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NEUROSCIENCE

Cholinergic signaling to CA1 astrocytes controls

fear extinction

Yulan Li't, Lixuan Lit, Yibei Wang1’31', Xinyi Li’, Xiaopeng Ding‘, Lingjie Li', Fan Fei',
Yanrong Zheng1, Li Cheng‘, Shumin Duan?, Vladimir Parpura3, Yi Wang”z*, Zhong Chen'?*

Fear extinction is an evolutionarily conserved biological process that allows an organism to better re-adapt; its
deficits can lead to psychiatric disorders. Fear extinction is considered to rely mostly on neuronal function. How-
ever, whether and how astrocytes contribute to fear extinction is largely unknown. Here, we show that hippocam-
pal CA1 astrocytes exhibit de novo Ca?* dynamics during fear extinction. Inhibition of these astrocytic Ca>*
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dynamics impairs, while their activation facilitates, fear extinction. In this regulation of fear extinction, the poste-
rior basal forebrain (pBF) cholinergic input to hippocampus drives CA1 astrocytic Ca>* dynamics through the ac-
tivation of a4 and a7 subunits of nicotinic acetylcholine receptors. Clinically used acetylcholinesterase inhibitor
donepezil increases CA1 astrocytic Ca®* dynamics and facilitates fear extinction. Thus, our findings demonstrate
a previously unrecognized and crucial pathway from pBF cholinergic neurons to CA1 astrocytes that governs nat-
ural fear extinction. This neuron-glia signaling pathway may constitute a promising target for treatment of fear-

and anxiety-related disorders.

INTRODUCTION

Fear extinction refers to a critical biological process in which learned
fear memory, associated with an aversive stimulus, diminishes through
a prolonged or repeated exposure to previous fear contexts or cues in
the absence of an aversive stimulus. This fundamental process is
essential for re-adaptation and survival, and its deficits can lead to
various psychiatric disorders, such as post-traumatic stress disorder
(PTSD) and anxiety disorder (1, 2). Exposure-based therapy is cur-
rently the most commonly available clinical treatment for fear- and
anxiety-related disorders (3-6). However, the efficacy of an exposure-
based therapy remains limited, which places a strong emphasis on
identifying other key contributors to fear extinction to improve treat-
ments of fear- and anxiety-related disorders (7).

Previous studies have highlighted morphofunctional alterations
of neural circuits in brain regions associated with fear extinction,
e.g., in the amygdala, hippocampus, and medial prefrontal cortex
(mPFC) (i.e., the limbic system) (8-10). These alterations are ac-
companied with the regulation of neuronal activity, synaptic plastic-
ity, and network oscillations during extinction (11-16). Astrocytes
are considered as active partners in synaptic processing via the tri-
partite synapse (17). They respond to synaptic activity with changes
in cytosolic Ca** concentration, the output of which, i.e., gliotrans-
mission, can in turn affect synaptic, circuit activity and associated
behavioral outputs (18-21). Thus, these glial cells play an important
role in various physiological or pathological processes. We and oth-
ers showed that manipulation of astrocyte activity affects fear mem-
ory (19, 22-24). However, whether and how astrocytes are involved
in, and contribute to, fear extinction remains unknown. Moreover,
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apart from the classic role of excitatory and inhibitory neural cir-
cuits in extinction being the focus of much research, the role of
neuromodulation emerges in this process (25). Neuromodulators
have been found to mediate Ca”* activity in astrocytes (26, 27), and
among various neuromodulators, acetylcholine (ACh) is consid-
ered crucial in learning and memory (28, 29). Consequently, we ad-
dressed a thus far unsolicited question of whether astrocyte activity
and ACh signaling are coupled and contribute to the regulation of
fear extinction.

Here, we investigated the role of hippocampal astrocytes and the
mechanism by which they govern fear extinction. We discovered
aversive experience-primed and context-dependent astrocytic Ca**
responses in the hippocampal CA1 region; these astrocytic Ca** dy-
namics are sufficient and necessary for governing fear extinction.
We further revealed that a crucial neuron-glia signaling pathway
[i.e., the posterior basal forebrain (pBF) cholinergic input to CA1
astrocytes] fundamentally contributes to the control of natural fear
extinction. Moreover, the clinically relevant acetylcholinesterase in-
hibitor donepezil increased astrocytic Ca®* activity and enhanced
fear extinction. These findings suggest that the pBF cholinergic in-
put to CA1 astrocytes is a promising therapeutic target for fear- and
anxiety-related disorders.

RESULTS

De novo responses of CA1 astrocytes during contextual

fear extinction

To explore whether astrocytes are engaged in fear extinction, we
used a contextual fear extinction paradigm (Fig. 1, A to C, and fig.
S1A). On day 1, the extinction group received contextual fear condi-
tioning (CFC) in which four rounds of electric foot shocks served as
unconditioned stimulus (US). On day 2, mice were returned to the
conditioning box for 40 min in the absence of foot shocks for con-
textual fear extinction training. On day 3, the mice were tested for
the 5-min extinction memory retrieval in the conditioning box (Fig.
1C, top). The non-extinction group went through the same protocol
as the extinction group on days 1 and 3, but remained in their home
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Fig. 1. Hippocampal CA1 astrocyte de novo Ca* response during contextual fear extinction. (A to C) Fos and GFAP expression of non-conditioning, non-extinction,
and extinction mice groups. Lightning bolt indicates footshocks. Scale bar, 100 pm. (D) Average percentage of Fos™ astrocytes (Fos*GFAP*/GFAP™ cells) (n = 4 per group).
(E) Behavioral protocol for Ca?* recording. CFC, contextual fear conditioning. Lightning bolt indicates footshocks. (F) Confocal images showing colocalization of GCaMP6f
labeling with the specific astrocytic marker GFAP (top), but not with the neuronal marker NeuN (bottom) (right, higher-magnification images from areas indicated by
dashed squares; scale bar, 50 pm; Or, stratum oriens; Py, stratum pyramidale—dashed contour; Rad, stratum radiatum). (G) Specificity and efficiency of GCaMP6f expres-
sion in astrocytes (n = 5). (H) Top: Representative Ca®* AF/F traces of CA1 astrocytes. Beige, active state of mice; white, freeze state of mice. Bottom: Heatmaps reporting
AF/F of astrocyte GCaMP6f signals (n = 8). (I) Quantification of freezing levels during different behavioral segments (n = 8). (J) Quantification of the area under the curve
(AUQ) per second for GCaMP6f signal in CA1 astrocytes during different behavioral segments (n = 8). (K) Negative linear correlation between the GCaMP6f AUC in CA1
astrocytes and the freezing level during extinction training (n = 8, 24 trials). Error bars show means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, as determined by one-way
ANOVA and Dunn’s post hoc test [(I) and (J)].
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cages without extinction training on day 2 (Fig. 1B, top). The non-
conditioning group received the same protocol as the extinction
group on days 2 and 3 except receiving no foot shocks on day 1
(Fig. 1A, top). On day 1, both extinction and non-extinction groups
displayed robust freezing levels and have similar learning curve
compared with the non-conditioning group (fig. S1B). On day 3, the
extinction group exhibited a significant lower freezing level than the
non-extinction group (fig. S1C). To understand how fear extinction
influences astrocytes, we performed immunohistochemistry to de-
tect activity-dependent expression of the immediate-early gene Fos
in astrocytes after behavioral test on day 2. We harvested the brains
of mice from each group and assessed the expression of Fos* cells
among astrocytes across a host of brain regions, including PFC,
thalamus, hippocampus, hypothalamus, amygdala, and periaque-
ductal gray (Fig. 1, A to C, bottom, and fig. S1D). Analysis revealed
that in PFC and amygdala, the proportion of dually Fos* and
GFAP" (glial fibrillary acidic protein-positive) cells of all GFAP*
(Fos*GFAP*/GFAP™) cells was significantly higher in both the non-
extinction and extinction groups, indicating that astrocytes may be
involved in both fear memory persistence and extinction (fig. S1D).
In the dorsal hippocampal CA1 region (dCA1), however, the pro-
portion of Fos*GFAP*/GFAP™ cells was specifically and significantly
higher solely in the extinction group when compared to non-
extinction and non-conditioning groups (Fig. 1, A to D); no differ-
ence was observed between non-extinction and non-conditioning
groups (Fig. 1, A to D). The proportion of Fos™ cells among astro-
cytes in thalamus (paraventricular and central), hypothalamus, and
periaqueductal gray showed no difference in the three groups (fig.
S1D). These results demonstrate that de novo hippocampal dCA1
astrocyte activity (as assessed by the inducible transcription of Fos)
was specifically induced during fear extinction.

