 7D, E, F, G). Therefore, subthreshold stress can sensitize

LS neurons, and this effect can be augmented by activating astrocytic Gq pathway in the LS.
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Figure 6. Gq activation of LS astrocytes can elicit depressive- and anxiety-like behaviors in mice

exposed to subthreshold social defeat stress.

(A) Schematic diagram of virus injection in the LS and experimental timeline of subthreshold social

defeat stress. (B) Time spent in the interaction zone during the target session of SI test (Two-way

ANOVA with Bonferroni test, no target: p>0.9999 or target: p<0.0001, mCherry: p>0.9999 or

hM3Dq: p=0.0024; mCherry n=7, hM3Dq n=9). (C) Immobility time in FS test (Mann-Whitney test,

p=0.0205; mCherry n=8, hM3Dq n=10). (D) Time spent in the center zone of OF test (Mann-Whitney

test, p=0.0409; mCherry n=8, hM3Dq n=11). (E) Time spent in the open arms of EPM test (Mann-

Whitney test, p=0.0031; mCherry n=8, hM3Dq n=10). (F) Schematic diagram of virus injection in the

LS and experimental timeline. (G) Time spent in the interaction zone during the target session of SI

test (Two-way ANOVA with Bonferroni test, no target: p>0.9999 or target: p>0.9999, mCherry:

p>0.9999 or hM3Dq: p>0.9999; mCherry n=9, hM3Dq n=7). (H) Immobility time in FS test (Mann-

Whitney test, p=0.9626; mCherry n=9, hM3Dq n=8). (I) Time spent in the center zone of OF test

(Mann-Whitney test, p=0.0927; mCherry n=9, hM3Dq n=8). (J) Time spent in the open arms of EPM

test (Mann-Whitney test, p=0.3282; mCherry n=8, hM3Dq n=8). Data are represented as mean +

S.E.M. *p <0.05, **p <0.01, ***p < 0.001, ****p <0.0001; n.s., not significant.
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Figure 7. Gq activation of LS astrocytes can affect cell activity in the LS when combined with

SSDS.

(A) Schematic diagram of virus injection in the LS and experimental timeline of cFos induction test in

control group (up) and SSDS group (down). (B) Representative confocal images of cFos expression in

the LS from mCherry- or hM3Dqg-expressing mice exposed to SSDS or not. Scale bars: 50 um. (C)

Quantification of cFos-positive cells out of DAPI-stained cells (Two-way ANOVA with Bonferroni

test, control: p=0.8201 or SSDS: p=0.0033, mCherry: p>0.9999 or hM3Dq: p=0.0145; n=5 for all

groups). (D) (up) Representative immunohistochemistry images of cFos (green) colocalization with

NeuN (Red) in the LS from mCherry-expressing mice. (down) Representative immunohistochemistry

images of cFos (green) colocalization with mCherry (Red) in the LS from mCherry-expressing mice.

Scale bars: 50 um. (E) (up) Representative immunohistochemistry images of cFos (green) colocaliza-

tion with NeuN (Red) in the LS from hM3Dg-expressing mice. Colocalized cFos and NeuN indicated

by white arrows. (down) Representative immunohistochemistry images of cFos (green) colocalization

with hM3Dq (Red) in the LS from hM3Dg-expressing mice. Colocalized cFos and hM3Dq indicated

by white arrows. Scale bars: 50 um. (F) (up) Representative immunohistochemistry images of cFos

(green) colocalization with NeuN (Red) in the LS from mCherry-expressing mice exposed to SSDS.

Colocalized cFos and NeuN indicated by white arrows. (down) Representative immunohistochemistry

images of cFos (green) colocalization with mCherry (Red) in the LS from mCherry-expressing mice

exposed to SSDS. No colocalization with mCherry. Scale bars: 50 pm. (G) (up) Representative im-

munohistochemistry images of cFos (green) colocalization with NeuN (Red) in the LS from hM3Dgq-

expressing mice exposed to SSDS. Colocalized cFos and NeuN indicated by white arrows. (down)
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Representative immunohistochemistry images of cFos (green) colocalization with hM3Dq (Red) in

the LS from hM3Dg-expressing mice exposed to SSDS. Colocalized cFos and hM3Dq indicated by

white arrows. Scale bars: 50 pm. Data are represented as mean = S.E.M. *p < 0.05, **p < 0.01.
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3.5 Calcium signaling in astrocytes is required for neural activity induced by social defeat stress
in the LS.

