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Summary

Astrocytes play essential roles in brain function by supporting synaptic connectivity and 

associated circuits. How these roles are regulated by transcription factors is unknown. Moreover, 

there is emerging evidence that astrocytes exhibit regional heterogeneity and the mechanisms 

controlling this diversity remain nascent. Here we show that conditional deletion of the 

transcription factor NFIA in astrocytes in the adult brain results in region-specific alterations in 

morphology and physiology that are mediated by selective DNA binding. Disruptions in astrocyte 

function following loss of NFIA are most pronounced in the hippocampus, manifested by impaired 

interactions with neurons, coupled with diminution of learning and memory behaviors. These 

changes in hippocampal astrocytes did not affect basal neuronal properties, but specifically 

inhibited synaptic plasticity, which is regulated by NFIA in astrocytes through calcium-dependent 
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mechanisms. Together, our studies reveal region-specific transcriptional dependencies for 

astrocytes and identify astrocytic NFIA as a key transcriptional regulator of hippocampal circuits.

Graphical Abstract

ETOC

Astrocytes play essential roles in brain function by supporting synaptic connectivity and 

associated circuits. We found the transcription factor NFIA is required to maintain astrocyte 

function in the hippocampus, through region-specific DNA binding mechanisms. Alterations in 

astrocyte-neuron communication disrupt hippocampal circuit function, resulting in impaired 

learning and memory behaviors.

Introduction

Brain function relies on the coordinated efforts of neurons and glia for the development and 

maintenance of neural circuits. While synaptic connections between neurons remains the 

defining feature of circuit function, direct roles for astrocytes in circuit function have 

recently emerged (Haim and Rowitch, 2017; Khakh and Sofroniew, 2015). Astrocytes are 

the most abundant glial cell in the brain and occupy a variety of roles essential for brain 
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development, function, and homeostasis (Allen, 2014; Molofsky and Deneen, 2015). Among 

these roles, their affiliation with neuronal synapses results in key functions linked to 

neurotransmission and ion homeostasis that directly influence neural circuits throughout the 

brain (Khakh and Sofroniew, 2015; Papouin et al., 2017). These functions of astrocytes are 

mediated in part by their distinct morphology, which is comprised of an elaborate network of 

branches and processes that allow a single astrocyte to contact between tens to hundreds of 

thousands of synapses in the rodent brain (Bushong et al., 2002; Halassa et al., 2007). 

Another defining feature of astrocytes is their expression of channels and transporters that 

allow for the uptake of neurotransmitters and release of neuroactive agents(Anderson and 

Swanson, 2000; Boddum et al., 2016; Woo et al., 2012). While significant advances have 

been made in understanding how these facets of astrocyte biology influence circuit function, 

the transcriptional mechanisms that oversee these processes in mature astrocytes in the adult 

brain remain undefined.

Given the diverse ensemble of neural circuits and the vast spectrum of associated neuronal 

subtypes in the brain, it is possible that astrocytes also exhibit cellular diversity that 

accommodates the local needs of neurons and associated circuits. Recent studies have 

defined the unique cellular, molecular, and functional properties of diverse astrocyte 

populations occupying distinct brain regions (Chai et al., 2017; John Lin et al., 2017; Tsai et 

al., 2012), illustrating regional-specialization of mature astrocytes in the brain. There is 

evidence for both circuit-based (Khakh, 2019; Perea et al., 2014) and developmental 

patterning paradigms as prospective mechanisms that guide the generation of diverse 

astrocyte populations, however the molecules driving this phenomenon remain elusive (Chai 

et al., 2017; Farmer et al., 2016; Hochstim et al., 2008). The involvement of patterning-

associated mechanisms suggests that transcription factors regulate key aspects of astrocyte 

diversity, however whether region-specific transcription factors selectively regulate astrocyte 

function in the adult brain is unknown.

Development offers a potential venue in which to prospectively identify transcription factors 

that operate in mature glial lineages. In oligodendrocytes, Olig2 and Sox10 are expressed 

throughout lineage development, from specification into mature myelinating 

oligodendrocytes, playing critical roles in both developing and mature lineages in the adult 

(Cai et al., 2007; Stolt et al., 2002). Using this parallel for astrocytes, the transcription factor 

Nuclear Factor I-A (NFIA) is induced during the early stages of glial specification and 

continues to be expressed throughout astrocyte differentiation and maturation (Deneen et al., 

2006; Kang et al., 2012). Studies on NFIA have shown that it plays an essential role in both 

early gliogenesis and astrocyte differentiation in the developing spinal cord (Deneen et al., 

2006). Moreover, studies on NFIA germline knockout lines revealed early post-natal 

lethality, coupled with severe cortical abnormalities, indicating that it is plays an essential 

role in brain development and other non-CNS lineages (das Neves et al., 1999). Despite 

these well-defined roles in early glial development, whether NFIA contributes to mature 

astrocyte function in the adult brain remains unknown.

