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Abstract

Social experience is essential for the development and maintenance of higher order brain function. 

Social deprivation results in a host of cognitive deficits and cellular studies have largely focused 

on associated neuronal dysregulation; how astrocyte function is impacted by social deprivation 

is unknown. Here we show that hippocampal astrocytes from juvenile mice subjected to social 

isolation exhibit increased Ca2+ activity and global changes in gene expression. We found 

that the Ca2+ channel TRPA1 is upregulated in astrocytes after social deprivation and astrocyte-

specific deletion of TRPA1 reverses the physiological and cognitive deficits associated with 

social deprivation. Mechanistically, TRPA1 inhibition of hippocampal circuits is mediated by a 

parallel increase of astrocytic production and release of the inhibitory neurotransmitter GABA 

after social deprivation. Collectively, our studies reveal how astrocyte function is tuned to social 

experience and identifies a social context specific mechanism by which astrocytic TRPA1 and 

GABA coordinately suppress hippocampal circuit function.
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ETOC Blurb

Social experience has a profound impact on cognitive function, yet experience dependent roles for 

astrocytes in brain circuits remain obscure. Using juvenile social deprivation models, Cheng, et al. 

found astrocyte function is tuned to social experience, identifying context specific mechanisms by 

which astrocytic TRPA1 and GABA coordinately suppress hippocampal circuits.

Introduction

Social interaction is a fundamental animal behavior that plays an essential role in cognitive 

development. In humans, children that are deprived of social interactions have higher rates 

of psychiatric disorders and protracted deficits in learning and memory1-4. These findings 

are supported by a multitude of studies across species demonstrating that social deprivation 

during perinatal- and juvenile- development influences a host of cognitive outputs, ranging 

from depression and anxiety to learning and memory and decision making5,6. Furthermore, 

perinatal social isolation leads to profound alterations in brain anatomy that are correlated 

with changes in patterns of gene expression, supporting the notion that developmental 

programs are influenced by social interaction7-9 Although we understand the importance of 

social experience during brain development, how these environmental inputs shape cognitive 

brain circuits remains unclear.

Studies on perinatal social deprivation have highlighted alterations in circuits associated 

with the limbic system, which incorporates emotional, social, and memory facets of 

behavior5,10. These alterations in circuit function are coupled with the dysregulation of 
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neuronal activity and synaptic plasticity, which leads to impaired long-term potentiation 

(LTP) and other physiological correlates of cognitive function7,11-15. While neuronal 

dysregulation has been a focal point of studies on social deprivation, there is emerging 

evidence that glial cell function is also impaired under these circumstances. Prior studies 

revealed that social deprivation results in impaired oligodendrocyte differentiation and 

myelination in the prefrontal cortex and astrocytes from dark-reared mice exhibit decreased 

territories16,17. Although there is evidence that astrocyte morphology is shaped by visual 

input, whether social deprivation alters their physiology or contributions to circuit function 

remains undefined.

Astrocytes play a central role in neurotransmission by buffering and releasing a host of 

neuroactive agents that act at the synapse18-21. Cross-communication between astrocytes 

and neurons is mediated by calcium (Ca2+) activity, where manipulating Ca2+ activity 

in astrocytes influences synaptic activity in neurons 22-27. Modulating astrocytic Ca2+ 

ultimately results in circuit level alterations that influence a host of behavioral outputs, 

including higher cognitive functions associated with learning and memory. Among the 

mechanisms that regulate astrocytic Ca2+, TRPA1 functions as a channel that regulates 

the influx extracellular Ca2+ into astrocytes26,27. Critically, inhibition of TRPA1 activity 

suppresses LTP in the hippocampus26,27, though whether astrocyte-specific manipulations 

of TRPA1 impacts learning and memory behaviors is unknown. These roles of astrocytic 

Ca2+ and TRPA1 in hippocampal circuits, raise the question of whether these core astrocyte 

functions are dysregulated during social deprivation and contribute to the associated 

cognitive impairments.

To decipher how astrocytes are altered after social deprivation, we performed single cell 

RNA-Seq (scRNA-Seq) finding that Ca2+ and TRPA1-dependent signaling pathways are 

up-regulated in hippocampal astrocytes after social deprivation. Unexpectedly, astrocyte 

specific knockout and pharmacological inhibition of TRPA1 restored LTP and learning 

and memory deficits in socially deprived animals. Further analysis revealed that astrocyte-

mediated release of GABA is enhanced in astrocytes after social deprivation and dependent 

upon TRPA1. Together these studies link TRPA1 activity with GABA-mediated inhibition 

of hippocampal circuits after social deprivation, revealing a new astrocytic mechanism that 

suppresses cognitive function after social deprivation.

Results

Social deprivation enhances astrocytic Ca2+ activity

To understand how social deprivation influences astrocyte biology, we subjected newly 

weaned Aldh1l1-GFP reporter mice (P21) to group housing (GH) or single housing (SH) 

conditions for 4 weeks, at which point the mice are 7 weeks of age (Figure 1A). After this 

period of time, we harvested the brains of mice from each cohort and assessed expression 

of core astrocyte markers across a host of brain regions, including the prefrontal cortex, 

striatum, hippocampus, thalamus, and amygdala28. This analysis revealed no changes in the 

number of Sox9- and Aldh1l1-GFP expressing cells, indicating no change in the gross 

number of astrocytes across all regions analyzed (Supplemental Figure S1C-G). Next, 

we assessed GFAP expression and identified a significant upregulation of its expression 
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specifically in CA1 of the hippocampus from the SH cohort (Figure 1C). Taking advantage 

of the Aldh1l1-GFP reporter to label astrocyte branches and processes, we performed high-

resolution confocal imaging to analyze morphological complexity under these conditions. 

Sholl analysis of these images revealed no differences in the morphological complexity of 

astrocytes between GH and SH groups, coupled with no changes in the branch number in 

all of the analyzed brain regions (Figure 1B; Supplemental Figure S1A-B). In parallel, we 

subjected these mice to a series of behavioral assays including those that measured anxiety, 

aggression, depression, and learning/memory. We found that the SH cohort displayed an 

increase in aggression, vertical activity in open field assays, and a subtle increase in 

some anxiety-associated behaviors (Figure 1D; Supplemental Figure S2A-C, E-F), coupled 

with no in changes depressive behaviors (Supplemental Figure S2A,D). Strikingly, we also 

observed specific deficits in long-term spatial memory (novel place recognition, NPR) and 

associative memory (fear conditioning) (Figure 1D)

Our SH paradigm begins at P21 during perinatal development and highlights changes in 

hippocampal astrocytes, along with associated learning and memory behaviors that occur 

during juvenile social deprivation. We next sought to compare these results with adult social 

deprivation, focusing on hippocampal astrocytes and associated hippocampal behaviors. 

Here we initiated SH/GH paradigms at P60, analyzing astrocyte properties and behaviors 

four weeks later (P90) (Supplemental Figure S3A). SH starting at P60 did not affect 

the number of astrocytes, nor their morphology, or GFAP expression in the hippocampus 

(Supplemental Figure S1I, S3B,E). Behavioral analysis revealed an increase in anxiety, 

consistent with prior studies that employ this paradigm (Supplemental Figure S3D-F) (Ieraci 

et al., 2016). Interestingly, we identified deficits in spatial memory (Supplemental Figure 

S3F), which we also observed in juveniles (Figure 1D). Together, these studies indicate 

that social deprivation in juveniles does not demonstrate a robust effect on anxiety, while 

highlighting deficits in spatial memory as a conserved feature of social deprivation at both 

stages.

