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ARTICLE INFO ABSTRACT

Handling Editor: Dr. John Cryan Astrocytes play significant roles in regulating the central stress response. Chronic stress impairs the structure and
function of astrocytes in many brain regions such as media prefrontal cortex (mPFC) in multiple neuropsychiatric
conditions, but the astrocytic dynamics on the timescale of behavior remains unclear. Here, we recorded mPFC
astrocytic activity in freely behaving mice and found that astrocytes are activated immediately by different
aversive stimuli. Astrocyte specific GCaMP6s calcium indicator were virally expressed in mPFC astrocytes and
fiber photometry experiments revealed that astrocytes are activated by tail-restraint (TRT), foot shock (FS), open
arm exploration, stressor of height, predator odor and social defeat (SD) stress. AF/F analyses demonstrated that
an unpredictable stimulus such as elevated platform stress (EPS) at the initial encounter induced the most intense
and rapid changes in astrocytic calcium activity, while a predictable 2,5-dihydro-2,4,5-trimethylthiazoline
(TMT) stimulus resulted in the weakest response with a longer peak latency. In TRT, FS or SD test, a somatic
stimulus led to higher average calcium activity level and faster average peak latency in repeated trails. Similar to
TMT stimulus, astrocytic calcium activity in elevated plus maze (EPM) test exhibited a smaller average change in
amplitude and the longest peak latency during open arm exploration. Moreover, astrocytic calcium activity
exhibited different changes across behavioral states in SD tests. Our findings show that mPFC astrocytes exhibit
distinct patterns of calcium activity in response to various negative stimuli, indicating that the dynamic activity
of astrocytes may reflect the stress-related behavioral state under different stimulus conditions.
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1. Introduction

Astrocytes play multiple roles in regulating neuronal activity, syn-
aptic plasticity, blood flow and behaviors (Kofuji and Araque, 2021;
Sofroniew and Vinters, 2010; Volterra and Meldolesi, 2005). In response
to stress or pathological conditions, astrocytes would undergo molecu-
lar, morphological, and functional changes (Aten et al., 2023; Bender
et al., 2016; Cathomas et al., 2022; Murphy-Royal et al., 2019). Astro-
cytes working in coordination with neurons are emerging as key regu-
lators of animal behaviors (Barnett et al., 2023; Kofuji and Araque,
2021) and the calcium signaling is considered to be the main mode of
astrocyte communication (Bazargani and Attwell, 2016; Semyanov
et al.,, 2020). In recent years, multiple studies have shown that the
activation or attenuation of calcium signaling in astrocytes can impact
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neuronal synapse activity and complex behaviors, such as learning and
memory, decision-making, fear conditioning, dominance behavior, as
well as anxiety-like and depressive-like behaviors (Kofuji and Araque,
2021; Lu et al., 2022; Nagai et al., 2021; Noh et al., 2023; Yan and Liu,
2024). However, the dynamics and distinctions of calcium activity in
astrocytes in response to different stressors remain unclear.

The medial prefrontal cortex (mPFC) plays critical roles in emotion
processing, and its astrocytes are closely linked to stress response
(Bender et al., 2016; Cathomas et al., 2022; Murphy-Royal et al., 2019).
Modulating gene expressions in mPFC astrocytes can influence
anxiety-like or depression-like behaviors in animals (Guo et al., 2024; Lu
et al., 2022; Yao et al., 2023). For example, recent studies have shown
that astrocytic lactate dehydrogenase in dorsomedial prefrontal
(dmPFC) regulates neuronal excitability and depression-like behavior in
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mice by regulating extracellular lactate levels (Yao et al., 2023).
Knocking down the expression of N6-methyladenosine demethylase
ALKBHS5 in mPFC astrocytes can reduce the immobile time in forced
swimming and improve the depression-like behavior caused by chronic
stress in mice (Guo et al., 2024). Additionally, changes in gene expres-
sion are closely related to changes in astrocyte calcium activity. Chronic
social defeat stress in rodents impaired Ca2+ responses and subsequent
ATP (adenosine 5-triphosphate) release in the PFC (Cao et al., 2013).
Serotonin-selective reuptake inhibitor (SSRI) antidepressants increase
Ca2+ signaling in PFC astrocytes (Schipke et al., 2011). Lu et al. report
that glucocorticoid receptors in the mPFC affected astrocytic Ca2+ ac-
tivity and dynamic ATP release in response to stress (Lu et al., 2022).
These studies suggest that mPFC astrocyte activity is involved in the
regulation of stress-related disorders and the astrocytic calcium activity
may directly reflect the behavioral changes induced by stress.