If increasing calcium signaling in LS astrocytes by Gq pathway activation can promote
stress-evoked behaviors under subthreshold stress, we hypothesized that artificially decreasing calci-
um signaling in LS astrocytes could contribute to those behaviors oppositely. Previous studies have
shown that human plasma membrane Ca*" ATPase isoform type 2 with the w/b splice variant (hPM-
CA2w/b) significantly reduced calcium signals by extruding cytosolic calcium into extracellular
space and was sufficient to induce behavioral changes in mice when expressed in astrocytes (Yu et al.,
2018, Erickson et al., 2020). We first delivered viral vectors expressing hPMCA2w/b or mCherry
with an astrocyte-specific hgfaABC1D promoter (AAV5-hgfaABC1D-mCherry-hPMCA2w/b or
AAVS5-hgfaABC1D-mCherry) in the LS (Fig. 8A). Histological analysis showed that more than 90%
of mCherry-expressing cells and hPMCA2w/b-expressing cells were colocalized with an astrocyte
marker GFAP and rarely merged with a neuronal marker NeuN (Fig. 8B, C).

Next, we aimed to demonstrate whether hPMCA2w/b expression in LS astrocytes could
suppress astrocytic activity effectively. As acute social defeat stress (SDS) has been reported to in-
duce an increase of cell activity indicated by altered cFos levels in stress-related brain regions includ-
ing the LS (Matsuda et al., 1996, Numa et al., 2019), we examined if decreasing astrocytic calcium
signaling in the LS could prevent the activity increase induced by SDS. Mice expressing hPM-
CA2w/b or mCherry in LS astrocytes were exposed to 10 min of social defeat stress and then had
sensory contact time with the aggressor for 90 min. Brains were collected immediately after sensory

contact is over and stained for the immediate early gene cFos in the LS and other depression-related
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brain regions (Fig. 8A). For control groups, the mice expressing hPMCA2w/b or mCherry were re-
mained in their home cages for 100 min and perfused in the same way. As previously reported, acute
SDS significantly increased cFos expression in the LS when comparing the defeated mCherry group
with the control mCherry group (Fig. 9A, B). Most cFos-positive cells were found to be overlapped
with a neuronal marker NeuN (Fig. 9C). Importantly, inhibiting astrocytic calcium signaling by
hPMCA2w/b significantly reduced the number of cFos-positive cells in the LS (Fig. 9A, B). This re-
duction was caused by astrocyte-specific expression of hPMCA2w/b in the LS since there was no
alteration of cFos expression in other brain regions, such as ventral LS (VLS), cingulate cortex (Cg),
infralimbic cortex (IL), and prelimbic cortex (PrL) (Fig. 9D). Taken together, these results suggest

that reducing astrocytic calcium signals can block SDS-induced neuronal activity in the LS.
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Figure 8. hPMCA2w/b is specifically expressed in LS astrocytes by hgfaABC1D promoter.

(A) Schematic diagram of virus injection in the LS and experimental timeline of acute social defeat
stress. (B) (up) Representative immunohistochemistry images of mCherry (red) and GFAP (green)
expression in the LS and Quantification of GFAP-positive cells out of mCherry-positive cells (n=15
slices from 5 mice, 466 cells). Colocalized mCherry and GFAP indicated by white arrows. Scale bars:
50 pm. (down) Representative immunohistochemistry images of mCherry (red) and NeuN (green)
expression in the LS and Quantification of NeuN-positive cells out of mCherry-positive cells (n=15
slices from 5 mice, 466 cells). No colocalization with NeuN. (C) (up) Representative immunohisto-
chemistry images of hPMCA2w/b (red) and GFAP (green) expression in the LS and Quantification of
GFAP-positive cells out of hPMCA2w/b-positive cells (n=15 slices from 5 mice, 443 cells). Colocal-
ized hPMCA2w/b and GFAP indicated by white arrows. Scale bars: 50 um. (down) Representative
immunohistochemistry images of hPMCA2w/b (red) and NeuN (green) expression in the LS and
Quantification of NeuN-positive cells out of hPMCA2w/b-positive cells (n=15 slices from 5 mice,

443 cells). No colocalization with NeuN. Data are represented as mean = S.E.M.
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Figure 9. Reducing calcium signaling of astrocytes in the LS can block neuronal activity evoked

by acute social defeat stress.