The conserved deficits in spatial memory suggests that social deprivation impacts 

hippocampal circuit function. Prior studies have established key roles for astrocytes in 

hippocampal circuit function and associated learning and memory behaviors, with astrocytic 

Ca2+ playing a central role in this phenomenon22,27,29,30. Therefore, we next sought 

to evaluate whether social deprivation after P21 influences astrocytic Ca2+ activity in 

the hippocampus. To assess Ca2+ activity we generated the Aldh1l1-CreER; Ai96(RCL-

GCaMP6s) mouse line which enables us to express the GCaMP6s optical sensor for Ca2+ 

specifically in astrocytes. We treated these mice with tamoxifen at P1, subjected them to 

social deprivation at P21 for 4 weeks, and then performed ex vivo two-photon imaging 

of GCaMP6s activity on hippocampal slices from the GH and SH groups. The results 

revealed a significant increase in amplitude, frequency, and area under curve (AUC) of 

spontaneous Ca2+ responses in SH astrocytes (Figure 1E). We subjected our imaging data 

to AQuA analysis, which enabled us to assess more complex features of Ca2+ activity 

beyond amplitude and frequency(Wang et al., 2019). Integrating principle components to 

identify changes across over 20 features, we identified additional differences in Ca2+ activity 

between SH and GH astrocytes, highlighted by alterations in the location of propagation and 

enhanced speed of Ca2+ activity in SH astrocytes (Supplemental Figure S4). These Ca2+ 
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imaging studies indicate that social deprivation results in alterations in the physiology of 

hippocampal astrocytes after social deprivation.

TRPA1 regulates social deprivation induced Ca2+

The alterations in Ca2+ activity in hippocampal astrocytes after social deprivation, led us 

to next examine the molecular changes that occur in astrocytes under these conditions. 

Utilizing the Aldh1l1-GFP mouse line, we subjected mice to GH or SH conditions for 4 

weeks and then FACS-isolated hippocampal astrocytes from which we performed single 

cell RNA-Sequencing (scRNA-Seq). Using Seurat analysis, we identified five astrocyte 

subclusters that differentially expressed a series of defined astrocyte makers, including 

Sparcl1, Gja1, Prdx6, Gfap, Cd9, and Egr1 (Figure 2A and Supplemental Figure S5)

(Hao et al., 2021). We did not observe any discernable shifts in the constituency of the 

astrocyte clusters between SH and GH, suggesting that sub-type identity is unaffected 

by SH (Figure 2A and Supplemental Figure S5). Subsequent KEGG pathway analysis of 

differentially expressed genes (DEGs) between GH and SH astrocytes identified several 

important cellular pathways that exhibited upregulation in SH astrocytes, including synaptic, 

structural, and Ca2+ signaling pathways (Figure 2B and Table S1), which is consistent 

with the Ca2+ imaging data (Figure 1E; Supplemental Figure S4). Further analysis of these 

data revealed transient receptor potential (TRP) channel signaling was also significantly 

up-regulated in SH astrocytes (Figure 2B and Table S1). Among TRP channels, it has been 

reported that Transient Receptor Potential Cation Channel Subfamily A Member 1 (TRPA1) 

mediates spontaneous Ca2+ activity in hippocampal astrocytes through Ca2+ influx26,27. 

We therefore examined the expression TRPA1 in hippocampal astrocytes, which revealed 

that its expression is increased in SH astrocytes (Figure 2C). Importantly, we did not 

observe increased expression of TRPA1 in hippocampal neurons after social deprivation 

(Supplemental Figure S7B), further illustrating its selective upregulation in astrocytes after 

SH.

Given that TRPA1 functions as a Ca2+ channel, we hypothesized that increased Ca2+ activity 

in SH conditions is linked to increased TRPA1 activity. To test this, repeated the GH and SH 

paradigms with the Aldh1l1-CreER; Ai96(RCL-GCaMP6s) and performed Ca2+ imaging 

on hippocampal astrocytes in the presence of the TRPA1-selective antagonist, HC030031 

(HC). Prior studies demonstrated that HC treatment suppresses spontaneous Ca2+ response 

in hippocampal astrocytes, which we also observed in the GH control group (Supplemental 

Figure S5C)27. Analysis of the SH group revealed an overall decrease in Ca2+ activity 

when treated with HC (Figure 2D). These data indicate that social deprivation results in 

an upregulation of TRPA1 in astrocytes, and this increase in TRPA1 activity contributes to 

enhanced Ca2+ activity in hippocampal astrocytes under these conditions.

Inhibition of TRPA1 rescues memory deficits after social deprivation

Cross-species studies established that social deprivation impairs learning and memory, 

however the contributions of altered astrocytic Ca2+ and TRPA1 to this phenomenon is 

unknown. To examine the role of TRPA1 in hippocampal circuit function after social 

deprivation, we subjected mice to our GH or SH paradigm and evaluated synaptic plasticity 

via long term potentiation (LTP). Hippocampal slices from both GH and SH groups were 
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treated with HC or vehicle prior to theta-burst stimulation (TBS) induction of LTP (Figure 

3A). Consistent with previous studies, we found that treatment of the GH cohort with HC 

inhibited LTP (Figure 3B-C, dark blue v. light blue). Further analysis of the SH vehicle 

control revealed a drastic impairment of LTP compared to the GH vehicle group, which 

is also consistent with prior studies and our observations from the P60 social deprivation 

paradigm (Figure 3B-C, dark blue v. red; Supplemental Figures S3G). Strikingly treatment 

of the SH cohort with HC restored LTP to levels comparable to the GH-vehicle control. 

(Figure 3B-C, orange v. light blue). These data suggest context specific roles for TRPA1 

in hippocampal astrocytes, where under GH conditions it promotes LTP, while under SH 

conditions it suppresses LTP.

To determine if inhibition of TRPA1 after SH can restore prospective learning and memory 

deficits, we performed NPR assays on male mice from GH and SH cohorts treated with 20 

mg/Kg HC or vehicle 30min prior to testing. Consistent with our LTP results, we found 

that HC treatment impaired NPR performance in the GH cohort (Figure 3D-E). Moreover, 

the SH-vehicle cohort demonstrated reduced NPR performance compared to the HC-vehicle 

control, which also aligns with our LTP studies (Figure 3D-E). Finally, we found that 

HC-treatment restored NPR performance in the SH group to levels that are comparable to 

GH-vehicle (Figure 3D-E). These behavioral results reinforce our physiological observations 

that the role of TRPA1 in hippocampal circuits is shaped by social experience.

Astrocyte-specific knockout of TRPA1 restores learning and memory

The foregoing observations implicate astrocytic TRPA1 in the suppression of hippocampal 

circuit function after social deprivation. While prior studies established that astrocytic 

TRPA1 specifically regulates LTP, it is possible that under social deprivation conditions 

neuronal TRPA1 expression may contribute to this phenomenon. To specifically test the 

role of TRPA1 in astrocytes, we eliminated it from hippocampal astrocytes by employing 

a Cre-dependent CRISPR-based approach. This system uses the Cre-inducible Rosa26-
LSL-Cas9-EGFP mouse line, in combination with AAV viruses that enabled selective 

delivery of Cre to astrocytes along with U6-driven guideRNAs targeting TRPA1 (Figure 

4A). Accordingly, Cre induces expression of Cas9 specifically in astrocytes, allowing 

for selective targeting of TRPA1 by the guideRNA. To target TRPA1 deletion in the 

hippocampus, we injected AAV2/9 astrocyte-specific Cre (Cre only) with or without U6-

driven single guide RNA (sgRNA) targeting TRPA1 (Cre+sgRNA) viruses into hippocampus 

of 3-week-old Rosa26-LSL-Cas9 knockin mice. 4 weeks after injection, we harvested mice 

and used immunostaining to confirm reduced TRPA1 expression in hippocampal astrocytes 

in Cre+sgRNA mice (Figure 4B). Importantly, while hippocampal astrocytes demonstrated 

reduced expression of TRPA1, its expression was maintained in neuronal populations 

(Figure 4B and Supplemental Figure S7A-B), indicating that we have selectively eliminated 

TRPA1 from astrocytes.