As recent transcriptomic data from mature astrocytes revealed that NFIA is expressed in 

astrocyte populations found in numerous brain regions (Chai et al., 2017; John Lin et al., 

2017), we aimed to delineate its role in the adult brain through temporal-conditional 
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knockout. Analysis of astrocytes across several brain regions revealed region-specific 

alterations in their morphology, physiology, gene expression signatures, and capacity of 

NFIA to bind DNA. These region-specific dependencies were most pronounced in the 

hippocampus, where NFIA-deficient astrocytes demonstrated impaired calcium activities, 

detection of neurotransmitters, and decreased proximity to neurons. These changes in 

astrocyte physiology impacted hippocampal circuits, where long term potentiation (LTP) 

was inhibited and learning and memory behaviors were impaired. Together, these studies 

reveal novel transcriptional mechanisms that oversee adult astrocyte function in a region-

specific manner and identify NFIA function in astrocytes as a key regulator of hippocampal 

circuits.

Results

Loss of NFIA selectively reduces morphological complexity of adult astrocytes

To confirm that NFIA is expressed in mature astrocytes from diverse regions of the adult 

brain, we performed co-immunostaining with NFIA and GFP in 12-week-old Aldh1l1 -GFP 
reporter mice. This analysis revealed that >80% of Aldh111 -GFP expressing astrocytes co-

expressed NFIA in several brain regions, indicating that it is expressed in astrocytes 

throughout the adult brain (Fig. 1A–D, J; Supplemental Fig. S1A–I).

We next asked how NFIA contributes to the function of diverse populations of mature 

astrocytes. Given its essential role in glial and astrocyte development, coupled with the early 

post-natal lethality of the germline knockout, our studies required the generation of temporal 

and lineage specific knockout alleles. Therefore, we generated a floxed NFIA allele 

(NFIAfl/fl) and intercrossed it with a recently developed Aldh1l1-CreER line and the 

Aldh1l1-GFP reporter, producing the NFIAfl/fl; Aldh1l1-CreER; Aldh1l1-GFP (AAG) 

mouse line. This allelic combination enabled us to temporally control deletion of NFIA in 

astrocytes in the adult brain. We began tamoxifen administration at P35, which allowed us to 

by-pass any developmental role for NFIA (Fig. 1I) (Ge et al., 2012) and found that it was 

efficiently deleted in Aldh111 -GFP astrocytes in the olfactory bulb, cortex, hippocampus, 

and brainstem two months after treatment (~P100) (Fig. 1A–J; Supplemental Fig. S1J–Y).

Initially, we stained P100 AAG-KO and AAG-Con mice for the established astrocyte 

marker, GFAP, which revealed selective reduction in the hippocampus and cortex, but not in 

the in olfactory bulb or brainstem (Supplemental Fig. S1Z–GG). In the process of our 

analysis, we noticed that the Aldh1l1-GFP labeled astrocytes from the AAG-KO mice 

demonstrated reduced morphological complexity (Fig. 1L vs P, M vs Q). Strikingly, this 

simplified astrocyte morphology was only present in the hippocampus and the cortex, with 

astrocytes from the olfactory bulb and brainstem of AAG-KO mice exhibiting normal 

morphologies (Fig. 1K vs O, N vs R).

To further characterize these region-specific changes in astrocyte morphology, we performed 

high-resolution confocal imaging, and quantified a host of established parameters associated 

with astrocyte morphology (Fig.1W–DD). Strikingly, we found that Aldh111-GFP 

astrocytes from the CA1 region of the hippocampus from AAG-KO mice demonstrated 

drastically reduced complexity, number of major branches, and total process length (Fig. 1U, 
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EE–FF). Further analysis of astrocytes in layer 2/3 of the prefrontal cortex revealed marginal 

changes in complexity and process length, while analysis of the olfactory bulb and brainstem 

showed no changes in these features (Fig. 1S–V, EE–FF). To determine whether these 

phenotypes progressed over time, we harvested AAG-KO and AAG-Con mice at ~P160, 

finding a similar phenomenon: diminished astrocyte complexity in the hippocampus, 

marginal changes in the cortex, and no changes in the olfactory bulb or brainstem 

(Supplemental Fig. S2A–V).

Next, we generated NFIAfl/fl; Aldh1l1-CreER; tdTomato (AAT) mice, which enabled us to 

directly label astrocytes that underwent Cre-recombination. Analysis of tdTomato-labeled 

astrocytes in AAT-Con and AAT-KO mice two months after tamoxifen treatment also 

revealed reduced complexity in hippocampal astrocytes lacking NFIA, while the 

morphology of brainstem astrocytes was unaffected (Supplemental Fig. S2W–GG). Finally, 

we quantified the number of astrocytes in the AAG-KO mice and did not observe any 

changes in the gross number of astrocytes at ~P160 across all sampled brain regions, 

suggesting loss of NFIA does not lead to cell death (Supplemental Fig. S3). Together, these 

studies indicate that NFIA expression in adult astrocytes is required to maintain 

morphological complexity of astrocytes in the hippocampus and cortex.

NFIA-deficient astrocytes exhibit impaired calcium activity in the hippocampus

Because the physiological activities of astrocytes are reliant upon their complex 

morphology, we next examined whether loss of NFIA influences astrocyte activity across 

these brain regions. While astrocytes are not electrically active, they exhibit dynamic 

calcium activities in their soma and processes, which is considered a direct measure of their 

physiological activities (Guerra-Gomes et al., 2017).

