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SUMMARY

The lateral habenula (LHb) neurons and astrocytes have been strongly implicated in depression etiology, but
it was not clear how the two dynamically interact during depression onset. Here, using multi-brain-region cal-
cium photometry recording in freely moving mice, we discover that stress induces a most rapid astrocytic
calcium rise and a bimodal neuronal response in the LHb. LHb astrocytic calcium requires the o s-adrenergic
receptor and depends on a recurrent neural network between the LHb and locus coeruleus (LC). Through the
gliotransmitter glutamate and ATP/adenosine, LHb astrocytes mediate the second-wave LHb neuronal acti-
vation and norepinephrine (NE) release. Activation or inhibition of LHb astrocytic calcium signaling facilitates
or prevents stress-induced depressive-like behaviors, respectively. These results identify a stress-induced
positive feedback loop in the LHb-LC axis, with astrocytes being a critical signaling relay. The identification
of this prominent neuron-glia interaction may shed light on stress management and depression prevention.

INTRODUCTION

Stress is a major risk factor for depression.’ Modern theories on
the etiology of major depressive disorder (MDD) propose that
stress alters molecular expression, cellular activities, and synap-
tic connections in specific brain regions.?® The lateral habenula
(LHb), known as the brain’s “anti-reward center,” plays a critical
role in depression pathophysiology.”~® The LHb regulates essen-
tially all neuromodulatory systems, including serotonin, dopa-
mine, and norepinephrine (NE).°® LHb neurons are activated
by stress®'? and exhibit hyperactivity in depressive states.'®™'®
Although neuronal dysfunction has long dominated depression
research, emerging evidence highlights malfunctions of LHb as-
trocytes, such as upregulated Kir4.1 for potassium buffering'®
and downregulated glutamate transporter1 (GLT1) for glutamate
uptake.?®?" However, it has remained elusive how neurons and
astrocytes in the LHb coordinate their activity in response to
stress and how their dynamic interaction contributes to depres-
sion etiology.

The synergy between neurons and astrocytes is increasingly
recognized as crucial in brain physiology, animal behavior, and

disease.””?® Astrocytes communicate bidirectionally with neu-
rons via chemical signaling.”®" They possess dense, fine pro-
cesses and express various types of G-protein-coupled recep-
tors (GPCRs), enabling them to sense neuronal and synaptic
activities through calcium transients.®>* ¢ Astrocytic calcium
levels can be elevated by neuromodulators, such as acetylcho-
line (ACh),>”*° dopamine,®**! serotonin,*? or NE.***° In turn,
astrocytes can regulate neuronal functions at diverse timesc-
ales through the uptake of extracellular ions and neuro-
transmitters'®*"~*° or the release of gliotransmitters.?*?9-°9-5°
Gliotransmitters, including glutamate, gamma-aminobutyric
acid (GABA), D-serine, and ATP/adenosine, can synchronize
neuronal excitation,”®” enhance firing fidelity,*® or fine-tune
synaptic transmission.>**"°9"%3 Despite their integral roles,
neuron-astrocyte signaling dynamics in stress and depression
remain poorly understood.

In this study, we used fiber photometry in freely moving mice
to measure calcium activity of neurons and astrocytes in
response to stress in multiple brain regions. Stress triggered
the fastest astrocytic calcium rise and a biphasic neuronal
response in the LHb. Using cell-type-specific manipulations
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Figure 1. FS induces the fastest calcium rise in LHb astrocytes
(A) Schematic illustrating viral construct for astrocyte-specific GCaMP expression and multi-site fiber photometry setup for recording calcium activities during FS.
(B) lllustration of viral expression (GFP and Hoechst staining) and optic fiber placement (yellow dotted line) in 6 central nervous system (CNS) regions (white dotted
outline). Green, GCaMP6f; blue, Hoechst. Scale bar, 200 um.
(C) GCaMP expression is highly specific in astrocytes. Top: representative LHb image stained with GFP (GCaMP positive cells, green) and S100p (astrocytic
marker, red). Scale bar, 100 pm. Bottom: percentage of GCaMP-positive cells co-labeled with S1008 (n = 7 slices, 3 mice).
(D) Representative traces (left) and heatmap (right) of deltaF/F ratio of simultaneously recorded astrocytic calcium signals in LHb, LH, and PFC over three
continuous FSs.
(E) FS-onset-aligned calcium signal changes in multi-region astrocytes.

(legend continued on next page)
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combined with fiber photometry and two-photon imaging, we
identified bidirectional neuron-astrocyte interactions in the
LHb-locus coeruleus (LC) circuit during stress response and pin-
pointed a critical role of LHb astrocytes in the onset of
depression.

RESULTS

Foot-shock stress induces the fastest calcium rise in
LHb astrocytes

We performed in vivo multi-site fiber photometry to record astro-
cytic calcium activities during foot-shock stress (FS; duration: 1
s; intensity: 1 mA; Figure 1A). We recorded six representative
stress-responsive regions, including medial prefrontal cortex
(mPFC), hippocampus (HPC), lateral habenula (LHb), lateral hy-
pothalamus (LH), striatum (STR), and basolateral amygdala
(BLA). Adeno-associated virus (AAV) 2/5 expression of the glia-
specific GfaABC1D promoter,®* driving the genetically encoded
calcium indicator, GCaMP6f,°> allowed the recording of cal-
cium signals specifically in astrocytes (Figure 1B). Among the
GCaMPé6f-positive cells, 91.9% were S100p (astrocytic marker)
positive and 0.3% were NeuN (neuronal marker) positive
(Figures 1C and S1A), suggesting a highly specific expression.
Three brain regions were simultaneously recorded per animal,
and their calcium responses were aligned to the onset of FS to
allow the comparison of signals across different brain regions
(Figures 1D and 1E). Although all six recorded regions showed
increased astrocytic calcium activities in response to FS
(Figures 1E and S1C), signals in the LHb peaked significantly
earlier than those of the other five regions (mean latency to
peak 1.68 + 0.08 s in LHb, 2.22 + 0.12 sin LH, 3.17 £ 0.24 s in
PFC, 3.37 £ 0.22 s in HPC, 3.45 + 0.13 s in BLA, 4.98 + 0.89 s
in STR; Figures 1D-1G). The peak amplitude of FS-evoked
LHb astrocytic calcium signals was also larger than those of
the other five regions (Figure 1H). By analyzing the kinetics of cal-
cium signals in mice with varying levels of peak fluorescence in
the LHb, we found that the time to peak did not depend on the
peak amplitude (Figure S1B), suggesting that the kinetics of cal-
cium signals is not affected by signal intensity but rather reflects
intrinsic regional properties. Thus, among the multiple regions
examined, the LHb astrocytes showed the most rapid calcium
response to FS, suggesting that it may play an important role
in processing stress-related information.

FS induces biphasic calcium activities in LHb neurons

We next expressed GCaMP6s under the CaMKIlla promoter in
the above six brain regions and performed calcium photometry
recording in neurons (Figures 2A and S2). Consistent with previ-
ous reports that LHb neurons encode aversive signals,”'" LHb
neuronal calcium signals were strongly activated in response
to FS stress (Figures 2B, 2C, S3A, and S3B). Interestingly, the
FS-evoked calcium signals in LHb neurons first peaked at

¢? CellPress

0.9 + 0.08 s (Figure 2D) and were followed by a second phase
of activation with the inflection point at 2.54 + 0.16 s (Figures
2C, 2D, and S3C). Although the second-phase signal had a
smaller peak due to its prolonged decay time, its area under
the curve (AUC) is 3.46 + 0.78-fold of that of the first phase
(Figures 2D, S3D, and S3E), suggesting that even more calcium
entered during the second phase. Such FS-evoked bimodal
neuronal calcium activation was not observed in the other five
brain regions examined (Figure S2).

To better understand the relationship between stress-activated
neuronal and astrocytic calcium activities in the LHb, we simulta-
neously recorded their activities by expressing the red calcium
sensor JRGECO1a°° under the neuron-specific human synapsin
(hSyn) promoter and green GCaMP6f under the GfaABC1D pro-
moter (Figure 2E). Consistent with results from their separate re-
cordings in Figures 1D-1H and 2A-2D, dual-color fiber photom-
etry recording revealed that FS triggered sequential activation
of LHb neurons and astrocytes, with the neuronal signals peaking
at 0.64 + 0.04 s and astrocytic signals peaking at 1.64 + 0.05 s
(Figures 2F-2H). It is also of interest to note that LHb astrocytic
signals peaked between the first and second phase of LHb
neuronal signals (Figures 2F-2H), suggesting a possibility that
LHb astrocytes may be regulated by first-phase neuronal activa-
tion and contribute to second-phase neuronal activity.

Neuron-to-astrocyte crosstalk in the LHb during FS

In order to characterize the mechanism of LHb neuron-astrocyte
interaction in stress processing, we first explored the potential
crosstalk from neurons to astrocytes (Figure 3). We used AAV vi-
rus to express ChrimsonR in LHb neurons and GCaMP6f in LHb
astrocytes. Subsequently, we recorded calcium activities in as-
trocytes following photostimulation of LHb neurons both in vivo
and in vitro (Figures 3A and 3D). For the in vivo experiments, we
tracked LHb astrocytic calcium activities using fiber photometry
while optogenetically activating LHb neurons in freely moving
mice (Figure 3A). For the in vitro experiments, we monitored
LHb astrocytic calcium activities using two-photon imaging while
optogenetically activating the LHb neurons in brain slices
(Figure 3D). Surprisingly, although activation of LHb neurons
robustly activated LHb astrocytic calcium signals in a fre-
quency-dependent manner in vivo (Figures 3B and 3C), it failed
to do so in vitro (Figures 3E and 3F). Even under stimulation fre-
quency as high as 70 Hz, still no evoked astrocytic calcium signal
was detected in brain slices (Figure 3F). We also coexpressed
ChrimsonR and GCaMP®6s in LHb neurons and found that the
same optogenetic stimulation protocol was able to strongly acti-
vate LHb neurons in brain slices (Figures S4A-S4D). These results
suggest that, first, activation of LHb neurons can lead to activation
of LHb astrocytes in vivo and, second, the lack of neuron-acti-
vated astrocytic calcium signals in vitro was not due to inefficient
activation of LHb neurons but more likely a lack of mediator of the
neuron-to-astrocyte crosstalk in the brain slice setup.

(F) llustration of calculation of rise and decay time.

(G) Average time to peak (left), rise time (middle), and decay time (right) of FS-evoked astrocytic calcium signals in six regions. Each circle represents one mouse.
(H) Average peak amplitudes of FS-evoked astrocytic calcium signals in six regions. Each circle represents one mouse.
*p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001; n.s., not significant. Data are represented as mean + SEM.

See also Figure S1.
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(A) lllustration of viral construct for neuron-specific GCaMP expression, viral expression, and optic fiber placement (yellow dotted line) in LHb, the boundary of
which is outlined by the white dotted line. Green, GCaMP6s; blue, Hoechst. Scale bar, 100 pm.

(B) Heatmap of deltaF/F ratio of calcium signals from LHb neurons (n = 47 trials, 8 mice), aligned to FS onset. Color bars on the left indicate different mice.
(C) Average deltaF/F ratio of calcium signals from LHb neurons aligned to FS onset. Solid lines indicate mean and shaded areas indicate SEM.

(D) Average time to peak (left), average time to inflection (middle) of LHb neuronal calcium signals from FS onset, and ratio of area under curve (AUC) of FS-evoked
signals after vs. before the inflection point (right). AUC1, AUC from FS onset to inflection; AUC2, AUC from inflection to 10% peak. Each circle represents one

mouse.

(E) llustration of dual-color expression-neuronal JRGECO1a and astrocytic GCaMP6f with optic fiber placement (yellow dotted line) in LHb. Scale bar, 100 um.
(F) Representative traces of simultaneously recorded neuronal and astrocytic calcium signals in LHb over three continuous FSs.

(G) DeltaF/F ratio of calcium signals from LHb neurons and LHb astrocytes aligned to FS onset. Solid lines indicate mean and shaded areas indicate SEM.
(H) Average time to peak of LHb neuronal (N-peak, left) and astrocytic (A-peak, middle) calcium signals and average time to inflection of LHb neuronal calcium
signals (N-inflection, right) from FS onset using dual-color fiber photometry system. Each circle represents one mouse.

See also Figures S2 and S3.

