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Memory persistence, or remembering, refers to a system-
atic process of making information permanently stored 
and cataloged in the brain so that it can be retrieved on 

request1. This fundamental cognitive process plays a central role 
in guiding behaviors that are essential for survival2 and is often 
impaired in neurological disorders such as Alzheimer’s disease or 
traumatic brain injury3. Previous studies have focused extensively 
on the role of neurons in memory persistence. It has been suggested 
that memory persistence involves the replay of the neuronal activity 
pattern that is present at encoding4,5. To increase the probability that 
the specific activity pattern reemerges later, memory persistence 
requires the strengthening or weakening of the synaptic connectiv-
ity within participating neuronal ensembles4,6. Therefore, any fac-
tors that can change the synaptic connectivity strength of particular 
neuronal networks may affect memory persistence1.

Accumulating experimental evidence indicates that glial cells 
are significant regulators of synaptic function and plasticity7,8. 
Astrocytes, a major class of glial cells, respond to neuronal activ-
ity with intracellular Ca2+ transients and then release gliotrans-
mitters that in turn modify synaptic connectivity8. Such mutual 
neuron–astrocyte interactions lead to the concept of the ‘tripartite 
synapse’, where astrocytes are considered as being active partici-
pants in synaptic processing8. Astrocytes express different types of 
neurotransmitter receptors, including noradrenergic, glutamater-
gic and cholinergic receptors9. Through these receptors, astrocytes 

in the central nervous system respond to various sensory stimuli, 
including smell, light, sound, tactility and pain10–13. These astro-
cytic signals not only modulate synapse formation, transmission 
and plasticity8,14,15 but also regulate the synchronization of neuro-
nal population activity16. Thus, through multiscale regulation of 
neuronal activity during external sensory stimulation, astrocytes 
are in an ideal position for contributing to memory formation and 
persistence8,17.

Indeed, astrocytes have been repeatedly shown to be involved in 
neuronal plasticity both in vitro14,15 and in vivo13,18. Furthermore, a 
growing body of studies has revealed the necessity of astrocytes for 
normal memory functions in vivo19–22. These studies showed that 
interfering with astrocytic activity results in memory impairments. 
In addition, recent studies showed that adding human astrocytes 
to the mouse brain23 or artificially activating astrocytes24 can cause 
memory enhancement. However, it is unknown whether and how 
memory-related astrocytic activity changes during information 
acquisition and storage, because of difficulties in identifying func-
tionally defined astrocytes in vivo and monitoring their activity in 
behaving animals across different learning stages over many days. 
Such investigations would identify the cellular substrate by which 
astrocytes interact with neurons and contribute to memory forma-
tion and persistence.

Fear memory can remain intact for the entire lifetime5. Recent 
studies indicated that astrocytes contribute to the initial stages of 
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fear memory acquisition and consolidation19–22,24. The artificial 
activation of astrocytes by chemogenetic manipulations in the CA1 
region of the hippocampus can enhance fear memory acquisition24 
but may reduce fear expression in the medial subdivision of the 
central amygdala20. In addition, in the auditory cortex, fear learning 
has been shown to involve neuronal plasticity25,26 and depend on 
the recruitment of α7-nAchR-mediated activation of disinhibitory 
neuronal circuits26,27. However, it is unknown whether astrocytes in 
the auditory cortex are involved in the process of fear memory for-
mation and persistence.

In this study, we interrogated the role of cortical astrocytes in 
memory formation and persistence by using two-photon Ca2+ 
imaging in head-fixed mice9,28, optical fiber-based recording in 
freely moving mice29,30 and astrocyte-specific ablation of α7-nAchRs 
in an auditory associative fear learning task. We discovered a 
de novo-induced astrocytic responsiveness mediated by sensory 
stimulation-activated α7-nAchRs in the auditory cortex during fear 
memory formation. This responsiveness persisted along with the 
fear memory behavior over days and ended with its experimentally 
induced extinction. Specifically, blocking this astrocytic respon-
siveness impaired memory persistence. Therefore, we suggest that 
α7-nAChR-activated astrocytes in the mammalian auditory cortex 
are essential for the persistence of fear memory.

Results
Footshock activates astrocytes in the auditory cortex. We started 
our study by determining the activity patterns of astrocytes in lay-
ers 1 (L1) and 2/3 (L2/3) of the auditory cortex stained with the 
Ca2+ indicator Fluo-8 acetoxymethyl ester (Fluo-8 AM) by using a 
bulk-loading approach9,28 (Fig. 1a and Supplementary Fig. 1a). With 
our adapted protocol (Methods), effective astrocytic labeling with 
Fluo-8 AM was obtained in a larger region of the auditory cortex, 
including the primary auditory cortex, the ventral secondary audi-
tory cortex and part of the adjacent temporal association cortex. 
The specificity of astrocyte labeling with Fluo-8 AM was confirmed 
by additional sulforhodamine 101 staining31 (Supplementary Fig. 
1b). Figure 1a,b illustrates an experiment in which we monitored 
the activity of astrocytes within a field of view while delivering 
either sound stimuli or footshocks to a hind limb. We first used 
recording conditions of light anesthesia (<0.5% isoflurane) that 
did not cause the blockade of astrocytic Ca2+ signals observed at 
deeper levels of anesthesia12,32. Surprisingly, while in this experi-
ment none of the astrocytes tested responded to sound stimulation, 
four out of eight astrocytes reliably responded with Ca2+ transients 
to footshock stimulation (‘responders’). Results obtained from simi-
lar experiments in 15 animals (189 cells) confirmed these observa-
tions by showing that a large fraction of astrocytes was responsive to 
footshock but only a minority to sound stimulation (details below). 
To further verify these results with a sensor suited to longitudinal 
experiments, we expressed the genetically encoded Ca2+ indica-
tor GCaMP6s33 specifically in astrocytes of the auditory cortex by  

injecting the adeno-associated virus (AAV)–serum glial fibril-
lary acidic protein (sGFAP)–GCaMP6s construct34,35. Figure 1c,d 
indicates that GCaMP6s-stained astrocytes had a similar response 
pattern to those stained with Fluo-8 AM. Across all recordings 
obtained with these two Ca2+ sensors, about 64% of astrocytes (a 
total of 328 cells in 25 animals tested consisting of 189 cells per 15 
mice for Fluo-8 AM and 139 cells per 10 mice for GCaMP6s) reli-
ably responded with Ca2+ transients to footshock stimulation, while 
only 8% responded to sound stimulation (Fig. 1e; see the example 
of sound-evoked astrocytic responses in Extended Data Fig. 1). As 
a caveat, we have no direct confirmation on the status of neuro-
nal activity. Nevertheless, we stress that similar sound stimulation 
is well known to effectively activate large groups of neurons in the 
auditory cortex36–40. The footshock-evoked astrocytic Ca2+ transients 
occurred at a relatively large range of latencies after the stimulus (Fig. 
1f), similarly to sensory stimulation-evoked astrocytic responses 
detected in other sensory cortex regions11,12. Footshock-evoked 
astrocytic responses were not restricted to the auditory cortex but 
were observed in other cortical regions, for example, in the somato-
sensory cortex (Supplementary Fig. 2). Together, these results estab-
lish that footshock, but not sound, represents a reliable stimulus for 
the activation of cortical astrocytes.

Multiple lines of evidence from in vitro and in vivo studies indi-
cate that astrocytic Ca2+ transients are often mediated by the acti-
vation of Gq-coupled neurotransmitter receptor-driven Ca2+ release 
from intracellular endoplasmic reticulum Ca2+ stores18,41. Consistent 
with those earlier observations, we found that footshock-evoked 
Ca2+ transients were suppressed by the sarco/endoplasmic reticu-
lum Ca2+-ATPase antagonist cyclopiazonic acid (CPA) (Fig. 1g,h) 
or thapsigargin (Fig. 1h and Extended Data Fig. 2a), both known 
to deplete endoplasmic reticulum Ca2+ stores. Furthermore, appli-
cation of ryanodine (Fig. 1h and Extended Data Fig. 2b) largely 
suppressed footshock-evoked responses, indicating an involve-
ment of ryanodine receptors41. As demonstrated in several previ-
ous studies9,12,13,32,42–44, such astrocytic Ca2+-induced Ca2+ release 
signals recorded in cell bodies occurred at relatively long latencies 
after sensory stimulation (Fig. 1f), in contrast to the short latency 
signals that can be recorded at the more remote microdomains of 
the astrocytic processes, the presumed sites of synaptic interac-
tion34. Anesthesia was not a relevant determinant for the prolonged 
delays (anesthetized mice, 3.1 ± 0.2 s, n = 5 mice versus awake mice, 
2.7 ± 0.1 s, n = 4 mice; P = 0.2264, two-sided Wilcoxon rank-sum 
test; Extended Data Fig. 3).

α7-nAChR-mediated activation of auditory cortex astrocytes. 
Unlike the spontaneous astrocytic Ca2+ waves in the hippocampus 
in vivo that require gap junction-dependent glia–glia communica-
tion45, footshock-evoked Ca2+ transients were largely insensitive 
to the gap junction inhibitor carbenoxolone (Extended Data Fig. 
2c,d; n = 22 cells, 4 mice). Instead, the astrocytic Ca2+ transients 
were completely abolished in 5 out of 5 experiments by the Na+  

Fig. 1 | Sensory stimulation-evoked Ca2+ signaling in astrocytes of the mouse auditory cortex. a, Two-photon fluorescence image of Fluo-8 AM-stained 
astrocytes in L2/3 of the mouse auditory cortex. The imaging depth was 171 µm below the cortical surface. The red arrowheads indicate astrocytes 
that responded to footshock stimulation (‘responders’), while the gray arrowheads indicate nonresponding cells (‘nonresponders’). b, Sound- and 
footshock-evoked Ca2+ transients (Δf/f) corresponding to the astrocytes indicated in a (sound stimuli indicated by the gray bars; footshock stimuli 
indicated by the red bars). Both single and average trials are shown. c, Two-photon image of GCaMP6s-stained astrocytes in the auditory cortex. Imaging 
depth was 150 µm. d, Similar experimental arrangement as in b involving the use of GCaMP6s instead of Fluo-8 AM. e, Pie charts illustrating the fraction of 
responding and nonresponding astrocytes to footshock (left) or sound stimulation (right), respectively (n = 328 cells from 25 mice). f, Latency histogram 
of footshock-evoked Ca2+ transients (n = 210 cells). g, Footshock-evoked Ca2+ transients in four representative cells of an imaging plane before, during 
and after local application of CPA. h, Bar graphs summarizing the effects of CPA, thapsigargin, ryanodine or ACSF on the footshock-evoked astrocytic 
Ca2+ transients. The amplitude of the Ca2+ transients was normalized to the control level (value before drug administration). The number of cells tested is 
indicated above each bar. ***P < 0.001 versus control condition (control versus CPA, z = 5.5109, P = 3.5694 × 10−8; control versus thapsigargin, z = 3.9199, 
P = 8.8575 × 10−5; control versus ryanodine, z = 5.4424, P = 5.2553 × 10−8; control versus ACSF, z = −1.0986, P = 0.2719), two-sided Wilcoxon signed-rank 
test. All data are shown as the mean ± s.e.m.
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channel antagonist tetrodotoxin (TTX), which was focally applied 
to the tested astrocytes (Extended Data Fig. 2e–g; n = 55 cells, 5 
mice). These experiments indicate that footshock-evoked Ca2+ 
transients in the astrocytes of the auditory cortex are dependent 
on afferent neuronal activity, without a detectable contribution 
through gap-junctional activation by other astrocytes.