To determine whether NFIA-deficient astrocytes in the olfactory bulb, cortex, hippocampus, 

and brainstem display alterations in calcium (Ca2+) activity, we generated NFIAfl/fl; 
Aldh1l1-CreER; GCaMP6s (AA6) mice. These mice contain a genetically encoded calcium 

indicator (GCaMP6s) downstream of a floxed STOP cassette such that GCaMP6s is 

exclusively expressed in astrocytes in the AA6 mouse. To determine whether Ca2+ activity is 

impaired in the absence of NFIA, we generated brain slices from AA6-Con and AA6-KO 

mice four months after induction (~P160) and performed two-photon imaging to assess Ca2+ 

dynamics, under basal conditions, from the following regions: i) external plexiform layer of 

the olfactory bulb (Fig. 2A,B), ii) layer 2/3 of the prefrontal cortex (Fig. 2C,D), iii) medulla 

oblongata of the brainstem (Fig. 2E,F), and iv) CA1 of the hippocampus (Fig. 2G,H). Using 

previously established algorithms and approaches to quantify Ca2+ activity in astrocytic 

soma and microdomains within processes(Srinivasan et al., 2015), we found significantly 

reduced activity in both the soma and microdomains in hippocampal CA1 astrocytes from 

AA6-KO mice compared to controls (Fig. 2O–R; Supplemental Fig. S4Q–R). In contrast, 

parallel analysis of Ca2+ activity in soma and microdomains in astrocytes from the olfactory 

bulb, cortex, and brainstem did not reveal any changes between the AA6-KO and controls 

(Fig. 2A–F, I–N, Q–R; Supplemental Fig. S4Q–R).

To further evaluate the physiological properties of NFIA-deficient astrocytes, we performed 

whole-cell patch clamp recordings on AAG-KO and control astrocytes from the olfactory 
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bulb, cortex, hippocampus, and brainstem. Stepped voltage injections revealed no 

differences in the current-voltage (IV) relationship between AAG-KO and AAG-Con 

astrocytes from each of these regions, displaying characteristic linear IV curve with similar 

slopes (Supplemental Fig. S5A–C), indicating that loss of NFIA in astrocytes does not affect 

their general membrane properties. Critically, we also identified a reduction in membrane 

capacitance in AAG-KO astrocytes specifically from the hippocampus (Supplemental Fig. 

S5D), which is consistent with the simplified morphology exhibited by these populations 

(Fig. 1Q,U). Together, these studies indicate that while the general membrane properties of 

astrocytes lacking NFIA remain intact, Ca2+ activity is selectivity impaired in NFIA-

deficient astrocytes in the hippocampus. These observations, in conjunction with our 

morphological analysis, suggest that hippocampal astrocytes are selectively dependent upon 

NFIA expression to maintain morphological integrity and physiological activity.

Hippocampal-associated behaviors are impaired in NFIA-deficient mice

Numerous studies have shown that modulating astrocyte Ca2+ activity can influence 

behavioral outputs associated with many brain regions (Adamsky et al., 2018; Oliveira et al., 

2015a; Yu et al., 2018). Having identified region-specific alterations in Ca2+ activity in 

astrocytes-lacking NFIA, we next evaluated whether behaviors associated with each brain 

region were impacted in mice lacking astrocytic-NFIA(Abraham et al., 2010) (Phillips and 

LeDoux, 1992; Smith et al., 2013). We first evaluated performance in tasks measuring a 

series of basic activities including general locomotor activity, anxiety, and stereotypic 

behavior by open field test and found no change in any of these basic parameters in AAG-

KO animals compared to controls (Supplemental Fig. S5S–V). Moreover, there were no 

gross changes in animal body weight or general health that would impact behavioral 

performance (Supplemental Fig. S5CC).

The cortex is associated with a multitude of behavioral outputs, therefore, we focused our 

behavioral analysis on the olfactory bulb, brainstem, and hippocampus because these regions 

have more clearly defined associated behaviors. To assess behavioral outputs associated with 

the olfactory bulb and brainstem, we performed odor detection and unrestrained whole body 

plethysmography (uWBP) assays, respectively. As shown in Fig.2S, there was no difference 

in odor detection concentration threshold, as indicated by the rise of zone preference index 

at 10−5 (R)-Limonene, and no difference in the breathing rate (upper panel) or tidal volume 

(lower panel) between AAG-Con and AAG-KO (Fig. 2T) (see methods). These data indicate 

that behaviors associated with the olfactory bulb and brainstem are unaffected in mice 

lacking astrocytic-NFIA.

To determine whether behaviors associated with the hippocampus are affected, we 

performed a series of spatial learning and memory assays. First, we evaluated associative 

learning by performing fear conditioning tests finding that AAG-KO mice demonstrated 

~40% decrease in contextual fear (Fig. 2U, upper panel); these deficiencies are not due to 

differences in conditioning during the training phase (Supplemental Fig.5W–X). 