To search for the mediator of the neuron-astrocyte crosstalk in
the LHb, we first looked for the astrocytic receptor(s) involved in
this process in vivo. We measured astrocytic calcium photom-
etry signals in response to FS while intraperitoneally (i.p.) inject-
ing animals with blood-brain-barrier (BBB)-permeable inhibitors
or antagonists of receptors for different neurotransmitters or
neuromodulators (Figure 3G). We tested receptors for three clas-
ses of neurotransmitter/modulators, which were previously
implicated in astrocytic Ca* signaling: the metabotropic gluta-
mate receptors (MGIUR),*>®” ACh receptors (AChRs),?”+*0:68
and NE receptors (NER).**%>6970 Although antagonists for
mGIluR5, mGIuR2/3, muscarinic AChR (mAChR), or ionotropic
AChR (nAChR), namely MPEP, LY341495, scopolamine, and
mecamylamine, respectively, induced no change, antagonists
for the NERs caused strong impacts on FS-evoked LHb astro-
cytic Ca?* (Figures 3H and S5). In particular, the a1-adrenergic
receptors (a1-ARs) antagonist prazosin largely suppressed FS-
evoked LHb astrocytic calcium signals (Figures 3H and S5A).
On the other hand, atipamezole, the antagonist of a2-ARs, which
are mostly expressed on presynaptic terminals serving an auto-
inhibitory function,”" increased FS-evoked LHb astrocytic cal-
cium signals (Figures 3H and S5B), possibly due to the release
of autoinhibition. Among the a1-ARs, there are three subtypes:
a1a-AR, a4g-AR, and a4p-AR. By using their respective antago-

4 Cell 188, 1-19, June 12, 2025

nists, we further delineated the primary contributor of FS-evoked
LHb astrocytic calcium signals to be the ay4-AR (Figure 3l).

To further confirm that NE can activate LHb astrocytes through
the a1-AR, we performed calcium imaging of astrocytes on LHb
brain slices (Figure S6). Bath application of either NE or the a1-AR
agonist phenylephrine (PE) increased astrocytic calcium signals
in the presence of tetrodotoxin (TTX, which blocks all neuronal
action potentials) (Figures S6A-S6E), which were blocked by
the a1-AR antagonist prazosin (Figures S6F and S6G).

To detect whether NE is indeed released during FS in the
LHb, we virally expressed in the LHb genetically encoded
G-protein-coupled receptor activation-based NE (GRABng)
sensor, NE2h"? (Figure 3J). Interestingly, in response to FS, NE
signals exhibited both rapid phasic activity and slower ramping
activity (Figures 3K and S7A-S7C). The rapid phasic increases
in NE signals were time-locked to the delivery of FS and, similar
as LHb neuronal Ca®* signals, displayed bimodal distribution
(Figures 3K and 3L). Over the course of 6 FSs, the LHb-NE sig-
nals kept ramping up and remained elevated for the duration of
the 8-min session in the shock chamber (Figures 3K, S7A, and
S7C). Alignment of LHb-neuron calcium, LHb-NE sensor,
and LHb-astrocyte calcium signals to the FS onset revealed
a sequential activation of these three signals (Figures 3M
and 3N).
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Activation of LHb astrocytic Ca2* by stimulation of LHb neurons in vivo but not in vitro
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The above data suggest that NE may be the potential link
mediating the neuron-to-astrocyte crosstalk in the LHb. To
further substantiate this hypothesis, we next explored the
anatomical and functional connections between the LHb
and LC, the hub for noradrenergic neurons and potential
source of NE.”*"® First, optogenetic activation of LHb termi-
nals in the LC evoked calcium responses of LC-NE neurons
(Figures 3P, S8A, and S8B), suggesting that there is func-
tional input from LHb neurons into the LC to activate NE neu-
rons. Next, GCaMP signals were detected from the TH* LC
neurons in the LHb (Figure S8A), verifying that, anatomically,
there is a direct afferent input from the LC-NE neurons to the
LHb region. Furthermore, optogenetic activation of LC-NE-
neuron terminals in the LHb evoked calcium responses of
LHb astrocytes (Figures 3Q, 3R, S8C, and S8D), which was
blocked by a1-AR antagonist prazosin (Figure 3S). Prazosin
also abolished LHb astrocytic calcium signals evoked by acti-
vation of LHb neurons in vivo (Figures S8E-S8H). Further-
more, optogenetic inhibition of LHb neurons or chemogenetic
inhibition of LC-NE neurons significantly decreased the cal-
cium responses of LHb astrocytes evoked by FS stress
(Figures S8I-S8P). Collectively, this set of data delineates a
pathway in which stress activates LHb neurons as one of
the inputs to LC, in turn recruiting LC-NE neurons, which,
through the release of NE, stimulate the astrocytic calcium
in the LHb (Figure 3T).

Cell

Astrocyte-to-neuron crosstalk in the LHb

We next explored the signaling pathway mediating the potential
crosstalk from LHb astrocytes to neurons. We first determined
the effect of LHb astrocytic activation on LHb neuronal activities
in freely moving mice (Figures 4A—4E). To mimic the activation of
Gg-coupled a1-AR signaling,”® we expressed the human M3
muscarinic DREADD coupled to Gqg (hM3Dq) under the
GfaABC1D promoter for chemogenetic activation of LHb astro-
cytes (Figure 4A). Upon injection of the ligand of hM3Dq cloza-
pine, in vivo fiber photometry recording revealed significantly
elevated, dose-dependent bulk calcium activity in LHb neurons
(Figures 4B and 4C). There was also an increase in the immuno-
histochemical signals of c-Fos, a cellular marker of cell activa-
tion, in LHb neurons (Figures 4D and 4E).

In LHb brain slices, calcium imaging recording also revealed
successful activation of astrocytes and neurons upon chemoge-
netic activation of astrocytes (Figures S9A-S9F). In particular,
55% of the recorded neurons (148 of 267) showed significantly
increased calcium signals upon clozapine N-oxide (CNO) appli-
cation (Figure S9F). Among these, 38% were silent and 55% and
7% showed irregular and regular baseline activity, respectively,
before the CNO application (Figure S9F). To achieve astrocytic
activation in a more transient and temporally controlled manner,
we then tried optogenetic activation by expressing chicken opsin
5 (cOpnb), a light-sensitive Gg-coupled GPCR that can trigger a
blue-light-induced elevation in intracellular calcium,”” in the LHb

Figure 3. Neuron-to-astrocyte crosstalk in LHb during FS

(A) Schematic illustrating optogenetic activation of ChrimsonR-expressing neurons and fiber photometry recording of nearby GCaMP6f-expressing astrocytes in

LHb in vivo.

(B and E) Astrocytic calcium responses to LHb neuronal ChrimsonR activation (1 s, 40 Hz) in vivo (B) and in LHb slices (E).
(C and F) Mean astrocytic calcium responses to varying stimulation frequencies in vivo (C, n = 5 mice) and in LHb slices (F, n = 7 slices, 3 mice).
(D) Schematic illustrating optogenetic activation of ChrimsonR-expressing neurons and two-photon imaging of nearby GCaMP6f-expressing astrocytes in LHb

slices.

(G) Schematic of in vivo fiber photometry recording of LHb astrocytes in response to FS after i.p. injection of various receptor blockers.

(H) Bar graph showing effects of MPEP (n = 7 mice), LY341495 (n = 7 mice), scopolamine (n = 8 mice), mecamylamine (n = 6 mice), prazosin (n = 10 mice),
propranolol (n = 7 mice), and atipamezole (n = 7 mice) on FS-evoked calcium signals in LHb astrocytes. Each circle represents one mouse.

(I) Bar graph showing effects of a1-AR subtype-selective antagonists, including silodosin (n = 8 mice), L-765314 (n = 6 mice), and BMY 7378 (n = 7 mice) on FS-
evoked calcium signals in LHb astrocytes. Each circle represents one mouse.

(J-L) In vivo fiber photometry recording of NE sensor signals in LHb during FS. Viral expression (J, GFP and Hoechst staining) after injection of AAV2/9-hSyn-NE2h
and optic fiber placement (yellow dotted line) in LHb, the boundary of which is outlined by the white dotted line. Scale bar, 100 pm. Example trace (K) of LHb NE
sensor signals during FS (black) and homecage (HC, gray). Plots (L, left) of deltaF/F ratio of NE sensor signals aligned to FS onset. Solid lines indicate mean and
shaded areas indicate SEM. Heatmap (L, right) of deltaF/F ratio of NE sensor signals in the LHb aligned to FS onset (n = 46 trials, 5 mice). Color bars on the left
indicate different mice.

(M) Plots of deltaF/F ratio of calcium signals from LHb neurons, astrocytes, and NE-sensor signals aligned to FS onset. Solid lines indicate mean and shaded
areas indicate SEM. Data are from (E)—(H) and (L).

(N) Average time to peak of LHb neuronal calcium signals, LHb-NE-sensor signals, and LHb astrocytic calcium signals from FS onset (left) and average time to
inflection of LHb neuronal calcium signals and LHb-NE-sensor signals (right). Data are from (E)-(H) and (L).

(O) Schematic illustrating optogenetic activation of LHb-LC terminals and fiber photometry recording of LC-NE neurons in TH-Cre mice.

(P) Calcium response of LC-NE neurons to optogenetic activation of LHb-LC terminals (1 s, 40 Hz). Plots of deltaF/F ratio of calcium signals aligned to laser onset
(n = 3 mice). Red line represents light on. Solid lines indicate mean and shaded areas indicate SEM.

(Q) Schematic illustrating optogenetic activation of LC™-LHb terminals and fiber photometry recording of LHb astrocytes in TH-Cre mice.

(R) Calcium response of LHb astrocytes to optogenetic activation of LC™-LHb terminals (1 s, 40 Hz). Plots of averaged deltaF/F ratio of astrocytic calcium signal
induced by optogenetic activation of LC™-LHb terminals after i.p. injection of saline (black, n = 4 mice) or prazosin (green, n =5 mice), aligned to laser onset. Red
line represents light on. Solid lines indicate mean and shaded areas indicate SEM.

(S) Bar graph showing effects of prazosin on astrocytic calcium signals induced by optogenetic activation of LC™™-LHb terminals. Each circle represents one
mouse.

(T) Working model summarizing the neuron-to-astrocyte crosstalk in LHb during FS. Stress activates LHb neurons, which recruit LC-NE neurons to elevate LHb
astrocytic calcium via NE-aq4-AR signaling.

*p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001; n.s., not significant. Data are represented as mean + SEM.

See also Figures S4-S8.
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Chemogenetic activation of astrocytic Gq pathway elicits neuronal activities in vivo
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astrocytes (Figure 4F). Light stimulation (1 s, 473 nm) significantly
evoked calcium activities in LHb astrocytes (Figures 4G and 4H).
And the signals decayed much faster than CNO-evoked ones
(7.8 £ 2.3 s vs. 62.2 + 23.9 s; Figures 4H and S9C), closer to
the FS-evoked physiological condition (Figure 1G). Using this
approach, we found that, upon optogenetic activation of LHb as-
trocytes, 48% (103 of 216) recorded LHb neurons were excited
(Figures 41, 44, S10A, and S10B). Among these, 47% were silent
and 39% and 14% showed irregular and regular baseline activ-
ity, respectively, before the stimulation (Figure 4J). Overall, both
chemogenetic and optogenetic activation of the astrocyte-Gqg
pathway significantly increased the activities of LHb neurons.
Although the optogenetic activation of astrocyte-Gq may be
less efficient than the chemogenetic method, the change it
caused is more physiological (in terms of signal duration;
Figures 1A-1G and 4H), which allowed us to identify the gliotrans-
mitter(s) mediating the LHb astrocyte-neuron crosstalk. Calcium
signals in astrocytes are known to facilitate the release of various
gliotransmitters, including glutamate,”®%° GABA,?' %% and ATP or
its immediate degradation product adenosine.®*5*®" Therefore
we measured LHb neuronal calcium activities triggered by opto-
genetic stimulation of LHb astrocytes in brain slices in the pres-
ence of antagonists for these gliotransmitter receptors (Figure 4K).
Although antagonists for the GABA (picrotoxin) and adenosine
A1 (A1R, DPCPX) receptors did not show any effect (Figure 4K),
those blocking adenosine Asa (A2aR, SCH58261) or ionotropic
glutamate receptors (iGIuR, APV + NBQX) (Figures 4K and
S10C-S10E) significantly suppressed astrocyte-stimulated
neuronal calcium responses (SCH58261: 34.8% reduction;
APV + NBQX: 32% reduction; Figure 4K). 52% and 44% of
astrocyte-excited neurons exhibited significantly reduced cal-
cium activities in response to adenosine A;pR and iGIuR
blockade, respectively (Figures S10D and S10E). Moreover,
A>aR and iGIuR antagonists showed an additive effect
(Figure S10F). All astrocyte-excited neurons exhibited reduced
activity after incubation with both antagonists. Among them,

Cell

25% showed A,aR-specific inhibition, 35% showed iGIuR-spe-
cific inhibition, and the remaining 40% exhibited dual-antago-
nist-dependent inhibition (Figures S10G and S10H), suggesting
that partially overlapping but largely distinct neuronal populations
are activated by adenosine and glutamate released from astro-
cytes. On the other hand, blockade of ATP receptors (ATP-R,
PPADS + suramin) had a significant but much smaller effect on
astrocyte-stimulated neuronal calcium responses (10% reduc-
tion; Figure 4K). Furthermore, genetically encoded sensors of
adenosine (ADO1.0m)®® or glutamate (iGIUSNFR)®° revealed that
activation of the astrocyte-Gqg pathway (CNO, 1 uM, with TTX to
exclude indirect release from neuronal activation) significantly
increased the levels of adenosine (Figure 4L) and glutamate
(Figure 4M). Under the temporal resolution (0.92 Hz frame rate)
examined, although adenosine signals exhibited a synchronized
increase, glutamate signals showed different time to peak in the
soma and distal processes (Figure S11). These results suggest
that activation of LHb astrocytes can lead to activation of LHb
neurons by boosting extracellular ATP/adenosine and glutamate.