Next, we performed in vivo Ca®* imaging using fiber photom-
etry to dynamically record dCA1 astrocyte activity during CFC,
followed by contextual fear extinction, and extinction memory re-
trieval (Fig. 1E). The genetically encoded Ca** indicator GCaMP6f
was specifically expressed in dCA1 astrocytes via injection of adeno-
associated virus (AAV) with the astrocyte-specific GfaABCID
promoter driving the expression of the Ca** indicator GCaMP6f
(AAV_GfaABC1D::GCaMP6f). Costaining of cells expressing
GCaMP6f in the hippocampus with GFAP, but not with neuronal
NeuN, verified the specificity of GCaMP6f expression in astrocytes.
We observed that 83.7% of the GCaMP6f-positive cells were GFAP-
positive astrocytes (Fig. 1, F and G), and 62.0% of the GFAP-positive
astrocytes in the CA1 region expressed GCaMP6f (Fig. 1, F and G).
We did not detect any GCaMP6f signal in the nearby NeuN-stained
neurons (Fig. 1F). Astrocyte intracellular Ca®* dynamics were re-
corded and analyzed during five behavioral segments: (i) during ha-
bituation to the conditioning chamber (day 1), (ii) post-CFC (day 1),
(iii) fear retrieval (day 2), (iv) extinction training (day 2), and (v)
extinction retrieval (day 3). The animal freezing level was signifi-
cantly increased after CFC and decreased after fear extinction (Fig.
11), while there was no alteration in astrocytic Ca®" responses im-
mediately after CFC (Fig. 1]). However, the astrocytic responses en-
hanced on the following day during extinction training when mice
were placed back into the conditioning context (Fig. 1, H and J). By
comparison, when mice were relocated into context B (see Materials
and Methods section for details), which is not relevant to condition-
ing, the enhanced astrocytic Ca** responses dissipated (fig. S2, A
and B). Moreover, in the non-conditioning control, astrocyte Ca**
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activity remained at low levels during days 1 to 3 (fig. S2, C and D).
During re-exposure in the novel object recognition (NOR) test (ob-
ject A versus object B, or object A versus object C) or in the reward
(sucrose) context, there were again no notable changes in astrocytic
Ca®* responses (fig. S2, E to J). These results suggest that astrocytic
responses are aversive experience—primed and are engaged when
mice experience fear extinction. Further analysis revealed that as-
trocytic Ca®* responses were gradually increased during the ex-
tinction training. Compared with Ca** signals during early fear
retrieval, the signals were notably enhanced during later extinction
period (fig. S2, K and L), strengthening the specific Ca** signaling
during the fear extinction training. In addition, astrocytic Ca** re-
sponses were inversely correlated with the freezing levels during fear
extinction (Fig. 1K), suggesting a possible pro-extinction role of the
astrocytic Ca** responses. Moreover, astrocytic Ca** responses dur-
ing extinction retrieval were significantly smaller than those during
the extinction training when the fear level is higher (Fig. 1, H and J),
suggesting that the strength of astrocytic Ca®* responses is depen-
dent on the fear level. Together, these results indicate astrocytes as
an active participant in fear extinction.

CA1 astrocytes modulate contextual fear extinction

Next, we investigated the potential causative role of astrocytes in
fear extinction. To test whether astrocyte Ca** activity is required
for fear extinction, we used an AAV expressing mCherry-conjugated
human plasma membrane Ca** adenosine triphosphatase (ATPase)
2 (referred for simplicity as hPMCA2w/b), and driven by GfaABC1D
promoter, to attenuate astrocyte activity as previously reported (30, 31)
(Fig. 2, A and B). We verified the specific hPMCA2w/b expression in
GFAP™ astrocytes (Fig. 2C, top), while no expression was detected
in nearby NeuN™ neurons (Fig. 2C, bottom). We recorded dCA1
astrocyte Ca”* signaling using virally expressed GCaMP6f in
these cells and fiber photometry (Fig. 2, D and E). We observed
that the de novo astrocytic Ca** response during fear extinction sig-
nificantly diminished in the hAPMCA2w/b group when compared
to the control group of mice (Fig. 2, D and E). In the behavioral
test, hPMCA2w/b mice exhibited significantly slower extinction
curve on day 2 and higher freezing level on day 3 (Fig. 2, F to I).
These results indicate that de novo induced hippocampal CA1 as-
trocyte Ca’* responses are necessary for fear extinction.

We and others have previously demonstrated that optogenetic
and chemogenetic activation induces Ca®* elevations in astrocytes
(18, 19, 22, 23, 32-35). As hPMCA2w/b expressed in astrocytes
chronically and could not be able to inhibit astrocytic Ca** signaling
with temporal precision, to investigate the causative role of hippo-
campal CA1 astrocytes in fear extinction, we expressed channelrho-
dopsin 2 (ChR2) conjugated with enhanced green fluorescent protein
(EGFP) in astrocytes via viral injection of AAV_GfaABCID::ChR2-
EGFP, into the dCA1 region, while in control we used viral expres-
sion of EGFP (Fig. 3A). We verified the specificity of ChR2-EGFP
expression in GFAP* astrocytes (Fig. 3B). We observed that 95.5%
of the ChR2-EGFP* cells were GFAP™ astrocytes and 69.0% of the
GFAP™ astrocytes in CAl expressed ChR2-EGFP (Fig. 3, B and C).
We did not detect ChR2-EGFP signal in nearby NeuN™ CA1 neu-
rons (Fig. 3B). To verify the functional response of astrocytes to op-
togenetic manipulation, we performed Ca** imaging in hippocampal
slices. We loaded astrocytes with a Ca®* dye (Rhod-2 AM) and ob-
served that light stimulation reliably induced robust Ca** elevation
in astrocytes expressing ChR2-EGFP compared with EGFP (fig. S3,
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Fig. 2. Inhibition of astrocytic Ca>* signaling impairs contextual fear extinction. (A) Diagram of viral microinjection in the CA1 region of mice and fiber photometry
recording. (B) Confocal images showing viral expression. Scale bar, 100 um. Abbreviations and dashed contour as in Fig. 1F. (C) Confocal images showing colocalization of
mCherry-hPMCA2w/b (below as hPMCA2w/b from simplicity) labeling with GFAP, but not with NeuN. Scale bar, 50 pm. (D) Top: Representative astrocytic Ca®* AF/F traces
of mCherry and hPMCA2w/b mice during fear extinction (n = 6 to 8 per group). Beige, active state of mice; white, freeze state of mice. Bottom: Heatmaps reporting AF/F of
astrocyte GCaMP6f signals. (E) Top: Quantification of the GCaMP6f AUC in CA1 astrocytes of mCherry and hPMCA2w/b mice during fear extinction. Bottom: Frequency of
calcium events for the mCherry and hPMCA2w/b group mice. (F) Diagram of viral microinjection in the CA1 region of mice and behavioral test. (G) Freezing levels
of mCherry and hPMCA2w/b mice during fear conditioning on day 1 (n =14 to 15 per group). (H) Extinction curve of mCherry and hPMCA2w/b mice during fear extinction
training on day 2. (I) Freezing levels of mCherry and hPMCA2w/b mice during extinction retrieval test on day 3. Error bars show means + SEM. *P < 0.05, ***P < 0.001, as
determined by unpaired t test [(E) and (1)] and two-way ANOVA followed by Bonferroni’s multiple comparisons test (H).

A to C). We quantified Ca** events in visual field and showed sig-
nificant increase in ChR2-EGFP-expressing astrocytes (fig. S3D).

Mice underwent a 3-day contextual fear extinction protocol (Fig.
3D). Starting 3 min after the onset of fear extinction on day 2, a 60-s
blue laser light pulse was delivered repeatedly at 60-s intervals to
excite ChR2 expressed in dCA1 astrocytes. This optogenetic activa-
tion of astrocytes enhanced fear extinction learning on day 2 and
decreased freezing level of mice on days 3 and 10 (Fig. 3D). To fur-
ther differentiate the role of astrocytes in fear extinction training
and fear extinction memory retrieval, we optogenetically activated
dCAL astrocytes during fear extinction memory retrieval on day 3
and found that this activation of astrocytes did not affect the freez-
ing level (Fig. 3E).