To understand the response of mPFC astrocytes to acute environ-
mental stress in awake, freely behaving animals, we used fiber
photometry to measure the total fluorescence of GCaMP6s expressed in
astrocytes. Calcium imaging experiments revealed that mPFC astrocytes
are immediately activated by all aversive cues tested thus far. Further-
more, the temporal and intensity differences in calcium activity are
found in the diverse sensory stimuli. Our findings suggest that the ac-
tivity of mPFC astrocytes is sensitive to stressors, and the coping stra-
tegies employed by mice in response to different stressors result in
distinct patterns of activation. The dynamic activity changes of mPFC
astrocytes may offer new insights into understanding the astrocyte-
mediated mechanisms of stress-related disorders.

2. Materials and methods
2.1. Animals

C57BL/6J male mice (6—8 weeks, SiPeiFu, China) were used in this
study. The mice were housed 5 per cage, on a 12 h light/dark cycles
(lights on at 8:00 a.m.) with standard rodent chow and tap water
accessible ad libitum. All animal studies were approved and guided by
the Animal Care and Use Committee (LLSC20160165) of the Anhui
Medical University. All efforts were made to minimize animal suffering
as well as to reduce the number of animals used. Six C57BL/6J mice
were used for calcium imaging experiments, and male CD1(ICR) retired
breeders (8 month age, SiPeiFu, China) were used as aggressors in the
social defeat experiments.

2.2. Stereotaxic surgery

Mice were deeply anaesthetized using 5% isoflurane in oxygen-
enriched air (0> Concentrator, RWD, Shenzhen, China) and then fixed
into a stereotaxic frame (RWD Life Science, Shenzhen, China). Anaes-
thetized mice were maintained on 2-2.5% isoflurane, and a core body
temperature was maintained at 36 °C using a feedback-controlled tem-
perature controller (ATC2000, RWD Life Science, Shenzhen, China). Eye
ointment was applied to prevent dryness. The head was shaved, and the
skin was sterilized using iodine solution. Then, a midline incision was
made with a scalpel to expose the skull.

AAV5-GfaABC1D-GCaMP6s virus (200 nl, 5.04 x 10'2 genomic
copies per ml, PT-2475, BrainVTA, China) was stereotaxically injected
unilaterally into the mPFC using pulled glass pipettes (tip diameter
10-20 pm, PC-100 puller), connected to a pressure ejector (Micro4, WPI,
USA). The mPFC coordinates used were: 1.7-1.8 mm anterior to bregma,
+0.3-0.4 mm lateral to the midline and 1.5-1.8 mm below the dura.

Mice were received unilateral implantation of an optical fiber (0.37
NA, 200 pm diameter, Inper Inc.) 2 weeks after viral vector injection.
Optic fibre tips were lowered to 100-200 pm above the injection site.
Fiber was secured to the skull using screws and dental cement.
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2.3. Fiber photometry recording

Fiber photometry recording experiments were conducted 4 weeks
after viral infections. To record fluorescent signals emitted by GCaMP, a
fiber photometry system (ThinkerTech, Nanjing) was employed (Wang
et al., 2024; Zhou et al., 2024). Briefly, laser beam generated by a 488
nm laser (OBIS 488LS; Coherent) was reflected by a dichroic mirror
(MD498; Thorlabs) with a low-level power (20-40 pW) at the tip of
optical fiber to minimize bleaching and kept constant during a recording
session. The fluorescent signals were bandpass filtered, converted to
voltage signals, digitalized at 100 Hz and then recorded using a
custom-written script in LabView. Animals underwent fiber photometry
recording were conducted in a tail-restraint test (TRT), elevated plus
maze (EPM), elevated platform stress (EPS), 2,5-dihydro-2,4,5-trime-
thylthiazoline (TMT), pentyl acetate, sesame oil odor test, foot shock
(FS) or social defeat (SD) task. Behavior-coupled fluorescent events were
determined by peri-stimulus time histograms (PSTH) calculated as
AF/F. Spontaneous calcium event analysis was performed for each
photometric recording data to verify the effectiveness of the data. The
signal from the 405 nm channel was used as control data to exclude
motion noise and to verify the validity of the calcium signal channel
data. MATLAB R2017b (MathWorks) was used for calcium fluorescence
signal analyses, encompassing representative plotting, generation of
average trace or heatmap graphs, and calculation of peak values of AF/F
(%) and the matched time points. Post-mortem examination was utilized
to confirm GCaMP expression and optical fiber placement.

2.4. Behavioral tasks

2.4.1. Tail-restraint test (TRT)

The tail of tested mice was chased and grabbed by hand. After
grabbing, the mice were suspended in air for 30 s before releasing them
in their home cage. Three repeated trails were performed with a 1 min
interval. Calcium signals were recorded in homecage before tests and
during TRT.