LHb astrocytes account for the second phase of LHb
neural activity and NE release

We next investigated the functional impact of LHb astrocytic ac-
tivities on the FS-evoked LHb neuronal activity and NE signaling
in vivo (Figure 5). As shown in Figure 3l, we had mapped the NER
type involved in the LHb-astrocyte Ca%* response to be a;4-AR,
a Gg-coupled GPCR, which initiates IP3-dependent Ca®* release
from intracellular endoplasmic reticulum stores.”® Therefore, we
first applied two strategies to specifically interfere with this
signaling pathway in LHb astrocytes: (1) knockdown of IP3R2 re-
ceptors using a short hairpin RNA (shRNA) to block internal
release of Ca?* (Figure 5A)°*°" and (2) expression of a 122-res-
idue inhibitory peptide from B-AR kinase1 (iBARK) to interfere
with Gg-GPCR signaling®® (Figure 5E). AAV expression of these
two constructs under the GfaABC1D promoter significantly
reduced FS-evoked calcium in LHb astrocytes by 68% and

Figure 4. Astrocyte-to-neuron crosstalk in LHb

(A) Representative image showing viral expression of GCaMP6s in LHb neurons and hM3Dq in LHb astrocytes. Scale bar, 100 pm.

(B and C) In vivo fiber photometry recording of LHb neuronal calcium response to LHb astrocytic hM3Dq activation. Representative raw trace (B) and bar chart
(C) showing mean AUC of neuronal calcium signals following an i.p. injection of saline or clozapine. Each circle represents one mouse.

(D) Representative images of c-Fos IHC signals following unilateral astrocytic hM3Dq activation in LHb. Note that c-Fos signals appear only on injected side.

Green, c-Fos; blue, Hoechst. Scale bar, 40 um.
(E) Quantification of total c-Fos* cells in LHb.

(F) Representative image of LHb slices with viral expression of cOpn5 in astrocytes. Scale bar, 40 pm.
(G) Schematic (left) and representative two-photon image (right) illustrating optogenetic activation of cOpn5-expressing astrocytes while recording their calcium

responses in LHb. Scale bar: 50 pm.

(H) Plots of deltaF/F ratio of LHb astrocytic calcium signals aligned to laser onset. Solid lines indicate mean and shaded areas indicate SEM.

() Schematic (left) and representative two-photon image (right) illustrating optogenetic activation of cOpn5-expressing astrocytes while recording neuronal
calcium responses in LHb. Scale bar: 50 pm.

(J) Pie chart illustrating percentage of excited neurons by astrocytic-cOpn5 activation (left, n = 4 slices, 4 mice). Colored outer circle indicates percentage of three
types (according to baseline activity) among astrocytic-cOpn5-excited neurons. Representative raw calcium traces from the three types of astrocytic cOpn5-
excited neurons (right). Blue line represents light on.

(K) Bar graph showing effects of artificial CSF (ACSF) (n = 3 slices, 3 mice), picrotoxin (n = 2 slices, 2 mice), PPADS and suramin (n = 2 slices, 2 mice), DPCPX (n =3
slices, 3 mice), SCH58261 (n = 2 slices, 2 mice), and APV and NBQX (n = 3 slices, 3 mice) on astrocytic cOpn5-evoked neuronal calcium signals in LHb slices.
Each circle represents one neuron.

(L and M) lllustration of AAVs used for expressing hM3Dg and ADO1.0m (L) or iGIuSnFR (M) in LHb astrocytes (left top), fluorescence images (left bottom), and
traces (right) illustrating astrocyte-induced adenosine (L) or glutamate (M) release in LHb slice (n = 3 slices, 3 mice per sensor). Scale bar: 100 pm.

*p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001; n.s., not significant. Data are represented as mean + SEM.

See also Figures S9-S11.
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Inhibition of astrocytic Ca?* by astrocyte-specific IP3R2 knockdown eliminates FS-evoked second wave of neuronal activities
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Figure 5. LHb astrocytic Ca?* signaling is required for the second-phase neuronal activities and NE release

(A) lllustration of blockade of astrocytic calcium signaling by IP3R2-shRNA.

(B) Left: schematic illustrating the expression of astrocyte-specific IP3R2-shRNA or Ctrl-mCherry in bilateral LHb and neuron-GCaMP86s in unilateral LHb, and
fiber photometry recording of LHb neurons. Right: viral expression of IP;R2-shRNA in LHb astrocytes and GCaMP6s in LHb neurons. Scale bar, 100 pm.

(C) Plots of averaged deltaF/F ratio (left) and heatmap (right) of LHb neuronal calcium signals aligned to FS onset in mice expressing Ctrl-mCherry (gray, n = 69
trials, 7 mice) or IP3R2-shRNA (red, n = 50 trials, 5 mice) in LHb astrocytes.

(D) Quantification of AUC1 in 0-2.5 s (top) and AUC2 in 2.5-40 s (bottom) of FS-evoked LHb neuronal calcium signals in mice expressing Ctrl-mCherry or IP;R2-
shRNA in LHb astrocytes. Each circle represents one mouse.

(E) llustration of blockade of astrocytic calcium signaling by iBARK.

(legend continued on next page)
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51%, respectively (Figures S12A-S12F). To examine the contri-
bution of LHb astrocytes to neuronal calcium activities during FS
stress, we then injected either one of these two viruses into the
bilateral LHb, expressed GCaMP6s under the CaMKllax promoter
in the unilateral LHb, and installed optic fibers above the LHb for
in vivo photometry recording (Figures 5B and 5F). Notably, the
second-phase LHb neuronal activity evoked by FS was largely
eliminated by expression of IP;R2-shRNA (Figures 5C and 5D)
or iBARK (Figures 5G and 5H) in LHb astrocytes: the first-phase
FS-evoked neuronal calcium signals remained unchanged
(Figures 5D, 5H, S13A-S13D, and S13F-S13I); in contrast, the
second-phase FS-evoked neuronal calcium signals, reflected
in the AUC from 2.5 to 40 s (AUC2), were greatly reduced
(Figures 5D and 5H). Consequently, the total AUC from the two
phases was largely reduced (Figures S13E and S13J).

As a third strategy to block LHb-astrocyte Ca?*, we then ex-
pressed GfaABC1D-promoter-driven Cre in the LHb of Adrata-
floxed mice to knock down local aya-AR (Figures 5l, 5J, and
S13K-S130). This genetic approach also led to diminished sec-
ond-phase FS-evoked neuronal calcium signals (Figures 5K and
5L). Together, these results suggest that LHb astrocytic calcium
activities are required for second-phase LHb neuronal activity in
response to stress.

We then examined the impact of blocking LHb astrocytic Ca®*
on NE release by simultaneously expressing IP3R2-shRNA and
NE sensor in the LHb (Figures 5M-5Q). Photometry recording re-
vealed that IP3R2-shRNA significantly reduced the second-
phase NE signals evoked by FS stress (Figures 5N, 50, and
5Q). Although the AUC of the first-phase FS-evoked NE signals
showed no difference, the AUC of the second-phase FS-evoked
NE signals was largely reduced in mice expressing IP3R2-shRNA
compared with control (Figure 5Q). Additionally, the ramp-up of
NE signals over multiple FSs was also inhibited (Figures 5N and
5P). These results suggest that LHb astrocytes do not affect the
first-phase but strongly contribute to the second-phase NE
release in response to stress. Combined with the temporal dy-
namic data in Figure 3M, results in Figure 5 suggest that during
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FS, Ca?* activity of LHb astrocytes leads to the reactivation of
LHb neurons and the subsequent reactivation of LC-NE neurons
and NE release.

Activation of LHb astrocytes facilitates depression-like
behaviors

We next explored the functional consequence of LHb-astrocytic
activation on the behavioral response to stress (Figure 6). We
first tried to activate LHb astrocytes by expressing GfaABC,D-
hM3Dgq in the LHb (Figure 6D) in a subthreshold stress protocol
(1 mA, 1s, 6x FS delivered within 6 min; Figure 6A). This protocol
by itself did not induce depression-like phenotypes (Figure 6B).
However, when LHb astrocytes were chemogenetically acti-
vated (i.p., deschloroclozapine [DCZ], 0.5 mg/kg) before the first
FS, mice developed depression-like phenotypes after this sub-
threshold protocol (Figures 6C-6E). Compared with the
mCherry-expressing group, mice expressing hM3Dq in LHb as-
trocytes were more immobile in the forced swim test (FST),
which models behavioral despair, and showed less preference
for sucrose water in the sucrose preference test (SPT), which
models anhedonia (Figure 6E).

Inhibition of LHb astrocytes prevents stress-induced
depression-like behaviors

We next tested whether LHb-astrocytic activity is necessary for
stress-induced depression. We tried to inactivate LHb astro-
cytes by expressing the IP3R-shRNA under the GfaABC1D pro-
moter (Figure 6l). Mice were then exposed to a series of inescap-
able and unpredictable FS stress (1 mA, 1 s, 20x FS delivered
within 20 min; Figure 6F), which was shown to induce depres-
sion-like behaviors (Figure 6G).">%® Compared with the 6x FS
subthreshold protocol, 20x FS induced more frequent and
more sustained phasic NE signals (Figure S14). Inhibition of
LHb astrocytes with IP3R2-shRNA caused a pronounced reduc-
tion in depressive-like phenotypes (Figures 6H-6J), reducing
immobility in the FST and increasing sucrose preference in the
SPT (Figure 6J). Knockout of a;a-AR in LHb astrocytes also

(F) Left: schematic illustrating the expression of astrocyte-specific iBARK or Ctrl-mCherry in bilateral LHb and neuron-GCaMP86s in unilateral LHb, and fiber
photometry recording of neurons in LHb. Right: viral expression of iBARK in LHb astrocytes and GCaMP6s in LHb neurons. Scale bar, 100 pm.
(G) Plots of averaged deltaF/F ratio (left) and heatmap (right) of LHb neuronal calcium signals aligned to FS onset in mice expressing Ctrl-mCherry (gray, n = 22

trials, 4 mice) or iBARK (red, n = 30 trials, 5 mice) in LHb astrocytes.

(H) Quantification of AUC1 in 0-2.5 s (top) and AUC2 in 2.5-40 s (bottom) of FS-evoked LHb neuronal calcium signals in mice expressing Ctrl-mCherry or ipBARK in

LHb astrocytes. Each circle represents one mouse.

() lllustration of blockade of astrocytic calcium signaling by conditional knockout of a14-AR in LHb astrocytes.
(J) Left: schematic illustrating the expression of astrocyte-specific Cre or Ctrl-mCherry in bilateral LHb and neuron-GCaMP6s in unilateral LHb, and fiber

photometry recording of neurons in LHb in Adrata ™"

against mCherry). Scale bar, 100 um.

mice. Right: expression of Cre in LHb astrocytes and GCaMP6s in LHb neurons (stained with antibody

(K) Plots of averaged deltaF/F ratio (left) and heatmap (right) of LHb neuronal calcium signals aligned to FS onset in mice expressing Ctrl-mCherry (gray, n = 40

trials, 6 mice) or Cre (red, n = 42 trials, 5 mice) in LHb astrocytes.

(L) Quantification of AUC1 in 0-2.5 s (top) and AUC2 in 2.5-40 s (bottom) of FS-evoked LHb neuronal calcium signals in mice expressing Ctrl-mCherry or Cre in

LHb astrocytes. Each circle represents one mouse.

(M) Schematic illustrating the expression of astrocyte-specific IP3R2-shRNA or Ctrl-mCherry in bilateral LHb and NE sensor in unilateral LHb, and fiber

photometry recording of NE sensor in LHb.

(N and O) Example trace (N) and plots of averaged deltaF/F ratio (O) of LHb-NE signals during FS in mice expressing Ctrl-mCherry (gray, n = 42 trials, 7 mice) or

IP3R2-shRNA (red, n = 42 trials, 7 mice) in LHb astrocytes.

(P and Q) Basal (tonic) deltaF/F ratio (P) and AUC1 (from 0 to inflection point; Q, top) and AUC2 (from inflection point to 30 s; Q, bottom) of LHb-NE signals aligned
to FS onset of LHb-NE signals in response to FS in mice expressing Ctrl-mCherry (gray) or IP3R2-shRNA (red) in LHb astrocytes.
*p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001; n.s., not significant. Data are represented as mean + SEM.

See also Figures S12 and S13.