To verify the role of astrocytes in fear extinction as implied by
optogenetics, we also used chemogenetic activation of astrocytes
virally transfected with a modified human M3 muscarinic recep-
tor (hM3Dq) conjugated with mCherry, the expression of which
was driven by the GfaABC1D promoter, while in control we used
viral expression of mCherry (Fig. 3F). We confirmed that 91.8%
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of the hM3Dq-mCherry" astrocytes were GFAP™ and 69.8% of
the GFAP™ astrocytes in the CAl region expressed hM3Dq-
mCherry (Fig. 3, G and H). We did not detect mCherry signal in
NeuN" CA1 neurons (Fig. 3G). To verify chemogenetic activa-
tion of astrocyte activity (22, 23), we virally expressed hM3Dgq-
mCherry (AAV_GfaABC1D:hM3Dq-mCherry) and GCaMP6f
(AAV_GfaABC1D::GCaMP6f) in astrocytes (fig. S4A). We used
fiber photometry to record CA1 astrocyte Ca®" activity with saline
or clozapine-N-oxide (CNO) injection. Intracranial microinjection
of CNO (10 uM) in the CA1 robustly increased astrocyte Ca** activ-
ity (fig. S4, B and C). Moreover, CNO application by intraperitoneal
(IP) injection (1 mg/kg) also triggered an increase in intracellular
Ca”" and in the frequency of Ca** events (fig. $4, D to F).

To investigate the effect of astrocytic activation on fear extinc-
tion, mice were injected with saline (1 mg/kg, hM3Dq + saline, IP)
or CNO (1 mg/kg, mCherry + CNO, hM3Dq + CNO, IP) 30 min
before extinction training on day 2. Chemogenetic activation of as-
trocytes during extinction training also enhanced fear extinction
learning on day 2 and decreased freezing level on days 3 and 10 (Fig. 31).
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Fig. 3. Activation of astrocyte facilitates contextual fear extinction. (A and F) Diagram of bilateral viral microinjection in CA1 regions and behavioral test. (B) Confocal
images showing colocalization of ChR2-EGFP labeling with GFAP, but not with NeuN (higher-magpnification images from areas indicated by dashed squares; scale bar, 50 pm).
Abbreviations and dotted contour [here and in (G)] as in Fig. 1F. (C) Specificity and efficiency of ChR2-EGFP expression in astrocytes (n = 6). (D) Optogenetic activation,
indicated by a blue flashlight, of CA1 astrocytes during extinction training—enhanced fear extinction training and decreased fear memory (n = 12 to 14 per group).
(E) Optogenetic activation of CA1 astrocytes during extinction retrieval did not affect fear extinction memory (n = 12 per group). (G) Confocal images showing colocaliza-
tion of hM3Dg-mCherry labeling with GFAP, but not with NeuN (scale bar, 50 pm). (H) Specificity and efficiency of hM3Dg-mCherry expression in astrocytes (n = 6).
(I) Chemogenetic activation of CA1 astrocytes during extinction training-enhanced fear extinction training and decreased fear memory (n =8 to 11 per group). (J) Che-
mogenetic activation of CA1 astrocytes during extinction retrieval did not affect fear extinction memory (n = 8 to 12 per group). Error bars show means + SEM. *P < 0.05,
##P < 0.01, *##P < 0.001, as determined by two-way ANOVA followed by Bonferroni’s multiple comparisons test on day 2 [(D), (E), (I), and (J)], unpaired t test on days 3 and

10 [(D), (E), and (1)], and one-way ANOVA and Dunn’s post hoc test on day 3 (J).
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In contrast, chemogenetic activation of astrocytes during extinction
memory retrieval did not affect the freezing level (Fig. 3]). We did
not observe an effect of astrocyte chemogenetic activation on the
baseline freezing levels in context B that was distinct from the fear
conditioning context (fig. S5, D and E). In addition, activation of
ChR2/hM3Dq-expressing astrocytes did not affect the locomotion
or anxiety level of mice in the open-field test (fig. S5, A to Cand F to
H). These results demonstrated that the enhanced astrocyte activa-
tion, using photo- or chemo-actuators, in the dCA1 region acceler-
ates fear extinction.

ACh signal precedes and correlates with astrocytic Ca**
activity during fear extinction

The alterations in Ca®* activity in hippocampal astrocytes during
fear extinction led us to examine the causes of the astrocytic Ca**
response. Astrocytes express various G protein—coupled receptors
and ion channels, which respond to neurotransmitters or neuro-
modulators released by and spilled over from synaptic activity, re-
sulting in astrocyte Ca”* elevations (17, 36). We virally expressed
sensors for extracellular ACh (AAV_GfaABC1D::gACh4h), adenos-
ine triphosphate (ATP) (AAV_GfaABCID::cATP1.0), or serotonin
[5-hydroxytryptamine (5-HT)] (AAV_hSyn::5-HT3.0) (37). Viruses
were injected into the CA1 region separately, and extracellular neu-
rotransmitters signals were recorded using fiber photometry (Fig. 4,
A and B, and fig. S6, A to C).

We investigated extracellular levels of ACh, 5-HT, or ATP in the
CA1 region during fear extinction. There were no notable changes
in ATP and 5-HT signals during extinction training on day 2 (fig.
S6, D, E, G, and H). As a positive control, we tested the activity of
cATP1.0 and 5-HT3.0 sensors by inducing either generalized sei-
zures by pentylenetetrazole or providing footshock stimulation, re-
spectively. In response, we observed significant increases in ATP or
5-HT signals indicating proper operation of these neurotransmitter
sensors (fig. S6, F and I).

Quite the contrary, we found that ACh signal in astrocytes in-
creased significantly during extinction training as compared to
those signals during habituation, after CFC and fear retrieval (Fig. 4,
C and D). When mice were placed on day 2 in context B, no in-
crease of ACh signal was observed (fig. S7, A and B). In the non-
conditioning group, ACh signal remained at similarly low levels
during days 1 to 3 (fig. S7, C and D). In the NOR experiments, ACh
signals showed no notable change during novel versus old objects
recognition on days 1 and 2 (fig. S7, E to G). Moreover, in the reward
(sucrose) experiment, ACh signal showed no notable change (fig.
S7, H to J). Moreover, ACh signal during extinction retrieval was
significantly smaller than that during the extinction training when
the fear level is higher (Fig. 4, C and D). Further analysis revealed
the freezing levels during fear extinction were inversely correlated
with ACh signals (Fig. 4E). These data demonstrated that the de novo
increase in extracellular levels of ACh occurs specifically during fear
extinction in a fear-experience and context-dependent manner;
these findings echo those of astrocytic Ca** responses during fear
extinction. We also used an ACh-insensitive sensor as control (fig.
S8, A and B). There were no substantial changes in ACh signals dur-
ing different behavioral segments compared with gACh4h signals
(fig. S8, Cto E).

To further determine the relationship between increased extra-
cellular ACh levels and astrocytic Ca** activity in the dCA1 re-
gion, we simultaneously virally expressed the gACh4h sensor and
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spectrally compatible JRGECO1la (red emission) in astrocytes, and
recorded their signals (Fig. 4F). We verified the specific JRGECO1la
expression in S100B" astrocytes, while no expression was detected
in nearby NeuN* neurons (Fig. 4G). We found that extracellular ACh
and astrocyte intracellular Ca** signals were temporally coupled
and positively correlated, with the extracellular ACh signal raise
preceding astrocytic Ca®* elevations by ~2 s (Fig. 4, H to J). These
findings suggest that increased extracellular ACh levels, presumably
due to s;lnaptic activity and spillover (studied next), stimulate astro-
cyte Ca** dynamics during fear extinction.

pBF cholinergic projections activate astrocytes through
nicotinic ACh receptors

Previous studies reported that the cholinergic inputs to the hippo-
campus originated mostly from the anterior basal forebrain (aBF),
such as the medial septum and diagonal bands of Broca (MS and
DBB) (38-40). Here, in the retrograde tracing experiments, using
choline acetyltransferase (ChAT)-IRES-Cre mice and hippocampal
injection of a virus (AAV2/2retro_hEF1a::DIO-EYFP) with hEFla
promotor driving Cre-dependent EYFP (enhanced yellow fluores-
cent protein) expression, we quantified the number of cholinergic
neurons retrogradely labeled from the dCA1 region to the BF (in its
anterjor-posterior axis). The number of retrogradely labeled cholin-
ergic cells was lower in the aBF, in particular in the MS, vertical limb
of DBB (vDBB), and horizontal limb of DBB (hDBB), whereas the
number of cholinergic neurons was higher in the pBF (Fig. 5, A to
C). In the anterograde tracing experiment in ChAT-IRES-Cre mice
and using a virus (AAV_hSyn::DIO-EYFP), EYFP-labeled pBF pro-
jections were found in the dCA1 region with the cholinergic axon
terminals scattered around the astrocyte marker GFAP, showing the
close anatomical proximity of astrocytes with pBF cholinergic pro-
jections (Fig. 5D).