(A) Representative confocal images of cFos expression in the LS from mCherry- or hPMCA2w/b-

expressing mice exposed to acute social defeat stress or not. Scale bars: 50 um. (B) Quantification of

cFos-positive cells out of DAPI-stained cells (Two-way ANOVA with Bonferroni test, control:

p>0.9999 or defeated: p=0.0307, mCherry: p=0.0015 or hPMCA2w/b: p>0.9999; n=5 for all groups).

(C) (up) Representative immunohistochemistry images of cFos (green) colocalization with NeuN

(Red) in the LS from defeated mCherry-expressing mice. Colocalized cFos and NeuN indicated by

white arrows. Scale bars: 50 pm. (down) Representative immunohistochemistry images of cFos

(green) colocalization with mCherry (Red) in the LS from defeated mCherry-expressing mice. No

colocalization with mCherry. (D) Representative confocal images of cFos expression in the vLS, Cg,

IL, and PrL from mCherry- or hPMCA2w/b-expressing mice exposed to acute social defeat stress.

Scale bars: 50 um. Data are represented as mean + S.E.M. *p < 0.05, **p < 0.01.
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3.6 LS astrocytic calcium signaling is necessary for depressive-like behaviors induced by CSDS.

We next addressed whether CSDS-induced depressive- and anxiety-like behaviors could be

reversed by suppressing calcium signaling of LS astrocytes. Four weeks after viral injection, depres-

sion- and anxiety-related behaviors were measured in both hPMCA2w/b- and mCherry-expressing

mice after exposure to CSDS or not (Fig. 10A). CSDS-exposed mice receiving the mCherry virus

exhibited typical depressive-like phenotypes with increased social avoidance and immobility time in

FS (Fig. 10B, C). Interestingly, defeated mice expressing hPMCA2w/b showed an increase in the so-

cial interaction, as well as an improvement in the FS test compared to defeated mCherry-expressing

mice (Fig. 10B, C). However, CSDS-induced anxiety-related behaviors were not affected by hPM-

CA2w/b expression in LS astrocytes (Fig. 10D, E). In the non-defeated control group, both hPM-

CA2w/b- and mCherry-expressing mice exhibited similar behaviors in SI, FS, OF, and EPM tests (Fig.

10B, C, D, E). These data indicate that calcium signaling in LS astrocytes is necessary for depression-

related behaviors evoked by CSDS, but not for anxiety-like behaviors.
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Figure 10. Astrocytes in the LS are necessary for CDSD-elicited depressive-like behaviors, but

not anxiety-like behaviors.

(A) Schematic diagram of virus injection in the LS and experimental timeline. (B) Time spent in the

interaction zone during the target session of SI test (Two-way ANOVA with Bonferroni test, control:

p>0.9999 or defeated: p=0.0431, mCherry: p=0.0023 or hPMCA2w/b: p=0.4734; control mCherry

n=8, control hPMCA2w/b n=8, defeated mCherry n=10, defeated hPMCA2w/b n=9). (C) Immobility

time in FS test (Two-way ANOVA with Bonferroni test, control: p>0.9999 or defeated: p=0.0207,

mCherry: p=0.0309 or hPMCA2w/b: p>0.9999; control mCherry n=8, control hPMCA2w/b n=8, de-

feated mCherry n=11, defeated hPMCA2w/b n=9). (D) Time spent in the center zone of OF test (Two-

way ANOVA with Bonferroni test, control: p>0.9999 or defeated: p>0.9999, mCherry: p=0.3862 or

hPMCA2w/b: p=0.5225; control mCherry n=8, control hPMCA2w/b n=8, defeated mCherry n=9, de-

feated hPMCA2w/b n=9). (E) Time spent in the open arms of EPM test (Two-way ANOVA with Bon-

ferroni test, control: p=0.2158 or defeated: p>0.9999, mCherry: p=0.5143 or hPMCA2w/b: p=0.0020;

control mCherry n=7, control hPMCA2w/b n=7, defeated mCherry n=9, defeated hPMCA2w/b n=9).