Since footshock stimulation is known to activate via cholinergic 
afferents from the basal forebrain many cortical regions, including 
the auditory cortex26,27, we performed pharmacological manipula-
tions with cholinergic and other receptor antagonists under visual 
guidance using two-photon imaging in vivo. The drugs tested were 
applied locally to the target regions in the auditory cortex using 
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glass pipettes that also contained, for better visualization, the phar-
macologically inert fluorescent dye Alexa Fluor 594 (AF594) (Fig. 
2a–d). We found that the nAChR antagonist methyllycaconitine 
(MLA) abolished completely, and fully reversibly, the Ca2+ transients 
evoked by footshock stimulation (Fig. 2a,b,e). In contrast, neither 
the muscarinic AChR antagonist VU0255035 (Fig. 2e and Extended 
Data Fig. 2h) nor a combination of the metabotropic glutamate 
receptor (mGluR) antagonists 2-methyl-6-(phenylethynyl)pyridine 
(MPEP) (mGluR5 antagonist) and LY367385 (mGluR1 antagonist; 

Fig. 2e and Extended Data Fig. 2i) nor ionotropic glutamate recep-
tor antagonists ((2R)-2-amino-5-phosphonopentanoic acid (APV) 
and cyanquixaline (CNQX)) (Fig. 2e and Extended Data Fig. 2j) 
were effective. Earlier studies showed that a startle response43,46 or 
a high vigilance state47 can evoke astrocytic Ca2+ transients through 
norepinephrine-mediated activation of α-adrenergic receptors in 
the neocortex. However, in our recordings in the auditory cortex 
obtained at both awake and anesthetized states, footshock-evoked 
astrocytic Ca2+ transients were insensitive to the α-adrenergic receptor  
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astrocytes indicated in a before, during and after MLA application. c,d, Same arrangement as in a,b but through the application of ACSF or nicotine (in the 
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the mouse auditory cortex immunostained for the α7 subunit (green, left) and GFAP (red, middle). Similar results were obtained in 13 slices from 3 mice. 
All data are shown as the mean ± s.e.m.
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antagonist phentolamine (Fig. 2e and Extended Data Fig. 4a,b) or 
the α1-adrenergic receptor antagonist prazosin (Extended Data 
Fig. 4c,d). These findings are in clear in contrast to the antagonistic 
effects of these drugs on startle responses or on vigilance states43,46,47.

The specific role of nAChRs was further substantiated by the 
observation that all astrocytes that responded to footshock stimula-
tion (‘responders’) also responded with Ca2+ transients to directly 
applied nicotine (delivered in the presence of TTX to prevent 
contributions of nearby neurons, n = 69 cells tested; Fig. 2c,d,f). 
Furthermore, these astrocytes expressed α7-nAChRs (Extended 
Data Fig. 5). Instead, most ‘nonresponders’ could not be activated 

by nicotine (Fig. 2f). Finally, we used immunostaining to dem-
onstrate the presence of nAChR α7 subunit-specific puncta on 
GFAP-positive processes of auditory cortex astrocytes (Fig. 2g)9.

Fear learning-induced astrocytic responsiveness to sound. To 
investigate whether fear learning has any impact on the activity of 
astrocytes, we next performed in vivo two-photon Ca2+ imaging 
experiments in head-fixed, lightly anesthetized mice before, during 
and after the presentation of conditioning paired tone/footshock 
stimuli. After screening different pure tone and complex sound 
stimulation patterns, known to be differently effective in different 
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auditory cortex subregions25,27,40, we identified a pure tone stimu-
lation protocol (Methods) as being the most effective under our 
experimental conditions. Also, instead of the standard protocol of 
3–5 tone/footshock pairings used in unanesthetized animals5,27, in 
lightly anaesthetized animals we needed 10–15 pairings to induce 
long-lasting fear memory. We confirmed that this protocol was 
indeed effective by showing that the freezing behavior tested dur-
ing wakefulness was similar, in terms of strength and persistence, to 
that observed after conditioning in freely moving animals (Fig. 6b 
versus Supplementary Fig. 6).

In the experiment illustrated in Fig. 3a–c, we show the changes 
in five astrocytes that initially produced Ca2+ transients in response 
to pure footshock but not in response to pure sound stimuli (Fig. 
3b, columns preceding pairing showing one footshock trial and 
two consecutive sound trials). Figure 3c illustrates the changes 
in the Ca2+ signaling pattern when delivering repetitively paired 
stimuli at an interval of 3 min. While pairing no. 1 evoked a pure 
footshock-evoked response, we observed already with pairing no. 3 
a trend of astrocytic responsiveness to sound stimuli indicated by the 
slight upward deflections in the Ca2+ trace of cell 1 and cell 5 (blue 
arrows in Fig. 3c). In the next 15 pairings, cells 1, 2, 3 and 5, but not 
cell 4, developed bona fide sound-evoked Ca2+ transients. At the end 
of the pairing period, Ca2+ transients could be evoked just by sound 
stimuli alone (Fig. 3b, columns after pairing showing two consecu-
tive sound trials and one footshock trial). Similar observations were 

made in 30 out of 30 astrocytes tested (4 mice; Fig. 3d). Trace fear 
conditioning stimulation, involving hippocampal-dependent pro-
cesses48, was ineffective in inducing astrocytic sound-evoked Ca2+ 
responsiveness (Extended Data Fig. 6). Despite multiple control 
and conditioning stimuli in ongoing experiments, the amplitudes 
of footshock-evoked Ca2+ transients did not change during repeated 
stimulation (Fig. 3b, last column and Fig. 3d). Remarkably, while 
there was a highly significant increase in the number of astrocytes 
with de novo-induced sound-evoked responsiveness, the number 
of astrocytes responding to footshock stimulation was constant. 
Furthermore, sound responsiveness was acquired only in those 
astrocytes (‘responders’: approximately 68% versus 5% before con-
ditioning, n = 30 cells, 4 mice) that were footshock-responsive but 
not in ‘nonresponders’. Notably, the response amplitudes to sound 
stimulation after conditioning correlated positively with the corre-
sponding footshock-evoked responses (Fig. 3e), suggesting that an 
overlapping set of afferent axons underlie the newly induced astro-
cytic Ca2+ responses.

To explore the contribution of cholinergic inputs to the learned 
astrocytic responsiveness to sound stimulation, we applied the 
nAChR antagonist MLA locally and found that it abolished both 
footshock- and sound-induced astrocytic Ca2+ transients (Fig. 3f). 
Such a blockage effect was observed in 28 out of 28 astrocytes tested 
in 4 mice (Fig. 3g). Supplementary Fig. 3 shows that the MLA block 
was fully reversible. We conclude that nAChR-dependent activation 
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Fig. 4 | Fear learning-dependent induction of astrocytic Ca2+ responsiveness in awake behaving mice. a, Recording of astrocytic Ca2+ signals in freely 
moving mice by fiber photometry. Left: Schematic of the optical fiber recording. Right: Footshock-evoked astrocytic Ca2+ transients during consecutive 
trials. b, Astrocytic Ca2+ transients in response to footshock or sound before, during and after pairing. c,d, Bar graphs summarizing the amplitudes of 
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‘footshock-after’, z = 0.7338, P = 0.4631; d, ‘sound-before’ versus ‘sound-after’, z = −2.2014, P = 0.0277; *P < 0.05, two-sided Wilcoxon signed-rank test). 
e, Summary of freezing levels before and after conditioning. n = 6 mice (baseline: before versus after, z = −0.9540, P = 0.3401; CS: before versus after, 
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the mean ± s.e.m.
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is of critical importance for the new, paired stimulation-dependent 
activity in astrocytes.

To exclude the possible effects of anesthesia, we next performed 
a new line of experiments entirely in awake behaving mice. For 
this purpose, we used an optic fiber photometer29,30 and implanted 
chronically the recording tip of a fine optic fiber into the right 
auditory cortex after AAV-mediated, astrocyte-specific GCaMP6f 
staining (Fig. 4a, left). This arrangement allowed Ca2+ recordings 
that reflected the activity of a small local cluster of stained cells that 
were located just in front of the tip of the optic fiber, as established 
previously by combined two-photon imaging and optical fiber 
recordings in the same experiment49. Post hoc immunostaining 

confirmed the specificity of GCaMP6f targeting to astrocytes and 
indicated the location of the recording sites in the auditory cortex 
(Supplementary Fig. 4). Fig. 4a (right) shows an example record-
ing where repeated footshock stimuli reliably evoked astrocytic Ca2+ 
transients with comparable amplitudes. This contrasts with repeti-
tive vigilance state-induced astrocytic Ca2+ responses that were 
shown to attenuate rapidly during consecutive stimuli47. Figure 4b 
presents an example recording performed in the auditory cortex 
before, during and after the presentation of conditioning paired 
tone/footshock stimuli. In this wakefulness condition, the condi-
tioning stimulation consisted of 3–5 tone/footshock pairings5,27. 
The population recordings obtained from a small cluster of stained 
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astrocytes in awake behaving animals (Fig. 4a–g) were strikingly 
similar to those obtained from single astrocytes by two-photon 
imaging in head-fixed animals (Fig. 3a–g). Again, we observed a 
de novo induction of sound-evoked astrocytic Ca2+ responsiveness 
associated with fear learning (Fig. 4b,d,e). Remarkably, we observed 
an induction of sound-evoked astrocytic Ca2+ transients after fear 
conditioning not only in the auditory cortex but also in the hippo-
campus (CA1 and dorsal hippocampus; Extended Data Fig. 7) and 
in the basolateral amygdala (BLA) (Extended Data Fig. 8a–d) but 
not in the somatosensory cortex (Extended Data Fig. 8e–h). Thus, 
fear learning-dependent induction of astrocytic Ca2+ responsive-
ness was not restricted to the auditory cortex but also expressed in 
those brain regions known to participate in fear learning-dependent 
sound processing5,27. However, whether α7-nAChRs are also 
involved in astrocytic activation in the hippocampus and BLA has 
not been addressed in this study and requires future investigation.