To determine whether astrocyte-specific TRPA1 knockout impacts hippocampal circuits in 

a context specific manner, we subjected Cas9/Cre and Cas9/Cre+sgRNA mice to the GH 

and SH conditions as described above. After 4 weeks, we harvested hippocampal slices 

from each group and evaluated TBS-induced LTP. Similar to our pharmacological studies 
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with HC, we found that the Cas9/Cre+sgRNA cohort exhibited a loss of LTP under GH 

conditions, further verifying that astrocytic TRPA1 is required for LTP (Figure 4C-D, 

dark blue v. light blue). Analysis of the SH cohort revealed that the Cas9/Cre+sgRNA 

cohort restored LTP compared to the Cas9/Cre cohort (Figure 4C-D, orange v. red), 

further indicating that astrocytic TRPA1 has opposing roles in LTP under GH and SH 

conditions. Finally, we subjected these mice to behavior assays, finding that GH mice from 

the Cas9/Cre+sgRNA cohort exhibit decreased NPR performance (Figure 4E), while SH 

mice from the Cas9/Cre+sgRNA cohort exhibited a restoration of NPR performance to 

levels comparable to the Cas9/Cre cohort from the GH condition. Collectively, our astrocyte-

specific knockout of TRPA1 verifies the prior pharmacological studies with HC and further 

indicate that astrocytic TRPA1 has context specific roles in hippocampal circuits that depend 

upon social experience.

TRPA1 mediates GABA release after social deprivation

Under social deprivation conditions astrocytic TRPA1 functions to suppress hippocampal 

circuit function, raising the question of how it mediates circuit suppression. Because 

astrocyte release of both excitatory and inhibitory neurotransmitters can be Ca2+ dependent, 

we queried our scRNA-Seq data from SH astrocytes for the expression of glutamate 

and gamma-Aminobutyric acid (GABA) synthesis enzymes and associated transporters 

(Supplemental Figure S6A-I) (Jo et al., 2014; Kwak et al., 2020; Lovatt et al., 2007; 

Yoon et al., 2014). Strikingly, we found that enzymes in the GABA synthesis pathway are 

highly expressed in astrocytes after SH, with monoamine oxidase B (Maob) demonstrating 

up-regulation in a subset of SH astrocytes (Supplemental Figure S6B and Supplemental 

Table 2). To validate Maob expression in SH astrocytes, we performed immunofluorescent 

staining and found that it’s expression, as well as GABA itself, are both upregulated in SH 

astrocytes (Figure 5A-B). These data suggest that hippocampal astrocytes exhibit increased 

release of GABA after social deprivation. To test this, we used slice electrophysiology to 

measure tonic GABA release from hippocampal astrocytes after GH and SH paradigms. 

Strikingly, we found a drastic increase in tonic current from CA1 pyramidal neurons under 

SH conditions, coupled with no changes in synaptic GABA release (Figure 5C-D, dark blue 

v. red; Supplemental Figure S6J-M). This increase of tonic current was not due to changes 

of extrasynaptic GABAAR expression after SH, as evidenced by no significant difference 

in amplitude of the tonic current obtained in the presence of the saturating concentration 

of GABA at 10 μM (Supplemental Figure S8A). Next, we examined this phenomenon after 

adult social deprivation beginning at P60 and also observed an increase in tonic GABA 

release in the SH group (Supplemental Figure S3H). Together these data indicate that 

hippocampal astrocytes from socially deprived animals exhibit increased release of GABA.

To test whether astrocyte release of GABA in SH animals is mediated by TRPA1, we 

measured the tonic GABA current in the presence of TRPA1 inhibitor and in our TRPA1 

Cas9-mediated knockout mice. Under both loss-of-function conditions, we found that 

the increased tonic GABA current in the SH cohort was abolished, returning to a level 

comparable with the GH cohort (Figure 5C-D, G-H, red v. orange). Importantly, knockout 

of TRPA1 did not affect the elevated expression levels of Maob (Supplemental Figure 

S7C), indicating that TRPA1 is not responsible for elevated Maob expression in the SH 
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cohort and further suggesting that their upregulation occurs via parallel pathways. Next, we 

evaluated whether TRPA1-mediated GABA release after SH suppresses neuronal activity. 

Similarly, we subjected mice to GH and SH paradigms and used slice electrophysiology 

and pharmacological inhibition of TRPA1 via HC to measure neuronal excitability after 

Schaffer Collateral stimulation. We found a drastic decrease in neuronal excitability in the 

SH cohort compared to the GH cohort, as evidenced by reduced AP spike probability upon 

stepped stimulus intensities (Supplemental Figure S8B-C, red line). To confirm the observed 

reduction in excitability in the SH cohort is mediated by TRPA1 and GABA, we treated 

GH and SH hippocampal slices with HC and GABA receptor antagonists (bicuculline and 

CGP35348). Strikingly, the reduced the excitability in SH cohort was rescued by treatment 

with HC (Supplemental Figure S8B-C, red v. orange) or bicuculline and CGP35348 

(Supplemental Figure S8B-C, red v. yellow), indicating that TRPA1 and GABA receptor 

activity responsible for suppressing neuronal excitability in the SH cohort. Together, these 

data suggest that TRPA1 mediates increased release of GABA from astrocytes, which 

function to suppress neuronal activity in the hippocampus after social deprivation.

Astrocytic Maob regulates hippocampal circuit function after social deprivation

The collective observations herein suggest that enhanced GABA production and it’s 

subsequent release from astrocytes after social deprivation suppresses hippocampal 

circuit function. To directly test this, we selectively knocked down Maob expression 

in hippocampal astrocytes during social deprivation and assessed its impact on circuit 

function. To knockdown Maob in hippocampal astrocytes, we employed an established Cre-

inducible Maob-shRNAi lentiviral system31(Figure 6A). Here, co-injection of an astrocyte-

specific Cre virus enables selective expression of the shRNAi in astrocytes and the viral 

configuration is such that GFP expression marks astrocytes that express the shRNAi, with 

RFP labeling cells that express Cre (Figure 6B). We injected these viruses (and Cre-only 

controls) into the hippocampus at P21, just prior to social deprivation (i.e. SH) and analyzed 

Maob expression after 4 weeks of social deprivation, finding a robust knockdown of Maob 

expression in hippocampal astrocytes (Figure 6B). To confirm that reduced Maob expression 

results in reduced GABA release by astrocytes, we measured tonic GABA current and found 

the expected reduction in tonic GABA after Maob-shRNAi knockdown (Figure 6C-F). Next, 

we measured LTP under these conditions and found that it was restored after knockdown of 

astrocytic Maob during social deprivation (Figure 6G). These results indicate that defects in 

LTP after social deprivation are regulated by astrocytic Maob, which manifests as increased 

tonic GABA release from astrocytes.

Next, we determined whether elevated levels of astrocytic Maob under group housing 

(GH) are sufficient to induce the deficits in hippocampal circuit function observed after 

social deprivation. Here, we generated AAV viruses containing Maob in cis with GFP 

or a cherry control and injected the hippocampus at P21, maintaining these mice under 

GH conditions for four weeks (Figure 6H-I). Subsequently, we subjected these mice to 

behavior assays, finding that mice overexpressing astrocytic Maob exhibited decreased NPR 

performance compared to controls (Figure 6J). Critically, the Maob-overexpression cohort 

exhibited elevated tonic GABA release (Figure 6K-N), coupled with impaired LTP (Figure 

6O), indicating a physiological recapitulation of the deficits manifest after social deprivation 
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(see Figure 3B-C and Figure 5). These findings indicate that elevated astrocytic Maob and 

subsequent GABA release, on its own, is sufficient to induce the hippocampal circuit deficits 

we observed after social deprivation.

Best1 knockdown restores hippocampal circuit function after social deprivation

Prior studies have shown that Bestrophin-1 (Best1) is a Ca2+-activated-Cl− channel 

responsible for the release of GABA from astrocytes32-34. Our model posits that elevated 

levels of GABA are released by astrocytes after social deprivation, therefore we examined 

whether inhibition of Best1 would restore hippocampal circuit function after social 

deprivation. Towards this, we used AAV to express a Cre-inducible shRNAi directed 

towards Best1 (and scrambled control) to knockdown its expression in hippocampal 

astrocytes during social deprivation (i.e. single housing, SH) (Figure 7A-B). We found 

that knockdown of Best1 in hippocampal astrocytes inhibited elevated tonic GABA release 

from astrocytes after SH, confirming that this manipulation suppresses GABA release 

from astrocytes (Figure 7C). Next, we examined LTP under these experimental conditions, 

finding that knockdown of Best1 rescued the deficits in LTP manifest after SH and social 

deprivation (Figure 7G). These studies indicate that GABA release from astrocytes after 

social deprivation plays a direct role in the suppression of hippocampal circuit function and 

further reinforce our model of astrocyte-mediated suppression of hippocampal circuits after 

social deprivation.