Examination of spatial memory by novel place recognition revealed that AAG-KO mice 

displayed no preference for objects in the novel location (Fig. 2U, lower panel). Finally, to 

assess working memory we performed the y maze test (Supplemental Fig. 5AA–BB), 
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finding that AAG-KO mice showed decreased rate of choosing alternate arms. In both of 

these cases, the identified deficiencies are not due to alterations in activity during the 

behavior (Supplemental Fig.5X–Z). These results indicate that the AAG-KO mice have 

deficits in learning and memory that are consistent with defects in hippocampal function. 

Moreover, our observations that odor detection, breathing, and motor behaviors are 

unaffected further suggest that the effects of NFIA-loss are selective for hippocampal 

astrocytes.

NFIA regulates region-specific gene expression programs in astrocytes

The forgoing studies indicate that astrocytes in the hippocampus have the most pronounced 

dependency on NFIA across the evaluated morphological, physiological, and behavioral 

criteria. These data, coupled with recent studies demonstrating regional diversity of 

astrocytes (Chai et al., 2017; Morel et al., 2017), led us to hypothesize that NFIA regulates 

region-specific transcriptional programs. Towards this, we performed whole transcriptome 

RNA-Sequencing on FACS-isolated astrocytes from the hippocampus, cortex, olfactory 

bulb, and brainstem of AAG-Con and AAG-KO mice (Supplemental Fig. S6A–D) four 

months after tamoxifen injection (~P160). Analysis entailed intra-regional comparisons 

between AAG-KO and AAG-Con to identify differentially expressed genes using p<0.01, 

1.5 fold change cutoffs (Fig. 3A–D). This analysis revealed a substantial number of 

differentially expressed genes in the hippocampus, whereas the cortex, olfactory bulb, and 

brainstem showed significantly fewer changes in gene expression (Fig. 3E,F; Supplemental 

Fig. S7A–C; Supplemental Table 1). Gene Ontology (GO) analysis of the identified 

differentially expressed genes in the hippocampus revealed enrichment in genes with 

functions associated with actin organization, collagen binding, cell-cell junctions, and 

integrins (Fig. 3G,H). These GO terms are processes linked to cellular architecture and are 

congruent with our observed changes in the morphology of hippocampal astrocytes. 

Furthermore, GO terms linked to calcium ion binding were also reduced in hippocampal 

astrocytes from AAG-KO mice (Fig. 3G,H), which is consistent with the observed reduction 

in Ca2+ activity (Fig. 2O–R). Next, we used qRT-PCR to validate the expression of a cohort 

of genes with functions associated with cell architecture and calcium handling, confirming 

the down regulation of these genes in astrocytes from AAG-KO mice (Fig. 3I). Further, we 

extended these validation studies to include immunofluorescence staining of Trpv4 (calcium 

channel)(Ciura et al., 2018) and Plek2 (actin cytoskeletal regulation)(Hamaguchi et al., 

2007), finding decreased expression of both proteins in AAG-KO astrocytes (Fig. 3H–Q). 

Together, these data indicate that loss of NFIA significantly alters the molecular properties 

of hippocampal astrocytes and these alterations are more pronounced than those found in 

astrocytes from other brain regions.

To further examine how NFIA regulates gene expression programs in astrocytes, we 

performed ChIP-Seq to delineate NFIA binding patterns in the hippocampus and olfactory 

bulb, which were used as prototypes for regions affected and unaffected by loss of NFIA, 

respectively. Evaluating core promoter regions bound by NFIA revealed a striking difference 

in promoter binding between these regions, with NFIA binding 1,730 core promoter regions 

in the hippocampus and only 75 in the olfactory bulb (Fig. 3I,J). Critically, this difference in 

NFIA’s capacity to bind DNA is not the result of differential expression between these 
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regions as NFIA was equally expressed and immunoprecipitated in the olfactory bulb and 

hippocampus (Supplemental Fig. S1A–I, S7D–E). These data, in conjunction with the 

transcriptomic data, indicate that NFIA plays a more critical role in gene regulation in the 

hippocampus than other regions in part due to its differential capacity to bind DNA in 

different brain regions.

NFIB inhibits NFIA DNA binding in the olfactory bulb

The region-specific DNA binding properties of NFIA in the olfactory bulb and hippocampus 

raise the question of how this phenomenon is regulated. One possibility is that NFIA has 

different binding partners across these regions that modulate its capacity to bind DNA. 

Therefore we next performed immunoprecipitation (IP) with NFIA from the olfactory bulb 

and hippocampus, followed by mass-spectrometry (Fig. 4D). Strikingly, amongst the 

proteins that specifically interact with NFIA in the olfactory bulb (and not the 

hippocampus), we identified NFIB as the top candidate (Fig. 4E; Supplemental Figure 7I; 

Supplemental Table 2). Next, we performed IP with NFIB in the olfactory bulb and 

hippocampus, followed by NFIA immunoblot, confirming that NFIA and NFIB strongly 

associate in the olfactory bulb and exhibit much less association in the hippocampus (Fig. 

4F).

The expression of NFIB in olfactory bulb astrocytes (Lozzi et al., 2020), coupled with its 

strong association with NFIA in this region led us to examine whether NFIB association 

with NFIA in the OB inhibits the capacity of NFIA to bind DNA. To test this, we performed 

AAV-shRNAi knockdown of NFIB in the olfactory bulb, followed by NFIA ChIP-Seq (Fig. 