10  Cell 188, 1-19, June 12, 2025



Please cite this article in press as: Xin et al., Neuron-astrocyte coupling in lateral habenula mediates depressive-like behaviors, Cell (2025),
https://doi.org/10.1016/j.cell.2025.04.010

Cell ¢? CelPress

Activation of LHb astrocytic Gq pathway facilitates depression-like behaviors
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Figure 6. LHb astrocytes regulate stress-induced depression-like behaviors

(A) Schematic of a subthreshold depression-induction protocol with 6x FS.

(B) Subthreshold 6x FS did not induce depression-like behaviors in FST (n = 8, 8 mice, naive vs. FS) and SPT (n = 8, 8 mice, naive vs. FS).
(C) Experimental paradigm for activating Gq pathway of LHb astrocytes during the subthreshold depression-induction protocol.

(legend continued on next page)
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caused a significant reduction in depressive-like phenotypes in
the FST (Figures 6K and 6L).

NE reuptake inhibitors block FS-evoked phasic NE
release and astrocytic activity in the LHb

The foregoing results indicate that NE-dependent LHb astrocytic
calcium activity facilitates stress-induced depressive-like be-
haviors. This is somewhat counter-intuitive, given that the anti-
depressant norepinephrine reuptake inhibitors (NRIs) and sero-
tonin-norepinephrine reuptake inhibitors (SNRIs) increase
extracellular concentration of NE.?* We therefore examined the
effect of reboxetine, a specific NE reuptake inhibitor,”® on the
NE level (Figures 7A-7D) and astrocytic activity in the LHb
(Figures 7E-7H). When injected at baseline, reboxetine yielded
a slow and significant increase in LHb baseline NE signals
(Figures 7A and 7B). However, interestingly, there was no signif-
icant change in calcium activity of LHb astrocytes (Figures 7E
and 7F). Notably, when reboxetine was injected before the
FS, it abolished both the FS-induced phasic NE release
(Figures 7C and 7D) as well as the LHb astrocytic calcium activity
(Figures 7G and 7H). Additionally, SNRI imipramine also blocked
FS-evoked phasic increase of NE and astrocytic calcium activity
in the LHb (Figure S15).

We then investigated the functional impact of blocking NE
transporter (NET) on the FS-evoked LHb neuronal activity.
Following an i.p. injection of reboxetine, the first-phase FS-
evoked neuronal calcium signals remained unchanged (Figure
7K); in contrast, the second-phase FS-evoked neuronal calcium
signals were largely eliminated (Figure 7K). Consequently, the to-
tal AUC was significantly reduced (Figure 7K). Collectively, these
results demonstrated that although NE reuptake inhibitors
induce an increase of NE in a slowly ramping manner, they
effectively block FS-induced phasic NE increase. Consequently,
they do not trigger—but rather inhibit—LHb astrocytic calcium
activities and second-phase neural activities in response to
stress.

The above results predicted that NE reuptake inhibitors may
prevent depression-like phenotypes induced by FS. To test
that, we i.p. injected mice with reboxetine 20 min before the
20x FS (1 mA, 1 s, 20x FS delivered within 20 min) stimulation.
Compared with the saline-injected group, reboxetine-injected
mice showed significantly decreased immobility time in the
FST (Figure 7L), indicating reduced depression-like behavior.
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DISCUSSION

This work defines a stress-induced recurrent network involving
LHb neurons, LC-NE neurons, and LHb astrocytes (Figure 7M):
stress first activates LHb neurons, which triggers astrocytic cal-
cium surge via LC- and aya-AR-dependent noradrenergic
signaling (Figure 3); in tandem, through gliotransmitters gluta-
mate and ATP/adenosine, LHb astrocytes drive the second-
phase of both local LHb neural activity and NE release (Figures 4
and 5), establishing a positive feedback loop where LHb astro-
cytes act as a critical signaling relay. Together, these findings
establish a framework for neuron-astrocyte interplay in stress-
driven depression, highlighting the LHb-LC loop as a central
hub in psychiatric disorders.

Functional implications and possible mechanisms
underlying stress-induced biphasic calcium activities in
LHb neurons

A key question in neurophysiology is how neurons sustain
persistent activity following transient sensory stimuli. Previous
studies have identified mechanisms involving slow-acting neu-
romodulators or recurrent neural networks.?®°” Qur study re-
veals yet another mechanism for a persistent neural dynamic
pattern, in the context of FS stress, driven by astrocyte
signaling. In particular, we observed biphasic calcium signals
in LHb neurons: a fast, time-locked first phase and a slow,
heavy-tailed second phase. Notably, more calcium enters neu-
rons during the second phase (Figure 2D), which may activate
calcium-dependent genes. On the other hand, Gqg pathway
activation in astrocytes can also influence gene transcription.?®
In light of this, it is of interest to note that we have previously
identified several neuronal genes (e.g., fCaMKiI°®)and glial
genes (e.g., Kird. 1'% to be upregulated in depression-like
states. It is foreseeable that the calcium events we identified
here may engage transcriptional changes in both neurons and
astrocytes, contributing to depression etiology over a long
timescale.

In contrast to the LHb, the five other brain regions examined
did not exhibit biphasic calcium activation under FS stress
(Figure S2), suggesting a region-specific mechanism. Several
factors may explain the dynamics in the LHb. First, LHb neurons
possess distinct intrinsic properties, containing calcium-perme-
able AMPA receptors (CP-AMPARs)'*'®%° and pacemaker

(D) Viral expression of hM3Dq in LHb astrocytes. Scale bar, 100 pm.

(E) Depression-like behaviors in FST (n = 13, 12, 10, 14 mice, Ctrl-mCherry/DCZ, hM3Dq/DCZ, Ctrl-mCherry/saline, hM3Dg/Saline) and SPT (n = 10, 12, 10, 12
mice, Ctrl-mCherry/DCZ, hM3Dg/DCZ, Ctrl-mCherry/saline, hM3Dg/Saline) of mice expressing Ctrl-mCherry (gray) or hM3Dq (blue) in LHb astrocytes.

(F) Schematic of a depression-induction protocol with 20x FS.

(G) 20x FS induced depression-like behaviors in FST (n = 16, 16 mice, naive vs. FS) and SPT (n = 15, 17 mice, naive vs. FS).
(H) Experimental paradigm for inhibiting LHb astrocytic calcium signaling during the depression-induction protocol.

(I) Viral expression of IP3R2-shRNA in LHb astrocytes. Scale bar, 100 pm.

(J) Depression-like behaviors in FST (n = 17, 17 mice, Ctrl-mCherry vs. IP;R2-shRNA) and SPT (n = 15, 16 mice, Ctrl-mCherry vs. IP;R2-shRNA) of mice ex-

pressing Ctrl-mCherry (gray) or IP3R2-shRNA (red) in LHb astrocytes.

(K) Schematic illustrating the viral expression of astrocyte-specific iCre or Ctrl-EGFP in LHb astrocytes (left). lllustration of viral expression of iCre in LHb as-

A fl/fl

trocytes in adrat mice (middle, right, GFP staining). Scale bar, 100 pm.

(L) Depression-like behaviors in FST (n = 13, 11 mice, Ctrl-EGFP vs. iCre) of adra’A "™ mice expressing Ctrl-EGFP (gray) or iCre (green) in LHb astrocytes.
*p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001; n.s., not significant. Data are represented as mean + SEM.

See also Figure S14.
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channels (e.g., hyperpolarization-activated cyclic-nucleotide-
gated [HCN] and T-type calcium channels).'”"'°° Through the
glutamate-CP-AMPARs and adenosine-A2-receptor-coupled
HCN channels,®*'°" gliotransmitters released from LHb astro-
cytes may drive the second-phase neural calcium activation.
Second, variations in gliotransmitter types and astrocytic activity
dynamics across brain regions may also contribute. In the
LHb, the tight temporal coupling (~1 s apart) between neuronal
and astrocytic calcium signals during FS stress may enable
astrocyte-released glutamate to activate N-methyl-d-aspartate
(NMDAR)-mediated Ca?* signals in depolarized neurons,
thereby facilitating the second-phase activation.

Functional implications and possible mechanisms
underlying stress-induced rapid activities in LHb
astrocytes
Compared with the five other brain regions recorded, LHb astro-
cytes exhibited the earliest calcium response to FS stress
(Figures 1D-1G). This property may stem from several potential
mechanisms. First, NE release in the LHb may occur earlier
than in other regions. Second, regional differences in astrocytic
gap junction coupling,'®® which influences the speed of calcium
propagation, could play a role. Third, variations in neuromodula-
tor receptor signaling across brain regions may affect the timing
and magnitude of calcium responses. For example, auditory
cortical astrocytes are regulated by ACh during FS stress,*’
whereas LHb astrocytes are regulated by NE (Figure 3H). Lastly,
local neuronal activity may differentially modulate astrocyte
sensitivity to NE, as shown in the visual cortex, where neuronal
activity acts as a gain control for astrocytic responses to NE.**
Furthermore, the function of the stress-induced LHb astrocytic
activity may extend beyond the local neuron-astrocyte network.
Through the second-wave activation of LC-NE neurons, which
project broadly across the brain,'**'%* local LHb astrocytes
may influence global neural activity.

Phasic and tonic NE release

Monoamine release is often subdivided into phasic and tonic
modes.'%>'%” Recent biosensor studies have revealed both
slowly ramping and phasic monoamine signals in behaving
mice, such as striatal dopamine during reward-directed tasks
and basal forebrain NE under FS stress.'%®"'%° These findings
suggest that different release modes may support distinct brain
functions.

In this study, we identified two distinct NE signaling modes in
the LHb during FS stress: rapid phasic bursts and slowly ramping
tonic signals. Phasic NE release was critical for activating LHb
astrocytic calcium, with large calcium transients time-locked to
phasic NE signals. Notably, despite elevated tonic NE levels in
late stress sessions, astrocytic calcium was not induced
(Figure S7), suggesting that NE signal dynamics (not just con-
centration) determine a1-AR engagement. Mechanistically, the
sharp, transient nature of phasic NE may favor GPCR signaling
toward the G-protein signaling, whereas the gradual rise of tonic
NE could promote p-arrestin recruitment and receptor
desensitization."°

Functional manipulation experiments revealed a dual role of
LHb astrocytes in shaping NE dynamics: they not only induce

¢? CellPress

the second-phase phasic NE activity triggered by individual FS
but also drive ramp-up of basal NE signals over repeated FS
(Figures 5N and 5P). This is potentially mediated by astrocyte-
dependent enhancement of presynaptic transmitter release.’""
It remains to be explored whether elevated basal NE activity
contributes to depression-related pathophysiology and how as-
trocytes spatiotemporally orchestrate these NE dynamics.
Further investigation into the functional significance and organi-
zational principles of these temporally distinct NE signaling
patterns will advance our understanding of stress-induced
neuroadaptations.

Role of NE system in depression
The NE system is a key player in stress response and mood disor-
ders, with dysfunction strongly linked to depression.”®"5103:112-114
The efficacy of SNRIs and NRls in treating depression, along
with evidence that NET knockout mice resist stress-induced
depressive-like behavior,''® supports the prevailing hypothesis
of NE deficiency in depression.'*""*?" paradoxically, how-
ever, elevated NE levels in cerebrospinal fluid (CSF) and plasma
of depressed patients'?>'*® increased LC neuron activity in
depression models,'”*'*®> and the antidepressant effects of
reducing LC activity' 91267128 suggest instead an association be-
tween depression and the hyperactivity of the NE system, 0% 119712
This paradox may be explained by our current finding: while
NE reuptake inhibitors increased tonic NE level, they actually
blocked phasic NE release. Phasic NE release relies heavily on
NETSs for reuptake and vesicle recycling,'%'%%'%% which is dis-
rupted by reuptake inhibitors. As shown in the current finding,
the inhibition of phasic NE release may suppress a;a-AR-depen-
dent LHb-astrocytic calcium signaling, preventing stress-indu-
ced depression-like behaviors. Additionally, during depression,
LHb neurons exhibit high-frequency bursting activity,'”'&'%
which may engage the LHb-LC loop, triggering phasic NE
release and activation of astrocytic Ca?*. Blockade of this loop
may also be the mechanism by which NE reuptake blockers
exert their antidepressant effects. Collectively, our study sug-
gests that drugs targeting the NE system—such as the NE reup-
take inhibitors, aia-AR inhibitors, or a2-AR agonists (Figure
3H)—may hold potential for the prevention and treatment of
depression.

115-117

Limitations of the study

One limitation is that the biphasic calcium activity of LHb neurons
was analyzed from bulk signals, preventing differentiation of
whether the two phases involve the same or distinct subpopula-
tions. Future studies should explore miniscope/endoscope im-
aging in the LHb, though this remains technically challenging.
Another limitation is the lack of experimental data explaining
why LHb astrocytes respond most rapidly to stress. Although
we discussed potential mechanisms, further investigation is
needed to clarify the underlying processes.

RESOURCE AVAILABILITY
Lead contact

Requests for further information and resources should be directed to, and will
be fulfilled by, the lead contact, Hailan Hu (huhailan@zju.edu.cn).
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Figure 7. NE reuptake inhibitors block FS-evoked phasic NE release and astrocytic activity in LHb

(A and B) Representative raw traces (A, left), heatmaps (A, right), and bar graph (B) showing responses of LHb NE sensor following an i.p. injection of saline (black,
n = 4 mice) or reboxetine (blue, 20 mg/kg, n = 4 mice) in homecage.