To test for the specificity of the conditioned stimulus (CS) in the 
standard experiments, we used a train of 8-kHz tone pulses as CS+ 
and, as a control, a train of 2-kHz tone pulses as CS−. Fear memory 
retrieval tests were performed with either CS− or CS+ 1 or 5–7 d after 
fear conditioning (Fig. 5a). Consistent with the two-photon imaging 
results in head-fixed animals (Fig. 3b), optic fiber-recorded astro-
cytic Ca2+ transients obtained during wakefulness were also reliably 
induced by footshock stimulation (Figs. 4a,c and 5b) but not by 
sound stimulation before fear conditioning (Fig. 4b, before and Fig. 
5b). Figure 5c,d illustrates representative recordings performed at 1 
and 7 d after conditioning, respectively, showing that CS+, but not 
CS−, successfully induced persistent astrocytic Ca2+ responsiveness 
(blue traces in Fig. 5c,d). Like the results obtained under light anes-
thesia (Fig. 3d), the amplitudes of the footshock-evoked Ca2+ tran-
sients were unchanged during repeated stimulation in the awake 
animals also (Fig. 5e). While CS+ evoked a strong and persistent 
potentiation of astrocytic Ca2+ transients after fear conditioning, 
CS− was ineffective (Fig. 5f). Fear learning-induced freezing lev-
els were also significantly higher during CS+ than during CS− (Fig. 
5g). As an additional control, in the conditioning experiment we 
reversed the identity of CS+ and CS− to 2- and 8-kHz stimulation, 
respectively. As expected from previous observations (for example, 
ref. 40), the 2-kHz tone pulses, as CS+, were highly effective in induc-
ing fear learning (Supplementary Fig. 5). Thus, we conclude that the 
induction of sound-evoked astrocytic responsiveness was specific to 
the CS+ but not to the untrained sound stimulus (CS−) that, under 
other conditions, can cause fear generalization50.

Persistence and extinction of astrocytic responsiveness. While 
footshock-evoked Ca2+ transients were extremely robust over 
multiple stimulation trials (for example, Figs. 3b,c, 4a and 5b), 
sound-evoked Ca2+ transients were fragile and declined during CS 
delivered repeatedly (Figs. 4f and 6a). Generally, after 5–10 consec-
utive sound stimuli, delivered at an interval of 3 min, sound-evoked 
astrocytic Ca2+ transients were virtually abolished (fiber recordings: 
n = 6 mice in Fig. 4f; two-photon imaging: n = 80 cells from 6 mice 
in Fig. 6a). Freezing levels also gradually declined over consecutive 
sound stimuli (Figs. 4f and 6b) and were positively correlated with 
the amplitudes of sound-evoked astrocytic Ca2+ transients (Fig. 4g), 
supporting the notion of a tight and direct link between astrocytic 
signaling and freezing behavior. Nevertheless, while the reduction 
(or ‘extinction’) of sound-evoked astrocytic Ca2+ responsiveness 
was nearly complete, a significant component of freezing behav-
ior persisted (n = 6 mice; Figs. 4f and 6b,c)5,27, indicating that the 
relevant neuronal circuits include astrocyte-independent signaling 
components.

Previous studies underscored the contribution of various types 
of auditory cortex neurons for fear learning and memory5,27. To 
test the long-term correspondence between conditioned sound 
stimulus-activated astrocytes and fear memory, we delivered the 
conditioning training stimulation to awake, freely moving animals 
that were then tested for astrocytic Ca2+ signaling at cellular reso-
lution under head-fixed conditions in the two-photon microscope 
(Fig. 6d). To induce fear learning in the awake state, we used 3–5 
pairings and verified the effectiveness of the stimulation with behav-
ioral tests. In control recordings, at day 0 (the day of conditioning of 
the test animals) naïve mice were placed without stimulation in the 
‘conditioning’ box. These control animals were otherwise treated 
exactly like the test animals. The fraction of astrocytes responding 
to sound stimulation was very low before fear learning (Fig. 6e top), 
corresponding to what we discussed earlier (Fig. 1e). By contrast, 
mice that received conditioning training and were tested 1–3 d 
later had a very large increase in the number of sound-responding 
astrocytes (Fig. 6e bottom). A similar persisting increase in sound 
responders was observed also 13–15 d post-conditioning (Fig. 
6f). Across all experiments (Fig. 6g–j), both the fraction of sound 
responders and their response strengths were remarkably stable 
over the period tested (up to 15 experimental days; Fig. 6g,i). 
Entirely consistent with these results, we found that the CS induced 
in awake behaving mice sound-evoked astrocytic Ca2+ transients 
that persisted until the active experimental extinction, for example, 

Fig. 6 | Long-term persistence and extinction of astrocytic responsiveness. a, ‘Extinction’ of cellular responsiveness indicated by the gradual 
disappearance of response to sound during repeatedly delivered CS (n = 80 cells from 6 head-fixed, anesthetized mice). b, Extinction of freezing 
behavior in freely running animals (n = 6 mice, obtained 1 d after conditioning). c, Comparison of reduction in cellular and behavioral response across CS 
(∑(CSn − CSn + 1) / ∑CSn). n = 6 mice in each group (cellular versus behavioral response, z = 2.3259, P = 0.02; *P < 0.05, two-sided Wilcoxon rank-sum 
test). d, Experimental protocol for testing long-term persistence of astrocytic responsiveness. e, Top: Two-photon images of Fluo-8 AM-stained astrocytes 
from different control mice at days 1, 2 and 3 after conditioning. Responding cells are indicated by red circles, nonresponding ones by gray circles. The 
right-most panels present superimposed example traces of all tested astrocytes from the images in the corresponding row. The red number indicates 
responsive cells, the gray number nonresponsive ones. Bottom: Similar results obtained in conditioned animals. f, Same arrangement as in e showing 
results obtained at 13–15 d post-conditioning. g, Fraction of sound-responsive cells in three control (gray) and three conditioned groups (blue) at different 
days post-conditioning. The number of cells (and mice) are indicated in each bar graph (1–4 d: control versus post-conditioning, z = −2.9530, P = 0.0031; 
5–8 d: control versus post-conditioning, z = −2.9972, P = 0.0027; 11–15 d: control versus post-conditioning, z = −2.9912, P = 0.0028; two-sided Wilcoxon 
rank-sum test, **P < 0.01). h, Fraction of sound-responsive cells in three conditioned groups before (blue, same as the conditioned groups in g) and 
after responsiveness extinction (black). The number of cells (and mice) are indicated in each bar graph (1–4 d: post-conditioning versus extinction, 
z = 2.3749, P = 0.0176; 5–8 d: post-conditioning versus extinction, z = 2.2075, P = 0.0273; 11–15 d: post-conditioning versus extinction, z = 2.2014, 
P = 0.0277; two-sided Wilcoxon signed-rank test, *P < 0.05). i, Amplitude of astrocytic Ca2+ transients in response to sound in three control (gray) and 
three conditioned groups (blue) at different days post-conditioning. The number of cells (and mice) are indicated in each bar graph (1–4 d: control versus 
post-conditioning, z = −7.7169, P = 1.2 × 10−14; 5–8 d: control versus post-conditioning, z = −10.8959, P = 1.2 × 10−27; 11–15 d: control versus post-conditioning, 
z = −8.0813, P = 6.4 × 10−16; two-sided Wilcoxon rank-sum test, ***P < 0.001). j, Amplitude of astrocytic Ca2+ transients in three conditioned groups 
before (blue, same as the conditioned groups in i) and after responsiveness extinction (black). The number of cells (and mice) are indicated in each bar 
graph (1–4 d: post-conditioning versus extinction, z = 4.5407, P = 5.6 × 10−6; 5–8 d: post-conditioning versus extinction, z = 4.7030, P = 2.6 × 10−6; 11–15 d: 
post-conditioning versus extinction, z = 5.5786, P = 2.4 × 10−8; two-sided Wilcoxon signed-rank test, ***P < 0.001). All data are shown as the mean ± s.e.m.
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for least 5–7 d post-conditioning in the experiments illustrated in 
Fig. 5d,f. After delivering ten CS to trained mice, a protocol that 
causes the extinction of freezing behavior (Supplementary Fig. 6) 

(refs. 5,27), both the fraction of sound-responding astrocytes and the 
amplitudes of sound-evoked Ca2+ transients returned to control lev-
els (Fig. 6h,j). Together, our results demonstrate a remarkably tight 

Step 2: waiting for ≥ 1 d

Post-conditioning at days 1–3

Post-conditioning at days 13–15

Control at days 1–3 Average responsed e

f

g

i j

h

Step 3: in vivo two-photon imaging

Step 1: conditioning in 
freely running mice

b c

2/32

15/6

14/6

20 µm

50%
∆f/f

10 s

Day 1 Day 2 Day 3

Day 1 Day 2 Day 3

Day 13 Day 14 Day 15

0

20

40

60

80

100

120

F
ra

ct
io

n 
of

 c
el

ls
 (

%
)

1–4 d 5–8 d 11–15 d

Control Post-conditioning

*** *** ***

80
(6)

**

80
(6)

40
(7)

**

152
(6)

43
(6)

**

68
(6)

82
(6)

0

20

40

60

80

100

120

F
ra

ct
io

n 
of

 c
el

ls
 (

%
)

C
a2+

 tr
an

si
en

ts
 (

%
)

Post-conditioning Extinction

40
(7)

* *
43
(6)

*
68
(6)

1–4 d 5–8 d 11–15 d

0

100

50

150

200

250

300

40
(7)

43
(6)

82
(6) 68

(6)

1–4 d 5–8 d 11–15 d

Control Post-conditioning

0

100

150

50

200

250

300

1–4 d 5–8 d 11–15 d

Post-conditioning Extinction

40
(7)

*** ***
43
(6)

***
68
(6)

0

20

40

60

80

100

120

Baseline

Extinction of freezing behavior

CS5CS4CS3CS2CS1

F
re

ez
in

g 
(%

) 

0

20

40

60

80

100

120
a Extinction of cellular response

F
ra

ct
io

n 
of

 c
el

ls
 (

%
)

CS5CS4CS3CS2CS1Baseline
0

Cellular 
response

Behavioral
response

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

R
ed

uc
tio

n 
ac

ro
ss

 C
S

*

152
(6)

C
a2+

 tr
an

si
en

ts
 (

%
)

20 µm

20 µm

NATuRe NeuRoSCieNCe | VOL 24 | DECEMBER 2021 | 1686–1698 | www.nature.com/natureneuroscience1694

http://www.nature.com/natureneuroscience


ArticlesNATuRE NEuRoSCiENCE

link between CS-dependent astrocytic Ca2+ responsiveness and 
freezing behavior during fear memory persistence. However, these 
results do not clarify whether nicotinic activation of astrocytes is 
directly involved in memory functions or represent just an associ-
ated ‘epiphenomenon’.