To test whether the pBF cholinergic input drives astrocytic
Ca®* response in the dCA1 region, we virally expressed the Cre-
dependent red-light gated channelrhodopsin, ChrimsonR-tdTomato
(AAV_hSyn::FLEX-ChrimsonR-tdTomato), in the pBF cholinergic
neurons and GCaMP6f in dCA1 astrocytes of ChAT-IRES-Cre mice
(Fig. 5E). We then optogenetically activated cholinergic axon termi-
nals in the dCA1 region and used fiber photometry to record the
astrocytic Ca** responses. Photoactivation of ChrimsonR in cholin-
ergic terminals (638-nm laser, 10 ms/pulse, 10 Hz for 10 s) induced
astrocyte Ca** responses in home cage mice on day 1, and astrocyte
response was augmented in mice receiving the extinction training
on day 2 (Fig. 5, F and G), indicating a plasticity in this neuron-
astrocyte signaling.

We then identified the ACh receptor type [nicotinic (nAChRs)
and/or muscarinic (mAChRs)] mediating the augmented astrocyte
Ca®" responses in ChAT-IRES-Cre mice that received extinction
training on day 2. The ChrimsonR light-evoked astrocyte Ca** re-
sponse was blocked after injection of nAChR antagonist [mecamyl-
amine hydrochloride (MECA), 0.1 mM] but not mAChR antagonist
atropine (0.1 mM) in the dCA1 region (Fig. 5, H and I), each an-
tagonist at volume of 1 pl. Further, the specific a4 subunit or a7
subunit of nAChR antagonist dihydro-p-erythroidine hydrobro-
mide (DHPE; 0.1 mM) or methyllycaconitine (MLA; 0.1 mM),
respectively and separately (each at volume of 1 pl), blocked the
ChrimsonR light-evoked astrocyte Ca** response (Fig. 5, H and
I); there was a trend of additive blocking effect in the presence
of both DHBE and MLA (Fig. 5, H and I). Of note, the use of
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of heatmaps reporting on AF/F of ACh sensor in the CA1 region (n = 9). (D) Quantification of the AUC of ACh signal during different behavioral segments (n =9).
(E) Negative linear correlation between the AUC of ACh signal in the CA1 region and the freezing level during extinction training (nine mice, 18 trials). (F) Expression of
the ACh sensor and astrocyte JRGECO1a in hippocampal slices. Scale bar, 100 pm. (G) Confocal images showing colocalization of JRGECO1a labeling with S1008, but not
with NeuN. Scale bar, 50 pm. (H) Representative AF/F traces and heatmaps of astrocyte Ca* and extracellular ACh signals recorded simultaneously. (I) Positive linear cor-
relation between extracellular ACh and astrocyte Ca*t signals (nine mice, 54 trials). (J) The rise of extracellular ACh signal preceded the increase of astrocyte ca*t signal.
Error bars show means + SEM. **P < 0.01, ***P < 0.001, as determined by one-way ANOVA and Dunn’s post hoc test (D). Lightning bolt, abbreviations, and dashed con-
tour asin Fig. 1.
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lower concentrations of combined DHBE and MLA blockers may
allow for a notable additive effect, which is beyond the scope of
the present study, and it awaits future studies. Thus, the response of
astrocyte to ACh is mediated by a4- and a7-containing nAChRs.

We further quantified mRNA transcripts for a4 and a7 nAChR
subunits using fluorescence probes and their location in astrocytes
assigned based on the GFAP signal. In dCA1 astrocytes of mice af-
ter fear extinction on day 2, as compared to home caged day 1 mice,
there were significant increases in mRNA for both a4 and a7
nAChR subunits (Fig. 5, ] and K). These data indicate that fear ex-
tinction results in an up-regulation of a4 and a7 nAChR subunits in
astrocytes of the dCA1 region; these subunits mediate enhanced
Ca®" activity in hippocampal astrocytes driven by nearby pBF cho-
linergic terminals.

To examine whether local neuronal activity in the hippo-
campus contributes to the astrocyte Ca** dynamics during
fear extinction, we virally expressed in hippocampal neurons a
modified form of the human M4 muscarinic (hM4) receptor-
mCherry (AAV_hSyn:hM4Di-mCherry), which can be activat-
ed by CNO to exert its inhibitory action on neuronal activity,
along with viral expression of GCaMP6f in hippocampal astro-
cytes to image their Ca** dynamics (fig. S9, A and B). We found
no differences in the average amplitude of astrocyte Ca** signals
during fear extinction following administration of either saline
or CNO (fig. S9, C and D). These results indicate that local neu-
ronal activity does not contribute to astrocyte Ca** responses,
suggesting that the ACh signaling from pBF directly causes as-
trocyte Ca”* responses in the dCA1 region of the hippocampus
during fear extinction, which we directly address next.

pPBF cholinergic inputs to CA1 astrocytes mediate control of
fear extinction

Previous research found that cholinergic neuronal lesions in the aBE,
in particular MS or vDBB, induced contextual fear memory general-
ization and impaired acquisition of fear extinction (41). Additionally,
stimulation of cholinergic terminals within the basolateral amyg-
dala during cued fear conditioning slowed fear extinction (42).
Consequently, we examined whether pBF cholinergic inputs to
CAL1 astrocytes mediate control of fear extinction. We expressed
Cre-dependent axon-GCaMP6s in pBF cholinergic neurons of
ChAT-IRES-Cre mice (using AAV_EF]a:DIO-axon-GCaMP6s) and
recorded GCaMP6s fluorescence in the CA1 region using fiber pho-
tometry (fig. S10, A and B). Similar to the extracellular ACh level in-
crease, the Ca”* activity of cholinergic axon terminals was significantly
increased during fear extinction (fig. S10, C and D).

To further study the role of cholinergic pBF inputs to the CA1 region
in fear extinction, we Cre-dependently expressed ChR2-EYFP (using
AAV_EF1a:DIO-ChR2-EYFP) in pBF cholinergic neurons of ChAT-
IRES-Cre mice (fig. S11, A and B) and found that optogenetic activation
of cholinergic terminals in the CA1 region significantly enhanced fear
extinction on day 2 and reduced freezing level on day 3 as compared to
control of ChAT-IRES-Cre mice whose pBF cholinergic neurons Cre-
dependently expressed EYFP (fig. S11C). We then assessed whether
CAL astrocytes are required for pBF cholinergic activation-induced
enhancement of fear extinction. We expressed mCherry-hPMCA2w/b
(using injection of AAV_GfaABCID:mCherry-hPMCA2w/b) on CAl
astrocytes to decrease astrocytic Ca®" activity, which blocked the effect of
cholinergic terminal activation on fear extinction when compared to
controls in which astrocytes expressed the fluorescent marker mCherry
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(fig. S11C). These results indicate that pBF cholinergic input to the
CAL region induces fear extinction facilitation through the activation
of astrocytes.

To further evaluate the subtype of cholinergic receptors in astro-
cytes mediating this phenomenon, we knocked down the level of a4
or a7 nAChR by targeting CA1 astrocytes with AAV_GfaABCID
=:RNAi(a4nAChR)-mCherryor AAV_GfaABCID:RNAi(a7nAChR)-
mCherry, separately, and Cre-dependently expressed ChR2-EYFP
in pBF cholinergic neurons of ChAT-IRES-Cre mice. We verified
the specificity and efficiency of RNAi(a4nAChR)-mCherry and
RNAi(a7nAChR)-mCherry expression in astrocytes (fig. S12, A to D).
The knockdown efficiency of RNAi was confirmed by using in situ hy-
bridization for the examination of Chrna4 and Chrna7 gene transcripts
(fig. S12, E to H). We verified that knockdown of o4 or a7 nAChR in
astrocytes did not affect their expression in neurons (fig. S12,Ito L).