Data are represented as mean + S.E.M. *p < 0.05, **p < 0.01; n.s., not significant.
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IV. DISCUSSION

In the present study, we provide several lines of evidence supporting the contribution of LS

astrocytes in regulating depressive- and anxiety-like behaviors evoked by social defeat stress. After

CSDS, astrocytes in the LS were activated in a delayed manner. We found that features altered in LS

astrocytes by CSDS were related to reactive astrocytes seen in many neurological disorders, such as

neurotrauma, ischemic stroke, and neurodegenerative disease. Reactive astrocytes show upregulation

of GFAP, widely used as a marker of reactive astrocytes, and hypertrophy on a morphological level

(Hol and Pekny, 2015; Shigetomi et al., 2019). Our results confirmed that GFAP expression and cell

complexity were increased in LS astrocytes of defeated mice. However, the underlying molecular

mechanisms of delayed changes of LS astrocytes by CSDS are still elusive.

Since reactive astrocytes are known to release different gliotransmitters compared to non-

reactive astrocytes, they can affect nearby neuronal activity, and even neural circuits and behaviors.

For example, the brain ATP level was decreased in the mice that were susceptible to CSDS, and ATP

from astrocytes is sufficient and necessary for depressive-like behaviors (Cao et al., 2013). In addition,

astrocytic potassium channel Kir4.1 and extracellular glutamate uptake in the lateral habenula (LHb)

play critical roles in modulating the degree of LHb neuronal bursting and depression-like symptoms

(Cui et al., 2014; Cui et al., 2018). Lastly, the reduction of multiple endocrine neoplasia type 1

(Menl) in astrocytes enhanced inflammatory responses (NF-kB activation and IL-1B production)

leading to depressive-like behaviors in mice (Leng et al., 2018). These studies suggest that astrocytes

have various potential roles in depressive disorder, but studies on the role of astrocytes in depression

have been conducted in only a few brain areas despite the heterogeneity of region-specific astrocytic
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functions.

In this study, we focused on the lateral septum (LS), a brain region connected with many

other areas related to depression including the hippocampus, medial prefrontal cortex (mPFC), ventral

tegmental area (VTA), and nucleus accumbens (NAc) (Sheehan et al., 2004). The LS has previously

been implicated in the regulation of mood and stress responses (Anthony et al., 2014; Parfitt et al.,

2017; Sheehan et al., 2004). For example, oxytocin receptor-expressing LS neurons reduced a

fear-conditioned response following social defeat stress and blocking GLP-1R signaling in the LS

attenuated stress-induced suppression of feeding (Guzman et al., 2013; Terrill et al., 2018). In addi-

tion, somatostatin-expressing interneurons in the dorsolateral LS respond to foot-shock stress and

regulate conditional fear responses, indicating a role of LS neurons in fear responses to external

threats (Besnard et al., 2019). Importantly, LS neurons are also involved in depressive-like behaviors

(Sheehan et al., 2004). Metabolic activity of the LS was correlated with the helplessness behavior in-

duced by foot-shock, and serotonin (5-HT) signaling of the LS modulates depression-like behavior in

rats (Ebner et al., 2007, Mirrione et al., 2014, Singewald et al., 2010). Collectively, previous studies

suggest that astrocytes in the LS region can be involved in modulating stress-induced depressive- and

anxiety-like behaviors.

Based on previous studies shown the ability of Gg-coupled receptor hM3Dq inducing eleva-

tion of calcium signaling in astrocytes, we chose to express hM3Dq in LS astrocytes to activate astro-

cytes (Adamsky et al., 2018; Agulhon et al., 2008; Araque et al., 2014). When calcium signaling is

increased by Gq pathway activation in astrocytes, they display an excitable form and play active roles

in brain information processing (Agulhon et al., 2008; Guerra-Gomes et al., 2018). Our chemogenetic
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manipulation of LS astrocytes demonstrates that DREADD-mediated activation of astrocytic calcium

signaling in the LS was not sufficient to alter behavioral responses in stress-naive mice, even though

it increased astrocytic activity and nearby neuronal activity on a cellular level. Since the LS partici-

pates in regulating behavioral responses to deal with environmental demands effectively, manipulat-

ing LS astrocytes in naive mice may have no effect on basic behaviors (Sheehan et al., 2004). Notably,

this manipulation promoted stress-evoked behaviors including social avoidance, depressive- and anx-

iety-like behaviors following SSDS. A recent study shows that GABAergic neurons in the LS can

modulate depression-related behaviors through neuronal projections to the periaqueductal gray (PAG)