2.4.2. Elevated plus maze (EPM)

The maze consisted of a plus-shaped apparatus, with 2 opposite
closed arms (30 cm x 6 cm) enclosed with walls (15 c¢cm in height) and 2
opposite open arms (30 cm x 6 cm, without walls). The whole apparatus
had a central arena (6 cm x 6 cm) and was elevated 80 cm above the
floor. Each mouse was placed in the closed arena of the maze and
allowed to explore the maze for 5-10 min. Calcium signals were recor-
ded during the whole tests.

2.4.3. Elevated platform stress (EPS)

Mice were exposed to an established elevated platform standing
behavioral paradigm (Zhang et al., 2020), which elicits
acrophobia-related stress. Briefly, mice were individually placed on a
transparent plastic platform of 10 cm in diameter and raised 150 cm
above the ground. Calcium signals were recorded during homecage
activity and on the platform for 3 min respectively. For each session, the
animal was acoustically and visually isolated for the indicated amount of
time.

2.4.4. Presentation of odorants

This task refers to previous research (Kim et al., 2019; Saraiva et al.,
2016) and is slightly modified. Briefly, mice were habituated for 5min in
a chamber box (30 cm x 30 cm x 30 cm). A piece of 2-cm? filter paper
soaked with 50 pl of either water or pentyl acetate (1:10 diluted, Sigma
Aldrich), sesame oil or 2,5-dihydro-2,4,5-trimethylthiazoline (1:10
diluted, Sigma Aldrich), was gently presented at the corner of the
chamber. Calcium signals were recorded during habituation and odors
presentation stages.
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A. Timeline of calcium indicator virus injection in mPFC astrocytes, fiber implantation and fiber photometry recording in mice under diverse stimuli. B. Viral in-
jection and implantation scheme for fiber photometry on mPFC astrocytes. C. A representative image validates GCaMP6s expression in mPFC astrocytes and optical
fiber tract above the injection site. D. Magnified images depict the overlap between GCaMP6s-expressing cells (green) and anti-GFAP-positive cells (red). E.
Colocalization analysis of GCaMP6s positive cells and GFAP labeling (762 GCaMP6s positive cells from 12 slices, 4 mice).

2.4.5. Foot shock (FS)

Mice were habituated for 150 s in a shock chamber with a metal grid
floor and transparent plastic walls, then a foot shock (0.5 mA, 2 s) was
delivered and repeated three times (60 s inter-trial-interval). Calcium
signals were recorded during habituation and shock stages.

2.4.6. Social defeat (SD)

Male CD1(ICR) retired breeders (8 month age, SiPeiFu, China) were
screened for aggressive behaviors. An experimental mouse was habitu-
ated for 150 s in a separate space by a baffle in the home cage of a CD1
aggressor. During the exposure after the baffle was removed, the
experimental mouse was physically defeated by the aggressor. Calcium
signals were recorded during habituation and CD1 exposure stages.

2.5. Immunohistochemistry

Mice were transcardially perfused with ice-cold 0.1 M phosphate
buffered saline (PBS; pH 7.4), followed by perfusion with ice-cold 4%
paraformaldehyde in 0.1 M PBS. Whole brains were post-fixed in 4%
paraformaldehyde in 0.1 M PBS overnight at 4 °C and cryoprotected
with 30% sucrose. Coronal 40 pm thick sections were incubated in
cryoprotectant at —20 °C until immunohistochemical staining was per-
formed. The sections were incubated in a blocking solution containing

5% normal donkey serum (Jackson ImmunoResearch, Bar Harbor, ME,
USA) and 0.1% Triton X-100 (Sigma-Aldrich) for 1 h at room tempera-
ture. Subsequently, the sections were incubated with mouse anti-GFAP
(MAB360, 1:1000; Millipore) antibody overnight at 4 °C in the block-
ing solution. After washing with 0.1 M PBS, the sections were incubated
for 2 h with Alexa Fluor 594-conjugated secondary antibodies (1:200,
Jackson Immuno Research) in the blocking solution at room tempera-
ture, washed three times, and then mounted on glass slides using Vec-
tashield mounting media with DAPI (Vector Laboratories, USA).
Fluorescent images of the mounted sections were obtained using a
confocal microscope (LSM880; Carl Zeiss, Germany).