To further investigate whether knockdown of astrocytic a4 or
a7 nAChR affects astrocyte activity, we Cre-dependently expressed
ChrimsonR-tdTomato in the pBF cholinergic neurons, GCaMP6f paired
with mCherry or RNAi(a4nAChR)-mCherry or RNAi(a7nAChR)-
mCherry in dCA1 astrocytes of ChAT-IRES-Cre mice (fig. S12, M and
N). Photoactivation of dCA1 cholinergic terminals reliably induced
astrocyte Ca”* responses (mCherry group), which is not observed
in RNAi(a4nAChR)-mCherry or RNAi(a7nAChR)-mCherry group
mice (fig. S12, O and P). These results suggested that knockdown of
astrocytic o4 or a7 nAChR blocked cholinergic activation-induced
astrocyte Ca** responses.

We then assessed the impact of astrocytic o4 or a7 nAChR on
fear extinction (fig. S13A). Compared to the ChR2-EYFP group
(ChR2-EYFP + mCherry), which displayed decrease in freezing
level as compared to EYFP control, optogenetic cholinergic terminal
activation paired with astrocytic ®4 nAChR or a7 nAChR knock-
down reversed the freezing level to that comparable of the EYFP
group on day 2 (fig. S13B). The decrease in freezing level caused by
photostimulation of the ChR2-EYFP group on day 3 was also re-
versed by astrocytic 4 nAChR or o7 nAChR knockdown (fig.
S13B), suggesting the necessity for astrocytic a4 and a7 subunits
containing nAChR for cholinergic terminal activation-induced fear
extinction facilitation.

To assess whether the cholinergic input is required for the de novo
astrocyte Ca®* responses and their effect on fear extinction, we
ablated pBF cholinergic (ChAT positive) neurons in ChAT-
IRES-Cre mice by viral delivery of Cre-depended taCaspase 3 (AAV_
hEFIla::FLEX-taCasp3) into the pBF, while control (no ablation)
mice virally expressed mCherry in pBF cholinergic neurons
(AAV_hEFla:FLEX-mCherry) (Fig. 6A). Four weeks post-injection
of viruses, pBF ChAT-positive neurons were almost absent in the
taCasp3-injected mice, while there was no detectable loss of ChAT-
positive cells in MS, vDBB, and hDBB, i.e., aBF (Fig. 6, B and C); in
mCherry mice, ChAT neurons were omnipresent in these brain areas,
however. We next assessed dCA1 astrocyte Ca®* dynamics during
fear extinction and found that CA1 astrocyte Ca** activity (as per viral
injection of AAV_GfaABC1D:GCaMP6f) decreased significantly
in the pBF ChAT neuron-ablated mice (Fig. 6, D and E). In the
behavioral test, compared to controls, pBF ChAT neuron-ablated mice
showed significantly slower extinction curve on day 2 and higher
freezing level on day 3 (Fig. 6, F to I; compare mCherry + EGFP
control versus taCasp3 + EGFP groups), while photoactivation of
astrocytes reversed the freezing level in pBF ChAT neuron-ablated
mice when compared to those of controls on both day 2 (Fig. 6H)
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on day 3. Error bars show means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, as determined by unpaired t test [(C) and (E)], two-way ANOVA followed by Bonferroni’s mul-
tiple comparisons test (H), and one-way ANOVA and Dunn’s post hoc test (1).
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and day 3 (Fig. 6I) (compare taCasp3 + ChR2-EGFP versus taCasp3 +

EGFP groups). These results demonstrated that heightened astro-
2+ . p ..

cyte Ca“" dynamics are necessary for the pBF cholinergic input-

mediated modulation of fear extinction.

Donepezil increases astrocyte Ca®* activity and facilitates
fear extinction

Our results showed that the increases of cholinergic neurotrans-
mission and of extracellular ACh during fear extinction enhanced
astrocyte Ca”* activity in the CA1 region; this neuron-glia signal-
ing pathway enhanced fear memory extinction. At present, the en-
hancement of the cholinergic neurotransmission represents a main
approach in the treatment of cognitive and behavioral symptoms of
mild and moderate stages of Alzheimer’s disease (AD) (43); the
main class of drugs currently used is acetylcholinesterase inhibi-
tors, such as donepezil (43, 44). Whether donepezil, the widely
used memory and cognitive improvement drug, could enhance
astrocyte Ca®" activity and facilitate fear extinction are feats worth
testing. We recorded astrocyte Ca®* activity (using virally expressed
GCaMP6f) after local injection of saline or donepezil (0.1 mM)
in the CA1 region (Fig. 7A). Compared with saline injection, done-
pezil induced a significant increase of astrocytic Ca** activity (Fig.
7, B and C).

To test the role of donepezil in fear extinction, saline or donepe-
zil (0.1 mM) was bilaterally injected into CAl regions before fear
extinction on day 2 (Fig. 7D). These saline- or donepezil-treated
mice had comparable learning curves for fear conditioning on day 1
(Fig. 7D). However, the donepezil injection group showed signifi-
cantly facilitated fear extinction on day 2 and decreased fear memo-
ry on day 3 (Fig. 7D). Donepezil injection did not affect mice motor
performance in the open-field test (fig. S14, A to C). Together, these
results indicated that donepezil can facilitate fear extinction.

To further determine the therapeutic applicability of donepezil
for fear extinction, we tested whether the IP injection of donepezil
facilitates fear extinction. Mice were injected with saline or donepe-
zil 30 min before the fear extinction training on day 2, and the
extinction memory was assessed on day 3 (Fig. 7E). Saline or done-
pezil injection groups had comparable learning curves for fear con-
ditioning on day1 (Fig. 7E). Donepezil (0.25 mg/kg, IP; allometry to
human dose of 2.5 mg orally) had a facilitating effect on fear extinc-
tion on day 2 but did not affect the freezing level on day3 (Fig. 7E).
A higher dose of donepezil (0.5 mg/kg, IP; allometry to human dose
of 5 mg orally, which is the starting clinical dose for human) both
significantly facilitated fear extinction on day 2 and decreased freez-
ing level on day 3 (Fig. 7E). In addition, donepezil IP injection did
not affect the motor performance in the open-field test (fig. S14, D
to F). Therefore, pharmacological enhancement of the pBF cholin-
ergic neuron to CA1 astrocyte pathway can facilitate fear extinction
and holds promise in the treatment of fear- and anxiety-related dis-
orders like PTSD.

DISCUSSION

Fear extinction is an organismal internal defense mechanism against
pathogenic fear when re-exposed to an environment that is no lon-
ger a threat or danger; this mechanism optimizes decision-making
and allows better adaptation. Both animal and human studies have
suggested that impaired fear extinction is critical in the development
and maintenance of fear-related disorders, such as PTSD (I, 45).
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Thus, revealing endogenous contributors to fear extinction is critical
to deepen its understanding and to identify targets for improved
treatments of fear-related disorders. Here, we discovered that de novo
astrocytic Ca®" responses in the dCA1 region are critical for fear
extinction; these responses were induced by increased pBF cholinergic
input activity. Inhibition or activation of this pathway leads to impair-
ment or facilitation in fear extinction, respectively. Targeting this
pathway with the cholinesterase inhibitor donepezil elevated astro-
cyte Ca** activity in the dCA1 region and facilitated fear extinction
(Fig. 7F). Together, our findings add a key contribution to the field
by unveiling the unacknowledged neuron-glia signaling pathway in
control of fear extinction and suggest promising therapeutic inter-
ventions for fear-related disorders.

CA1 astrocytes may serve as an important protector against
excessive fear

Astrocyte physiological activity and function during fear extinction
is scarcely explored. The Fos measurement in the current study re-
vealed that the astrocytes in the CA1 region were significantly and
specifically activated during fear extinction, while astrocytes in the
amygdala and mPFC were activated during both extinction and
non-extinction conditions. By using fiber photometry, we further
found that the CA1 astrocytic Ca®" responsiveness was specifically
primed by aversive experience and dependent on associated con-
text. Astrocytic Ca®* signals were lower during fear retrieval than
extinction training, and were inversely correlated with the freezing
levels during fear extinction. This astrocytic responsiveness dimin-
ished when mice were relocated in a different neutral context and
were absent during re-exposure in the NOR or reward-related
context. On the contrary, a very recent study reported that elevated
astrocyte Ca”* activity in the amygdala remains for days after condi-
tioning, coupled with freezing bouts during recall, but not extinc-
tion sessions (46). Together, the specific responsiveness of CAl
astrocytes to extinction suggested a unique role that merited fur-
ther investigation.