4G). As shown in Figure 4H–N, efficient knockdown of NFIB in the olfactory bulb was 

achieved and NFIA expression was unaffected. Subsequent NFIA ChIP-Seq revealed a 

dramatic increase in NFIA binding of DNA in the olfactory bulb when NFIB expression was 

reduced; in the NFIB knockdown conditions NFIA bound 750 core promoters compared to 

22 core promoters in the control (Fig. 4S–U). Together, these data indicate that enhanced 

association of NFIA with NFIB in the olfactory bulb prevents NFIA from binding DNA.

Astrocyte-neuron proximity is decreased in the hippocampus of NFIA-deficient mice

Our observations that NFIA-deficient astrocytes in the hippocampus exhibit reduced 

morphological complexity (Fig. 1M, Q, U), diminished Ca2+ activities (Fig. 2O–R), and 

marked changes at the molecular level (Fig. 3A, E), that are coupled with impaired learning 

and memory in AAG-KO mice (Fig. 2U), raised the question of how these alterations affect 

astrocyte-neuron communication and ultimately the local circuits that reside in the 

hippocampus. A central feature of astrocyte-neuron crosstalk is the juxtaposition of 

astrocytic processes with neuronal synapses. Given that we observed reduced morphological 

complexity in hippocampal astrocytes in AAG-KO mice (Fig. 1M, Q, U), we next sought to 

determine whether loss of NFIA affected the proximity of astrocytes to neurons in the 

hippocampus.

Towards this we used a recently developed imaging-based assay termed Neuronal-Astrocyte-

Proximity-Assay (NAPA), which utilizes Förster resonance energy transfer (FRET)(Octeau 

et al., 2018). Expression of the FRET donor GFP (NAPA-a) on astrocytic membranes and 

Huang et al. Page 8

Neuron. Author manuscript; available in PMC 2021 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FRET acceptor mCherry (NAPA-n) on presynaptic membranes allows detection of FRET 

signal at synaptic scale distances (Fig. 5A). To test neuron-astrocyte proximity in the 

hippocampus, we used NFIAfl/fl; Aldh1l1-CreER (AA-Con or AA-KO) mouse lines and we 

injected AAV containing NAPA-n into CA3 and NAPA-a into CA1 of AA-Con or AA-KO 

mice (Fig. 5B,C). Two weeks after injection, we harvested brains and used confocal imaging 

to detect FRET signal in CA1 astrocytes (Fig. 5D–K), finding that AA-KO mice had 

significantly reduced FRET signal per defined astrocyte territory in CA1 (Fig. 5L–M). 

Importantly, this reduction in FRET signal is not due to the differential expression of AAV-

GFAP-NAPA-a across AA-con and AA-KO mice (Supplemental Fig. S6G–I). These 

observations indicate that astrocyte proximity to presynaptic terminals is altered in the 

hippocampus of AA-KO mice.

Loss of NFIA disrupts astrocyte cross-communication with neurons.

These observed changes in astrocyte proximity to neurons raise the question of whether their 

cross-communication is also disrupted. Therefore, we next examined whether NFIA-

deficient astrocytes exhibited impaired handling of neurotransmitters. To test this, we 

evaluated detection of extracellular glutamate and GABA in CA1 hippocampal astrocytes 

using intensity-based glutamate-sensing fluorescent reporter (iGluSnFR) or GABA-sensing 

fluorescent reporter (iGABASnFR)(Jiang et al., 2016). We generated AAV-containing 

iGluSnFR under control of the GFAP promoter, injected CA1 region of the hippocampus 

from AA-KO or AA-Con mice after TM induction (Fig. 5N). Exploiting the well-defined 

local circuits in the hippocampus, we stimulated the Schaffer collateral pathway in CA3 and 

imaged sensor activity in CA1 using two photon imaging (Fig. 5N). These studies revealed 

reduced detection of extracellular glutamate in astrocytes in the AA-KO mice (Fig. 5O–S). 

The same experimental paradigm with the AAV-GFAP-iGABASnFR revealed a similar 

reduction in the detection of extracellular GABA in AA-KO mice (Supplemental Fig. S8A–

F). Together with the iGluSnFR data, these results suggest that NFIA-deficient astrocytes 

exhibit impaired detection of extracellular neurotransmitters.

To directly test whether neurotransmitter uptake was impaired in NFIA-deficient astrocytes, 

we measured synaptically-induced glutamate transporter currents (STCs), an inward current 

sensitive to glutamate transporter antagonist (TBOA, see method), in hippocampal CA1 

astrocytes (Fig. 5T)(Afzalov et al., 2013; Bergles and Jahr, 1997). We found drastic 

reduction of STCs in NFIA-deficient astrocytes (Fig. 5U–W), consistent with a reduction of 

extracellular glutamate sensing (Fig. 5P–S). Critically, analysis of input-output curves in 

evoked EPSC/IPSC from CA1 pyramidal neurons did not reveal any changes between AAG-

Con and AAG-KO (Fig. 6K–M). These data indicate that diminished neurotransmitter 

detection and uptake in AAG-KO astrocytes was not due to alterations in neurotransmitter 

release from neurons, further reinforcing the results of the iGluSnFR and STC studies.