Deletion of astrocytic α7-nAChRs impairs memory persistence. 
To explore a possible causal role of astrocytic α7-nAChRs in fear mem-
ory persistence, we generated tamoxifen-inducible, time-specific 
α7-nAChR-deficient mice by crossing hGFAP-CreERT2 mice51,52 
with mice whose sequence of the Chrna7 gene is flanked by loxP sites 
(Chrna7loxP/loxP) (Fig. 7a, Extended Data Fig. 9a and Supplementary 
Fig. 7; see also specificity and efficiency of Cre-mediated recombi-
nation in astrocytes in Supplementary Table 1). Like previous stud-
ies that used such hGFAP-CreERT2 mice to delete other types of 
receptors in astrocytes51,52, immunostaining control experiments 
performed after tamoxifen injection (Fig. 7b,c; see also the over-
view images in Extended Data Fig. 9b,c) confirmed the effective 

deletion of α7-nAChRs in astrocytes in these conditional knock-
out (cKO) mice (hGFAP-CreERT2:Chrna7loxP/loxP). In addition, we 
verified in control experiments involving immunoelectron micros-
copy that α7-nAChRs were expressed in cortical astrocytes in con-
ditional wild-type (cWT) mice but not in cKO mice, while they 
were present in the neurons of both genotypes (Supplementary 
Fig. 8). Astrocytes lacking α7-nAChRs were unresponsive to foot-
shock stimulation (Fig. 7d top and 7e). Another round of control 
experiments involved testing α7-nAChRs in L1 interneurons of the 
auditory cortex, which are known to contribute decisively to fear 
learning26,27. For this purpose, we used immunohistochemistry 
(Extended Data Fig. 9b,c left and 9d), in vivo electrophysiological 
(Fig. 7d, lower) and two-photon Ca2+ imaging recordings (Extended 
Data Fig. 9f–h). These experiments indicated a normal expression 
of α7-nAChRs (Extended Data Fig. 9d) as well as the usual nicotine- 
and footshock-evoked responses in L1 interneurons of cKO mice 
(Fig. 7d, lower and 7f and Extended Data Fig. 9f–h). After estab-
lishing that cKO mice lack α7-nAChRs specifically in astrocytes 
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rank-sum test, ***P < 0.001). f, Summary of nicotine-evoked responses in L1 interneurons (spike frequency; n = 10 of 25 cells from 3 mice in the cWT 
group, n = 9 of 22 cells from 3 mice in the cKO group; baseline: cWT versus cKO, z = 0.0409, P = 0.9674; nicotine: cWT versus cKO, z = 0.5307, P = 0.5956, 
two-sided Wilcoxon rank-sum test). g, Freezing levels of cWT and cKO mice during fear conditioning (n = 10 mice in the cWT group, n = 6 mice in the cKO 
group). h, Summary of the freezing levels in both genotypes after fear conditioning (n = 10 mice in the cWT group, n = 6 mice in the cKO group; baseline: 
cWT versus cKO, z = −1.2492, P = 0.2116; CS: cWT versus cKO, z = 3.1501, P = 0.0016, two-sided Wilcoxon rank-sum test, **P < 0.01). The number of tested 
cells (and mice) is indicated above each bar graph. All data are shown as the mean ± s.e.m.
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(Fig. 7d, upper and 7e and Extended Data Fig. 9b,c right and 9e), 
we performed behavioral tests. We found that cKO mice showed 
comparable learning abilities during fear conditioning (Fig. 7g) but 
had significantly reduced fear levels after fear learning compared 
to their cWT littermates (hGFAP-CreERT2:Chrna7WT/WT) (Fig. 7h).

The cKO mice tested above may have had deletions of 
α7-nAChRs not only in the auditory cortex but also in the astro-
cytes of other brain regions involved in some forms of fear 
learning and memory, such as the hippocampus or amygdala 
(Extended Data Figs. 7 and 8a–d). Therefore, to test for the spe-
cific contribution of auditory cortical astrocytes, we performed a 
region-specific deletion of α7-nAChRs in astrocytes using a viral 
construct-mediated Cre/lox approach51. For this purpose, we bilat-
erally injected AAV5-GfaABC1D-Cre53 into the auditory corti-
ces of adult Chrna7loxP/loxP mice and their cWT littermates (Fig. 8a 
and Extended Data Fig. 10a). In the control experiments, we used 
immunostaining (Extended Data Fig. 10b–f) and in vivo functional 
analyses including electrophysiology and two-photon Ca2+ imaging 
(Fig. 8b–d and Extended Data Fig. 10g–i) to verify the deletion of 
α7-nAChRs in astrocytes but the unchanged nicotinic responsive-
ness of L1 interneurons. Behaviorally, we performed two distinct 

tests. In the first one, the injection of AAV5-GfaABC1D-Cre into the 
auditory cortex was performed three weeks before fear condition-
ing (Fig. 8e left). In this situation, the deletion of α7-nAChRs was 
completed at the time of pairing. While the fear learning process 
itself was not affected (Fig. 8f), the persistence of the learned fear 
levels was significantly impaired (Fig. 8g). In the second test, the 
injection of AAV5-GfaABC1D-Cre into the auditory cortex was per-
formed 24 h after fear conditioning but preceded memory retrieval 
by 3 weeks (Fig. 8e right). Thus, the pairing took place in conditions 
of an intact function of astrocytic α7-nAChRs and fear learning 
was unaffected (Fig. 8h). However, fear levels were impaired three 
weeks after injection of the viral construct and associated deletion 
of astrocytic α7-nAChRs (Fig. 8i). In sum, we conclude that astro-
cytic α7-nAChRs in the auditory cortex are needed for memory 
persistence and retrieval.

Discussion
In the past decades, extensive efforts have been made to investi-
gate the roles of astrocytes in learning and memory. Progress has 
emerged particularly with the development of advanced methods 
including genetically encoded molecular constructs for targeting 
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and manipulating astrocytes specifically in vivo54. Thus, several 
recent studies have demonstrated the necessity of astrocytes in vari-
ous memory functions. Most important are the insights obtained 
at the population level showing that interfering with normal astro-
cyte function can cause memory impairment, whereas activating 
them externally can lead to memory enhancement20,24. In the pres-
ent study, by monitoring astrocyte Ca2+ activity at the single-cell 
level over several days with in vivo two-photon Ca2+ imaging and 
at the level of small clusters with optic fiber-based recordings in 
freely moving mice, we discovered a new form of learning-induced 
astrocytic signaling. This occurs in a subset of astrocytes during fear 
learning, persists precisely along with the persistence of fear mem-
ory and vanishes directly with the extinction of the learned behavior. 
By using pharmacological, electrophysiological and molecular bio-
logical manipulations, we found that this astrocytic responsiveness 
required activation of ɑ7-nAChRs, which were activated by afferent 
cholinergic neuronal inputs. Genetic deletion of α7-nAChRs spe-
cifically in astrocytes of the auditory cortex significantly impaired 
fear memory persistence. Therefore, the major added value of our 
study to the field is the identification of a new neuron–glia signaling 
mechanism in the cortex with a key contribution of these astrocytes 
to memory persistence. This role of astrocytes had not been antici-
pated in previous studies (for example, ref. 1).

Neuronal and glial contribution to memory persistence. Memory 
persistence has been largely attributed to neurons and considered to 
be due to a persistent change in the function of neurons and circuits 
based on experience, reflecting what had transpired at encoding and 
predicting what can be recovered during retrieval1. In the case of 
auditory associative fear learning, afferent cholinergic inputs were 
shown to induce long-term modifications of synaptic plasticity in 
auditory cortex neurons26,27. The long-term plastic modification of 
the function of cortical afferents to the amygdala is thought to con-
tribute to the persistence of fear memory5,25.

However, accumulating experimental evidence indicates that 
astrocytes can also actively modulate both synaptic transmission and 
plasticity7,8,18 and ultimately contribute to memory processing19–22. 
Such astrocytic modulation is both circuit-55 and stimulus-specific56. 
Our present results indicate that a new form of glial signaling, con-
sisting of learning-acquired Ca2+ responsiveness in a subset of corti-
cal astrocytes, can serve as an essential cellular cosubstrate of fear 
memory5 since it is induced by the CS, persists for many days in 
tight association with the learned freezing response and vanishes 
with the extinction of the learned behavior. Importantly, the specific 
deletion of this de novo-induced astrocytic α7-nAChR-mediated 
Ca2+ response impairs learned freezing responses.

Astrocytic Ca2+ responsiveness is α7-nAChR-dependent. 
Cholinergic afferents from the basal forebrain to the cortex are 
classical modulators of cortical neuronal activity and synaptic 
plasticity and are required for fear learning and memory5,26,27. 
Generally, the cholinergic effects are mediated through the activa-
tion of muscarinic57 and/or nicotinic receptors26,27. In addition to 
the well-established roles for neuronal activation and modulation, 
increasing evidence indicates that cholinergic activation of astro-
cytes through muscarinic receptors is involved in cortical and hip-
pocampal plasticity13,18. Additionally, an expression of α7-nAChRs 
has been found in astrocytes of different brain regions includ-
ing the hippocampus and cortex9,54,58. In vitro recordings revealed 
nAChR-mediated Ca2+ transients in astrocytes that represent most 
likely α7-nAChR-mediated signals generated by Ca2+-induced Ca2+ 
release from endoplasmic reticulum stores41.

Our present results demonstrate that Ca2+-induced Ca2+ release 
from endoplasmic reticulum stores is the signaling mechanism for 
sensory stimulation-evoked astrocytic Ca2+ responsiveness in the 
auditory cortex in vivo. Furthermore, we identified an essential 

role of nicotinic receptors in cortical astrocytes for learning and 
memory. We demonstrated that both footshock- (unconditioned 
stimulus) and sound (CS)-induced Ca2+ transients in cortical astro-
cytes require α7-nAChR activation. Astrocyte activation was purely 
afferent neuron-driven and thus different from the previously 
reported spontaneous astrocytic Ca2+ wave activity, which requires 
gap junction-dependent glia–glia communication45. Moreover, 
unlike the astrocyte activation mechanism observed under a startle 
or vigilance condition43,46,47, there was no norepinephrine-mediated 
contribution to the astrocytic responsiveness in the auditory cor-
tex during footshock or sound stimulation. Also, the astrocytic 
responsiveness in the auditory cortex did not require metabotropic 
glutamate receptors whose activation is involved in the astrocytes 
of the somatosensory cortex during whisker stimulation12. In sum-
mary, the cholinergic neuron–astrocyte circuit of the auditory cor-
tex identified in our study is unique in many of its molecular and 
functional properties and well adapted for fear learning-dependent 
interactions with the previously reported nAChR-activated disin-
hibitory neuronal microcircuit in the auditory cortex26,27. Possibly, 
while the neuronal microcircuit plays a prime role in the induction 
of the learning process and behavioral control, learning-induced 
changes in astrocytic responsiveness are key factors for fear mem-
ory maintenance and persistence.