Our investigation further revealed that attenuating this CA1 as-
trocytic Ca®* activity impaired fear extinction. Conversely, increas-
ing CA1 astrocytic Ca®* activity, specifically during the extinction
training phase, enhanced fear extinction. These results suggest that
the astrocytic responsiveness is both necessary and sufficient for
governing natural fear extinction. Moreover, in our present study,
the strength of astrocytic Ca** responses diminished as the fear
level drops after extinction, suggesting an adaptive role of CA1 as-
trocytes. Of note, our previous study found that the CA1 astrocyte
activation post-fear memory acquisition disrupted memory con-
solidation and persistently decreased contextual fear memory (19).
Together, we propose that CA1 astrocytes may serve an important
endogenous protective entity against excessive fear by controlling
natural fear extinction and can be of important biological signifi-
cance for adaptation to previous traumatic events.

pBF cholinergic signaling couples with CA1 astrocytic
activity in control of fear extinction

Neuromodulation, including ACh signaling, shapes emotional
learning in distributed neuronal circuits across the brain (25). The
potential role of cholinergic neurons in traumatic stress-induced
emotional memory regulation remains largely unexplored (29, 47).
By using a sensor to detect extracellular ACh levels, we observed
de novo ACh signals preceding and coupling with astrocytic Ca**
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two-way ANOVA followed by Bonferroni’s multiple comparisons test [(D) and (E), on day 2], and unpaired t test [(D) and (E), on day 31.

responses in the dCA1 region. The BF is the main cholinergic center
that innervates the hippocampus (47, 48). Our results showed that
the cholinergic inputs from the BF to the dorsal hippocampal CA1
area originate mostly from the posterior part of the BE, as compared
to its anterior. pBF cholinergic input activity was required and suf-
ficient for the induction of CA1 astrocytic Ca®* responsiveness dur-
ing fear extinction. Prolonged re-exposure into the fear conditioned
context alone without “salient” stimuli such as a foot shock caused
the activation of pBF cholinergic neurons due to the synaptic
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plasticity. It appears that the fear conditioning process made the for-
merly neutral context into a “salient” stimulus, possibly by affecting
sensory gating (49). The afferents in pBF cholinergic neurons inte-
grate the incoming sensory information of the fear conditioning-as-
sociated context, compare it with previous memory and send it
to the cholinergic neurons, and activate it during fear extinction.
Moreover, the pBF cholinergic input-induced astrocytic Ca®* re-
sponses in the dCA1 region were not dependent on the activity of
the nearby neurons, but rather a consequence of “direct” pBF ACh
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signaling to astrocytes. Perhaps this could be a spillover at the tri-
partite synapse whereby astrocytes surround pBF cholinergic termi-
nals innervating pyramidal neurons and/or interneurons. A more
crafty possibility could be if such pBF inputs would directly termi-
nate on astrocytes forming synaptoids (50). Prior studies indicated
that the cholinergic signaling could directly modulate hippocampal
pyramidal neurons and enhance cognitive flexibility (51, 52). How-
ever, the role of ACh signaling in hippocampal pyramidal cells dur-
ing fear extinction remains to be determined.

Cholinergic neurons in the brain participate in essential func-
tions via two major classes of receptors: mAChRs and nAChRs (29).
o4 nAChR is permeable to calcium, and the level of Ca®* permeabil-
ity is enough for significant increases in intracellular [Ca**] (53, 54).
o7 nAChR also has a relatively higher Ca** permeability (53). We
showed that the a4 and a7 subunits of astrocyte nAChRs, but not
mAChRs, were responsible for the induction of astrocytic Ca** re-
sponses. Electrophysiological study showed the cholinergic modu-
lation of hippocampal pyramidal neurons through the muscarinic
receptors but not nicotinic receptors (51, 52). In addition, the o7
nAChR was reported to be important in mediating astrocytic re-
sponsiveness in the auditory cortex for cued fear memory persis-
tence (55). Blocking a7 nAChR signaling in PFC attenuated trace
fear extinction in adult but not juvenile rats possibly due to the late-
adolescent maturation of the ventral hippocampal-PFC functional
connectivity (56). These results combined with ours suggested pos-
sible segregation of cholinergic signaling and function in different
cell types, brain regions, and life stages, which may allow intersec-
tion of targeted intervention.

Here, the evoked astrocytic Ca** responses by cholinergic activa-
tion were significantly greater during fear extinction, which can be
likely caused by the up-regulation of a4 and a7 subunit expression.
This inference may be supported by previous findings that brief or
prolonged nicotine or nicotinic receptor agonist treatments can
cause the up-regulation of a4 or o7 subunit of nAChR expression
(57, 58). The prevalence of smoking (nicotine self-administration)
among individuals with PTSD is particularly high (around 44.6%).
Smokers with PTSD not only smoke more heavily compared to
smokers without PTSD but also demonstrate greater nicotine de-
pendence and lower quit rates following smoking cessation inter-
ventions (59). Smoking and nicotine dependence in PTSD suggests
a mode of self-medication to activate the aforementioned nAChRs
in the current study to allay fear.

We found that inhibiting astrocyte Ca®* activity or blocking
astrocytic nAChR receptors abrogated the pro-extinction effect
exerted by pBF cholinergic input activation. Moreover, ablation
of pBF cholinergic neurons attenuated the astrocytic Ca** re-
sponses and impaired fear extinction, while simultaneous activa-
tion of CA1 astrocytes rescued the deficits in extinction. These
findings are different from the previous report that selective le-
sions of aBF, such as MS/DBB, and its cholinergic input to the
dorsal or ventral hippocampus have no effect on fear extinction
memory (60). Our findings offer an alternative scenario whereby
dorsal hippocampus-projecting cholinergic neurons mainly locate
in the pBE, suggesting that the pBF is critical for fear extinction.
Furthermore, the above results indicate that pBF ACh signaling and
astrocyte Ca®* activity are coupled so that cholinergic inputs to CA1
astrocytes govern fear extinction. Consistent with our discovery,
clinical studies found that patients with traumatic brain injury have
reduced gray matter density in the BF and hippocampus (61), which
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may explain frequent comorbidity of this injury with PTSD
(7, 62, 63). Moreover, AD patients have degeneration of the basal
forebrain cholinergic system (64) and they display deficits in fear
extinction (65). We found that the cholinesterase inhibitor done-
pezil, at an allometry dose to the usual starting dose of 5 mg used
in human therapy, enhanced astrocytic Ca®* response and facilitat-
ed fear extinction. Donepezil can have effect on both neurons and
astrocytes (66, 67). However, the dosage of drug is an important de-
terminant of its final effect. On the basis of the previous studies that
donepezil at low dosage had no effect on neuronal spontaneous ac-
tivity and network oscillations (66, 68), in the current study done-
pezil of the dosage used may have limited impact on CA1 neurons.
Therefore, our findings demonstrate that the pBF cholinergic
pathway to CA1 astrocytes plays a key role in fear extinction
and provide promising therapeutic strategy for fear- and anxiety-
related disorders.

MATERIALS AND METHODS

Animals

The ChAT-IRES-Cre knock-in mice were obtained from The Jackson
Laboratory (RRID: IMSR_JAX:006410). C57BL/6] congenic mice
were purchased from Shanghai SLAC Laboratory Animal Co. Ltd.
All mice were housed with food and water available ad libitum in a
temperature-controlled room with a 12-hour light/dark cycle (lights
on at 07:00 a.m.). Mice were socially housed in numbers of two to
five littermates until surgery. After surgery, mice were singly housed.
Both female and male mice were used in all experiments. All mice
groups were subjected to the same surgical and behavioral manipu-
lations. All experimental procedures were in accordance with the
guidelines of the International Association by the Zhejiang Chinese
Medical University Animal Experimentation Committee (20210802-
16). All surgeries were performed under sodium pentobarbital anes-
thesia, and every effort was made to minimize suffering.

Stereotactic surgery

Mice were anesthetized with pentobarbital sodium (1%) and placed
on a stereotaxic frame. Standard stereotactic procedures were per-
formed as previously described (19). Body temperature was main-
tained throughout the procedure with a heating pad. Viruses were
injected via a microsyringe, the needle of which was left in place for
10 to 15 min after the end of infusion to allow diffusion of the vi-
ruses. The positions of all injections were verified histologically after
behavior experiments.