2.6. Statistical analysis

Data were analyzed using GraphPad Prism software (version 9; San
Diego, CA, USA). One-way ANOVA with Tukey’s multiple comparisons
test (AF/F analysis in different trails or stimuli) and unpaired t-test (AF/
F analysis between water and TMT in odor tests) were performed. The
apex point of the traced curve was defined as the peak value of AF/F
(%). We considered p-value<0.05 as statistically significant. Data are
expressed as group mean + SEM (standard error of the mean) for each
group.
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Fig. 2. Changes of astrocytic calcium signaling in the mPFC of mice subjected to TRT and foot shock

A. Schematic for TRT. B. A representative trace illustrating increases of mPFC astrocytic GCaMP6s signal during restraint (orange bars, above). Color-coded shaded
bars depict the periods during which mice were chased by a hand (gray) and struggled (faint yellow). C. A representative peri-event plot of the mean Ca®* transient
during the repeated TRT in a mouse (n = 3 trails). The red line indicates the mean, and the shaded area indicates SEM. D. Statistical comparison of mean peak
fluorescence signals in three trails during the repeated TRT. (n = 6 mice). E. The peri-event plot of the mean Ca?* transient during the TRT in individual mouse (n = 6
mice). The colored lines indicate the mean, and the shaded area indicates SEM of individual mouse. F. Heat map of Ca®* signals across animals aligned to the start of
TRT (n = 6 mice). G. Schematic for foot shock. H. A representative trace illustrating increases of GCaMP6s signal during 2s shock (pink bars, above). Color-coded
shaded bars depict the periods during which mice were under shocks. I. A representative peri-event plot of the mean Ca2+ transient during the repeated shock in a
mouse (n = 3 trails). The red line indicates the mean, and the shaded area indicates SEM. J. Statistical comparison of mean peak fluorescence signals in three trails
during the repeated shock. (n = 6 mice). K. The peri-event plot of the mean Ca”" transient during the shock in individual mouse (n = 6 mice). The colored lines
indicate the mean, and the shaded area indicates SEM of individual mouse. L. Heat map of Ca>* signals across animals aligned to the start of shock (n = 6 mice).
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Fig. 3. Changes of mPFC astrocytic calcium signaling of mice exploring open arms in EPM

A. Schematic for EPM. B. A representative trace illustrating increases of mPFC astrocytic GCaMP6s signal during open arm explorations (orange bars, above). Color-
coded shaded bars depict the periods during which mice approach (gray) and enter into (faint yellow) the open arms. C. A representative peri-event plot of the mean
Ca®" transient before and after entering into the open arms in a mouse. The red line indicates the mean, and the shaded area indicates SEM. D. Statistical comparison
of mean peak fluorescence signals in five trails during open arm explorations (n = 6 mice). E. The peri-event plot of the mean Ca" transient during open arm
explorations in individual mouse (n = 6 mice). The colored lines indicate the mean, and the shaded area indicates SEM of individual mouse. F. Heat map of ca®t

signals across animals aligned to the start of open arm explorations (n = 6 mice).

3. Results

3.1. Experimental strategies for recording the activity of mPFC astrocytes
in mice

To examine the changes in the activity of mouse mPFC astrocytes
during diverse stimuli, we employed in vivo calcium imaging experi-
ments by fiber photometry to record the changes of calcium signaling in
mice subjected to TRT (tail-restraint test), EPM (elevated plus maze),
EPS (elevated platform stress), aversive odor (TMT, 2,5-dihydro-2,4,5-
trimethylthiazoline), neutral odor (pentyl acetate), positive odor (ses-
ame oil), foot shock (FS) and social defeat (SD) conditions (Fig. 1A). We
virally expressed a GFAP promoter-dependent GCaMP6s calcium indi-
cator in C57BL/6J mice, and recorded changes in GCaMP6s fluorescence
signal through a 200-pm optic fiber placed above the mPFC (Fig. 1B).
The resulting trace represents the integrated activity of mPFC astrocytes.
Histological analysis revealed that most of GCaMP6-expressing cells
overlap with GFAP-positive cells (93.55% + 1.703) in the mPFC in mice
that were used for calcium imaging experiments (Fig. 1C-E).

3.2. Substantial and consistent increase in mPFC astrocytic activity by
somatic stimuli

We investigated changes in GCaMP6 fluorescence intensity in mPFC-
Astrocyte S€aMP6 mjce that were subjected to various stress-inducing
conditions. During tail-restraint test (TRT), we observed a rapid in-
crease in GCaMP intensity in mPFC astrocytes when mice were chased
and lifted by hand (Fig. 2A-C). During three rounds of TRTs lasting 30 s

each, the AF/F reached its peak at approximately 5 s (Fig. 2C and E) and
then rapidly declined, returning to the baseline levels by the end of TRT
(Fig. 2B). The peak AF/F in most mice gradually increased (Fig. 2B and
D) but the average peak level of AF/F did not differ significantly across
the three trails (Fig. 2D, one-way ANOVA, F(1.672, 8.360) = 0.1302, P
= 0.8455). The AF/F curves of GCaMP fluorescence exhibited a
consistent pattern among all the mice following TRT (Fig. 2E and F). In
foot shock (FS) test (Fig. 2G), a 2-s shock also elicited a rapidly
increasing calcium signal in the repeated trails (Fig. 2H). The AF/F
reached its peak approximately 1 s after the shock ended, returning to
the baseline at about 6 s from onset of the shocks (Fig. 2I). The mean
peak levels in the three trails did not show significant differences
(Fig. 2I, one-way ANOVA, F(1.310, 6.548) = 0.3422, P = 0.6358), and
the pattern of calcium signal change after the foot shock was similar
among different mice (Fig. 2K and L).