(C and D) Representative raw traces (C, left), plots of averaged deltaF/F ratio (C, right), and bar graph (D) showing responses of LHb NE sensor to FS following an .
p. injection of saline (black, n = 6 mice) or reboxetine (blue, 20 mg/kg, n = 5 mice).

(E and F) Representative raw traces (E, left), heatmaps (E, right), and bar graph (F) showing responses of LHb astrocytic calcium following an i.p. injection of saline
(black, n = 6 mice) or reboxetine (green, 20 mg/kg, n = 5 mice) in homecage.

(G and H) Representative raw traces (G, left), plots of averaged deltaF/F ratio (G, right), and bar graph (H) showing responses of LHb astrocytic calcium to FS
following an i.p. injection of saline (black, n = 6 mice) or reboxetine (green, 20 mg/kg, n = 6 mice).

(I) Representative raw traces showing responses of LHb neuronal calcium to FS following an i.p. injection of saline (black) or reboxetine (red, 20 mg/kg).

(J) Plots of averaged deltaF/F ratio (left) and heatmap (right) of LHb astrocytic calcium response to FS following an i.p. injection of saline (black) or reboxetine (red,
20 mg/kg).

(legend continued on next page)

14  Cell 188, 1-19, June 12, 2025



https://doi.org/10.1016/j.cell.2025.04.010

Please cite this article in press as: Xin et al., Neuron-astrocyte coupling in lateral habenula mediates depressive-like behaviors, Cell (2025),

Cell

Materials availability
This study did not generate new unique reagents.

Data and code availability
@ All data reported in this paper will be shared by the lead contact upon
request.
® All original code has been deposited at Zenodo at https://zenodo.org/
records/15087544 and is publicly available as of the date of publication
® Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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AAV2/9-EF1a-DIO-Axon-GCaMP6s- BrainVTA (Wuhan) Cat# PT-1227

WPRE-pA
AAV2/9-hSyn-GRABygon-WPRE-SV40-pA

AAV2/5-GfaABC1D-SFiGIuSnFR(A184S)-
WPRE-SV40pA

AAV2/5-GfaABC;D-Ado1.0m-WPRE-
SV40pA

AAV2/9-hSyn-eNpHR3.0-mCherry-
WPRE-pA

AAV2/9-EF1a-DIO-hM4Di-EGFP-
WPRE-pA

AAV2/9-hSyn-mCherry-WPRE-pA
AAV2/5-GfaABC1D-hM3Dg-mCherry

AAV2/9-hSyn-ChrimsonR-tdTomato-
WPRE-SV40pA

AAV2/9-hSyn-Flex-ChrimsonR-mCherry-
WPRE-pA
AAV2/5-GfaABC1D-mCherry

AAV2/8-GfaABC1D-cOpn5-T2A-mCherry-
WPRE-pA

AAV2/5-GfaABC1D-cOpn5-T2A-mCherry-
WPRE-pA
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Vigene (Shandong)
BrainVTA (Wuhan)

BrainVTA (Wuhan)

Taitool Bioscience (Shanghai)

BrainVTA (Wuhan)

Taitool Bioscience (Shanghai)
Taitool Bioscience (Shanghai)
Taitool Bioscience (Shanghai)

Taitool Bioscience (Shanghai)

Sunbio Medical Biotechnology (Shanghai)

Minmin Luo Lab (Chinese Institution for
Brain Research, Beijing)

Taitool Bioscience (Shanghai)

Cat# YLO03011-AAV9
Cat# PT-2450

Cat# PT-9019

Cat# S0463-9

Cat# PT-0987

Cat# S0238-9
Cat# S0483-5
Cat# S0459-9

Cat# S0739-9

PAAVE3126
N/A

AAV2/5-XT670
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
AAV2/5-GfaABC+D-ipARK-p2A-mCherry- Sunbio Medical Biotechnology (Shanghai) Cat# PSE5374
WPRE-pA

AAV2/5-GfaABC1D-IP;R2-shRNA- Sunbio Medical Biotechnology (Shanghai) PAAVE3465
mCherry-WPRE-pA

AAV2/5-GfaABC1D-mCherry-T2A-Cre- OBIO scientific service (Shanghai) H9463
WPRE-pA

AAV2/5-GfaABCD-EGFP-P2A-iCre- Taitool Bioscience (Shanghai) S0407-5
WPRE-pA

AAV2/5-GfaABCD-EGFP-WPRE-pA Taitool Bioscience (Shanghai) S0246-5
Chemicals, peptides, and recombinant proteins

Tetrodotoxin citrate (TTX) alomone labs T-550
Norepinephrine (NE) Sigma HY-13715
Picrotoxin (PTX) Tocris 1128
Serotonin MCE HY-B1473A
y-Aminobutyric acid Sigma A2129
Dopamine APEXBIO B1482
Clozapine N-oxide Sigma C0832
Deschloroclozapine MCE HY-42110
Clozapine MCE HY-14539
PPADS tetrasodium MCE HY-101044
Suramin hexasodium salt APEXxBIO B6752
DPCPX MCE HY-100937
SCH582661 MCE HY-19533
APV Sigma A5282
NBQX MCE HY-15068
Prazosin hydrochloride MCE HY-B0O193A
Atipamezole hydrochloride MCE HY-12380
Propranolol hydrochloride MCE HY-B0573
Scopolamine Tocris 114-49-8
Mecamylamine hydrochloride MCE HY-B1395
MPEP hydrochloride MCE HY-14609
LY341495 MCE HY-70059
Silodosin MCE HY-10122
L-765314 MCE HY-101385
BMY-7378 Tocris HY-100554
Reboxetine mesylate MCE HY-14560C
Imipramine Sigma 10899-5G
Experimental models: Organisms/strains

C57BL/6J mice Qizhen or Jihui Laboratory animal Shanghai N/A
Aldh1l1-Cre The Jackson Laboratory JAX. 023748
TH-Cre The Jackson Laboratory JAX. 008601
Adraila-flox GemPharmatech Co., Ltd TO07139
Software and algorithms

CamFibrePhotometry ThinkerTech, Nanjing http://www.thinkerbiotech.com/
InperStudioMultiColorEVAL15 Inper Ltd., China https://www.inper.com
InperStudio Inper Ltd., China https://www.inper.com

Inper Data Process.
MATLAB R2015b or R2019b

Inper Ltd., China
MathWorks

https://www.inper.com

https://www.mathworks.com/products/
matlab.html

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Custom analysis code This paper and Zhang et al.'®? https://zenodo.org/records/15087544;
https://zenodo.org/record/5591050

Prism GraphPad Software https://www.graphpad.com/scientific-
software/prism

BORIS Friard and Gamba'*® http://www.boris.unito.it/

Imaged National Institutes of Health https://imagej.nih.gov/ij/index.html

FV31S-SW OLYMPUS https://www.olympus-lifescience.com/en/
downloads/detail-iframe/?0[downloads]
[id]=847252002

HClImage Live HAMAMATSU Photonics https://hcimage.com/hcimage-overview/
hcimage-live/

NIS-Elements AR4.5.00 OLYMPUS http://www.olympusconfocal.com/
products/fv1000/fv1000software.html

Any-maze software Stoelting https://stoeltingco.com/Neuroscience/
ANY-maze

Electrical V1.0.4 SansBio, Jiangsu https://www.sansbio.com/

Other

473 nm, 589 nm and 635 nm laser LED Inper Ltd., China https://www.inper.com

Fiber photometry system ThinkerTech, Nanjing or Inper Ltd., China http://www.thinkerbiotech.com/;

https://www.inper.com

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Data for experiments were collected from male adult C57BL/6J strain mice (Qizhen or Jihui Laboratory animal), Aldh111-Cre (The
Jackson Laboratory, JAX. 023748), TH-Cre (The Jackson Laboratory, JAX. 008601) and Adrala-flox (GemPharmatech Co., Ltd,
T007139) transgenetic mice, all over 8 weeks of age. Mice were housed in groups of four or five randomly under standard conditions
(12-hour light/dark cycle) with food and water available ad libitum. Mice were habituated in the behavioral rooms for 0.5-1h before all
the behavioral experimentations. All animal-related experimental procedures were under the guidelines of the Animal Care and Use
Committee of the animal facility at Zhejiang University.

METHOD DETAILS

Surgery and viral injection

Mice were deeply anaesthetized by 1% pentobarbital sodium (100 mg/kg body weight) and head-fixed in a stereotactic frame (RWD
Instruments). Virus was injected into the target brain regions (LHb: AP, - 1.72 mm from bregma; ML, + 0.46 mm; DV, - 2.62 mm from
the brain surface; mPFC: AP, + 2.43 mm from bregma; ML, + 0.4 mm; DV, - 1.3 mm from the brain surface; LH: AP, - 0.90 mm from
bregma; ML, + 1.10 mm; DV, - 4.90 mm from the brain surface; STR: AP, + 0.80 mm from bregma; ML, + 2.0 mm; DV, - 2.20 mm
from the brain surface; BLA: AP, + 1.40 mm from bregma; ML, +3.10 mm; DV, - 4.5 mm from the brain surface; HPC: AP,
-2.20 mm from bregma; ML, + 1.35 mm; DV, - 1.20 mm from the brain surface; LC: AP, -5.5 mm from bregma; ML, + 0.9 mm;
DV, - 3.40 mm from the brain surface) using a pulled glass pipette connected to a pressure microinjector (Picospritzer Ill, Parker).
The injection needle remained in place for approximately 10 min before being withdrawn to prevent fluid reflux. For optic fiber implan-
tation, a 200-pm optic fiber was placed 300 pm above the center of the viral injection site and cemented onto the skull with dental
acrylic. For bilateral inhibition of the LHb neurons or multi-regions photometry recording, optic fiber was implanted to target brain
regions (LHb: -1.72 mm AP, £1.14 mm ML, -2.35 mm DV, and angled at 15 from the vertical in the lateral direction; LH: -0.9 mm
AP, £2.32 mm ML, -4.4 mm DV, and angled at 15 from the vertical in the lateral direction). After surgery, mice were allowed to recover
from anesthesia on a heat pad.

After all experiments were completed, mice were transcardially perfused under deep anesthesia with 0.1 M phosphate buffered
saline (PBS) followed 4% w/v paraformaldehyde (PFA) to verify the sites of virus injection and fiber placement. Brains were postfixed
in 4% w/v PFA for 12 hours, followed by cryoprotection in a 30% w/v sucrose solution for 1~2 days. The dehydrated brains were then
sectioned into 40 pm thick coronal slices using a cryostat (Leica). The slices were counterstained with DAPI or Hoechst before im-
aging. Fluorescent image acquisition was performed using an Olympus Fluoview FV1000 confocal microscope. Only data from mice
with correct virus injection site and optic fiber location site were used.
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For calcium recording experiments, the following viruses were used: AAV2/9-CaMKlla-GCaMP6s (titre: 1.0 x 10" vector genome
(v. g.)/ml, dilution: 1: 8, 0.1 pl into LHb, BLA, 0.2 ul into LH, mPFC, STR, HPC, Addgene), AAV2/9-hSyn-RGECO1a (titre: 1.0 x 103
vector genome (v. g.)/ml, dilution: 1:3, 0.15 pl into LHb, Addgene), AAV2/5-GfaABC,D-cyto-GCaMP6f (titre: 7.0 x 102 vector
genome (v. g.)/ml, 0.25 plinto LHb, BLA, LH, mPFC, HPC, STR, Addgene), AAV2/5-GfaABCD-lck-GCaMP#6f (titre: 7.0 x 10'2 vector
genome (v. g.)/ml, 0.25 plinto LHb, BLA, LH, mPFC, HPC, STR, Addgene), AAV2/9-CAG-Flex-GCaMP6s-WPRE-pA (titre: 1.66 x 103
vector genome (v. g.)/ml, dilution: 1: 5, 0.2 pl into LHb, Taitool Bioscience), AAV2/9-EF1a-DIO-Axon-GCaMP6s-WPRE-pA (titre:
5.14 x 10" vector genome (v. g.)/ml, 0.2 pl into LC, BrainVTA).

For sensor recording experiments, the following viruses were used: AAV2/9-hSyn-GRABeon-WPRE-SV40-pA (titre: 1.0 x 102
vector genome (v. g.)/ml, dilution: 1: 3, 0.2 pl into LHb, Vigene), AAV2/5-GfaABC,D-SFiGIuSnFR (A184S)-WPRE-SV40pA (titre:
1.0 x 10"® vector genome (v. g.)/ml, 0.2 plinto LHb, BrainVTA), AAV2/5-GfaABC,D-ADO1.0m-WPRE-SV40pA (titre: 1.0 x 10'® vector
genome (v. g.)/ml, 0.2 pl into LHb, BrainVTA).