Discussion

Our study reveals that social deprivation results in widespread alterations in astrocytic gene 

expression and Ca2+ activity, which are highlighted by increased expression of TRPA1 and 

key components of the GABA synthesis pathway. Focusing on TRPA1, we found that its 

inhibition restores hippocampal circuit function and spatial memory after social deprivation. 

Mechanistically, inhibition of hippocampal circuit function after social deprivation is 

mediated by elevated GABA release by astrocytes, which is TRPA1-dependent. Altogether, 

our study reveals how social environment influences astrocyte physiology and identifies a 

context specific role for TRPA1-GABA signaling in hippocampal astrocytes.

Context-dependent properties of astrocytes

Using the hippocampus as a model to examine how social experience influences 

astrocyte physiology, we found alterations in Ca2+ activity that are coupled with 

widespread changes in gene expression. While we observed an increase in the expression 

of GFAP, we did not witness any alterations in the morphological complexity of 

astrocytes after social deprivation. This unique combination of features is somewhat 

paradoxical, as increased GFAP expression is often associated with enhanced morphological 

complexity, while increased astrocytic Ca2+ is associated with enhanced hippocampal circuit 

function22,29,35-37. Astrocyte Ca2+ dynamics are used as a proxy for their function and under 

homeostatic conditions increases in Ca2+ enhance synaptic activity and associated circuit 

function through release of excitatory bioactive transmitters such as glutamate, d-serine, and 

ATP20,23,30,38,39 However, in a host of neurological disorders (i.e. epilepsy, ischemia, Rett 

syndrome, Alexander disease, and Alzheimer’s disease) increases in Ca2+ activity have been 
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documented and correspond with decreased synaptic activity and circuit function33,40,41. 

Our data suggest that social deprivation induces Ca2+ associated changes in hippocampal 

astrocytes that mirror those found in neurological disease. Moreover, astrocytes associated 

with these disease states exhibit upregulation of GFAP, which is also consistent with our 

findings and further supports the notion that astrocytes after social deprivation acquire 

phenotypes consistent with neurological disease. Finally, these observations also raise 

the question of whether social deprivation alters the cellular constituency of prospective 

astrocyte subpopulations, as there is emerging evidence that astrocytes exhibit plasticity 

in response to a variety of pathological conditions. Interestingly, our scRNA-Seq studies 

did not identify changes in the constituency of astrocyte subpopulations, suggesting that 

population dynamics are unaffected after social deprivation.

Among the changes in gene expression that occur in astrocytes after social deprivation, 

we found that the Ca2+ channel TRPA1 exhibits increased expression. Inhibition of 

TRPA1 suppresses the increased Ca2+ activity after social deprivation, suggesting that 

influx of extracellular Ca2+ contributes to this phenomenon. Furthermore, we show 

that both pharmacological inhibition and astrocyte-specific knockout of TRPA1 rescues 

hippocampal circuit defects after social deprivation. Prior studies have shown that 

inhibition of TRPA1 suppresses LTP in the hippocampus and when put together with our 

findings suggest a context specific role for TRPA1 in hippocampal astrocytes: TRPA1 

promotes circuit function under homeostatic conditions and suppresses circuit function 

after social deprivation. Mechanistically, TRPA1 has been shown to augment circuit 

function by promoting astrocytic release of excitatory gliotransmitters27,42. These excitatory 

mechanisms of TRPA1 function are also operant in AD as early hyperactivity and impaired 

memory has been attributed to increased astrocytic Ca2+ and inhibition of TRPA143. In 

contrast, we show that after social deprivation TRPA1 regulates the release of inhibitory 

signals, including GABA. Put together, these studies illustrate context specific mechanisms 

used by TRPA1 across a host of normal and pathological states, highlighting the need 

to further examine its role across additional neurological diseases and environmental 

settings. Finally, our study provides an example of astrocyte manipulation reversing an acute 

neurological disorder, raising the possibility that analogous manipulations can be harnessed 

for other disorders that contain aberrant astrocyte function.

Setting the inhibitory tone of astrocytes

Our studies revealed that hippocampal astrocytes exhibit enhanced inhibitory signaling 

after social deprivation, which contributes to the suppression of hippocampal circuits. We 

found that Maob and Aldh1a1, key components of the GABA synthesis pathway31,40, 

are elevated in hippocampal astrocytes after social deprivation. Furthermore, we observed 

increased tonic GABA release, which supports the notion that social deprivation induces an 

inhibitory state in astrocytes. Our collective findings indicate that social deprivation causes 

both increased TRPA1 expression and GABA synthesis (via Maob) in astrocytes, raising 

the question of how these two distinct mechanisms are coordinated to drive suppression 

of hippocampal circuits. Prior studies have shown that GABA release by astrocytes is a 

Ca2+ dependent process mediated by Best131,40; therefore we posit that increases in TRPA1 

expression facilitates the Ca2+ dependent release of GABA via Best1, which is also elevated 
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in astrocytes after social deprivation. This interdependency is supported by our knockout 

studies, where loss of TRPA1 did not impact elevated levels of Maob within astrocytes 

after social deprivation, but suppressed tonic GABA release and restored hippocampal LTP 

(Figures 4-5; Supplemental Figure S7C). Complementary knockdown studies with Maob 

demonstrated no effect on elevated TRPA1 expression after social deprivation, coupled 

with reduced tonic GABA release and a restoration of LTP (Figure 6; Supplemental Figure 

S7D). Therefore, our results support a model where the capacity of TRPA1 to suppress 

hippocampal circuits after social deprivation is dependent upon the extent of GABA 

produced by the astrocyte. These observations raise critical new questions about the nature 

of astrocyte diversity versus plasticity. Although studies have shown that astrocytes can 

release neuroactive compounds that support both excitatory and inhibitory synaptic activity, 

whether these activities are restricted to subsets of astrocytes or reflect a switch in cell 

state remains unknown. Our scRNA-Seq studies support both models, as we did not observe 

significant changes in the constituency of astrocyte subpopulations, although Maob was 

specifically increased after SH in a specific subpopulation (Figure S6; Supplemental Table 

S2). While astrocytes are known to acquire new properties in response to pathological 

conditions, the mechanisms that regulate their plasticity towards excitatory or inhibitory 

synaptic activity remain unclear and will be an active area of future investigation.

Studies across species demonstrated that early-life social deprivation has profound effects 

on global transcriptional profiles and epigenetic landscapes6,7,44. Moreover, mutations in 

transcription factors and chromatin remodeling proteins have been implicated in a host of 

neurodevelopmental and psychiatric disorders14,45,46. These observations, coupled with our 

findings that astrocytes exhibit widespread transcriptomic alterations after social deprivation, 

raise the question of which transcription factors contribute to this phenomenon. Analysis of 

our scRNA-Seq data (Supplemental Table 1) identified motifs from 38 transcription factors 

that are enriched in the DEGs in astrocytes after social deprivation. Among these, Sox9 is an 

established regulator of astrocyte development and has been shown to regulate olfactory bulb 

circuit function in adult astrocytes47 however, whether Sox9 contributes to changes in gene 

expression associated with social deprivation is unknown. This suggests that Sox9 (or other 

associated transcription factors) could serve as a future template for dissecting astrocytic 

transcriptional networks that drive responses to social deprivation. Another consideration is 

the convergence of Ca2+ activity and transcriptional regulation in setting the inhibitory tone 

in astrocytes. Prior studies indicate that experience-dependent neuronal activity regulates 

transcription factor activity and target gene selection through secondary messengers such 

as cAMP and Ca2+ 25,48-51. Taken further, our finding of increased Ca2+ and altered 

patterns of gene expression raise the possibility that astrocytic Ca2+ activity may influence 

transcriptional activity after social deprivation. Dissecting how changes in social experience 

influence the transcriptional properties of astrocytes will be key to understanding how 

astrocytes acquire an inhibitory tone after social deprivation
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STAR Methods

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Benjamin Deneen (deneen@bcm.edu).