3.3. Increase in mPFC astrocytic activity during exploration of open arms
in EPM

mPFC astrocytic activity also increased in mice when exploring open
arms in EPM tests. The EPM consisted of a closed arm and an open arm,
providing the mice with opportunities for spatial exploration and cal-
cium imaging (Fig. 3A). GCaMP signals started to rise as the mice
approached the open arm from the closed arm and reached their peak in
the open arm, and began to decrease as they headed toward and entered
into the closed arms again (Fig. 3B and Supplementary movie 1). The
AF/F reached its peak at approximately 8-10 s (Fig. 3C and E), but the
values depended on the duration of the mice’s exploration in the open
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Fig. 4. Changes of astrocytic calcium signaling in the mPFC of mice subjected to EPS

A. Schematic for EPS. B. A representative trace illustrating increases of mPFC astrocytic GCaMP6s signal before and after EPS. Color lines represent the onset of
increases in initial exploration (red) and subsequent probes (gray) on the platform. C. The peri-event plot of the mean Ca®* transient before and after initial ex-
plorations of the platform (n = 6 mice). The red line indicates the mean, and the shaded area indicates SEM. D. Heat map of Ca®* signals across animals aligned to the
onset of EPS (n = 6 mice). E. Statistical comparison of mean peak fluorescence signals in four trails during platform explorations (n = 6 mice).

arm. However, the maximum value of the GCaMP signal is typically
observed during the initial exploration (trail 1) of the open arms
(Fig. 3B). The average peak of AF/F decreased significantly during the
subsequent exploration of the open arm compared to the first trail
(Fig. 3D, one-way ANOVA, F (3.183, 15.92) = 7.962, P = 0.0016). The
average amplitude of GCaMP signals increased during exploration of the
open arm varied among individual mice (Fig. 3E and F).

3.4. Increase in mPFC astrocytic activity in EPS test

During EPS, the mice were subjected to a sudden and persistent
stressor of heights (Fig. 4A). This stimulus resulted in a substantial in-
crease in GCaMP intensity and the strongest activation of mPFC astro-
cytes (Fig. 4B and C). The maximal GCaMP signal peaks occurred
approximately 10 s post-stimulation, followed by a gradual return to the
pre-EPS baseline level over a period of about 40 s (Fig. 4C). Notably,
during continued exploration of the platform, there was a relatively
small amount increase in GCaMP signals each time the mouse’s head
protruded from the platform (Fig. 4B). The changes of GCaMP intensity
in different mice before and after the stimulus showed strong consis-
tency, and the average peak of AF/F decreased significantly during the
subsequent exploration on the platform compared to the first trail
(Fig. 4E, one-way ANOVA, F (1.802, 9.010) = 56.89, P < 0.0001).

3.5. Different olfactory stimuli stimulate the activity of mPFC astrocytes

Next, we tested the effects of different types of olfactory stimuli
(aversive odor TMT, neutral odor pentyl acetate, positive odor sesame
oil) on calcium activity in mPFC astrocytes. Exposure to a predator odor,

TMT, mostly triggered freezing responses in mice. We investigated
changes in mPFC astrocytic activity by successively administering ol-
factory stimuli of water or TMT to mice (Fig. 5A). Initially, upon expo-
sure to water, there was a moderate increase in calcium signals from
mPFC astrocytes (Fig. 5B). However, after exposure to TMT, we
observed a significant increase in the intensity (Fig. 5B-D) of GCaMP
signals in astrocytes at the moment of TMT odor sniffing (Fig. 5B) by the
mice, as compared to their response to water. The AF/F reached its peak
at approximately 8 s (Fig. 5C). Furthermore, the mean peak AF/F of
mice exposed to TMT during sniffing was significantly higher compared
to that of water (Fig. 5E, paired t-test, t = 5.816, df = 5, P = 0.0021).
After exposure to pentyl acetate (Fig. 5F), the AF/F mean peaks
exhibited a slight increase in comparison to water exploration, with
similar peak latency periods (Fig. 5G). Notably, the scent of sesame oil
also elicited small increases in calcium signaling, but the magnitude and
temporal pattern of this change were similar to those observed during
water sniffing (Fig. 5G). There was no significant disparity in the mean
peak calcium signal values across the three types of odor stimulation
(Fig. 5H, one-way ANOVA, F (1.313, 6.563) = 1.392, P = 0.2943).