(Wang et al., 2021). It has been shown that chemogenetic inhibition of GABAergic neurons in the LS

rescues depressive phenotypes of the chronic unpredictable stress (CUS) model. Since we observed

that the SSDS paradigm can induce neuronal activity in the LS and chemogenetic activation of LS

astrocytes can increase additional neural and astrocytic activity when SSDS is added, further studies

can be conducted by regulating neighboring LS neurons which are affected by astrocytic manipula-

tion.

To decrease astrocytic activity in the LS, hPMCA2w/b was used to manipulate calcium sig-

naling in LS astrocytes. In the previous study, hPMCA2w/b was used because it has a high pump rate,

lacks cytosolic interaction domains, and effectively reduced ATP-evoked calcium signals over 95% in

HEK293 cells (Yu et al., 2018). Our result shows that hPMCA2w/b-mediated inhibition of LS astro-

cytes blocked neural activity increased by acute SDS and reversed depression-related behaviors after

CSDS. However, anxiety-like behaviors were not affected by hPMCA2w/b expression. We assumed

that the constitutive function of hPMCA2w/b extruding cytosolic calcium might act differently from
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the time-restricted activation of Gq pathway by CNO. In addition, the number of hPMCA2w/b-

infected astrocytes or the reduced level of calcium signaling in LS astrocytes might not be sufficient

to induce rescued anxiety-like behaviors. This is because the previous study showed that the magni-

tude of striatal astrocyte calcium signaling attenuation produced by hPMCA2w/b was smaller than

that observed with IP3R2 deletion mice. Although hPMCA2w/b did not affect astrocyte properties, it

also did not induce striatal fast synaptic transmission (Yu et al., 2018).

Furthermore, the role of the LS in controlling anxiety is inconsistent. Septal lesions, includ-

ing both medial and lateral parts, caused the “septal rage” phenotype, characterized by dramatically

increased defensive responses to nonthreatening stimuli, suggesting an anxiolytic function of the LS

(Brady and Nauta, 1955). Likewise, midazolam infusions into the lateral septal nuclei increased open-

arm exploration in the elevated plus-maze test, whereas midazolam infusions into the medial septum

did not produce an anxiolytic effect (Pesold and Treit, 1996). On the contrary, other studies demon-

strated an anxiogenic role of the LS with decreased anxiety-related behaviors when the LS is inacti-

vated. When the selective corticotropin-releasing factor 2 (CRF2) agonist urocortin 2 was infused into

the LS, anxiety-related behaviors are increased (Radulovic et al., 1999; Henry, 2006). Even lower

doses were sufficient to increase anxiety-related behaviors in the high-stress condition (Henry, 2006).

A recent study implied the anxiolytic function of the LS again, by selectively manipulating individual

cell populations projecting to the LS (Parfitt et al., 2017). It suggests that anxiety-reducing function

was observed in neural projections from the ventral hippocampus to the LS in a bidirectional manner.

Therefore, further research about anxiety-like behaviors induced by LS manipulation is needed.

In conclusion, we identified changes in LS astrocytes induced by CSDS and revealed the
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contribution of LS astrocytes in regulating stress-evoked behaviors. By manipulating astrocytic calci-

um signaling in the LS, we demonstrated that activating LS astrocytes enhanced depressive- and anx-

iety-like behaviors after subthreshold stress and inhibiting LS astrocytes has an antidepressant effect

on chronic stress. Although further investigations are needed to elucidate how LS astrocytes are acti-

vated by chronic stress and how reactive astrocytes affect neuronal circuits, these findings expand the

limited role of LS astrocytes in stress-related behaviors and provide a novel therapeutic target for

treating depression.
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