For activation of astrocytes and attenuation of astrocyte activ-
ity, 150 nl of each AAV2/5_GfaABCID::ChR2-EGFP (Taitool
Bioscience, diluted to 2.58 x 10'* vg ml™"), AAV2/5_GfaABCID::
hM3Dq-mCherry (Taitool Bioscience, diluted to 2.57 x 10" vg mlI™"),
and AAV5_GfaABCID:mCherry-hPMCA2w/b (Addgene plasmid
#111568, diluted to 4.72 x 10'* vg ml™") was bilaterally injected into the
CAl region [Anteroposterior (AP), —2.0 mm; Mediolateral (ML), +1.4
mm; Dorsoventral (DV), —1.4 mm relative to bregma]. AAV2/5_
GfaABCID::EGFP and AAV2/5_GfaABCID::mCherry were used as
corresponding controls (Taitool Bioscience, diluted to 3.0 X 10'* vg
ml™" and 2.69 x 10'> vg m1™"). Three weeks following viral injection,
an optical fiber was implanted into the CA1 region of each mouse (AP,
—2.0 mm; ML, +1.4 mm; DV, —1.2 mm relative to bregma).

For optogenetic activation of cholinergic neurons, 120 nl of each
AAV2/9_hEFla:: DIO-ChR2-EYFP (Taitool Bioscience, diluted to
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4.23%x 10" vgml™") and AAV2/9_hSyn::FLEX-ChrimsonR-tdTomato
(Taitool Bioscience, diluted to 6.33 x 10'* vg ml™") was bilaterally
injected into the pBF (AP, 0.2 mm; ML, +£1.2 mm; DV, —5.4 mm
relative to bregma) in ChAT-IRES-Cre mice. AAV2/9_hEFIa::DIO-
EYFP (Taitool Bioscience, diluted to 4.08 x 10'2 vg mI™") was used
as corresponding control. Three weeks following viral injection, op-
tical fibers were implanted into CA1 areas of mice.

For the ablation of cholinergic neurons, 120 nl of AAV2/9
_hEFla::FLEX-taCasp3-TEVp-WPRE-hGH-pA (BrainVTA, diluted
to 5.23 X 10'2 vg ml™") was bilaterally injected into the pBF in
ChAT-IRES-Cre mice.

For Ca** imaginzg, AAV5_GfaABCID:GCaMP6f (BrainVTA,
diluted to 2.21 X 10** vg ml™!) and AAV5_GfaABCID:jRGECOla
(BrainVTA, diluted to 5.62 x 10"* vg ml™") were unilaterally injected
into the CAl region, while AAV2/9_hEF1a::DIO axon-GCaMP6s
(BrainV'TA, diluted to 3.21 x 10'2 vg ml™") was unilaterally injected
into the pBE Three weeks following viral injection, an optical fiber
was implanted into the CA1 region or pBF (AP, 0.2 mm; ML, +1.2 mm;
DV, —5.2 mm relative to bregma).

For neurotransmitter sensor imaging, AAV2/9_hSyn::5-HT3.0
(Brain Case, diluted to 5.0 x 10'* vg ml™"), AAV2/9_GfaABC-1D::
gACh4h (]zarovided from Y. Li Lab, Peking University, diluted to
3.16 X 10" vg ml™"), AAV2/9_hSyn:rAChmut (BrainVTA, diluted
to 2.51 x 10" vg ml™"), or AAV2/5_GfaABCID::cATP1.0 (Brain
Case, diluted to 3.09 x 10" vg ml™") was unilaterally injected into
the CA1 region. Three weeks following viral injection, an optical
fiber was implanted into the CA1 region of each mouse for imaging.

To knock down the level of a4 or a7 nAChR in astrocytes in vivo,
AAV2/5_GfaABCID:RNAi(a4nAChR) (Taitool Bioscience, diluted
to 6.3 x 10'* vg ml™") or AAV2/5_GfaABCID:RNAi(a7nAChR)
(Taitool Bioscience, diluted to 7.0 x 10'* vg ml™") were bilaterally
injected into the CAI region. AAV2/5_GfaABCID:: mCherry were
used as corresponding controls.

For optogenetic fiber implantation, two optical fibers (core diam-
eter, 200 mm; numerical aperture, 0.37) were bilaterally implanted
into CA1 regions (AP, —2.0 mm; ML, +1.4 mm; DV, —1.2 mm rela-
tive to bregma).

For pharmacological experiments, guide cannulae were bilater-
ally implanted into CAl regions at the above coordinates for
drug infusion at 100 nl/min using a microinfusion pump. Atropine
(Sigma-Aldrich, A0257), MECA (Sigma-Aldrich, M9020), DHBE
(Tocris Bioscience, 2349), MLA (Abcam, Ab120072), and donepezil
HCI (Selleck, S2462) were dissolved and diluted to their final con-
centrations in sterile 0.9% NaCl saline.

For photostimulation coupled with pharmacological experiments,
an optical fiber (AP, —2.0 mm; ML, +1.1 mm; DV, —1.5 mm relative
to bregma, at a 10° angle) and an infusion cannula (AP, —2 mm; ML,
+1.9 mm; DV, —0.7 mm relative to bregma, at a 20° angle) were
unilaterally implanted into the CA1 region for simultaneous photo-
stimulation and drug infusion.

Contextual fear extinction behavior protocol

The fear extinction tasks were carried out in a 25 cm X 25 cm X 25 cm
chamber (Panlab Harvard Apparatus) with grid floors placed inside
a sound-protected box (original conditioning context). On day 1,
the fear conditioning phase, mice were habituated in the condition-
ing chamber for 5 min, followed by four footshocks (US, 0.6 mA,
2 s) with an interval of 60 s. Mice remained in the conditioning
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chamber for a 90-s consolidation period following the last US and
then returned to their home cages. The chamber was cleaned with
rubbing alcohol. Twenty-four hours after fear conditioning, mice
were returned to the fear conditioning chamber to receive 40-min
extinction training without any US. Mice were then put back to their
home cages for another 24 hours. On day 3, mice were placed in
the conditioned context for 5-min extinction memory retrieval
test. The data were automatically recorded using commercial soft-
ware (FREEZING, Panlab Harvard Apparatus). Used as control,
context B was different from the fear conditioning chamber before,
was designed with white plastic floors and curved walls with visual
cues, and cleaned with 1% acetic acid to be different from the origi-
nal conditioning context.

In vivo fiber photometry recording

We used a fiber photometry system (Thinker Tech) to record the
fluorescence signals in freely moving mice. Purple (405 nm) light-
emitting diode (LED) light was band-pass filtered (405/10 nm,
model 65133, Edmund Optics), blue (473 nm) LED light (Cree
LED) was band-pass filtered (470/25 nm, model 65144, Edmund
Optics), and yellow (580 nm) LED light (Cree LED) was band-pass
filtered (572/28 nm, model 84100, Edmund Optics). Light beam was
reflected by a dichroic mirror (model 67079, 495-nm long pass,
Edmund Optics) and passed through a multi-band fitter (model 87-
282, Edmund Optics), before being focused using a 20X objective
lens (Olympus) and funneled into an optical fiber, and the light was
guided between the commutator and the implanted optical fiber
cannula. The laser power at the tip of the optical fiber was adjusted
to 40 pW (470 nm) and 60 pW (580 nm) to minimize photobleach-
ing. The 405-nm signal (20 pW) was further used to correct move-
ment artifacts. Finally, the emitted green (500 to 530 nm) and red
(605 to 625 nm) fluorescent light was recorded using a scientific
complementary metal-oxide semiconductor camera.

For contextual fear extinction behavior, mice underwent the
3-day contextual fear extinction procedure, as described above.
During CFC on day 1, freezing behavior and Ca®* signals of subjects
were recorded for 5-min habituation, then four footshocks were de-
livered with 60-s interval time. Ca®* signals were recorded during
40-min fear extinction training on day 2. The 0- to 5-min epoch was
considered as the fear retrieval stage. The remaining epochs togeth-
er were considered as the extinction training stage.

The fiber photometry coupled with the optogenetics system (In-
per) was as follows. Briefly, the excitation light from blue (470 nm)
and red (620 nm) light sources was merged into one beam through
a dichroic mirror. The beam was funneled into a multimode fiber
and then transmitted to the specified brain region to excite the GFP
(such as GCaMP6) and corresponding red channelrhodopsin (such
as ChrimsonR). The emitted green light was collected by a multi-
mode fiber and transformed into an electrical signal by weak signal
detector. Heatmaps and averaged Ca”* traces were plotted using a
self-developed MATLAB program.

To report average fluorescence signal within a session, AF/F was
calculated as (F — Fy)/Fj and F, is the mean value of the prestimulus
signal for each trial. To analyze the correlation and time course rela-
tionship of the astrocyte Ca®" and ACh signals, we defined the sig-
nal onset as the time when the signal increased above 10% of its
peak amplitude in the rising edge. The time to peak is the time
from onset to peak of a signal. We defined the rise time as the time
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required for the rising edge of the signal to go from 10% to 90% of
its peak amplitude according to previous study (69).