Sensing of glutamate by astrocytes can induce increases in Ca2+ activity(Parpura et al., 

1994; Wang et al., 2006), raising the question of whether synaptically induced Ca2+ 

responses are also diminished in AAG-KO astrocytes. Towards this, we assessed whether 

astrocytes from AA6-KO mice had altered Ca2+ responses in response to neuronal 

stimulation. Using stimulation of the Schaffer collateral pathway in CA3, we measured Ca2+ 
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responses in CA1 astrocytes, finding that astrocytes from AA6-KO mice did not elicit 

synaptically induced Ca2+ responses, while controls elicited a robust response (Fig. 5X–

CC). Collectively, the observed reductions in: i) neuron-astrocyte proximity, ii) detection of 

extracellular neurotransmitters, iii) glutamate transporter current, and iv) synaptically-

induced Ca2+ activity, indicate that astrocyte-neuron communication is compromised in 

NFIA-deficient astrocytes in the hippocampus.

Synaptic plasticity is inhibited in the presence of NFIA-deficient astrocytes

Astrocytes lacking NFIA in the hippocampus exhibit several phenotypes that suggest the 

associated neuronal circuits are also dysregulated. To determine whether astrocytic-loss of 

NFIA influences neuronal function, we first evaluated the basal activities of CA1 pyramidal 

neurons in the hippocampus, finding that neuronal excitability was unaffected (Fig. 5A–D). 

Furthermore, we examined synaptic transmission by measuring the spontaneous EPSC/IPSC 

(Fig. 6E–J), input-out curves in evoked EPSC/IPSC (Fig. 6K–M) and release probability by 

measuring the paired pulse ratio (Fig. 6N,O). We did not identify any gross differences 

between AAG-Con and AAG-KO conditions in these basal synaptic properties. Overall, we 

found the basal properties of CA1 hippocampal neurons to have remained largely intact, 

suggesting they are generally unaffected by the changes in astrocytes elicited by loss of 

NFIA.

A defining feature of the CA3-CA1 hippocampal circuit is the induction of synaptic 

plasticity via LTP, a physiological phenomenon that is regulated, in part, by 

astrocytes(Henneberger et al., 2010; Shigetomi et al., 2013). This form of synaptic plasticity 

is the physiological correlate of learning and memory(Bliss and Collingridge, 1993; Lynch, 

2004) and several studies have shown that alterations in astrocytic Ca2+ can influence these 

behaviors(Adamsky et al., 2018; Oliveira et al., 2015b). Given the changes associated with 

loss of NFIA in hippocampal astrocytes, we next examined LTP in this context. We induced 

LTP via theta burst stimulation (TBS) in the Schaffer collaterals pathway, measuring 

eEPSCs in CA1 pyramidal neurons by whole-cell patch clamping, and found a dramatic 

inhibition of LTP in AAG-KO mice compared to AAG-Con (Fig. 7A,C,I). Together, these 

studies indicate that NFIA function in astrocytes plays an essential role in synaptic plasticity 

and identify transcriptional mechanisms in astrocytes that oversee circuit function in the 

hippocampus.

Increasing Ca2+ activity in NFIA-deficient astrocytes rescues synaptic plasticity

Several lines of evidence from prior studies indicate that astrocytic Ca2+ activity plays a key 

role in LTP(Henneberger et al., 2010). Interestingly, hippocampal astrocytes lacking NFIA 

exhibit stark decreases in spontaneous and synaptically-induced Ca2+ activity (Fig. 2O–R; 

Fig. 5AA–CC), that are coupled with diminished LTP (Fig. 7C). Moreover, transcriptome 

analysis indicated that genes associated with calcium ion binding and handling were 

downregulated in NFIA-deficient astrocytes in the hippocampus (Fig. 3G). Put together, 

these observations raise the possibility that reduced Ca2+ activity contributes to the deficits 

in LTP in NFIA-deficient astrocytes.
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To determine whether reduced Ca2+ activity in NFIA-deficient astrocytes decreases LTP, we 

employed an approach using adeno associated viral (AAV) hM3Dq designer receptors 

exclusively activated by designer drugs (DREADD) to restore Ca2+ activity in hippocampal 

CA1 astrocytes of AAG-KO mice (Fig. 7B). We injected AAV-GFAP-hM3Dq into 

hippocampal CA1 region and confirmed that clozapine-N-oxide (CNO, 1 μM) restored Ca2+ 

activity in AA6-KO (Supplementary Fig. S8G–M). Finally, we measured LTP from hM3Dq-

injected AAG-KO in the presence of CNO and found that hM3D-mediated restoration of 

Ca2+ activity in NFIA-deficient astrocytes rescued LTP (Fig. 7D,I), indicating that NFIA 

regulation of Ca2+ activity in astrocytes plays a key role in maintaining synaptic plasticity in 

the hippocampus.