For manipulation experiments of neurons, the following viruses were used: AAV2/9-hSyn-ChrimsonR-tdTomato-WPRE-SV40pA
(titre: 2.27 x 10" vector genome (v. g.)/ml, dilution: 1: 10, 0.1 ul into LHb, Taitool Bioscience), AAV2/9-hSyn-eNpHR3.0-mCherry-
WPRE-pA (titre: 1.76 x 102 vector genome (v. g.)/ml, dilution: 1: 8, 0.1 pl into LHb, Taitool Bioscience), AAV2/9-hSyn-mCherry-
WPRE-pA (titre: 2.49 x 10"® vector genome (v. g.)/ml, dilution: 1: 5, 0.1 pl into LHb, Taitool Bioscience), AAV2/9-hSyn-Flex-
ChrimsonR-mCherry-WPRE-pA (titre: 1.30 x 10" vector genome (v. g.)/ml, dilution: 1: 5, 0.15 pl into LC, Taitool Bioscience),
AAV2/9-EF1a-DIO-hM4Di-EGFP-WPRE-pA (titre: 5.35 x 10'2 vector genome (v. g.)/ml, 0.2 pl per side bilateral into LC, BrainVTA).

For manipulation experiments of astrocytes, the following viruses were used: AAV2/5- GfaABC{D-hM3Dg-mCherry (titre:
1.45 x 10'® vector genome (v. g.)/ml, dilution: 1: 5, 0.2 pl per side bilateral into LHb, plasmid from Addgene); AAV2/5- GfaABC;D-
mCherry (titre: 2.08 x 10'® vector genome (v. g.)/ml, dilution: 1: 5, 0.2 pl per side bilateral into LHb, Sunbio Medical Biotechnology);
AAV2/8-GfaABCD-cOpn5-T2A-mCherry-WPRE-pA (0.2 pl per side bilateral into LHb, provided by M. Luo); AAV2/5-GfaABC,D-
cOpn5-T2A-mCherry-WPRE-pA (0.2 ul per side bilateral into LHb, Taitool Bioscience); AAV2/5-GfaABC1D-iARK-p2A-mCherry-
WPRE-pA (titre: 1.9 x 10'® vector genome (v. g.)/ml, 0.2 pl per side bilateral into LHb, plasmid from Addgene); AAV2/5-
GfaABC,D-IP3;R2-shRNA-mCherry-WPRE-pA (titre: 2.61 x 10" vector genome (v. g.)/ml, 0.2 pl per side bilateral into LHb, Sunbio
Medical Biotechnology); AAV2/5-GfaABC;D-mCherry-T2A-Cre-WPRE-pA (titre: 1.14 x 10'® vector genome (v. g.)/ml, 0.15 pl per
side bilateral into LHb, OBiO scientific service); AAV2/5-GfaABC,D-EGFP-P2A-iCre-WPRE-pA (titre: 1x 10'® vector genome
(v. g.)/ml, 0.1 pl per side bilateral into LHb, Taitool Bioscience); AAV2/5-GfaABCD-EGFP-WPRE-pA (titre: 1x 10'® vector genome
(v. g.)/ml, 0.1 pl per side bilateral into LHb, Taitool Bioscience).

For the experiments of astrocytic manipulation and neuronal recording, the virus of manipulating astrocyte was injected first, fol-
lowed by the injection of neuronal GCaMP 3-4 weeks later.

In vivo fiber photometry recording

The calcium signals of multi-regions were simultaneously recorded using fiber photometry systems (ThinkerTech, Nanjing). A beam
of 488 nm excitation light was delivered, and fluorescence signals were acquired at a sampling rate of 50 Hz. To minimize fluores-
cence signal bleaching, the laser intensity was adjusted to a low level (40 pW) at the tip of optic fiber.

The calcium signals of astrocytes and neurons were simultaneously recorded using dual-color fiber photometry recording systems
(ThinkerTech, Nanjing; Inper Ltd., China). System delivered two excitation light sources, 470 nm and 580 nm, allowing simultaneous
recording of red and green indicators at a frequency of 40 or 25 frames per channel per second. The light power was approximately
40 pW for the 470 nm wavelength and the 50 pW for the 580 nm wavelength at the tip of optic fiber.

During the recording of signals under the FS stress, the mice were placed into an FS chamber (SansBio, Jiangsu) with metal grid
floor and subjected to unpredictable FS (1s, 0.4-1 mA). A video camera was positioned above the chamber to track each mouse.
Optogenetic manipulations in fiber photometry recording
To synchronize optogenetic manipulation and photometry recording, we utilized fiber photometry recording systems combined with
photostimulation (Inper Ltd., China). In the experiments involving the activation of LHb neurons, LHb-LC terminals and LC™-LHb
terminals, we applied 1 s red-light pulses (635 nm, 2-5 mW at fiber tip, 5 ms or 10 ms pulse width). In the experiments involving in-
hibition of LHb neurons, we applied constant yellow light (589 nm, 10 mW at fiber tip). When the light was delivered, a trigger simul-
taneously sent a TTL pulse to the data recording systems, allowing verification of the exact time points when the light was turned on.
Analysis of fiber photometry data
Data were analyzed using the codes (e. g. OpSignal, from Thinker Tech Nanjing Biotech Co., Ltd. and Inper Ltd., China) based on
MATLAB. The fluorescence responses were indicated by delta-F/FO (calculated as (F-F0)/ F0). FO represents the baseline average
fluorescence signals in a 2-second-long period prior to the onset of FS stress or light on. Delta-F/FO are presented as heatmaps
and also as average plots with a shaded area indicating the SEM. For the quantification of rise and decay of signals, rise time
was defined as latency from 10% peak signal timing to 80% peak signal timing. Decay time was defined as latency from peak timing
decay to 50% peak activity timing. The peak of signals during response period (10 s from the stimulus onset) was detected by finding
a maximum response. For quantification of inflection point, average fluorescence signals evoked by FS stress for each mouse were
used to define the point of decay slope change as the inflection point. For signal-phase analysis of neuronal calcium, phase1 was
defined as the period from the onset of FS timing to the inflection point timing and phase2 was defined as the period from the inflec-
tion point timing to 10% peak activity timing. For astrocyte-loss-of-function experiments, the phases of neuronal calcium signals
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were defined as follows: phase1 was the period from the onset of FS t0 2.5 s, and phase2 was from 2.5 s to 40 s (It is difficult to identify
the inflection point of neuronal calcium signals when inhibiting astrocytic calcium signaling). The quantification of AUC1 and AUC2 of
NE signals evoked by FS excluded ramp values.

Drugs application in vivo recording

The following drugs were administered intraperitoneally (i.p.). Concentrations were as follows: Prazosin hydrochloride (4 mg/kg,
MCE), Propranolol (40 mg/kg, MCE), Atipamezole hydrochloride (0.5 mg/kg, MCE), Scopolamine (1 mg/kg, Tocris), Mecamylamine
hydrochloride (2.5 mg/kg, MCE), MPEP hydrochloride (20 mg/kg, MCE), LY341495 (2.5 mg/kg, MCE), Silodosin (5 mg/kg, MCE),
L-765314 (5 mg/kg, MCE) and BMY-7378 (2.5 mg/kg, Tocris), Reboxetine (20 mg/kg, MCE), Imipramine (10 mg/kg and
20 mg/kg, Sigma).

For inhibition of LC NE neurons, four weeks after injection of AAV2/9-EF1a-DIO-hM4Di-EGFP-WPRE-pA into LC, clozapine
(1 mg/kg, MCE) or saline was administered to TH-Cre mice by intraperitoneal injection.

For activation of LHb astrocytes, four weeks after injection of AAV2/5-GfaABC1D-hM3Dg-mCherry or AAV2/5-GfaABC1D-mCherry
and AAV2/9-CaMKlla-GCaMP6s into LHb, clozapine (0.25, 0.5, 1 mg/kg, MCE) or saline was administered to mice by intraperitoneal
injection.

For experiments of inhibitors and antagonists administration, each recording session was separated by 30-50 minutes to ensure
drug effectiveness.

Acute brain slice preparation for imaging

Sagittal LHb slices were prepared from C57BL/6J or Aldh111-Cre mice with AAV virus injection for in vitro calcium imaging. Briefly,
mice were deeply anesthetized with pentobarbital sodium and decapitated with sharp shears. The brains were sliced in ice-cold
modified artificial CSF (ACSF) (oxygenated with 95% O, and 5% CO,) containing the following (in mM): 220 sucrose, 2 KClI,
6 MgCil,, 0.2 CaCl,, 26 NaHCOg3, 1.2 NaH,PO4, and 10 D-glucose. A vibratome (Leica2000) was used to cut 300 pm brain sections.
The slices were allowed to equilibrate for 30 min at 34-36 °C in normal ACSF containing (in mM): 125 NaCl, 2.5 KClI, 2 CaCl,, 1 MgCls,
25 NaHCOg3, 1.25 NaH,PO4, and 25 D-glucose with 1 mM pyruvate added, continuously bubbled with 95% O, and 5% CO.,. Slices
were allowed to recover for at least 1h in the same buffer until use. All slices were used within 5-8 hours of slicing.

In vitro imaging
Slice preparation was performed as described above. In neuronal calcium imaging and sensors imaging experiments, images were
captured on an Olympus two-photon microscope (FVMPE-RS, Tokyo, Japan) equipped with a mode-locked Ti:Sapphire laser
(MaiTai DeepSee, SpectraPhysics, San Francisco, USA) set at 920 nm and a water-immersion objective lens (25x, N.A. 1.05; Nikon,
Tokyo, Japan). Regions with virus expression in the LHb were identified and full-frame images were acquired at 0.92 Hz. In astrocytic
calcium imaging experiments, for optogenetic manipulation experiments, images were captured on an Olympus two-photon micro-
scope (FYMPE-RS, Tokyo, Japan). For other experiments, images were captured on a digital CMOS camera (ORCA-Flash4.0 V3;
HAMAMATSU and FL 9BW; TUCSEN) with a water-immersion objective lens (40x, N.A. 0.85). Full-frame images were acquired
at 4 Hz. A constant flow of fresh buffer perfused the imaging chamber at all times.
Optogenetic manipulations in two-photon imaging
Experiments were conducted on mice expressing GfaABC;D-cOPN5 and CaMKIlla-GCaMP6s, with cOPN5 being expressed one
month prior to GCaMP#6s to ensure optimal expression of cOPNS5. In optogenetic manipulation experiments, an optical fiber connect-
ing a photostimulation system (Inper, China) was placed on the slices and delivered red light (635 nm, 5 mW at fiber tip, 5 ms or 10 ms
pulse width) for neuronal ChrimsonR activation, or blue light (473 nm, 60 pW at fiber tip, 1 s constant) for astrocytic cOpn5 activation.
Drug applications in vitro
The following drugs were applied in the bath: Norepinephrine (5 pM and 10 uM, MCE), Phenylephrine (10 pM, Sigma), y-Aminobutyric
acid (300 pM, Sigma), Serotonin (20 pM, MCE), Dopamine (10 uM, APExBIO), Clozapine N-oxide (CNO; 1 pM, Sigma), Picrotoxin
(100 pM, Tocris), PPADS tetrasodium (50 pM, MCE), Suramin hexasodium salt (75 pM, APExBIO), DPCPX (300 nM, MCE),
SCH582661 (100 nM, MCE), APV (50 pM, Sigma), NBQX (10 pM, MCE), Prazosin hydrochloride (10 pM, MCE), Atipamezole hydro-
chloride (1 pM, MCE), Propranolol hydrochloride (10 pM, MCE), Tetrodotoxin cltrate (TTX; 1 pM, alomone labs).

For experiments of inhibitors and antagonists bath, each slice imaging session was separated at least 10 min to permit drug
penetration.
Analysis of imaging data
Calcium imaging analysis was conducted using FIJI (ImagedJ) and MATLAB. Image XY drift was corrected using MATLAB. For CMOS
camera imaging data (excluding Figures S6F and S6G), the entire field of view (FOV) was selected as the region of interest (ROI). In
Figures S6F and S6G, the FOV was uniformly divided into 128x128 segments and the segments with calcium activities exceeding the
threshold (delta-F/FO > 10% in response to 5 uM NE) were selected as ROls. For two-photon imaging data of sensors and astrocytic
calcium signals, regions exhibiting fluorescence (including soma and process of astrocytes) during the experiment were selected as
ROls. For two-photon imaging data of neuronal calcium signals, the neuronal somatic regions were selected as ROIs and any
neurons with unintended expression of cOPN5 were excluded from the analysis. The fluorescence responses were indicated by
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delta-F/FO0 (calculated as (F-F0)/ F0). FO represents the baseline average fluorescence signals in a 10-second period prior to the onset
of light on or a 60-second period prior to the drug application. Delta-F/FO were presented as heatmaps and also as average plots with
a shaded area indicating the SEM.