Relevance and possible roles of astrocytes for memory. While glia 
have a major role in controlling metabolic processes in the brain, 
a rich previous body of evidence indicated that astrocytes are also 
involved in sensory integration and neural plasticity7,11,12,18,20,54. The 
insights obtained in our study demonstrate that astrocytes are not 
only involved in the dynamic regulation of neuronal responses but 
can also play a key role in prolonged information storage in the 
brain, especially in conditions like those of fear learning, which 
involve the activation of large numbers of neurons in the cortex and 
elsewhere5. The contribution of astrocytes may consist of an adaptive 
control of synaptic processes in participating neurons7,8,18 as well as 
metabolic and hemodynamic regulation during the strong freezing 
behavior-associated increased neuronal activity11. Since biological 
processes do not always reach their potential maxima, it is tempting 
to devise ways to enhance normal memory performance5,24. In this 
study, we demonstrated that astrocytic activity integrates into stimu-
lus convergence after memory formation and persistence and ulti-
mately contributes to optimize memory performance. Considering 
that artificially manipulating astrocytes by a chemogenetic or opto-
genetic tool promotes memory allocation and improves memory 
performance24, the requirement of α7-nAChRs in astrocytes for 
memory persistence revealed in our study may represent an impor-
tant molecular therapeutic target to fight against cognitive altera-
tions or decline in many central nervous system diseases, such as 
amnesia, Alzheimer’s disease and traumatic brain injury7,59.
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Methods
Mice. C57BL/6 mice were obtained from the Laboratory Animal Center at 
the Third Military Medical University. C57BL/6N-Chrna7tm1a(EUCOMM)Hmgu/H 
mice were obtained from the European Mouse Mutant Archive (EM:07778). 
B6.Cg-Tg(GFAP-Cre/ERT2)505Fmv/J (strain no. 012849) and B6.Cg-Gt(ROSA)
26Sortm14(CAG-tdTomato)Hze/J (strain no. 007914) mice were obtained from The Jackson 
Laboratory. Male, 8–12-week-old mice were used in this study. Mice were housed 
on a 12-h light–dark cycle, at 22–25°C and in 50–60% relative humidity with 
ad libitum access to food and water. All animal experiments were carried out in 
accordance with the regulations of the German Animal Welfare Act; protocols were 
approved by the government of Bavaria, Germany and by the Institutional Animal 
Care and Use Committee of the Third Military Medical University.

In vivo two-photon Ca2+ imaging of cortical astrocytes. For the two-photon 
Ca2+ imaging experiments, surgery and recordings were performed as described 
previously9. Briefly, mice were placed onto warming plates (37–38 °C) and 
anesthetized by inhalation of 1–1.5% isoflurane (Curamed or RWD Life Science) 
in pure O2. The skin and soft tissues were removed under a dissecting microscope 
after local application of xylocaine. A custom-made recording chamber was then 
glued to the skull of each animal. A craniotomy (approximately 1 × 1 mm) centered 
on the left auditory cortex (bregma −2.5 mm, 4.5–4.9 mm lateral to midline; the 
coordinates leading to the dye staining area often covered the primary auditory 
cortex, ventral secondary auditory cortex and part of the adjacent temporal 
association cortex25) or the left primary somatosensory cortex (bregma −0.56 mm, 
1.65 mm lateral to midline) was made using a high-speed drill with a small tip 
steel burr (0.45 mm in diameter). The craniotomy was filled with 1–1.5% low 
melting point agarose to minimize brain pulsation. After surgery, each mouse was 
transferred into the recording apparatus and the anesthesia level was decreased to 
0.5% isoflurane in pure O2 (breathing rate was around 120 breaths per minute). 
The recording chamber was perfused with warm normal artificial cerebrospinal 
fluid (ACSF) containing 125 mM of NaCl, 4.5 mM of KCl, 26 mM of NaHCO3, 
1.25 mM of NaH2PO4, 2 mM of CaCl2, 1 mM of MgCl2 and 20 mM of glucose, pH 
7.4, when bubbled with 95% O2 and 5% CO2. The temperature of each mouse was 
maintained in the range of 36.5–37.5 °C throughout the recording.

The Ca2+ indicators Fluo-8 AM (catalog no. 21081; AAT Bioquest), Rhod-2 
AM (catalog no. R1244, Invitrogen; Extended Data Fig. 5a) or Cal-520 AM 
(catalog no. 21131; AAT Bioquest; Extended Data Figs. 9f and 10g) were used for 
the bulk-loading procedure, which was adapted and further developed based on 
previous reports9,28. Fluo-8 AM, Rhod-2 AM or Cal-520 AM were dissolved in 
dimethyl sulfoxide with 20% pluronic F-127 and diluted with the normal ACSF 
solution to a final concentration of approximately 0.5 mM. The final solutions of 
Fluo-8 AM or Cal-520 AM were applied locally into the target region by pressure 
(approximately 400 mbar, 2–4 min) using a glass pipette. One hour was required 
for dye loading of astrocytes or neurons. For Rhod-2 AM, the final solution was 
loaded on the exposed area for 10 min, followed by a 30-min wash with ACSF. In 
some experiments, the exposed area was also loaded with sulforhodamine 101 by 
surface application after Ca2+ imaging to confirm the specificity of labeling31.

Two-photon Ca2+ imaging of astrocytes was performed with a custom-built 
two-photon microscope system similar to that reported previously by Zhang 
et al.9. In this system, the scanner was mounted on an upright microscope 
(BX61WI; Olympus) equipped with a water immersion objective (40×/0.80 
numerical aperture; Nikon). Full-frame images were acquired at 40 frames s−1 
by custom-written software based on LabVIEW (National Instruments). The 
wavelength of the excitation laser was set at 920 nm for the imaging of Fluo-8 
AM-labeled astrocytes and Cal-520 AM-labeled neurons or at 825 nm for Rhod-2 
AM-labeled astrocytes. The average power delivered to the brain was adjusted to 
20–50 mW depending on image depth.

In vivo electrophysiology. Local field potential recordings and cell-attached patch 
clamp recordings were obtained with an EPC10 amplifier (HEKA Elektronik) 
under two-photon imaging guidance. The patch pipette solution contained normal 
ACSF solution with 50 µM of AF594 (catalog no. A10438; Invitrogen) for local field 
potential or cell-attached recordings. We used the shadow patching approach for 
cell-attached patch clamp recording of neurons.

Pharmacological manipulation under two-photon imaging. For local drug 
application, a glass pipette filled with a mixture of the pharmacological agent and 
AF594 (50 µM) was placed in the field of imaging under two-photon imaging 
guidance9. The resistance of the pipette (4–6 MΩ) was continuously monitored 
before, during and after drug application. The drug and AF594 were coreleased by 
gentle pressure application (Picospritzer III; General Valve). The drug was injected 
at the following concentration: 50 µM of CPA, 10 µM of thapsigargin, 50 µM of 
ryanodine, 100 µM of MLA, 100 µM of VU0255035, 100 µM of MPEP, 200 µM of 
LY367385, 100 µM of APV, 100 µM of CNQX, 100 µM of nicotine, 0.5 µM of TTX, 
50 µM of phentolamine, 200 µM of prazosin and 100 µM of carbenoxolone.

Fear conditioning and behavior. We used an associative fear conditioning 
paradigm where a CS (an auditory cue) was paired with the presentation of an 
unconditioned aversive stimulus (a footshock). Conditioned stimuli were 9.9-s 

trains of pure tone (8 kHz, 70 dB sound pressure level), consisting of 33 square 
pulses of 50 ms duration with and interpulse interval of 250 ms. The unconditioned 
stimulus was footshock for 1 s (0.6–1 mA). The onset of footshock coincided with 
the end of the last pulse of sound. The interval between two pairings was 3 min. 
For the experiments where fear conditioning was performed under a two-photon 
microscope (for example, Fig. 3a–f), we applied footshocks to the hind paws and 
presented sound from an electrostatic speaker (ES1; Tucker-Davis Technologies) 
placed approximately 5 cm away from the contralateral ear. Fear conditioning, 
inducing freezing behavior when tested during wakefulness (for example, Fig. 
6), was effectively achieved by presentations of 10–15 pairings under anesthesia 
(0.5–0.8% isoflurane). For the experiments where fear conditioning was performed 
during wakefulness, we used a custom-made cage consisting of a 30 × 20 × 20-cm 
plastic box equipped with stainless steel shocking floor grids connected to a 
feedback current-regulated shocker (conditioning box). A charge-coupled device 
(CCD) camera (frame rate of 30 Hz) with infrared illumination and an electrostatic 
speaker were placed on the top and side wall of the box, respectively. Before the 
day of fear conditioning, mice were handled by the experimenter gently for 5 min 
per day for 3 d. In addition, on the conditioning day, mice were habituated for 
5–10 min on the shocking grids in the cage before pairing. Three to five pairings 
were delivered with an interval of 3 min to induce fear conditioning. Mice were 
returned to their home cages 5 min after pairing. Over 1–15 d after conditioning, 
mice were subjected to either fear retrieval for the fiber recordings (for example, 
Fig. 5) or behavioral tests (for example, Supplementary Fig. 6) in a different 
context with nonshocking grids or for two-photon imaging under the microscope. 
All equipment was completely cleaned with ethanol, followed by water rinsing, 
between sessions.

To test whether the response was specific to the trained CS+ tone, we used 
CS+ (9.9-s trains of pure tone, 50-ms duration for each pulse of sound, 33 pulses; 
8 kHz, 70 dB sound pressure level) and CS− (9.9-s trains of pure tone, 2 kHz, 70 dB 
sound pressure level) tones in the experiments. The CS+ tone was paired with 
the presentation of an unconditioned aversive stimulus (a footshock) during fear 
conditioning. Three to five pairings were delivered with an interval of 3 min for 
fear conditioning. The CS− tone was never paired with a footshock. One or 7 d after 
fear conditioning, mice were subjected to fear retrieval in the presence of CS+ or 
CS− tones for both behavioral tests and fiber recordings in a different context with 
nonshocking grids (Fig. 5). In the control experiments, we alternated the identity 
of CS+ and CS− tones by using 2 kHz as CS+ and 8 kHz as CS− (Supplementary 
Fig. 5). The freezing behavior tests were recorded by an infrared CCD camera and 
analyzed offline. Mice were considered to be freezing if no movement was detected 
for a duration of 2 s. The freezing level (Figs. 4–8, Extended Data Figs. 7 and 8 
and Supplementary Figs. 5 and 6) was expressed as a percentage of time spent 
freezing27. To ensure that our automatic system scored freezing rather than just 
immobility, we compared it previously with a classical time sampling procedure 
during which an experimenter blind to the experimental conditions determined 
if the mice were freezing or not every 2 s (defined as the complete absence of 
movement except for respiratory movements). The values obtained by the classical 
time sampling procedure were 95% identical with the automatic detection system, 
which was therefore used throughout the experimental sessions.

Virus injection for the expression of GCaMP6s or GCaMP6f. C57BL/6 mice 
were anesthetized with isoflurane (1–1.5% for surgery in pure O2) and placed 
in a stereotaxic frame, as described previously29,30. A small vertical incision was 
made in the skin. The skull directly above the injection site was thinned to allow 
penetration by a glass micropipette containing pAAV. Both AAV constructs (pA
AV9-sGFAP-GCaMP6s34,35, AAV5-GfaABC1D-cytoGCaMP6f-SV40 (catalog no. 
AV-5-52925; Penn Vector Core Transfer))24,53 were injected with a volume of 800 nl 
per site without dilution. The AAV vectors were driven by the astrocyte-specific 
sGFAP or GfaABC1D promoter (a shorter 681-bp GFAP promoter)53. We injected 
the pAAV with a micropipette using a micromanipulator (H. Saur) fixed on a 
custom-made platform. In steps of 100-µm depth we applied in total 150–300 nl 
of the viral construct at a rate of 0.1 µl min−1. After the injection, the pipette was 
held in place for 15 min before being slowly retracted from the brain. The scalp 
incision was closed with tissue adhesive (Vetbond; 3M Animal Care Products); 
postinjection analgesics were given to aid recovery. Two-photon imaging 
experiments or optical fiber-based recordings were performed approximately 20 d 
after viral injection. The GCaMP6 injection sites were chosen according to the 
aims of the experiments: the auditory cortex (anterior-posterior (AP) −3.10 mm, 
mediolateral (ML) ± 3.80 mm, dorsoventral (DV) −1.30 mm with a 20-degree slope 
below the cortical surface for two-photon imaging; AP −2.54 mm, ML ± 4.6 mm, 
DV 0 to −0.9 mm for the optic fiber recordings25), the primary somatosensory 
cortex (AP −0.56 mm, ML ± 1.65 mm, DV −0.3 mm), the CA1 of the hippocampus 
(AP −2.06 mm, ML ± 1.60 mm, DV −1.1 mm), the dorsal hippocampus (AP 
−1.7 mm, ML ± 1.8 mm, DV −2.0 mm) and the BLA in the amygdala (AP −1.6 mm, 
ML ± 3.1 mm, DV −5.0 mm).