3.6. Changes in calcium activity of mPFC astrocytes under social defeat
conditions

Upon exposure to CD1 mouse territory, test mice experienced
aggressive encounters leading to flight or freezing responses. We con-
ducted a comparative analysis of changes in mPFC astrocytic calcium
activity across these behavioral responses (Fig. 6A and B). Specifically,
prolonged CD1 attacks (lasting >3 s) consistently elicited robust peaks
of calcium signaling (Fig. 6B and C, blue bars indicated, and D), whereas
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Fig. 5. Changes of astrocytic calcium signaling in the mPFC of mice subjected to olfactory stimuli

A. Schematic of odor (aversive) presentation. B. A representative trace showing increases of mPFC astrocytic GCaMP6s signal during water (orange bars, above) or
TMT (red bars, above) exposure. Shaded bars depict the periods during which mice sniff water (faint yellow) or TMT (pink). C. The peri-event plots of the mean Ca%*
transient before and after odor sniffing of water and TMT (n = 6 mice). The blue line and the shaded area indicate the mean and SEM in water exposure, and the red
line and the shaded area indicate the mean and SEM in TMT exposure. D. Heat map of Ca®* signals across animals aligned to the period during odor sniffing of water
and TMT (n = 6 mice). E. Comparison of mean peak GCaMP6s signals during water and TMT exploration sessions (n = 6 mice). F. Schematic of odor (neutral or
positive) presentation. G. The peri-event plots of the mean Ca®" transient before and after odor sniffing of water, pentyl acetate or sesame oil (n = 6 mice). The blue
line and the shaded area indicate the mean and SEM in water exposure, the red line and the shaded area indicate the mean and SEM in pentyl acetate exposure, and
the yellow line and the shaded area indicate the mean and SEM in sesame oil exposure. H. Comparison of mean peak GCaMP6s signals during water, pentyl acetate

and sesame oil exploration sessions (n = 6 mice).

brief attacks resulted in modest increases (Fig. 6B and C, red bars indi-
cated, and D). Furthermore, a slight elevation in calcium signaling levels
was also elicited when test mice exhibited flight (Fig. 6B and C, yellow
bars indicated, and D) or freezing (Fig. 6B and C, green bars indicated,
and D) responses in the presence of approaching CD1 individuals
Notably, aggression exceeding 3 s led to significantly higher increases in
calcium signaling compared to the other observed behaviors (Fig. 6E,
one-way ANOVA, F (3, 60) = 55.94, P < 0.0001). Shorter attack dura-
tions exhibited quicker peak latencies for calcium signals relative to
other behaviors tested, however there was no significant difference in
their average peak latency (Fig. 6F, one-way ANOVA, F (3, 60) = 1.860,

P = 0.1460).

3.7. The variances in calcium activity of mPFC astrocytes in response to
diverse aversive stimuli

We further conducted a comparative analysis of the differences in
calcium activity of mPFC astrocytes induced by the various aversive
stimuli, with a focus on the magnitude of fluorescence increase and the
latency to peak fluorescence (Fig. 7). In the initial response to various
stressors in mice (first TRT, first FS, first open arm exploration, sudden
EPS, first TMT odor exploration and first attack), calcium signals of
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Fig. 6. Changes of astrocytic calcium signaling in the mPFC of mice subjected to social defeat

A. Schematic of social defeat. B. A representative trace showing increases of mPFC astrocytic GCaMP6s signal in recording mice during social contact. Shaded bars
depict the periods during which mice are in state of attacked (blue: >3s, pink: <3s), interaction and flight (yellow) or interaction and freezing (green). C. The peri-
event plots of the mean Ca®* transient in different states (n = 6 mice). The blue line and the shaded area indicate the mean and SEM in state of under attack >3s, the
red line and the shaded area indicate the mean and SEM in state of under attack <3s, the yellow line and the shaded area indicate the mean and SEM in state of
interaction and flight and the green line and the shaded area indicate the mean and SEM in state of interaction and freezing. D. Heat map of Ca®* signals aligned to
the period during different states of mice (n = 6 mice). E. Comparison of mean peak GCaMP6s signals during different states of mice (respective events from 6 mice).
F. Comparison of average time to peak AF/F of GCaMP6s signals during different states of mice (respective events from 6 mice).