The recorded neurons show three modes of spontaneous calcium activity at resting conditions. We calculated the standard de-
viation (SD) of calcium fluorescence value and the SD of calcium-event intervals for each neuron during the resting conditions. Neu-
rons were classified as silent if they showed no calcium events during recording (SD of fluorescence value < 30); Neurons were clas-
sified as regular if they showed periodic calcium events during recording (SD of fluorescence value > 30 and SD of calcium-event
interval < 10); Neurons were classified as irregular if they showed irregular calcium events during recording (SD of fluorescence
value > 30 and SD of calcium-event interval > 10).

For the recording of LHb neurons during astrocytic-hM3Dq activation, we calculated the mean fluorescence for each neuron during
the control period (180-second period before CNO application) and during the CNO-responsive period (180-second period during
CNO application). Neurons were identified as excited if their mean fluorescence during CNO-responsive period was at least 2.5-
fold above during the control period. For the recording of LHb neurons during astrocyte-cOpn5 activation, photostimulations
(473 nm, 60 uW at fiber tip, 1s constant) were performed 6-8 times. Neurons were identified as excited if they exhibited high response
fidelity (> 80%). To quantify the effect of inhibitors and antagonists, neurons with stable responses (response fidelity > 80%, signal
decay < 10%) to cOPNS5 in normal ACSF were included in the analysis. We separately calculated the mean cOPN5-evoked calcium
peak in normal ACSF (control) and in ACSF with inhibitors or antagonists added. Neurons were identified as inhibited if their mean
calcium peak in the presence of inhibitors or antagonists decreased by at least 30% compared to the control.

Immunohistochemistry

In experiment of immunohistochemistry for c-Fos, four weeks after injection of AAV2/5-GfaABC1D-hM3Dg-mCherry or AAV2/5-
GfaABC,D-mCherry into LHb, deschloroclozapine (0.5 mg/kg, MCE), clozapine (0.25 mg/kg, 0.5 mg/kg, 1 mg/kg, MCE) or saline
was administered to mice by intraperitoneal injection. Two hours after administration, mice were sacrificed forimmunohistochemistry
of c-Fos. In experiment of immunohistochemistry for NeuN, S1008, GFP and RFP, mice were sacrificed, after all the experiments
were completed.

Mice were deeply anesthetized with 1% pentobarbital sodium and perfused transcardially with 0.1 M phosphate buffer saline (PBS,
pH =7.4) followed by 4% paraformaldehyde in PBS. Brains were removed and postfixed overnight and dehydrated in 30% sucrose in
PBS. Coronal brain sections (40 um) were serially cut and divided for 6 interleaved sets.

The antibodies used were rabbit anti-c-Fos (1:2000, SYSY), mouse anti-NeuN (1:500, Millipore), rabbit anti-S100p (1:1000, Dako
Products), chicken anti-GFP (1:2000, Aves Labs), rabbit anti-GFP (1:2000, Invitrogen), chicken anti-TH (1:1000, Aves Labs), rabbit
anti-TH (1:1000, Santa Cruz Biotechnology), rabbit anti-RFP (1:1000, Rockland), Chicken-anti-mCherry (1:1000, Abcam); Alexa Fluor
546 goat anti-rabbit IgG, Alexa Fluor 488 goat anti-rabbit IgG, Alexa Fluor Cy5 goat anti-mouse IgG, Alexa Fluor 488 goat anti-chicken
IgG, Alexa Fluor 488 goat anti-mouse IgG, Alexa Fluor 546 goat anti-mouse IgG, Alexa Fluor 546 goat anti-chicken IgG (all 1:1000,
Invitrogen).

Slices for checking the injection site were counterstained with Hoechst in the final incubation step. Fluorescent image acquisition
was performed with an Olympus Fluoview FV1000 confocal microscope.

Behavioral assays

Foot-shock stress (FS)

In FS-induced depression-like behaviors protocol, FS was performed as previously described.’*°* Mice were placed into a standard
FS chamber (SansBio, Jiangsu) with metal grid floor and habituated to the new environment for 5 min. During a 20-min FS session,
mice were subjected to 20 unpredictable FS (1 mA, 1 s) with an intershock interval of 45-75 s. In subthreshold FS protocol, mice were
subjected to 6 unpredictable FS (1 mA, 1 s) with an intershock interval of 45-75 s. For activation of LHb astrocytic Gq pathway,
Deschloroclozapine (0.5 mg/kg, MCE) was administered intraperitoneally (i.p.) 10 min before FS.

Forced swim test (FST)

FST was performed as previously described.'”'*" Mice were gently and individually placed in a cylinder (12 cm diameter, 25 cm
height) of water (23-24 °C) and swam for 6 min under normal light (100-200 lux). Water depth (15 cm) was set to prevent mice
from touching the bottom with their tails or hind limbs. The entire test lasted for 6 min. A camera was set at the side of the cylinder
to record the behaviors. The immobile duration during the last 4-min test were counted offline by an experienced observer blinded to
the animal treatments. Immobility was defined by animals remaining floating or motionless with only small and necessary movements
for keeping balance.

Sucrose preference test (SPT)

SPT was conducted as previously described.'”'®! Animals were single housed and habituated to two bottles of drinking water for
2 days, followed by two bottles of 2% sucrose for 2 days. After habituation, the preference for any specific bottle was checked.
Only mice without basal preference (between 25-75%) were used. Mice with basal preference of one bottle on the last day of habit-
uation (below 25% or above 75%) were excluded. Mice were then water deprived for 24 hours. In the test phase, mice exposed to one
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bottle of 2% sucrose and one bottle of water for 2 hours in the dark phase. The positions of 2 bottles were switched after 1hour. The
sucrose preference was calculated as the average of consumption of sucrose/ total consumption of water and sucrose during the
2 hours.

QUANTIFICATION AND STATISTICAL ANALYSIS
All data are shown as mean + SEM. Statistical analyses were done with Prism 6 (GraphPad) or MATLAB. By pre-established criteria,
values were excluded from analyses if virus expression was poor or optic fiber location was out of the interested region. The data

were analyzed by Student’s test for Gaussian distributions, while Mann-Whitney test for non-Gaussian distributions. Results were
considered statistically significant when the P value < 0.05. More details are provided in Table S1.
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Figure S1. FS induces the most rapid calcium rise in LHb astrocytes, related to Figure 1

(A) GfaABCD-promoter-driven GCaMP is not expressed in neurons. Left and middle: representative images of LHb brain slices stained with antibodies against
GFP (indicating GCaMP-positive cells, green) and NeuN (neuronal marker, red). Scale bar, 50 pm. Right: bar graph showing percentage of GCaMP-positive cells
that are NeuN positive (n = 7 slices from 4 mice).

(B) Scatterplots showing the relationship between peak amplitude and time to peak of LHb astrocytic calcium signals evoked by FS. Each circle represents one
mouse.

(C) Average AUC of astrocytic calcium signals evoked by FS in 6 brain regions. Each circle represents one mouse.

*p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001; n.s., not significant. Data are represented as mean + SEM.




¢? CelPress Cell

BN
=)
«

Homecage

FIF (%)
S
S
X

[ Footshock
o 4 4 4

10 0 10 20 30 40
Time from shock onset (s)

EN
o
Homecage 15

30s
s 0
R
w40
u% % Footshock
<20
AN e FEF B P
o |
- 0
Time from shock onset (s)
Homecage
80 =
3
__ 60 30s
R
w 40
w
< 20 7
Footshock
0 e e .
0 0 10 20 30 40 Fo7 / / 4
Time from shock onset (s)
Homecage *
3
303
§
w 40 Footshock
';':
10 20
T|me from shock onset
Homecage §
80
60
g 4
o 40
w ;} ;; Footshock i}
L ‘/\""‘\M\’

-10 0 10 20 30 40
Time from shock onset (s)

Figure S2. Neuronal calcium response evoked by FS in the other five brain regions, related to Figure 2

(A-E) Left: illustration of viral expression and optic fiber placement (indicated by the yellow dotted line) in BLA (A), mPFC (B), HPC (C), LH (D), and STR (E), the
boundary of which is outlined by the white dotted line. Green, GCaMP6s; blue, Hoechst. Scale bars, 100 um. Middle: average deltaF/F ratio of neuronal calcium
signals from BLA (A, n = 3 mice), mPFC (B, n = 7 mice), HPC (C, n = 7 mice), LH (D, n = 3 mice), and STR (E, n = 3 mice), aligned to the onset of FS. Solid lines
indicate mean and shaded areas indicate SEM. Right: representative traces of recorded neuronal calcium signals from the 5 CNS regions during homecage (top)
and continuous FSs (bottom).
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Figure S3. FS induces biphasic calcium activities in LHb neurons, related to Figure 2

(A) Representative traces of recorded neuronal calcium signals in LHb over three continuous FSs. Scale bars, 20% deltaF/F, 10 s.

(B) Alignment of FS-onset plots of average calcium signals of recorded neurons from individual animal during FS (n = 8 mice). Each trace represents one mouse.
(C) lllustration of segmented phases of FS-evoked LHb neuronal calcium signals.

(D) Average half-decay time in phase 1 and phase 2 of FS-evoked neuronal calcium signals. Each circle represents one mouse.

(E) Average peak amplitude in phase 1 and phase 2 of FS-evoked neuronal calcium signals. Each circle represents one mouse.

*p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001; n.s., not significant. Data are represented as mean + SEM.
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Figure S4. Optogenetic activation of ChrimsonR-expressing neurons induces neuronal calcium in LHb slice, related to Figure 3

(A) Schematic illustrating optogenetic activation of ChrimsonR-expressing neurons while recording two-photon images of LHb neuronal calcium responses.
(B) Calcium fluorescence images of LHb neurons before (B, left) and after (B, right) optogenetic activation of LHb neurons (1 s, 40 Hz).

(C) Neuronal calcium responses to optogenetic activation of LHb neurons (1 s, 40 Hz) in LHb slices.

(D) Mean neuronal calcium responses to varying stimulation frequencies in LHb slices (n = 10 slices from 3 mice).
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Figure S5. Calcium activities evoked by FS in LHb astrocytes require noradrenergic signaling, related to Figure 3

(A-C) Plots of averaged deltaF/F ratio (left) and heatmap (middle) of FS-evoked calcium signals in LHb astrocytes before and after i.p. injection of prazosin («1-AR
antagonist, A), atipamezole («2-AR antagonist, B), and propranolol (3-AR antagonist, C), aligned to FS onset. Bar graph showing effects of NER antagonists on
FS-evoked calcium signals in LHb astrocytes (right). Each circle represents one mouse.

*p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001; n.s., not significant. Data are represented as mean + SEM.
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Figure S6. NE triggers calcium signal in LHb astrocytes via a1-AR, related to Figure 3

(A) Schematic illustrating in vitro calcium imaging of LHb astrocytes in slices.

(B) Calcium fluorescence images of LHb astrocytes showing calcium increase at different time points after NE application (n = 8 slices from 8 mice). Scale bar:
50 pm (experiments were performed in TTX).

(C) Plots of deltaF/F ratio (left) and heatmap (right) of calcium signals in LHb astrocytes induced by NE (n = 8 slices from 8 mice). Solid lines indicate mean and
shaded areas indicate SEM.

(D and E) Calcium fluorescence images of LHb astrocytes before (D, left) and after (D, right) application of PE («1-AR agonist). Traces (E) of LHb astrocytic calcium
signals before and after PE application (n = 6 slices from 4 mice). Scale bars, 20% deltaF/F, 30 s (experiments were performed in TTX).

(F) Schematic illustrating viral injection of Cre-dependent GCaMP6s in LHb in Aldh111-Cre mice and in vitro calcium imaging of LHb astrocytes in response to NE
after application of NER antagonist. Region of interest (ROI) detection using a grid array (see STAR Methods for details).

(G) Representative calcium fluorescence images (left) and bar graph (right) showing effects of prazosin («1-AR antagonist), propranolol (3-AR antagonist), and
atipamezole («2-AR antagonist) on LHb astrocytic calcium signals evoked by NE. Scale bar: 50 pm. Each circle represents one slice.

*p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001; n.s., not significant. Data are represented as mean + SEM.
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Figure S7. LHb NE sensor and astrocytic calcium signal induced by FS, related to Figure 3

(A) Example trace of LHb-NE-sensor signals over multiple FSs. Scale bars, 5% deltaF/F, 50 s.

(B) AUC of basal (tonic) signal of LHb NE sensor in homecage (HC, gray) and in response to FS (red). Each circle represents one mouse.
(C) Plots showing basal (tonic) signal change of LHb NE sensor in response to FS.

(D) Example trace of LHb astrocytic calcium signals over multiple FSs. Scale bars, 50% deltaF/F, 20 s.

(E) AUC of basal signal of LHb astrocytic calcium in homecage (gray) and in response to FS (red). Each circle represents one mouse.

(F) Plots showing basal signal change of LHb astrocytic calcium in response to FS.

*p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001; n.s., not significant. Data are represented as mean + SEM.
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Figure S8. Effects of manipulating LHb and LC-NE neurons on LHb astrocytic calcium, related to Figure 3

(A and B) Effects of activating LHb-LC terminals on LC-NE neurons.