Optic fiber-based recordings in freely moving mice. For fiber implantation 
surgery, mice labeled with GCaMP6f were anesthetized with isoflurane and placed 
in a stereotaxic head frame. An optical fiber (diameter of 200 µm, numerical 
aperture 0.48; catalog no. MFP_200/230/900-0.48; Doric) was inserted into 

NATuRe NeuRoSCieNCe | www.nature.com/natureneuroscience

http://www.nature.com/natureneuroscience


Articles NATuRE NEuRoSCiENCE

the location where the pAAV was injected, then fixed to the skull with dental 
cement (Tetric EvoFlow; Ivoclar Vivadent Corporate). For the different aims 
of the experiments, optic fiber ends were inserted at the following coordinates: 
the auditory cortex (AP −2.54 mm, ML ± 4.6 mm, DV −0.2 to −0.4 mm)25; the 
primary somatosensory cortex (AP −0.56 mm, ML ± 1.65 mm, DV −0.3 mm); 
the CA1 of the hippocampus (AP −2.06 mm, ML ± 1.60 mm, DV −1.1 mm); 
the dorsal hippocampus (AP −1.7 mm, ML ± 1.8 mm, DV −2.0 mm); and the 
BLA in the amygdala (AP −1.6 mm, ML ± 3.1 mm, DV −5.0 mm). Optical 
fiber-based Ca2+ recordings were achieved using a modular fiber-optic device, as 
described previously29,30. The fluorescence signals were sampled at 2000 Hz with 
custom-written software based on LabVIEW. Animal behavior was simultaneously 
monitored with a camera (frame rate of 30 Hz) under infrared illumination. The 
optical fiber recordings started after the 3-d handling of animals (5-min handling 
per day) by the experimenter. On each recording day, mice were habituated for 
5–10 min on the shocking cage before the experiments. After the end of the 
fiber recording experiments, mice were killed for histological verification. After 
perfusion with 4% paraformaldehyde (PFA) and dehydration with 15% sucrose for 
1 night, brains were cut into 50-μm slices for imaging with a confocal microscope 
(LSM 700; ZEISS) or a stereoscope (Olympus) (Supplementary Fig. 4).

AAV-mediated astrocytic nAchR deletion in the auditory cortex. LoxP-Chrna7 
transgenic mice, also known as Chrna7loxP/loxP (C57BL/6N-Chrna7tm1a(EUCOMM)

Hmgu/H), obtained from EMMA (EM:07778), were injected with 
AAV5-GfaABC1D-PI-Cre-SV40 (a gift from B. Khakh; Addgene plasmid no. 
105603; Research Resource Identifier:Addgene_105603) (ref. 53) into the auditory 
cortex (AP −2.54 mm, ML ± 4.6 mm, DV −0.8 mm)25. The AAV vectors were 
driven by the astrocyte-specific GfaABC1D promoter53 to excise loxP sites by Cre 
recombination. We performed the subsequent behavioral experiments with these 
mice three weeks after viral injection.

Transgenic mice and tamoxifen induction. hGFAP-CreERT2:Chrna7loxP/loxP 
(α7-cKO) transgenic mice were generated by crossing hGFAP-CreERT2 
transgenic mice51,52 with loxP-Chrna7 transgenic mice (Chrna7loxP/loxP). 
hGFAP-CreERT2:Chrna7WT/WT transgenic mice (α7-cWT) from the same 
littermates were used as the control group. hGFAP-CreERT2:tdTomatoloxP/loxP 
transgenic mice were generated by crossing hGFAP-CreERT2 transgenic mice with 
loxP-tdTomato transgenic mice. To excise the loxP sites by Cre recombination, 
5-week-old male mice were administrated tamoxifen once daily (100 mg kg−1 
intraperitoneally) for 5–8 d. Tamoxifen (Sigma-Aldrich) was dissolved in sunflower 
oil at a final concentration of 10 mg ml−1 at 37 °C and then filter-sterilized and 
stored for up to 7 d at 4 °C in the dark. All control groups were tamoxifen-injected 
littermate control mice (α7-cWT). We performed experiments with these mice 
three weeks after the last injection of tamoxifen.

Histology and confocal imaging. For immunohistochemistry, mice were killed 
by delivery of an isoflurane overdose or by intraperitoneal injection of sodium 
pentobarbital and transcardially perfused with 4% PFA. Brains were removed, 
fixed overnight in 4% PFA and cryoprotected in 30% sucrose. Coronal brain 
sections (30 µm) were prepared and stained as described previously29,30. Briefly, 
sections were blocked at room temperature for 30 min in 10% normal goat 
serum, 1% bovine serum albumin, 0.3% Triton X-100 in PBS and incubated with 
primary antibodies overnight at 4 °C (goat anti-GFAP, 1:500 dilution, catalog no. 
ab53554, Abcam; rabbit anti-NeuN, 1:500 dilution, catalog no. ab177487, Abcam; 
mouse anti-α7-nAchR, 1:300 dilution, catalog no. M220, Sigma-Aldrich; rabbit 
anti-S100β, 1:500 dilution, catalog no. 287003, Synaptic Systems; chicken anti-GFP, 
1:500 dilution, catalog no. ab13970; Abcam). Sections were rinsed in PBS, followed 
by incubation with secondary antibodies directed against the immunoglobulins of 
the appropriate species coupled to AF594 and AF488 (1:500 dilution, Invitrogen; 
1:200 dilution, Jackson ImmunoResearch). Images were acquired with a Leica TCS 
SP5 confocal microscope (Leica Microsystems) equipped with standard filter sets 
and oil immersion objectives (60×/1.42 and 20×/0.85).

Immunoelectron microscopy. hGFAP-CreERT2:Chrna7WT/WT (α7-cWT) and 
hGFAP-CreERT2:Chrna7loxP/loxP (α7-cKO) mice were anesthetized with 1% sodium 
pentobarbital intraperitoneally and perfused transcardially with 20 ml of saline, 
followed by a 100-ml ice-cold mixture of 4% PFA and 0.75% glutaraldehyde in 
0.1 M phosphate buffer (PB) for 40 min. Brains were removed and post-fixed 
by immersion in the same fixative without glutaraldehyde for 4 h at 4 °C. Serial 
coronal sections of 50-μm thickness were prepared with a vibratome (MicroSlicer 
DTK-1000; Dosaka EMCo); then, approximately 18–20 sections, including the 
auditory cortex region, were collected from each brain. α7-nAChR was detected 
by immunogold-silver staining. S100β was detected by 3,3′-diaminobenzidine 
staining. Briefly, sections were treated with blocking buffer, 0.05 M Tris-buffered 
saline (TBS), pH 7.4, containing 20% (v/v) normal donkey serum for 40 min 
and then incubated overnight with mouse anti-α7-nAchR antibodies (1:300 
dilution) and rabbit anti-S100β antibody (1:500 dilution) diluted with 0.05 M 
TBS containing 2% (v/v) normal donkey serum. The secondary antibody was an 
anti-mouse Nanogold-IgG goat anti-mouse IgG antibody (catalog no. 2001, 1:100 
dilution; Nanoprobes) and biotin-SP conjugate donkey anti-rabbit IgG antibody 

(1:200 dilution, catalog no. AP182B; Sigma-Aldrich) for 4 h. Silver enhancement 
was performed in the dark with a high-quality silver enhancement kit (catalog no. 
2012; Nanoprobes) for visualization of α7-nAchR immunoreactivity. Before and 
after the silver enhancement step, sections were rinsed several times with deionized 
water. Then, sections were incubated in the avidin–biotin peroxidase complex 
(ABC standard kit) for 45 min (1:100 dilution in 0.01 M PBS for each solution). To 
visualize the reaction product, sections were incubated in diaminobenzidine (4-mg 
tablet dissolved in 20 ml of 0.5 M Tris-HCl and 2 μl of 30% hydrogen peroxide). 
Immunolabeled sections were then fixed with 1% osmium tetroxide in 0.1 M PB 
for 40 min, dehydrated in graded ethanol series and then in propylene oxide and 
finally flat-embedded in EPON 812 between sheets of plastic. After polymerization, 
acrylic sheets were then peeled from the polymerized resin and flat-embedded 
sections were examined under a light microscope. Three to four sections 
containing α7-nAchR and S100β immunoreactivity were selected from each 
brain, trimmed under a stereomicroscope and glued onto blank resin stubs. Serial 
ultrathin sections were cut with an Ultramicrotome (UC7; Leica Microsystems) 
using a diamond knife (Diatome) and mounted on formvar-coated mesh grids (6–8 
sections per grid). They were then counterstained with uranyl and lead citrate and 
observed under a JEM-1400 electron microscope (JEOL) equipped with a CCD 
camera (Olympus Veleta) and its application software (iTEM 5.2; EMSIS).

Data analysis and quantification. Electrophysiological data were sampled at 
50 kHz and filtered at 10 kHz using the PatchMaster software (version 2x65; 
HEKA Elektronik). Data analyses were done using LabVIEW 2014 (National 
Instruments), MATLAB 2014a (MathWorks) or Igor Pro 5.0 (version 6.0.3.1; 
WaveMetrics) in conjunction with custom-written macros9. Astrocytic Ca2+ 
transients were expressed as relative fluorescence changes (Δf/f), corresponding to 
the mean fluorescence from all pixels within specified regions of interest (ROIs), 
as described previously9. To extract the fluorescence signals, we visually identified 
astrocytes and drew ROIs based on fluorescence intensity. The Ca2+ signal for 
each ROI was expressed as Δf/f = (f − f0)/f0, where the baseline fluorescence f0 was 
estimated as the 25th percentile of the entire fluorescence recording. Astrocytes 
were defined as ‘responders’ (Fig. 1 and Extended Data Fig. 2) when the maxima 
of the averaged Ca2+ signals from 3 consecutive trials 0–9 s after the stimuli were 
above 3 × s.d. of the baseline. Therefore, ‘nonresponders’ should include weak 
responses that were smaller than 3 × s.d. of the baseline traces. Fiber-based Ca2+ 
recording data were analyzed according to a previously established procedure29,30.