Materials Availability—All published reagents will be shared on an unrestricted basis 

after completion of a material transfer agreement; reagent requests should be directed to the 

lead contact.

Data and Code Availability—The RNA-seq dataset generated during this study are 

available at the NCBI GEO website.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experimental animals were treated in compliance with the US Department of Health and 

Human Services, the NIH guidelines, and Baylor College of Medicine IACUC guidelines. 

All mice were housed with food and water available ad libitum in a 12-hour light/dark 

environment. Both female and male mice were used for all experiments, and littermates 

of the same sex were randomly allocated to experimental groups. 3-4 P21 mice were 

group-housed in GH condition with standard enviropak for 1-2 month before experiments. 

1 P21 mouse was single-housed in SH condition with standard enviropak for 1-2 month 

before experiments. For ex vivo and in vivo experiments, 2–4-month-old animals were 

used unless otherwise described. All mice used in this study were maintained on the 

C57BL/6J background. To analyze calcium activity, the Ai96 (RCL-GCaMP6s) mouse 

(The Jackson Laboratory; RRID:IMSR_JAX:024106) was crossed with Aldh1l1-CreER 
(The Jackson Laboratory; RRID:IMSR_JAX:029655), resulting in Aldh1l1-CreER; Rosa-
LSL-GCaMP6s (AA6-KO) mice. To induce GCaMP6 expression, P0 pups were injected 

subcutaneously with 100 mg/kg body weight of Tamoxifen (Sigma-Aldrich, cat no. T5648) 

dissolved in a 9:1 corn oil/ethanol mixture for single injection at P0-P1. To perform 

CRISPR-dependent tissue specific knockout, we utilized Rosa26-LSL-Cas9 knockin mice 

(The Jackson Laboratory; RRID:IMSR_JAX:026175). Above experiments were approved by 

Baylor College of Medicine IACUC.

METHOD DETAILS

Immunofluorescence on frozen brain tissues—Mice were anesthetized under 

isoflurane inhalation and perfused transcardially with 1XPBS pH 7.4 followed by 4% 

paraformalde- hyde (PFA). Brains were removed, fixed in 4% PFA overnight, and placed 

in 20% sucrose for 24 hours before embedded in OCT. Sections of 20 mm (morphological 

analysis using GFP labeling) were made on a cryostat, washed with 1XPBS 5 min X2, 

incubated in antigen retrieval buffers at 75 degree 10 min, blocked with 10% goat or donkey 

serum in PBS with 0.3% Triton x-100, and incubated with primary antibodies in blocking 

solution overnight. On the next day, sections were incubated with secondary antibodies in 

PBS with 0.1% Triton x-100 for 1 h RT, followed by incubation with DAPI in PBS for 

10min, and mounted with VECTASHIELD Antifade Mounting Media (Vector Laboratories, 

H-1000). The following primary antibodies were used: Chicken anti-GFP (1:1000; Abcam, 
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ab13970), mouse anti-GFAP (1:1000; EMD Millipore, MAB360), rabbit anti-Sox9 (1:650; 

EMD Millipore, AB5535), guinea pig anti-GABA (1:200; Millipore, AB175), rabbit anti-

MAOB (1:200; Proteintech, 12602-1AP), mouse anti-mCherry (1:500; Abcam, ab125096), 

and rabbit anti-TRPA1 (1: 250; Abcam, ab58844), rabbit anti-BEST1 (1:250; GeneTex, 

GTX33037). The following secondary antibodies were used (1:500): Alexa Fluor 488 goat 

anti-chicken (Thermo Fisher Scientific, A11039), Alexa Fluor 568 goat anti-rabbit (Thermo 

Fisher Scientific, A11036), Alexa Fluor 568 goat anti-mouse (Thermo Fisher Scientific, 

A11004), Alexa Fluor 488 goat anti-mouse (Thermo Fisher Scientific, A32723), Alexa Fluor 

647 goat anti-rabbit (Thermo Fisher Scientific, A21245), Alexa Fluor 568 goat anti-guinea 

pig (Thermo Fisher Scientific, A11075).

Confocal imaging and image analysis—To measure astrocyte morphology, 

fluorescent images were acquired using a Zeiss LSM 880 laser scanning confocal 

microscope with 63X oil immersion objective with frame size at 1024 x 1024 and bit 

depth at 12 or a Leica TCS SP8 STED microscope with 63X oil immersion objective with 

frame size at 1024 x 1024. Serial images at z axis were taken at an optical step of 0.5 

mm, with overall z axis range encompassing the whole section. Images were imported to 

Imaris Bitplane software, and only astrocytes with their soma between the z axis range 

were chosen for further analysis52. We performed 3D surface rendering using the Imaris 

Surface module, and color-coded the reconstructed surface images based on the surface area 

of each astrocyte. Morphological analysis was performed using the Imaris Filament module. 

Astrocyte branches and processes were outlined by Autopath with starting point set at 8 

mm and seed point set at 0.7 mm, and statistical outputs including “filament number Sholl 

intersections” were extracted and plotted with Prism software. Data were generated from 

3 brain sections per region per mouse with 3 mice per genotype. To analyze number of 

SOX9-positive astrocytes, fluorescent images were acquired using a Zeiss Axio Imager.M2 

with apotome and 20X objective. Cell numbers were quantified by the QuPath software 

Cell Detection function53. To measure the fluorescent intensity of GFAP, GABA, Maob, and 

Trpa1, fluorescent images were acquired using a Leica TCS SP8 STED microscope with 

63X objective and were analyzed by Fiji. The person who analyzed the images was blinded 

to the experimental groups.

Behavioral tests—We subjected 3-4-month-old male mice to behavioral tests. All the 

experimental mice were transferred to the testing room at least 30 min prior to the test. 

All tests were performed with white noise at ± 60 dB in a designated room. The person 

performing the tests was blinded to the experimental groups.

Open field test: The open field tests were performed using the Versamax system. The 

Versamax open field chamber is a square arena (40cm x 40cm x 30cm, Accuscan 

Instruments) enclosed by transparent walls. Each mouse was put into the center of the 

chamber. Locomotor activity was detected automatically by sensor beams at X, Y, and Z 

directions. Data were recorded in 15 two-minute blocks for 30 min total and were analyzed 

and exported with Versadat software.
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Elevated plus maze: The elevated plus maze test were performed on a 1-meter high “+” 

shaped apparatus with two open arms and two close arms. Mice were put into the center of 

plus maze and recorded for 10 minutes. The time that mice spent on the open arms or close 

arms were analyzed by ANY-maze software.

Light/dark: The light/dark testing chamber comprised of a rectangular plexiglass chamber 

divided in to two unequal compartments, separately by a partition with an opening (8.5 cm 

× 5 cm) large enough to allow the animal to transition between the compartments. The large 

chamber was transparent and uncovered (30 cm × 21 cm × 21 cm) with around 700-750 lux. 

The small chamber was made of black Plexiglas and cover with a lid (15 cm × 21 cm × 21 

cm). At the start of the experiment the animals were placed in the light chamber and the 

number of transitions between the chambers (all four paws inside a chamber) over a 10 min 

period was recorded. White noise was present throughout testing.

Tube aggression assay: The tube testing was performed in a bright room. Each cylinder was 

5 cm diameter and 30 cm in length. Both experimental animals and opponent animals were 

habituated by passing through the cylinder for 3 times. After habituation, each experimental 

mouse will pair with 5 different opponent mice. The win was scored by the success of 

experimental mouse pushing out the opponent mouse. If the mice fought, the trial was 

excluded.

Tail suspension: The tail suspension test was performed in a square box (30 cm x 30 cm 

x 30 cm). The mouse tail was fixed on a metal hanger with a tape on the tail 1.5 cm away 

from the tail tip. After taped on the metal hanger upside down, the mouse head was 5-6 cm 

away from the bottom of the box. The movement of mouse was recorded for 6 minutes and 

analyzed byANY-maze software.

Novel place recognition: The novel place recognition test was performed in a square arena. 