Optogenetic manipulation
For optogenetic stimulation during fear extinction on day 2, fol-
lowing the recording of the baseline freezing levels during the first
3 min, we initiated the light stimulation at the third minute with 11
consecutive 3-min epochs consisting of 1-min light on, 1-min light
off, and 1-min light on periods (473 nm, 1 to 3 mW at the fiber tip).
For optogenetic stimulation during fear retrieval on day 3, we
initiated the light stimulation at the first minute of fear retrieval and
lasted 5 min with 1-min light on and 1-min light off (473 nm, 1 to
3 mW at the fiber tip). For optogenetic stimulation during the open-
field test, we used a 3-min epoch as the paradigm consisting of
1-min light off, 1-min light on, and 1-min light off.

Chemogenetic manipulation

For chemogenetic manipulation, CNO (Abcam, catalog no. Abl14-
1704; dissolved in 0.9% NaCl saline), at the dose of 1 mg/kg body
weight, was injected intraperitoneally into mice expressing hM3Dq-
mCherry (Fig. 3 and fig. S3). Behavioral tests started 30 min after injec-
tion. For local chemogenetic manipulation (fig. S6), CNO (10 pM, 200 nl,
dissolved in artificial cerebrospinal fluid) was infused into the dCA1
region through cannulae, at 50 nl/min using a microinfusion pump.

Open-field test

Mice were placed in the corner of the square open-field arena
(40 cm X 40 cm X 40 cm) at the start of the experiment and allowed
to freely explore for 5 min. The center of the open field was defined
as the central 50% of the arena. The locomotor activity of the mice
was video-recorded and analyzed with automatic behavioral track-
ing software (ANY-maze, Stoelting Co., USA).

Novel object recognition

According to previous study (19), mice were habituated to investigator han-
dling for 5 min and habituated to a square testing arena (40 cm X 40 cm X
40 cm) for 10 min per day on three consecutive days. After habitua-
tion, the NOR task was divided into a sample phase and a test phase,
each lasting 5 min. In the sample phase, mice were placed in the
arena, exposed to two identical objects (A and B), and then re-
turned to its home cage. Twenty-four hours after the sample phase,
mice were returned to the arena for the test phase when exposed to
two objects, one was the same as in the sample phase (A) and the
other one was replaced with a novel object (C). The time spent in
exploring each object was recorded. Exploration was defined as
touching the object with the nose or directing the nose to the object
at a distance of no more than 2 cm.

Sucrose reward experiment

Mice were given access to a bottle containing 5% sucrose aqueous
solution in the observation cage on day 1. Mice were put in the same
cage to explore for 10 min without sucrose on day 2. Ca** and neu-
rotransmitter sensor signals were recorded on days 1 and 2.

Histology

After experiments, the positions of the optical fibers and cannulae
were verified histologically. Mice with incorrect positioning of opti-
cal fibers or cannulae were excluded from analysis.
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Immunohistological staining

Mice were anesthetized with sodium pentobarbital and then per-
fused transcardially with phosphate-buffered saline (PBS) followed
by 4% paraformaldehyde in PBS (PFA; w/v). Brains were postfixed
in 4% PFA in PBS at 4°C overnight and then cryoprotected in 30%
aqueous solution of sucrose (w/v) for 2 to 3 days at 4°C. Coronal sec-
tions (40 pm) were cut on a microtome (Thermo Fisher Scientific)
and stored in PBS at 4°C for further use. For immunostaining, each
section was permeabilized with 0.5% Triton X-100 in PBS (v/v) for
10 min. After washing with PBS, the nonspecific binding of sections
was blocked in PBS containing 10% bovine serum albumin (BSA;
w/v) and 5% donkey serum (v/v) at room temperature (20° to 25°C)
for 1 hour and then incubated with the primary antibody in PBS at
4°C for 24 hours. The sections were then washed three times in PBS
for 10 min, followed by incubation with the secondary antibody at
room temperature for 2 hours. Primary antibodies used were rabbit
anti-GFAP (Millipore, AB5804, 1:1000), mouse anti-NeuN (Milli-
pore, MAB377, 1:500), mouse anti-S100p (Sigma-Aldrich, 2532,
1:500), rabbit anti-DsRed (Clontech, 632496, 1:500), mouse anti—
c-Fos (Proteintech, 66590-1-Ig, 1:1000), and goat anti-ChAT antibody
(Millipore, AB144P, 1:500). Secondary antibodies used were donkey
anti-rabbit Alexa Fluor 594 (Abcam, ab150076, 1:1000), donkey
anti-mouse Alexa Fluor 647 (Abcam, ab150107, 1:1000), don-
key anti-rabbit Alexa Fluor 488 (Abcam, ab150073, 1:1000), and
donkey anti-mouse Alexa Fluor 488 (Abcam, ab150105, 1:1000).
Slides were washed three times with PBS for 10 min. Finally, the sec-
tions were mounted on microscope slides and covered by a glass
coverslip (19). Fluorescence images were acquired with an Olympus
FV-3000 (Japan) confocal microscope. For Fos™ cell quantification,
all brain sections containing the brain areas of interest were ob-
tained from mouse brains. Every fourth brain sections were collected
and stained with c-Fos antibody, and the mean value for each mouse
was then calculated.

RNAscope in situ hybridization

To examine transcripts of Chrna4 and Chrna7 genes encoding a4
and a7 subunits of nAChR, respectively, we performed in situ hy-
bridization using the RNAscope Multiplex Fluorescent Reagent Kit
v2 [Advanced Cell Diagnostics (ACD), 323100] according to the
manufacturer’s instructions. Sections were pretreated with hydro-
gen peroxide, target retrieval reagents, and protease digestion and
then were hybridized with prewarmed Chrna4 mRNA probe (ACD,
429871), Chrna7 mRNA probe (ACD, 465161-C2), positive control
probe (ACD, 320881), or negative control probe (ACD, 320871), fol-
lowed by amplifierl, amplifier2, and amplifier3 successively for 15 to
30 min. For Chrna4 mRNA, the sections were further incubated in
horseradish peroxidase-channel 1 (HRP-C1) for 15 min and TSA
Vivid 520 (PG-323271) or 650 (PG-323273) for 30 min to fluores-
cently label probes. An HRP blocker was added for 15 min. Then,
for Chrna7 mRNA, the sections were incubated in HRP-C2 for
15 min and TSA Vivid 520 or 650 for 30 min to fluorescently label
probes. Finally, an HRP blocker was added for 15 min. All hybrid-
ization and incubation steps were performed at 40°C in the
hybridization oven. GFAP immunohistochemical staining was ob-
tained upon completion of the in situ hybridization protocol.

Ca?* imaging

Following procedures described in previous study (19). Ca®* imag-
ing in hippocampal slices (300 pm) was made from 8-week-old mice.
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Slices were then incubated for 1 hour in a holding chamber with
oxygenated normal Ca”* artificial cerebrospinal fluid at 35°C and
then kept at 32°C. Individual slices were transferred to a submerged
recording chamber. For recording light stimulation-induced Ca**
signals, astrocytes were bulk loaded in slices with Rhod-2 AM (20 pM,
Invitrogen). The fluorescence intensity was measured at an excitation
wavelength of 550 nm and emission wavelength of 580 nm. Ca** sig-
nals were calculated as the relative change in fluorescence (AF/F),
where F is the fluorescence intensity before photostimulation and AF
is the change in fluorescence after photostimulation.

Statistical analyses

Sample sizes and statistical tests can be found in the figure legends.
GraphPad Prism (version 10.1.2) and MATLAB (MathWorks) were
used for statistical analysis. The sample size required for an individu-
al set of experiments was pre-assessed using power analysis (set at
80% and a = 0.05), and the normality of data was established using
D’Agostino-Pearson or Shapiro-Wilk tests for normality. We used
one-way or two-way analysis of variance (ANOVA) followed by the
Bonferroni or Dunn’s post hoc tests, and standard two-tailed paired
or unpaired ¢ tests. Animals were randomly assigned to treatment
groups. Both the researchers conducting the experiments and those
analyzing the data will be blinded to the group assignments. Data are
presented as means + SEM. Statistical significance was set at P < 0.05.

Supplementary Materials
This PDF file includes:
Figs.S1to S14
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