Statistics and reproducibility. For all experiments, samples were randomized 
where appropriate for data collection and analysis. Experiments were repeated 
multiple times on independent occasions as indicated in the Methods and/or 
figure legends. All attempts at replication were successful. For optical fiber-based 
Ca2+ recordings, any mice whose virus injection sites or fiber tip sites were missed 
were excluded from the data analysis. Investigators were blinded to the groups for 
data collection and analysis. No statistical methods were used to predetermine 
sample sizes but our sample sizes were similar to those reported in our previous 
publications using similar methodology9,29,30. Data were expressed as the 
mean ± s.e.m. We used nonparametric statistical tests to compare central tendencies 
between two data groups. For paired and unpaired cases, we used a two-sided 
Wilcoxon signed-rank test and two-sided Wilcoxon rank-sum test, respectively. 
Group comparisons were made using two-way analysis of variance (ANOVA) 
followed by Bonferroni post hoc tests to control for multiple comparisons. 
Spearman correlation was used to calculate the correlation between amplitudes of 
astrocytic Ca2+ transients evoked by sound and footshock stimulation or between 
amplitudes of astrocytic Ca2+ transients and freezing levels in response to sound 
after fear conditioning. P < 0.05 was considered statistically significant. For the 
representative micrographs in Fig. 7b,c, Extended Data Figs. 2e, 9b,c and 10b,c and 
Supplementary Fig. 1b, experiments were repeated independently in 4–5 mice.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.
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Extended Data Fig. 1 | Sound-evoked Ca2+ signals in astrocytes of the mouse auditory cortex. a, Two-photon fluorescence image of fluo-8AM-stained 
astrocytes in layer 2/3 of the mouse auditory cortex. The red arrowhead indicates an astrocyte that responded to sound (‘Sound responder’), while grey 
arrowheads indicate non-responding cells to sound (‘Sound non-responders’). b, Ca2+ traces (Δf/f) corresponding to the astrocytes indicated in panel 
a (sound stimuli indicated by grey bars; duration 9.9 s, pure tone of 8 kHz frequency, intensity 70 dB sound pressure level). Astrocytes were defined as 
‘responders’ (Fig. 1 and Extended Data Fig. 1) when the maxima of averaged Ca2+ signals from 3 consecutive trials 0-9 s after stimuli were above 3 × s.d. of 
baseline. Therefore, the ‘non-responders’ could include occasional weak responses that were smaller than 3 × s.d of baseline traces.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Footshock-induced astrocytic Ca2+ transients involve Ca2+ release from internal stores and are blocked by TTX, but not require 
gap junctions, mAChRs, mGluRs or iGluRs in the adult mouse cortex. a, b, Representative cells showing footshock-induced astrocytic Ca2+ signals 
before and after application of thapsigargin (a) or ryanodine (b). c, Footshock-induced Ca2+ transients in astrocytes of auditory cortex without or with a 
gap junction blocker carbenoxolone. Left, two-photon image of fluo-8AM labelled astrocytes. Right, representative footshock-evoked Ca2+ transients in 
astrocytes indicated in the left panel. d, Summary results of the carbenoxolone experiments. Note a minor but no significant reduction in the amplitude of 
footshock-evoked Ca2+ transients in the presence of carbenoxolone (control versus carbenoxolone, Z = 1.6499, P = 0.0990; n = 25 cells from 4 mice, two-
sided Wilcoxon signed-rank test). e, Two-photon image of fluo-8AM-stained astrocytes in layer 2/3 of the mouse auditory cortex. f, Footshock-induced 
Ca2+ transients in astrocytes, outlined in panel a, before and after local application of TTX (0.5 µM). g, Summary of the TTX experiments (control versus 
TTX, Z = 6.4515, P = 1.1076 E-10; ***P < 0.001, two-sided Wilcoxon signed-rank test, n = 55 cells from 5 mice). h, Representative cells showing footshock-
induced astrocytic Ca2+ transients without or with mAChR antagonist VU0255035. i, Representative cells showing footshock-induced astrocytic Ca2+ 
transients without or with the combination of group I mGluR antagonists MPEP and LY367385. j, Representative cells showing footshock-induced 
astrocytic Ca2+ transients without or with the combination of iGluR (ionotropic glutamate receptor) antagonists APV and CNQX. All data in the figure are 
shown as mean ± s.e.m.
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Extended Data Fig. 3 | Footshock stimulation-evoked astrocytic Ca2+ signals in the auditory cortex of anaesthetized and awake mice. a, Two-photon 
image of labeled astrocytes in layer 2/3 of the mouse auditory cortex. b, Footshock-evoked Ca2+ transients (Δf/f) from the astrocytes indicated in panel a 
in anaesthetized (left) and awake (right) states from the same imaging plane in the same mouse (footshock stimuli indicated by red dashed boxes). Awake 
recordings were achieved at least 1 hour after stopping isoflurane application. c, Bar graphs summarizing the onset latencies of astrocytic Ca2+ transients 
during anaesthetized and awake states. n = 101 cells from 5 mice in the anaesthetized group; n = 51 cells from 4 mice in the awake group (anaesthetized 
versus awake, Z = 1.2097, P = 0.2264, two-sided Wilcoxon rank-sum test). All data in the figure are shown as mean ± s.e.m.
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Extended Data Fig. 4 | Neither α-adrenergic receptors nor α1-adrenergic receptors are required for footshock-induced astrocytic Ca2+ transients. 
a, Representative cells showing footshock-induced astrocytic Ca2+ transients without or with the α-adrenergic receptor antagonist phentolamine. b, 
Summary of the amplitudes of footshock-evoked astrocytic responses and the fractions of responding cells in the presence of phentolamine. No significant 
effect was observed (left panel: the number of cells tested is indicated on the top of each bar. Data are from 3 mice; control versus phentolamine, 
Z = -1.4206, P = 0.1554; right panel: n = 9 fields of view, 41 cells from 3 mice, n = 9 fields of view, 22 cells from 3 mice; control versus Phentolamine, 
Z = -0.1349, P = 0.8927; two-sided Wilcoxon rank-sum test). All recordings in this figure were performed in the auditory cortex of head-fixed, awake mice. 
c, Footshock-induced astrocytic Ca2+ transients without or with the α-1 adrenergic receptor antagonist prazosin in 5 representative cells. d, Summary of the 
amplitudes of footshock-evoked astrocytic responses and the fractions of responding cells in the presence of prazosin. No significant effect was observed 
(left panel: the number of cells is indicated in each bar graph. Data are from 4 mice; control versus prazosin, Z = 0.7183, P = 0.4725; right panel: n = 6 fields 
of view, 64 cells from 4 mice in control group; n = 6 fields of view, 62 cells from 4 mice in prazosin group; control versus prazosin, Z = 0.0000, P = 1.0000; 
two-sided Wilcoxon rank-sum test). All recordings in this figure were performed in the auditory cortex. All data in the figure are shown as mean ± s.e.m.
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Extended Data Fig. 5 | Specific expression α7-nicotinic receptors in those astrocytes that respond to nicotine application. a, In vivo two-photon imaging 
of astrocyte response to local nicotine application. Left, an imaging plane showing 3 astrocytes labelled with rhod-2AM. The dashed lines indicate the 
position of an electrode for nicotine application. Right, nicotine-evoked astrocytic Ca2+ transient in cell1 but not in cell2 and cell3. b, Electroporation of two 
nearby neurons (N1 and N2) in the same imaging plane with OGB-1 (green) as markers. Left, green channel showing OGB-1-labeled neurons. Right, red 
and green channels showing both rhod-2 AM-labeled astrocytes and OGB-1-labeled neurons. c, Immunostaining of α7 receptors. Post-hoc histology was 
performed after in vivo two-photon imaging. Note the expression of α7 receptors in cell1 but not in cell2 and cell3, consistent with the in vivo two-photon 
imaging result. d, Summary of all astrocytes tested, showing that 5 astrocytes responding to nicotine (responder) also express α7 receptors, while 7 
non-responders express no α7 receptors. These experiments were repeated in 3 mice.
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Extended Data Fig. 6 | Absence of sound-evoked astrocytic Ca2+ signals following trace fear conditioning. a, Summary of the freezing levels after 
trace fear conditioning (n = 13 mice; baseline versus CS+, Z = −3.1798, P = 0.0015, two-sided Wilcoxon signed rank test, **P < 0.01.). b, Ca2+ traces from 
astrocytes that were not responsive to sound stimulation before (left) and after (right) trace fear conditioning (black traces: two consecutive sound 
stimuli). c, Bar graph summarizing of the amplitude of astrocytic Ca2+ transients in response to sound stimulation before and after trace fear conditioning. 
Data of ‘before’ group is the same as the ‘control’ group in Fig. 6i. The numbers of cells (and mice) are indicated in each bar graph (before versus after, 
Z = 0.2550, P = 0.7987, Two-sided Wilcoxon rank-sum test). d, Bar graph summarizing of the fraction of astrocytes responding to sound stimulation before 
and after trace fear conditioning (before: 1.42 ± 0.78 %, after: 1.67 ± 1.14%; before versus after, Z = 0.058, P = 0.9538, Two-sided Wilcoxon rank-sum 
test). Data of ‘before’ group is the sum of the ‘control’ group in Fig. 6i. The numbers of cells (and mice) are indicated in each bar graph. For this trace fear 
conditioning experiment, the trace interval separating CS+ and US was 20 s. Five pairings were delivered for conditioning and the interval between two 
pairings was 3 min. All data in the figure are shown as mean ± s.e.m.
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Extended Data Fig. 7 | De novo induction of sound-evoked astrocytic Ca2+ responses by fear conditioning in the hippocampus (CA1 and dorsal 
hippocampus, dHP). a, Confocal images of astrocytes labeled by AAV5-GfaABC1D-cytoGCaMP6f-SV40 (green) in the CA1 region. b, Astrocytic Ca2+ 
transients in response to footshock or sound before, during and after pairing in the CA1 region. c, Bar graphs summarizing the amplitudes of astrocytic 
Ca2+ transients in response to footshock (left) or sound (right) before and after conditioning in the CA1 region. n = 6 mice (left, footshock: before versus 
after, Z = 0.1348, P = 0.8927; right, sound: before versus after, Z = −2.2014, P = 0.0277; *P < 0.05, two-sided Wilcoxon signed rank test). d, Summary of the 
freezing levels before and after fear conditioning. n = 6 mice (baseline: before versus after, Z = −0.9439, P = 0.3452; CS: before versus after, Z = −2.2014, 
P = 0.0277; *P < 0.05, two-sided Wilcoxon signed rank test). e, Confocal images of astrocytes labeled by AAV5-GfaABC1D-cytoGCaMP6f-SV40 (green) 
in the dHP. f, Astrocytic Ca2+ transients in response to footshock or sound before, during and after pairing in the dHP. g, Bar graphs summarizing the 
amplitudes of astrocytic Ca2+ transients in response to footshock (left) or sound (right) before and after conditioning in the dHP. n = 6 mice (left, 
footshock: before versus after, Z = 1.1531, P = 0.2489; right, sound: before versus after, Z = −2.2014, P = 0.0277; *P < 0.05, two-sided Wilcoxon signed rank 
test). h, Summary of the freezing levels before and after fear conditioning. n = 7 mice (baseline: before versus after, Z = −0.8452, P = 0.3980; CS: before 
versus after, Z = −2.3664, P = 0.0180; *P < 0.05, two-sided Wilcoxon signed rank test). All data in the figure are shown as mean ± s.e.m.
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Extended Data Fig. 8 | De novo induction of sound-evoked Ca2+ astrocytic responses by fear conditioning in the basolateral amygdala (BLA), but 
not in the somatosensory cortex. a, Confocal images of astrocytes labeled by AAV5-GfaABC1D-cytoGCaMP6f-SV40 (green) in the BLA. b, Astrocytic 
Ca2+ transients in response to footshock or sound before, during and after pairing in the BLA of amygdala. c, Bar graphs summarizing the amplitudes of 
astrocytic Ca2+ transients in response to footshock (left) or sound (right) before and after conditioning in the BLA. n = 5 mice (left, footshock: before 
versus after, Z = 1.4832, P = 0.1380; right, sound: before versus after, Z = −2.0226, P = 0.0431; *P < 0.05, two-sided Wilcoxon signed rank test). d, 
Summary of the freezing levels before and after fear conditioning. n = 7 mice (baseline: before versus after, Z = −1.5724, P = 0.1159; CS: before versus after, 
Z = −2.3664, P = 0.0180; *P < 0.05, two-sided Wilcoxon signed rank test). e, Confocal imaging of astrocytes labeled by AAV5-GfaABC1D-cytoGCaM
P6f-SV40 (green) and S100β (red) in the somatosensory cortex. f, Astrocytic Ca2+ transients in response to footshock or sound before, during and after 
pairing in the somatosensory cortex. g, Bar graphs summarizing the amplitudes of astrocytic Ca2+ transients in response to footshock (left) or sound 
(right) before and after conditioning in the somatosensory cortex. n = 7 mice (left, footshock: before versus after, Z = 0.1690, P = 0.8658; right, sound: 
before versus after, Z = −1.0142, P = 0.3105; two-sided Wilcoxon signed rank test). h, Summary of the freezing levels before and after fear conditioning. 
n = 6 mice (baseline: before versus after, Z = −1.5724, P = 0.1159; CS: before versus after, Z = −2.2014, P = 0.0277; *P < 0.05, two-sided Wilcoxon signed 
rank test). All data in the figure are shown as mean ± s.e.m.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Characterization of tamoxifen-inducible astrocytic α7-nAchR conditional knockout mice (hGFAP-CreeRT2/Chrna7loxp/loxp, cKo). 
a, PCR analysis of hGFAP-CreERT2:Chrna7WT/WT (cWT) and hGFAP-CreERT2:Chrna7loxp/loxp mice (α7-cKO mice). The experiment was repeated before 
immunostaining and two-photon imaging experiment. b, c, α7-nAchR immunostaining in the auditory cortex of a cWT (b) or a cKO (c) mouse indicates 
a pronounced loss of α7-nAchR-positive astrocytes in cKO. Left, neuronal staining (neuronal marker: NeuN) in L1 and L2/3 in the auditory cortex. Right, 
astrocyte staining (astrocyte marker: S100β) in the auditory cortex. One astrocyte from panel b was shown in Fig. 7b in an expanded scale. d, Bar graphs 
summarizing the α7-nAchR expression in neurons in the auditory cortex of cWT and cKO mice. n = 12 sections from 4 mice in each group (cWT versus 
cKO, Z = −0.6067, P = 0.5440, two-sided Wilcoxon rank-sum test). e, Bar graphs summarizing the α7-nAchR expression in astrocytes in the auditory 
cortex of cWT and cKO mice. n = 16 sections from 5 mice in cWT group; n = 11 sections from 4 mice in cKO group. (cWT versus cKO, Z = 4.3257, P = 1.52 
E-5, ***P < 0.001, two-sided Wilcoxon rank-sum test). f, In vivo two-photon Ca2+ imaging of L1 interneurons in the auditory cortex of a cKO mouse, with 
dashed lines indicating neurons of interest. g, Single trials and their average of Ca2+ responses to footshock from these neurons as indicated in panel f. 
h, Bar graph summarizing the fraction of L1 neurons that responded to footshock in cWT and cKO mice. n = 9 fields of view, 42 cells from 3 mice in cWT 
group; n = 15 fields of view, 127 cells from 6 mice in cKO group (cWT versus cKO, Z = 0.2684, P = 0.7884; two-sided Wilcoxon rank-sum test). All data in 
the figure are shown as mean ± s.e.m.
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Extended Data Fig. 10 | Characterization of virus-induced region-specific astrocytic α7-nAchR conditional knockout mice (AAV + Chrna7loxp/loxp, 
cKo). a, Post-hoc image showing the position of AAV-transfected region in the extended auditory cortex. b, Neuron (NeuN) and α7-nAchR staining in 
L1 and L2/3 in the auditory cortex of a cWT (upper; AAV5-GfaABC1D-Cre was injected into the auditory cortex of Chrna7WT/WT mice) or a cKO (lower; 
AAV5-GfaABC1D-Cre was injected into the auditory cortex of Chrna7loxP/loxP mice) mouse. c, α7-nAchR and S100β immunostaining in the auditory cortex 
of a cWT (upper) or a cKO (lower) mouse, indicating a pronounced loss of α7-nAchR-positive astrocytes in cKO. d, High-magnification images showing 
immunostaining of α7-nAChRs and S100β in cWT (left) and cKO (right) as indicated by the white boxes in panel c. e, Bar graphs summarizing the 
α7-nAchR expression in neurons in the auditory cortex of cWT and cKO mice. n = 8 sections from 4 mice in each group (cWT versus cKO, Z = 0.3153, 
P = 0.7525, two-sided Wilcoxon rank-sum test). f, Bar graphs summarizing the α7-nAchR expression in astrocytes in the auditory cortex of cWT and 
cKO mice. n = 10 sections from 4 mice in each group. (cWT versus cKO, Z = 3.8675, P = 1.10 E-4, ***P < 0.001, two-sided Wilcoxon rank-sum test). g, 
In vivo two-photon Ca2+ imaging of L1 interneurons in the auditory cortex of an AAV-induced cKO mouse, with dashed lines indicating neurons of interest. 
h, Single trials and their average of Ca2+ responses to footshock from these neurons as indicated in panel g. i, Bar graph summarizing the fraction of L1 
neurons that responded to footshock in cWT and cKO mice. n = 9 fields of view, 45 cells from 3 mice in cWT group; n = 9 fields of view, 52 cells from 3 
mice in cKO group (cWT versus cKO, Z = 0.1766, P = 0.8598, two-sided Wilcoxon rank-sum test). All data in the figure are shown as mean ± s.e.m.
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Data collection Electrophysiological data  were collected by PatchMaster v2x65 (HEKA Elektronik); Two-photon imaging data and fiber recording data were 