mPFC astrocyte exhibited the most significant increase in fluorescence
intensity (Fig. 6A and C, A: one-way ANOVA, F (1.652, 8.258) = 11.48,
P = 0.0052) during EPS tests and the fastest peak arrival time (Fig. 6B
and C, B: one-way ANOVA, F (1.792, 8.962) = 12.51, P = 0.003) during
FS tests. The changes in calcium signals during TMT exploration were
minimal with a prolonged peak latency (Fig. 6A-C). The fluorescence
peaks in EPM were comparable to those in TRT or FS (Fig. 6A and C), but
the times taken to reach the peak were significantly longer than those in
TRT or FS (Fig. 6B and C). In the SD test, the increase in calcium signals
elicited by initial attacks in mice resembled the magnitude of the
response during TMT exploration (Fig. 6A and C), although the peak
latency was shorter than that observed in the TMT test (Fig. 6B and C).
Analysis of the mean calcium signal across these six behaviors (three
repeated TRTs, three repeated FSs, open arm explorations within 5 min,
platform edge explorations during EPS, all TMT explorations and
aggression exceeding 3 s) revealed that the mean fluorescence peak of
calcium signal was highest during TRT and significantly greater than
peaks observed in the EPM, EPS or TMT tests (Fig. 6D and F, D: one-way
ANOVA, F (2.737, 13.68) = 13.80, P = 0.0002). The mean peak of
calcium signal in the FS test was marginally lower than that in the TRT
test, but significantly higher than that in the EPM and TMT tests
(Fig. 6D). There was no significant difference in average fluorescence
peak values between EPM, EPS, TMT and SD tests (Fig. 6D). The dif-
ference in mean latency of peak calcium fluorescence among the six tests
mirrored that seen during initial responses (Fig. 6E and F, E: one-way
ANOVA, F (2.544, 12.72) = 28.56, P < 0.0001), with shorter latencies
were observed during FS and SD while longer latencies occurred during
EPM and TMT.

4. Discussion

In this study, we showed that mPFC astrocytes could respond to acute
stressful environments and exhibit diverse calcium signaling dynamics.
Astrocytic dysfunctions have long been implicated in various neuro-
psychiatric disorders (Bender et al., 2016; Cotter et al., 2001). For
instance, reductions in GFAP positive cells and processes are usually
found in hippocampus, prefrontal cortex and amygdala in chronic
stressed animals or postmortem tissues of major depression (Bender
etal., 2016; Czeh et al., 2006). In acute stressed conditions, such as acute
restraint, some studies show that there was no change in GFAP expres-
sion (Imbe et al., 2013; Sugama et al., 2011), but many other astrocyte
enriched genes, such as s100f (Scaccianoce et al., 2004) and inflam-
matory protein (Sugama et al., 2011) were changed after acute stress.
These studies suggested that astrocyte can sense and change their
morphology or functionality in response to stress and may be involved in
the development of mood disorders. However, the dynamic changes in
astrocyte activity in awake mice under various stress conditions and
during behavioral processes are worthy of further exploration.

By using fiber photometry calcium imaging in awake behaving mice,
we showed for the first time that mPFC astrocytes respond to diverse
stressful environments by elevating calcium signals in a unique manner.
The response time and the magnitude of astrocyte calcium signal
elevation varied in response to somatosensory, visual, olfactory and
social stimuli. We found that unexpected somatic (FS and TRT) and vi-
sual (EPS) stimulation induced a faster peak latency of astrocyte calcium
signaling, while the expected exploration of stressors (EPM and TMT)
had a slightly longer peak latency. In addition, the adaptability of as-
trocytes to different stressors is also different, which is manifested in the
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Fig. 7. Calcium dynamics in mPFC astrocytes in response to different aversive stimuli

A. Comparison of average peak AF/F of mPFC astrocytic GCaMP6s in response to different aversive stimuli at the first onset of stimulation. B. Comparison of average
time to peak AF/F of mPFC astrocytic GCaMP6s in response to different aversive stimuli at the first onset of stimulation. C. The peri-event plots and heat map of the
mean Ca®" transient in response to different stimuli at the first onset of stimulation. D. Comparison of average peak AF/F of mPFC astrocytic GCaMP6s in response to
multiple events in different aversive stimuli. E. Comparison of average time to peak AF/F of mPFC astrocytic GCaMP6s in response to multiple events in different
aversive stimuli. F. The peri-event plots and heat map of the mean Ca?" transient in response to multiple events in different aversive stimuli.