Before the testing day, mice were trained three days to remember the place of two LEGO 

objects. On the testing day, one of the objects was randomly moved to a new place. The 

video recording and analysis was done using ANY-maze software. The discrimination index 

was calculated by (Time spending on novel place object – Time spending on old place 

object) / Total time exploring two objects.

Contextual/cued conditional fear: The contextual conditional fear test was performed in 

a chamber with metal grid floor. Three checkerboard pattern visual cues (13 cm X 13 cm) 

were posted at three sides of the chamber. On day 1, mice were put into the center of the 

chamber and allowed to move freely for 3 min before being exposed to 3 mild foot shocks (2 

s, 0.7mA) with 2 min intertrial intervals (ITI) between each shock (figure). On day 2, mice 

were first put back to the same chamber and movements of mice over 5 min were recorded 

and analyzed by FreezeFrame software (Actimetrics, Coul- bourn Instruments) with the 

bouts and threshold both set at 6.0 s. % freezing time identified based on the above criteria. 

Two hours after contextual conditional fear, mice were put back to chamber with different 

context and were recorded % freezing time upon cue stimulation. The % freezing time in 

cued conational fear was analyzed by same criteria as contextual conditional fear. Data were 

then plotted as shown in supplemental Figure S2.
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Y maze: The Y maze testing was performed in a Y maze and each arm was 40 cm. The 

mouse was placed at the center and faced top arm. The mouse movement in Y maze was 

recorded for 5 minutes using ANY-maze software. The entry of each arm was analyzed 

by ANY-maze software. The alternation was calculated by Total number of alternations / 

Number of arms entered *100%

Tissue dissociation for single cell—Brain slices were prepared as we described 

in slicing recording. The desired brain region was micro-dissected in ACSF on ice and 

proceeded to tissue dissociation using neural tissue dissociation kit (Miltenyi Biotec). After 

30 minutes incubation on gentleMACS (Miltenyi Biotec), samples were treated with debris 

removal kit, 1X red blood cell lysis buffer, dead cell removal kit (Miltenyi Biotec) to purify 

single cells. To purify astrocytes, we did FACS sorting and collected astrocytes in ACSF 

buffer with 0.1% BSA. Finally, samples were proceeded to single cell RNA-sequencing 

library preparation.

RNA extraction, library preparation and sequencing—single-cell RNA-sequencing, 

single cell gene expression library was prepared according to Chromium Single Cell 

Gene Expression 3v3.1 kit (10x Genomics). In Brief, single cells, reverse transcription 

(RT) reagents, Gel Beads containing barcoded oligonucleotides, and oil were loaded 

on a Chromium controller (10x Genomics) to generate single cell GEMS (Gel Beads-In-

Emulsions) where full length cDNA was synthesized and barcoded for each single cell. 

Subsequently the GEMS are broken and cDNA from each single cell are pooled. Following 

cleanup using Dynabeads MyOne Silane Beads, cDNA is amplified by PCR. The amplified 

product is fragmented to optimal size before end-repair, A-tailing, and adaptor ligation. 

Final library was generated by amplification. Equal concentrations (2 nM) of libraries were 

pooled and subjected to paired-end (R1: 26, R2: 50) sequencing using the NextSeq 500/550 

High Output Kit v2.5 (75 Cycles) (Illumina, 20024906) on a NextSeq550 following the 

manufacturer’s instructions.

Single cell RNA-seq analysis—Sequencing files from each flow cell lane were 

downloaded and the resulting fastq files were merged. Reads were mapped to the mouse 

genome mm10 assembly using 10X Cell Ranger (3.0.2) and it is estimated 40,000 mean 

reads per cell.

For single cell sequencing analysis, standard procedures for filtering, mitochondrial 

gene removal, doublets removal, variable gene selection, dimensionality reduction, and 

clustering were performed using Seurat (version 4.1.0) and DoubletFinder54,55. Criteria 

for cell inclusion were minimum nUMI/cell threshold 250, minimum gene/cell threshold 

250, minimum log10gene/UMI threshold 0.8, maximum mitochondria ratio 0.2, and 

minimum ribosome ration 0.01556. Mitochondrial genes were removed before doublets 

removal. Principle component analysis and elbowplot were used to find neighbors 

and clusters (resolution 0.3). Cells were visualized using a 2-dimensional T-distributed 

Stochastic Neighbor Embedding (TSNE) of the PC-projected data. Molecularly distinct cell 

populations were assigned to each cluster using singleR with adult mouse cortical cell 

taxonomy single cell RNA-seq data as references57,58. FindAllMarkers were used to identify 

all differentially expressed markers between clusters. Annotated clusters were refined based 
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on those unique markers. Differentially expressed genes (DEGs) in astrocytes between GH 

and SH were identified by identified by FindMarkers using default settings. 2021 KEGG 

mouse pathway analysis of DEGs were performed using enrichR59. Single cell RNA-Seq 

data can be found at the NIH GEO database, GSE222785

Stereotactic injection of AAV viruses—For astrocyte, CRISPR-dependent tissue 

specific knockout experiments, we used AAV2/9-pAAV-Gfap-Cre-P2A-TurboRFP at a 

concentration of 5E+12 genome copies per ml (gc/ml) and AAV2/9-pAAV-U6-Trpa1 
sgRNA-Gfap-mcherry at a concentration of 2E+12 genome copies per ml (gc/ml). For 

astrocyte specific knockdown of MAOB, we used AAV2/9-pAAV-Gfap-Cre-P2A-TurboRFP 

at a concentration of 5E+12 genome copies per ml (gc/ml) and lenti-pSico-Maob shRNA 

(U6-loxP-CMV-EGFP-loxP-Maob shRNA) at a concentration of 5E+8 genome copies (gc/

ml). For astrocyte specific knockdown of Best1, we used AAV2/9-pAAV-Gfap-Cre-P2A-

TurboRFP at a concentration of 5E+12 genome copies per ml (gc/ml) and AAV2/9-CMV-

LSL-mCherry-U6-mBest1-sh-SE at a concentration of 4E+12 genome copies (gc/ml)60. 

For hippocampal-stereotactic injection, 3-week-old mice were anesthetized with isoflurane 

and injected AAV virus as described in previous paper29(Huang et al., 2020). 1 μl of 

10X Fastgreen (Sigma, F7252) was mixed with 9 μl of virus before injection. AAV virus: 

All AAV viruses were generated by the Optogenetics and Viral Vectors Core at Jan and 

Dan Duncan Neurological Research Institute (NRI). All animal procedures were done in 

accordance with approved BCM IACUC protocols.

Slice preparation and electrophysiological recording—Animals were anesthetized 

with isoflurane and isolated brains were submerged in ice-cold ACSF solution (130mM 

NaCl, 24mM NaHCO3, 1.25mM NaH2PO4, 3.5mM KCl, 1.5mM CaCl2, 1.5mM MgCl2, 

and 10mM D(+)-glucose, pH 7.4). 300 mm slices were cut using a vibratome (DSK 

Linear Slicer, Kyoto, Japan) oxygenated in ACSF at room temperature for 1 hr, and 

then acclimated at room temperature with continuous perfusion with ASCF solution (2ml/

min). Slices were placed in recording chamber and target cells were identified via upright 

Olympus microscope with a 60X water immersion objective with infrared differential 

interference contrast optics. Whole cell recording was performed with pCLAMP10 and 

MultiClamp 700B amplifier (Axon Instrument, Molecular Devices) at room temperature 

from hippocampal CA1 pyramidal neurons. The holding potential was −60 mV. Pipette 

resistance was typically 5-8 MΩ. The pipette was filled with an internal solution (in mM): 

140 K-gluconate, 10 HEPES, 7 NaCl, and 2 MgATP adjusted to pH 7.4 with CsOH for 

action potential measurements; 135 CsCl, 4 NaCl, 0.5 CaCl2, 10 HEPES, 5 EGTA, 2 

Mg-ATP, 0.5 Na2-GTP, 30 QX-314, pH adjusted to 7.2 with CsOH (278-285 mOsmol) for 

inhibitory postsynaptic currents (IPSCs) and tonic current measurement. IPSC and tonic 

current were measured in the presence of ionotropic glutamate receptor antagonists, APV 