Astrocytic control of LTP is mediated, in part, by Ca2+-dependent release of D-

serine(Henneberger et al., 2010; Shigetomi et al., 2013), raising the question of whether the 

diminution of LTP in NFIA-deficient astrocytes is due to defects in astrocytic D-serine. To 

address this, we determined whether D-serine tone is reduced in the CA1 region of the 

hippocampus in AAG-KO mice by measuring evoked NMDAR current in CA1 pyramidal 

neurons using GluN1 glycine binding site antagonist, DCKA(Leeson et al., 1991) and 

exogenous D-serine. We found a significant decrease in DCKA-sensitive current and an 

increase of D-serine induced current in astrocytes following loss of NFIA (Fig. 7E–G), 

suggesting reduced D-serine tone in AAG-KO. We next determined whether exogenous D-

serine was sufficient to restore LTP in AAG-KO by treating AAG-KO and control 

hippocampal slices with D-serine and recording LTP. We found that addition of D-serine 

rescued LTP in the AAG-KO mice (Fig. 7H–I). This result, coupled with LTP rescue by 

GqDREADD in AAG-KO mice, indicates that NFIA regulates Ca2+- dependent D-serine 

release in hippocampal astrocytes during synaptic plasticity.

Discussion

Region-specific transcriptional control of astrocyte function

Transcription factors control every facet of cell physiology, yet their contributions to 

astrocyte function in the adult brain remain poorly defined. Our studies employed newly 

developed and highly specific approaches for temporal-conditional deletion of the 

transcription factor NFIA in astrocytes in the adult brain (Srinivasan et al., 2016). Analysis 

of astrocyte morphology, Ca2+ activity, region-associated behaviors, and gene expression 2–

4 months after deletion revealed region-specific dependencies on NFIA: these criteria 

remain largely intact in cortex, brainstem, and olfactory bulb, while astrocytes in the 

hippocampus displayed reduced morphological complexity, diminished Ca2+ activity, 

impaired learning and memory, and significant alterations in gene expression. Furthermore, 

our data suggests that these region-specific effects on astrocytes did not progress, as the 

brainstem and olfactory bulb did not demonstrate altered morphologies four months after 

NFIA deletion (Supplemental Fig. S3). Recent studies on aging astrocytes revealed altered 

morphologies and drastic changes in their gene expression profiles(Boisvert et al., 2018; 

Jyothi et al., 2015). It will be important to decipher whether loss of NFIA accelerates these 

aging-induced changes in select regions and whether olfactory bulb and brainstem display 

latent dependencies. In addition, it’s important to note that even though astrocytes from the 
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olfactory bulb and brainstem appear normal, loss of NFIA resulted in the dysregulation of 

~200 genes in each region (Fig. 3E). Given these significant molecular changes, it is 

possible that these astrocytes exhibit functional alterations that we cannot detect given 

current technologies or that they require pathological states to manifest.

Transcriptional regulation in the CNS has long been viewed through the lens of 

development, with transcriptional control of mature neuronal or glial function in the adult 

brain remaining poorly defined. To our knowledge, these findings with NFIA are the first 

example of a region-specific transcriptional dependency operant in the adult brain for 

astrocytes. Several recent studies interrogated the molecular diversity of astrocytes from 

different brain regions and the identification of region-specific transcription factor 

expression profiles was limited(Chai et al., 2017; Lozzi et al., 2020; Morel et al., 2017). 

Despite being expressed in a vast majority of astrocytes, NFIA exhibits region-specific 

functions, with enhanced association with NFIB in the olfactory bulb suppressing the ability 

of NFIA to bind DNA (Fig. 4). Given that NFIA and NFIB cooperatively regulate astrocyte 

development, it is surprising that they have an antagonistic relationship in mature astrocytes 

from the olfactory bulb. These findings raise several questions about the interrelationships 

between NFIA and other NFI-family members (NFIX and NFIC) and whether inhibitory (or 

cooperative) relationships exist in astrocytes from other brain regions. Taken further, given 

that NFIB and NFIX are also expressed in mature astrocytes in the adult brain (Lozzi et al., 

2020), it will be important to decipher whether these other NFI-family members contribute 

to mature astrocyte function, in a region specific manner in the adult brain. In light of the 

region-specific dependencies for NFIA expression, one intriguing possibility is that 

astrocytes from different brain regions are dependent upon different members of the NFI-

family, raising the possibility that a region-specific NFI-family transcription factor code 

regulates astrocyte function across the adult brain.

Insights into astrocyte control of neuronal circuits

Astrocyte morphology is intimately linked to their function and our observations that 

hippocampal astrocytes lacking NFIA display alterations in morphology led us to examine a 

host of core astrocyte functions. These studies revealed impaired Ca2+ activity and detection 

of neurotransmitters that are coupled with decreased proximity to neurons. Examination of 

the transcriptomic data from NFIA-deficient astrocytes revealed the dysregulation of many 

genes linked to cell structure, morphogenesis, and Ca2+ handling (Fig. 3G), suggesting that 

NFIA regulates the maintenance of both morphology and function. In support of this, our 

finding that LTP is rescued by GqDREADD-driven restoration of astrocytic Ca2+ in AAG-

KO mice indicates that NFIA target genes likely function in part through Ca2+-dependent 

mechanisms during synaptic plasticity. Widespread roles in regulating cellular homeostasis 

are not surprising given that transcription factors regulate a spectrum of genes that can 

influence several aspects of cell physiology. Future studies on NFIA in hippocampal 

astrocytes will be aimed at dissecting these gene networks and essential downstream 

effectors mediating these roles. More broadly, these findings further suggest that other 

transcriptional dependencies exist for astrocytes from other brain regions.
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Because our manipulations occurred after circuits in the hippocampus were established in 

the adult brain, our studies provide insight into the roles of astrocytes in maintaining 

established circuit function. We found that the changes in astrocytes driven by loss of NFIA, 

did not influence basal neuronal properties in CA1 of the hippocampus (Fig. 6). It is possible 

that with more time, under these specific astrocytic conditions, we would observe changes in 

basal neuronal physiology, though we analyzed groups four months after deletion. 