difference in the degree of first and subsequent calcium response to
stressors. Our results of astrocyte activity in EPM test are in line with a
recent report of hippocampal astrocyte activation observed during the
anxiety state in the virtual reality EPM test (Cho et al., 2022). Interest-
ingly, by using two-photon imaging, they identified a cluster of
pre-responsive cells (Ca2" increases before entering the center). In our
study, the calcium activity of astrocyte populations in the mPFC has a
similar response during the exploration of the open arm. However, the
sudden stimulation (FS, TRT or EPS) appears to increase both the rate
and proportion of pre-responsive cells, consequently leading to a more
rapid rise in population calcium activity. Notably, in our odor stimula-
tion test, mPFC astrocytes exhibited increased calcium activity in
response to odorless water, neutral, and positive odors. However, the
magnitude of this change was much smaller compared to the increase
observed during negative odor stimulation. These findings suggest that
non-aversive stimuli can also elicit alterations in mPFC astrocytic cal-
cium activity, potentially reflecting changes in mouse attention such as
exploratory behavior. Nevertheless, our study demonstrates that
different negative stimuli generally evoke stronger and dynamically
changing calcium activity in mPFC astrocytes, suggesting that the
different responses of mPFC astrocytes can directly reflect the stress
state in mice.

There is growing evidence that astrocytes are capable of responding
to sensory input and local synaptic transmission. Astrocytes express a
variety of neurotransmitter and neuromodulator receptors, including
adrenergic receptors, serotonin receptors, etc., and their calcium activ-
ity is directly modulated by them (Cahill et al., 2024; Gonzalez-Arias
et al., 2023; Reitman et al., 2023). Studies have shown that changes in
Ca?* activity in astrocytes correlate with arousal and are sensitive to the
release of norepinephrine and acetylcholine (Rasmussen et al., 2023;
Reitman et al., 2023). The release of norepinephrine precedes and rea-
ches its peak shortly after the onset of the astrocytic Ca®" signaling in
cortical astrocytes (Reitman et al., 2023). The authors propose that as-
trocytes integrate external sensory signals (synaptic activity) and in-
ternal arousal state information (delivered by neuromodulators such as

norepinephrine and acetylcholine) via Ca®' signaling. We postulated
that distinct sensory stimuli may elicit varying levels of neurotrans-
mitters such as glutamate and norepinephrine release in the mPFC,
leading to differential neuronal activation and influencing the arousal
state of mice. Astrocytes integrate synaptic information and display
diverse calcium activity. Interestingly, SSRIs also activate PFC astrocytes
(Schipke et al., 2011), the authors found that the calcium signals
induced by stimulation with 5-HT and SSRIs occur time-delayed, asyn-
chronously which is in contrast to glutamate-induced calcium responses
in astrocytes. We hypothesize that the rapid changes in astrocytic cal-
cium activity induced by acute stress in our study may firstly reflect
alterations in glutamate levels. Prolonged stress results in astrocyte
impairment and reduced activity, whereas SSRIs enhance serotonin
binding to astrocytes and elevate astrocyte calcium activity.

In our current experiments, the same 6 mice were exposed to all the
stress sessions, thus necessitating consideration of the potential impact
of previous stresses on the response to further stressors in our study. The
limitation of our study lies in the need for further exploration of the
mechanisms underlying differential astrocyte activity in response to
various types of stress and the role of astrocyte activity in the patho-
genesis of neuropsychiatric disorders. In recent years, numerous
scholars have documented associations between prefrontal astrocytic
activities and depression-like behavior in mice. For instance, targeted
removal of PFC astrocytes induces anhedonic behavior, while chemo-
genetic activates astrocytes reverses chronic restraint stress-induced
anhedonia (Codeluppi et al., 2023). Corticosterone-treated mice show
reduced astrocytic activities in mPFC, while chronic activation of as-
trocytes can reduce their immobile time during forced swimming,
improve social ability, and exhibit antidepressant effects
(Gonzalez-Arias et al., 2023). Modulating the expression of certain genes
in mPFC astrocytes can also impact their calcium activity and regulate
depression-like behavior in mice (Cao et al., 2013; Guo et al., 2024; Lu
et al., 2022; Yao et al., 2023). All of the above studies explored the
relationship between changes in astrocyte activity and depression-like
behavior under chronic stress conditions. However, our findings
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indicated that prefrontal astrocytes were sensitive to multiple acute
stressors and showed different activity states. The question that arises is
how astrocytes differentiate and process different stressors and thus
gradually lose their activity and function during the production of
depression-like behaviors. We believed that the change of astrocyte
calcium activity may be an adaptive response to the change of internal
environment caused by various environmental stimuli. Chronic stimu-
lation above the threshold of astrocyte leads to the disintegration of its
activity and the destruction of internal environment, which leads to
emotional problems. In future studies, interventions targeting astrocyte
calcium activity will be imperative to elucidate the role of negative
stimuli in inducing astrocyte response.

In conclusion, our study preliminarily suggests that mPFC astrocytes
respond to various negative stimuli in a certain way through differential
activity changes, providing a basis for understanding the mechanism of
astrocyte inactivation caused by chronic stress and its relationship with
depression-like behavior.
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