(50 μM, Tocris), and CNQX (20 μM, Tocris). For measuring extrasynaptic GABAAR, tonic 

current were measured in the presence saturating concentration of GABA (10 μM, Tocris) 

for extrasynaptic GABAAR. All holding potential values stated are after correction for 

the calculated junction potential offset of 14 mV. Evoked spike probability was induced 

by electrical stimulation (1 pulse, 100 ms duration, 100-800 μA intensity) via a constant 

current isolation unit onto Schaffer collateral pathway. Spike probability was calculated as 
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the ratio of the number of successful (spike-generating) stimulations to the total number of 

stimulations (10 stimuli). LTP was induced by theta burst stimulation (TBS, 10 trains of 

4 half maximal stimuli at 100 Hz within 200 ms interval) onto Shaffer collateral pathway 

and measured by field EPSPs (fEPSPs) in striatum radiatum in hippocampus. The pipette 

solution was filled with 1M NaCl solution. fEPSPs were calculated by slope of response 

(mV/ms) and normalized to the average of the baseline. LTP was calculated by averaging 

last 5 minutes responses. Electrical signals were digitized and sampled at 50 μs intervals 

with Digidata 1550B and Multiclamp 700B amplifier (Molecular Devices, CA, USA) using 

pCLAMP 10.7 software. Data were filtered at 2 kHz. The recorded current was analyzed 

with ClampFit 10.7 software.

Two-photon calcium imaging and analysis—Calcium activity was collected at 1 

Hz for 5 min using a two-photon resonant microscope (LSM 7MP, Zeiss) equipped with 

a Coherent Chameleon Ultra (II) Ti-sapphire laser tuned to 900 nm and a 20x, 1.0 NA 

Zeiss objective. Calcium activity was typically sampled at 1 Hz. Optical signals were 

recorded for 5 minutes per trial at 1024 x 1024 pixel resolution. We recorded data from 

astrocytes at depths of 30 μm below the surface. All multiphoton imaging experiments were 

performed within 2-4 hours of slicing. Images were quantified using GECIquant algorithm 

with ImageJ, AQuA algorithm with MATLAB, and Clampfit 10.7 softwares. The detection 

of region of interest (ROI) for soma and main process were performed in a semi-automated 

manner using the GECIquant algorithm as previously described29. The analysis of Ca2+ 

events were detected and calculated by astrocyte quantitative analysis (AQuA) algorithm in 

MATLAB as previously described61.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sample sizes and statistical tests can be found in accompanying Figure legends. Offline 

analysis was carried out using Clampfit 10.7, Minianalysis, SigmaPlot 13, Prism 9, and 

Excel software. We assessed the significance of data for comparison by two-tailed unpaired 

Welch’s t-test. For multiple comparisons, we used the two-way ANOVA with Tukey’s test. 

In general, we assumed data were normally distributed but this was not formally tested. Data 

are presented as mean ± SEM (standard error of the mean). Levels of statistical significance 

are indicated as follows: * (p < 0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Social deprivation alters molecular and cellular properties of hippocampal astrocytes

Astrocytic TRPA1 suppresses mouse hippocampal circuit function after social 

deprivation

TRPA1 mediates elevated tonic GABA release from astrocytes after social deprivation

Astrocytic GABA suppresses hippocampal circuit function after social deprivation
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Figure 1. Social deprivation alters core properties of hippocampal astrocytes
(A) Schematic of Group Housing (SH) and Single Housing (SH) Paradigms.

(B) Imaging of Aldh1l1-GFP astrocytes and quantification of morphological complexity 

using Scholl analysis from prefrontal cortex, striatum, CA1, thalamus, and amygdala (n = 3 

pairs of animals, at least 10 cells from each animal). Two-way ANOVA.

(C) Immunostaining for GFAP expression in prefrontal cortex, striatum, CA1, thalamus, and 

amygdala of Aldh1l1-GFP mice from GH and SH cohorts. Welch’s t-test. (n = 3 pairs of 

animals, 3 sections per animal)

(D) Behavioral results from GH and SH cohorts (n = 8-10 animals)
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(E) Representative image showing expression of GCaMP6s in astrocytes and representative 

spontaneous Ca2+ of two-photon, slice imaging from the hippocampus of GH and SH mice 

quantification is derived from n = 19-20 cells from 3 pairs of animals. Welch’s t-test.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 2. TRPA1 expression is increased in astrocytes after social deprivation
(A) Serut analysis of single cell RNA-Seq (scRNA-Seq) of hippocampal astrocytes from a 

pair of GH and SH.

(B) KEGG pathway analysis of differentially expressed gene (DEGs) between GH and SH 

cohorts (cutoff for DEGs, adjusted p < 10−15, average log2 foldchange > 2).

(C) Immunostaining for TRPA1 expression in Aldh1l1-GFP mice from GH and SH cohorts 

(n = 16-22 cells from 3 pairs of animals). Welch’s t-test.

(D) Representative image showing expression of GCaMP6s in astrocytes and representative 

spontaneous Ca2+ of two-photon, slice imaging from the hippocampus of SH mice, treated 

with vehicle or HC030031 (HC); quantification is derived from n = 16 cells from 3 pairs of 

animals. Welch’s t-test.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 3. Inhibition of TRPA1 restores hippocampal circuit function
(A-C) Recording of Long-Term Potentiation (LTP) from the hippocampus in GH and SH 

cohorts treated with vehicle or HC. Two-way ANOVA, Sidak tests.

(D) Schematic of Novel Placement Recognition (NPR) and treatment paradigm.

(E) NPR behavioral studies on GH and SH cohorts treated with vehicle or HC (n = 8 

animals in each group). Welch’s t-test.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 4. Astrocyte-specific deletion of TRPA1 rescues hippocampal circuit function after social 
deprivation
(A) Schematic of Cas9, AAV-based approach for deletion of TRPA1 in hippocampal 

astrocytes and time line of experimental paradigm.

(B) Immunostaining of TRPA1 in hippocampal astrocytes from control and Cre+gRNA, 

groups. (n = 9-18 cells from 2 animals in each group) Two-way ANOVA, Tukey tests.

(C-D) Recording of Long-Term Potentiation (LTP) from the hippocampus in GH and 

SH cohorts treated under control (Cre only) or TRPA1 deletion (Cre+sgRNA) genetic 

conditions. Two-way ANOVA, Tukey tests.

(E) NPR behavioral studies on GH and SH cohorts under control (Cre only) or TRPA1 

deletion (Cre+sgRNA) genetic conditions (n = 5-8 animals in each group). Two-way 

ANOVA, Tukey tests.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 5. Increased release of astrocytic GABA after social deprivation
(A-B) Immunostaining for Maob and GABA in hippocampal astrocytes from Aldh1l1-GFP 

mice after GH or SH paradigms (n = 19-23 cells from 3 pairs of animals). Welch’s t-test.

(C) Representative traces measuring tonic GABA currents in CA1 pyramidal neurons in GH 

and SH cohorts treated with vehicle or HC.

(D-F) Quantification of tonic GABA current (D), sIPSC amplitude (E), and sIPSC frequency 

(F) from the same cohorts and experimental conditions. Two-way ANOVA, Tukey test.

(G) Representative traces measuring tonic GABA currents in CA1 pyramidal neurons in GH 

and SH cohorts with Cre or Cre+sgRNA.
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(H-J) Quantification of tonic GABA current (H), sIPSC amplitude (I), and sIPSC frequency 

(J) from the same cohorts and experimental conditions. Two-way ANOVA, Tukey test.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 6. Maob knockdown rescues hippocampal circuit function after social deprivation
(A) Schematic of AAV-Cre and lentiviral-based shRNA approach for knocking down Maob 

in hippocampal astrocytes and time line of experimental paradigm.

(B) Immunostaining for Maob and Cre-RFP in hippocampal astrocytes from GH or SH after 

Maob knockdown paradigms. (n = 4 pairs of animals) Welch’s t-test

(C) Representative traces measuring tonic GABA currents in CA1 pyramidal neurons in GH 

and SH cohorts Cre plus scramble or Cre plus Maob shRNA.