(A) Representative images showing viral expression of ChrimsonR in LHb neurons (left), GCaMP6s in LC-NE neurons (middle), and LC-NE neuron terminals in LHb
(right, stained with antibody against GFP) in TH-Cre mice. Scale bar, 100 pm.

(B) Calcium responses of LC-NE neurons to optogenetic activation of LHb-LC terminals (1 s, 40 Hz) in vivo.

(C and D) Effects of activating LC™-LHb terminals on LHb astrocytes.

(C) Representative images showing viral expression of ChrimsonR in LC-NE-neurons (left), LCT-LHb terminals (middle, stained with antibody against RFP), and
GCaMP6f in LHb astrocytes (right) in TH-Cre mice. Scale bar, 100 pm.

(D) Calcium responses of LHb astrocytes to optogenetic activation of LC™-LHb terminals (1 s, 40 Hz).

(E-H) Effects of prazosin (a1-AR antagonist) on LHb astrocytic calcium signals evoked by LHb neuron activation in vivo.

(E) Schematic illustrating optogenetic activation of LHb neurons and fiber photometry recording of LHb astrocytes.

(F) Representative image showing viral expression of ChrimsonR in LHb neurons and GCaMP#6f in LHb astrocytes. Scale bar, 100 pm.

(G) Plots of averaged deltaF/F ratio of LHb astrocytic calcium signals induced by LHb neurons before and after i.p. injection of prazosin («1-AR antagonist),
aligned to the laser onset. Solid lines indicate mean and shaded areas indicate SEM.

(H) Bar graph showing the effects of prazosin («1-AR antagonist) on astrocytic calcium signals evoked by LHb neurons. Each circle represents one mouse.
(I-L) Effects of inhibiting LHb neurons on FS-evoked calcium signals in LHb astrocytes.

(I) Schematic illustrating optogenetic inhibition of LHb neurons and fiber photometry recording of LHb astrocytes in response to FS.

(J) Representative image showing viral expression of eNpHR in LHb neurons and GCaMPéf in LHb astrocytes. Scale bar, 100 pm.

(K) Plots of averaged deltaF/F ratio of FS-evoked calcium signals in LHb astrocytes during light off and light on, aligned to FS onset. Solid lines indicate mean and
shaded areas indicate SEM.

(L) Bar graph showing effects of inhibiting LHb neurons on FS-evoked calcium signals in LHb astrocytes. Each circle represents one mouse.

(M-P) Effects of inhibiting LC-NE neurons on FS-evoked calcium signals in LHb astrocytes.

(M) Schematic illustrating chemogenetic inhibition of LC-NE neurons and fiber photometry recording of LHb astrocytes in response to FS.

(N) Representative image showing viral expression of hM4Di (human M4 muscarinic designer receptors exclusively activated by designer drugs [DREADD]
coupled to Gi) in LC-NE neurons. Scale bar, 100 pm.

(O) Plots of averaged deltaF/F ratio of FS-evoked calcium signals in LHb astrocytes before and after i.p. injection of clozapine (Cloz), aligned to FS onset. Solid
lines indicate mean and shaded areas indicate SEM.

(P) Bar graph showing effects of inhibiting LC NE-neurons on FS-evoked calcium signals in LHb astrocytes. Each circle represents one mouse.

*p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001; n.s., not significant. Data are represented as mean + SEM.
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Figure S9. Chemogenetic activation of astrocytic Gq pathway in LHb slice, related to Figure 4
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(A and B) Schematic (A) and representative calcium fluorescence images (B) illustrating chemogenetic activation of hM3Dg-expressing astrocytes while
recording calcium fluorescence images of LHb astrocytic calcium responses. Scale bar: 50 um.
(C) Plots of deltaF/F ratio (left) and heatmap (right) of calcium signals in LHb astrocytes before and after CNO application (n = 3 mice). Solid lines indicate mean and

shaded areas indicate SEM.

(D and E) Schematic (D) and representative two-photon image (E) illustrating chemogenetic activation of hM3Dg-expressing astrocytes while recording two-

photon image of LHb neuronal calcium responses. Scale bar: 50 pm.
(F) Pie chart illustrating percent abundance of excited neurons by astrocytic hM3Dq activation (left, n = 3 slices from 2 mice). Colored outer circle indicates

percentage of three types (according to baseline activity) among astrocytic-hM3Dg-excited neurons. Representative raw calcium traces from the three types of
astrocytic hM3Dg-excited neurons (right).
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Figure S10. Pharmacology on optogenetic activation of astrocytic Gq pathway in LHb slice, related to Figure 4

(A) Schematic illustrating optogenetic activation of cOpn5-expressing astrocytes while recording two-photon images of LHb neuronal calcium responses.

(B) Left: example spatial map of astrocytic cOpn5-excited and non-responsive neurons in LHb. Right: representative raw calcium traces from the three types of
non-responsive neurons. Blue line represents light on.

(C-E) Traces of LHb neuronal calcium signals induced by astrocyte-cOpn5 before (left) and after (middle) application of various receptor antagonists. Right: bar
graph showing effects of ACSF (control, C), SCH58261 (adenosine A,aR antagonist, D), and APV/NBQX (iGIuR antagonists, E) on LHb neuronal calcium signals
induced by astrocyte-cOpnb5. Each circle represents one neuron.

(F-H) Effect of antagonists of glutamate receptors and adenosine receptors on astrocyte-evoked neuronal calcium activities.

(F) Left: plots of calcium fluorescence in LHb neurons aligned to laser onset under baseline, SCH58261, and combining SCH58261 with NBQX and APV incu-
bation. Right: bar graph showing effects of A;aR and combining A,aR with iGluRs antagonists on neuronal calcium fluorescence evoked by astrocytes (n = 3
slices from 3 mice).

(G) Pie chart illustrating percent of subclasses neurons responding to astrocytic excitation (n = 3 slices from 3 mice).

(H) Example calcium traces from the three types of astrocytic-cOpn5-excited neurons.
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Figure S11. The spatial and temporal distribution of adenosine and glutamate released by astrocytes in LHb, related to Figure 4

(A) ADO sensor responses to chemogenetic activation of LHb astrocytes. Top: global increased fluorescence of ADO sensor in LHb with CNO application (1 pM,
with TTX to exclude indirect release from neuronal activation). Bottom: zoomed-in images showing the release patterns of adenosine upon astrocytic Gq
activation. Experiments are in wild-type (WT) mice expressing ADO sensor and hM3Dq in LHb astrocytes.

(B) Example zoomed-in image showing equidistant distribution of ADO signals in ROls.

(C) Bar graphs showing peak amplitude (left) and time to peak (right) of ADO signals following astrocytic activation by hM3Dq (24 ROls for each equal distance,
n = 3 slices from 3 mice). Each circle represents one ROI. Note that there was no significant difference in peak amplitude and time to peak across randomly
selected ROlIs.

(D) Example zoomed-in image showing equidistant distribution of Glu signals in ROIs of soma and process signals.

(E) Bar graphs showing the peak amplitude (left) and time to peak (right) of Glu signals following astrocytic activation by hM3Dq (23 ROls for each equal distance,
n = 3 slices from 3 mice). Each circle represents one ROI. Note that there was a difference in time to peak between soma and distal process (r1 vs. r5).
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Figure S12. Effects of inhibition of astrocytic calcium signaling on FS-evoked astrocytic calcium in LHb, related to Figure 5

(A-C) Schematic (A) illustrating the viral expression of astrocyte-specific IP;R2-shRNA or Ctrl-mCherry and GCaMP#6f, and fiber photometry recording of as-
trocytes in LHb in response to FS. Representative image (B) illustrating viral expression of IP3R2-shRNA and GCaMP#éf in LHb astrocytes. Scale bar, 100 pm.
Quantification of peak amplitude of FS-evoked LHb astrocytic calcium signals in mice expressing Ctrl-mCherry (gray, n = 12 mice) or IP;R2-shRNA (red, n = 12
mice) in LHb astrocytes (C).

(D-F) Schematic (D) illustrating the viral expression of astrocyte-specific iBARK or Ctrl-mCherry and GCaMP6f, and fiber photometry recording of astrocytes in
LHb in response to FS. Representative image (E) illustrating viral expression of iBARK and GCaMP#6f in LHb astrocytes. Scale bar, 100 pm. Quantification of peak
amplitude of FS-evoked LHb astrocytic calcium signals in mice expressing Ctrl-mCherry (gray, n = 7 mice) or iBARK (red, n = 6 mice) in LHb astrocytes (F).

*p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001; n.s., not significant. Data are represented as mean + SEM.
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Figure S13. Effects of inhibition of astrocytic calcium signaling on FS-evoked neuronal calcium in LHb, related to Figure 5

(A) Left: illustration of blockade of astrocytic calcium signaling by IP3R2-shRNA. Right: viral expression of IP;R2-shRNA in astrocytes. Scale bar, 100 pm.

(B) Schematic illustrating the viral expression of astrocyte-specific IP;R2-shRNA or Ctrl-mCherry in bilateral LHb and neuron-GCaMP6s in unilateral LHb, and
fiber photometry recording of neurons in LHb.

(C-E) Quantification of time to peak (C), peak amplitude (D), and total AUC in 0-40 s (E) of FS-evoked LHb neuronal calcium signals in mice expressing Ctrl-
mCherry or IP3R2-shRNA in LHb astrocytes. Each circle represents one mouse.

(F) Left: illustration of blockade of astrocytic calcium signaling by iBARK. Right: viral expression of iBARK in astrocytes. Scale bar, 100 pm.

(G) Schematic illustrating the viral expression of astrocyte-specific iBARK or Ctrl-mCherry in bilateral LHb and neuron-GCaMP6s in unilateral LHb, and fiber
photometry recording of neurons in LHb.

(H-J) Quantification of time to peak (H), peak amplitude (I), and total AUC in 0-40 s (J) of FS-evoked LHb neuronal calcium signals in mice expressing Ctrl-mCherry
or iBARK in LHb astrocytes. Each circle represents one mouse.

(K) Left: illustration of blockade of astrocytic calcium signaling by conditional knockout of a14-AR in LHb astrocytes. Right: viral expression of Cre in astrocytes
(stained with antibody against mCherry). Scale bar, 100 pm.

(L) Schematic illustrating the viral expression of astrocyte-specific Cre or Ctrl-mCherry in bilateral LHb and neuron-GCaMP86s in unilateral LHb, and fiber
photometry recording of neurons in LHb in Adraia fl/fl mice.

(M-0) Quantification of time to peak (M), peak amplitude (N), and total AUC in 0-40 s (O) of FS-evoked LHb neuronal calcium signals in mice expressing Ctrl-
mCherry or Cre in LHb astrocytes. Each circle represents one mouse.
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Figure S14. LHb-NE-sensor signals following 6 x and 20x foot shocks, related to Figure 6

(A) Representative traces of NE signal in LHb following 6x (black) and 20x (red) FS.

(B) Bar graph showing that 20x FS induced more sustained NE responses in the LHb (n = 5, 12 mice for 6x and 20x groups, respectively). After the last FS, the
tonic LHb-NE signals returned to baseline after 3.3 min under the 6 x FS protocol and after 11.6 min under the 20x FS protocol. Each circle represents one mouse.
(C) Bar graph showing that 20x FS induced more phasic NE transients in the LHb, with a 2.3-fold increase compared with the 6x FS protocol (n = 5, 6 mice for
6x and 20x groups, respectively).

*p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001; n.s., not significant. Data are represented as mean + SEM.
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Figure S15. Antidepressant SNRI blocks FS-evoked phasic NE release and astrocytic calcium activities in LHb, related to Figure 7

(A and B) Representative raw traces (A, left), heatmaps (A, right), and bar graph (B) showing responses of LHb NE sensor following an i.p. injection of saline (black,
n = 4 mice) or imipramine (blue, 20 mg/kg, n = 6 mice) in homecage. Scale bars, 5% deltaF/F, 200 s.

(C and D) Representative raw traces (C, left), plots of averaged deltaF/F ratio (C, right), and bar graph (D) showing responses of LHb NE sensor following an i.p.
injection of saline (black, n = 6 mice) or imipramine (green, 20 mg/kg, n = 5 mice) in homecage. Scale bars, 5% deltaF/F, 200 s.

(E and F) Representative raw traces (E, left), plots of averaged deltaF/F ratio (E, right), and bar graph (F) showing responses of LHb NE sensor to FS stress
following an i.p. injection of saline (black, n = 4 mice) or imipramine (blue, 20 mg/kg, n = 5 mice). Scale bars, 4% deltaF/F, 100 s.

(G and H) Representative raw traces (G, left) and plots of averaged deltaF/F ratio (G, right) and bar graph (H) showing responses of LHb astrocytic calcium to
FS stress following an i.p. injection of saline (black, n = 6 mice) or imipramine (green, n = 6, 5 mice for 10 and 20 mg/kg imipramine groups). Scale bars, 50%
deltaF/F, 50 s.

*p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001; n.s., not significant. Data are represented as mean + SEM.
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