collected by custom software written in LabVIEW 2014 (National Instruments). Confocal imaging data were collected by LAS X; 

Immunoelectron microscopy data were collected by a JEM-1400 electron microscope (JEOL, Tokyo, Japan) equipped with a CCD camera 

(Olympus VELETA, Tokyo, Japan) and its application software (iTEM-EMSIS).

Data analysis ImageJ 1.51 was used for image processing; Two photon imaging data and fiber recording data were first processed by LabVIEW 2014 

(National Instruments) and then analyzed by Igor Pro 5.0 (Wavemetrics); Video analyses and Statistical tests were performed by MATLAB 

2014a (Math Works).
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- A description of any restrictions on data availability
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Life sciences study design
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Sample size No statistical methods were used to pre-determine sample sizes. Samples sizes were determined based on our own previous studies about 

using behavioral, optical imaging and electrophysiological recording approaches (Zhang et al, Cerebral Cortex, 2016; Yao et al, Nature 

Neuroscience; Qin et al, Neuron). Samples sizes adopted in this study were sufficient for detecting robust effect.

Data exclusions For optical fiber-based Ca2+ recordings, any mice whose virus injection sites or fiber tip sites were missed were excluded from data analysis. 

Replication Experiments were repeated multiple times on independent occasions as indicated in the Methods and/or Figure legends. All attempts at 

replication were successful. 

Randomization For all experiments, samples were randomized where appropriate for data collection and analysis.

Blinding In the studies, investigators were blinded to groups for data collection and processing.

Reporting for specific materials, systems and methods
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Methods

n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies

Antibodies used Goat anti-GFAP, Abcam, Cat#Ab53554; Rabbit anti-NeuN, Abcam, Cat#Ab177487; Mouse anti-α7-nAchR, Sigma, Cat#M220; Rabbit 

anti-S100β, Synaptic Systems, Cat#287003; Chicken anti-GFP, Abcam, Cat# Ab13970; Donkey anti-goat (Alexa Fluor 594), Invitrogen, 

Cat# A-11058; Donkey anti-rabbit (Alexa Fluor 594), Invitrogen, Cat# A-21207; Donkey anti-mouse (Alexa Fluor 488), Invitrogen, Cat# 

A-21202; Donkey anti-chicken (Alexa Fluor 488),Jackson ImmunoResearch Labs, Cat#703-545-155; Donkey anti-goat (Alexa Fluor 

488), Jackson ImmunoResearch Labs, Cat#705-545-003;Nanogold-IgG Goat anti-mouse IgG antibody (Nanoprobes, 2001, 1:100, 

Yaphank, New York USA); Biotin-SP conjugated donkey anti-rabbit IgG antibody (Merck Millipore, AP182B, 1:200, Darmstadt, Hessen, 

Germany)

Validation Goat anti-GFAP: IHC-FrFl, WB, IHC-P, IHC-Fr, IHC-FoFr, ICC/IF, reacts with: Mouse, Rat, Human;Rabbit anti-NeuN:Flow Cyt, ICC/IF, IHC-

FoFr, IHC-Fr, IHC-P, mIHC, WB,reacts with: Mouse, Rat, Sheep, Goat, Cat, Dog, Human, Zebrafish, Common marmoset;α7-

nAchR:immunohistochemistry (frozen sections),react with: Mouse, Human (denatured), Rat (denatured), Chicken;Rabbit anti-

S100β:WB, IP, ICC, IHC, IHC-P/FFPE, react with: Mouse, Rat;Chicken anti-GFP: IHC-P, WB, IHC - Wholemount, IHC-FrFl, ICC/IF, IHC-Fr, 

IHC-FoFr, react with: Species independent.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C57BL/6 mice were obtained from Laboratory Animal Center at the Third Military Medical University. C57BL/6N-

Chrna7tm1a(EUCOMM)Hmgu/H (EM#07778) mice were obtained from European Mouse Mutant Archive. B6.Cg-Tg(hGFAP-Cre/

ERT2)505Fmv/J (JAX#012849) and B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (JAX#007914) mice were ordered from Jackson 
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Laboratories. Male, 8-12-week-old mice were used in the present study. Mice were housed on a 12-h light/dark cycle, at 22-25 °C 

and in 50-60% relative humidity with ad libitum access to food and water. 

Wild animals No wild animals were used in this study.

Field-collected samples No field-collected samples were used in this study.

Ethics oversight Third Military Medical University Animal Care and Use Committee; German animal welfare act and protocols approved by the 

government of Bavaria, Germany

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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