(D-F) Quantification of tonic GABA current (D), sIPSC amplitude (E), and sIPSC frequency 

(F) from the same cohorts and experimental conditions. Welch’s t-test.
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(G) Recording of Long-Term Potentiation (LTP) from the hippocampus in SH cohorts 

treated under control (Scramble) or Maob knockdown (Maob shRNA) genetic conditions. 

Welch’s t-test.

(H) Schematic for Maob overexpression in hippocampal astrocytes and the timeline of the 

experimental paradigm.

(I) Immunostaining for Maob in hippocampal astrocytes after Maob overexpression from 

GH paradigm. (n = 3 pairs of animals) Welch’s t-test.

(J) NPR behavioral studies on GH cohorts from control or Maob overexpression groups (n = 

7 animals in each group). Welch’s t-test.

(K) Representative traces measuring tonic GABA currents in CA1 pyramidal neurons in 

control or Maob overexpression groups in the GH paradigm.

(L-N) Quantification of tonic GABA current (L), sIPSC amplitude (M), and sIPSC 

frequency (N) from the same cohorts and experimental conditions. (n= 3 animals per group). 

Welch’s t-test.

(O) Recording of Long-Term Potentiation (LTP) from the hippocampus in GH cohorts 

treated under control or Maob overexpression. Welch’s t-test.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 7. Knockdown of Best1 restores hippocampal circuit function after social deprivation
(A) Schematic of AAV-Cre and lentiviral-based shRNA approach for knocking down Best1 

in hippocampal astrocytes and time line of experimental paradigm.

(B) Immunostaining for Best1 in hippocampal astrocytes from SH cohort after Best1 

knockdown paradigm. (n = 3 pairs of animals) Welch’s t-test

(C) Representative traces measuring tonic GABA currents in CA1 pyramidal neurons in SH 

cohorts Cre plus scramble or Cre plus Best1 shRNA.

(D-F) Quantification of tonic GABA current (D), sIPSC amplitude (E), and sIPSC frequency 

(F) from the same cohorts and experimental conditions. Welch’s t-test

(G) Recording of Long-Term Potentiation (LTP) from the hippocampus in SH cohorts 

treated under control (Scramble) or Best1 knockdown (Best1 shRNA) genetic conditions. 

Welch’s t-test. *p < 0.05; ****p < 0.0001.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken anti-GFP (1:1000) Abcam Cat# ab13970, RRID: AB_300798

ouse anti-GFAP (1:1000) EMD Millipore Cat# MAB360, RRID: AB_11212597

Rabbit anti-Sox9 (1:650) EMD Millipore Cat# 211-032-171, RRID: AB_2239761

Guinea pig anti-GABA (1:200) EMD Millipore Cat# HAF016, RRID: AB_91011

Rabbit anti-MAOB (1:200) Proteintech Cat# 12602-1AP, RRID: AB_2137273

Mouse anti-mCherry (1:500 Abcam Cat# ab125096, RRID: AB_11133266

Rabbit anti-TRPA1 (1: 250) Abcam Cat# ab58844, RRID: AB_945957

Rabbit anti-BEST1 (1:250) GeneTex Cat# GTX33037, RRID: NA

Goat anti-Chicken IgY (H+L) Secondary Antibody, Alexa Fluor™ 

488 (1:500)
Thermo Fisher Cat# A11039, RRID: AB_2534096

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor™ 568 (1:500)

Thermo Fisher Cat# A11036, RRID: AB_10563566

Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, 
Alexa Fluor™ 568 (1:500)

Thermo Fisher Cat# A11004, RRID: AB_2534072

Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor™ Plus 488 (1:500)

Thermo Fisher Cat# A32723, RRID: AB_2633275

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor™ 647 (1:500)

Thermo Fisher Cat# A21245, RRID: AB_2535813

Goat anti-Guinea Pig IgG (H+L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor™ 568 (1:500)

Thermo Fisher Cat# A11075, RRID: AB_2534119

Bacterial and virus strains

AAV2/9-pAAV-Gfap-Cre-P2A-TurboRFP Ung et al., 2021 NA

AAV2/9-pAAV-U6-Trpa1 sgRNA-Gfap-mcherry This paper NA

lenti-pSico-Maob shRNA (U6-loxP-CMV-EGFP-loxP-Maob shRNA) Yoon et al., 2014 NA

AAV2/9-CMV-LSL-mCherry-U6-SCR-SE Kwak et al., 2020 NA

AAV2/9-CMV-LSL-mCherry-U6-mBest1-sh-SE Kwak et al., 2020 NA

AAV2/9-GFAP-MAOB-GFP This paper NA

Experimental models: Organisms/strains

Ai96 (RCL-GCaMP6s) JAX lab RRID: IMSR_JAX:024106

Aldh1l1-CreER JAX lab RRID: IMSR_JAX:029655

Rosa26-LSL-Cas9 JAX lab RRID: IMSR_JAX:026175

Chemicals, peptides, and recombinant proteins

Tamoxifen Sigma Cat# T5648

Hoechst Nuclear Stain Thermo Fisher Cat# H3570

APV Tocris Cat# 0106

CNQX Tocris Cat# 1045

GABA Tocris Cat# 0344

BIC Tocris Cat# 0131

Critical commercial assays
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REAGENT or RESOURCE SOURCE IDENTIFIER

Neural Tissue Dissociation Kit Miltenyl Cat# 130-094-802

Red Blood Cell Lysis Solution (10×) Thermo Fisher Cat# 130-094-183

Chromium Single Cell Gene Expression 3v3.1 kit 10X genomics NA

NextSeq 500/550 High Output Kit v2.5 (75 Cycles) Illumina Cat# 20024906

MACS Debris Removal Kit Miltenyl Cat# 130-109-398

MACS Dead Cell Removal Kit Miltenyl Cat# 130-090-101

MiniMACS Separator Miltenyl Cat# 130-042-102

Dynabeads MyOne Silane Beads Thermo Fisher Cat# 37002D

Vectashield Antifade Mounting Medium Vector Laboratories Cat# H-1000

Deposited data

Astrocyte single cell data from GH and SH This paper GSE222785

Software and algorithms

ANYmaze Stoelting Co. NA

Versadat Omnitech Electronics, Inc. NA

10X Cell Ranger (3.0.2) 10X genomics NA

Seurat (version 4.1.0) Hao et al., 2021 NA

DoubletFinder McGinnis et al., 2019 NA

SingleR Aran et al. 2019 NA

enrichR Kuleshov et al., 2016

ClampFit 10.7 software Molecular Devices LLC NA

GECIquant Venugopal et al., 2019 NA

AQuA Wang et al., 2019 NA

Minianalysis Blue cell NA

SigmaPlot 13 SYSTAT NA

Prism 9 Graphad NA

Imaris Oxford instruments NA

Neuron. Author manuscript; available in PMC 2024 April 19.


	Abstract
	Graphical Abstract
	ETOC Blurb
	Introduction
	Results
	Social deprivation enhances astrocytic Ca2+ activity
	TRPA1 regulates social deprivation induced Ca2+
	Inhibition of TRPA1 rescues memory deficits after social deprivation
	Astrocyte-specific knockout of TRPA1 restores learning and memory
	TRPA1 mediates GABA release after social deprivation
	Astrocytic Maob regulates hippocampal circuit function after social deprivation
	Best1 knockdown restores hippocampal circuit function after social deprivation

	Discussion
	Context-dependent properties of astrocytes
	Setting the inhibitory tone of astrocytes

	STAR Methods
	RESOURCE AVAILABILITY
	Lead Contact
	Materials Availability
	Data and Code Availability

	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	METHOD DETAILS
	Immunofluorescence on frozen brain tissues
	Confocal imaging and image analysis
	Behavioral tests
	Open field test
	Elevated plus maze
	Light/dark
	Tube aggression assay
	Tail suspension
	Novel place recognition
	Contextual/cued conditional fear
	Y maze

	Tissue dissociation for single cell
	RNA extraction, library preparation and sequencing
	Single cell RNA-seq analysis
	Stereotactic injection of AAV viruses
	Slice preparation and electrophysiological recording
	Two-photon calcium imaging and analysis

	QUANTIFICATION AND STATISTICAL ANALYSIS

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Table T1