Strikingly, we observed an effect specifically during synaptic plasticity, where astrocytic-

loss of NFIA resulted in a nearly complete inhibition of LTP-induced synaptic plasticity. 

These changes in LTP were coupled with impaired learning and memory behaviors, 

indicating that astrocytes “are needed when called upon” in established hippocampal 

circuits. Under basal conditions, in the context of NFIA-deficient astrocytes, close astrocyte-

neuron proximity is dispensable, whereas under stimulated conditions close astrocyte 

proximity is required to facilitate plasticity-dependent circuit function.

Our findings are seemingly at odds with several studies showing roles for astrocytes in basal 

neuronal function in the hippocampus(Fiacco and McCarthy, 2004; Panatier et al., 2011; 

Pascual et al., 2005; Santello et al., 2011). However, when reconciling these disparities we 

must consider fundamental differences in the methodological approaches employed towards 

the study of astrocyte. First, a majority of studies on astrocytes in this context employ acute 

pharmacological manipulations in slices, while our studies rely on in vivo, genetic deletion 

in mature astrocytes. Second, we assess circuit function 2–4 months after the genetic 

deletion of NFIA, while most pharmacological studies assess function immediately after or 

during drug treatment. Third, our studies genetically delete a transcription factor, while these 

pharmacological and other genetic approaches mainly rely on manipulating channel and 

receptor activities. Given these fundamental differences, it is difficult to directly correlate 

these studies. Nevertheless, the collective observations that acute pharmacological 

manipulations and chronic genetic manipulations yield contrasting results likely tells us 

something about adaptation of basal circuit function in the hippocampus. In our case 

(chronic, genetic), the circuit has had time to adapt to loss of astrocyte proximity and has 

compensated accordingly. In the case of the acute, pharmacological manipulations(Fiacco 

and McCarthy, 2004; Panatier et al., 2011), the system has not had time to compensate. 

Critically, these compensatory concepts only apply to basal circuit function, as the circuit 

has not properly adapted to evoked LTP conditions (i.e. synaptic plasticity) under chronic, 

genetic conditions.

Our methodologies allowed us to explore different facets of neuron-astrocyte interactions in 

established hippocampal circuits, enabling us to reinforce and expand several aspects of 

astrocyte contributions to synaptic plasticity. The role of astrocytic calcium in LTP has been 

somewhat controversial(Bazargani and Attwell, 2016; Savtchouk and Volterra, 2018), with 

recent evidence supporting a direct role in LTP induction(Henneberger et al., 2010; 

Shigetomi et al., 2013), conflicting with other observations suggesting that it does not 

contribute to LTP(Agulhon et al., 2010). Our data show that loss of astrocytic NFIA 

dramatically reduces Ca2+ (Fig. 2O–R) and this reduction is correlated with impaired LTP 

(Fig. 7C). Moreover, we show that GqDREADD-driven restoration of astrocytic Ca2+ in 

AAG-KO mice restores LTP (Fig. 7D), further reinforcing a role for astrocytic Ca2+ activity 

in LTP. It’s important to note that the acute CNO administration (i.e. 5min prior to 
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recording) is unlikely to be sufficient to restore morphology and that restoration of LTP 

under these conditions is likely due to an increase in the release of Ca2+-dependent release 

of gliotransmitters.

Among gliotransmitters released from astrocytes, D-serine plays a critical role in astrocyte 

regulation of LTP(Henneberger et al., 2010; Shigetomi et al., 2013). We found that 

supplementing D-serine is able to rescue LTP in the AAG-KO mice and that general D-

serine tone is reduced as well. These effects are unlikely to be the result of defects in D-

serine synthesis in astrocytes, as serine racemase expression was unaffected in the AGG-KO 

mice but instead suggests that either release by astrocytes or uptake at the synapse is 

abnormal. In light of our data, both scenarios are possible. Release of D-serine is calcium-

dependent and NFIA-deficient astrocytes exhibit defective Ca2+ activity. While neurons in 

the AAG-KO mouse appear normal, it is possible that lower amounts of astrocytic D-serine 

reach the post-synaptic terminal owing to the decreased astrocyte complexity, which 

manifests as decreased astrocyte-neuron proximity.

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 and ChIP-seq dataset generated during this 

study are available at the NCBI GEO website. RNA-seq, accession GEO: GSE146000. 

ChIP-seq, accession GEO: GSE146064.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—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. For ex vivo and 

in vivo experiments, adult mice aged 3-month or 5-month were used unless otherwise 

described. All mice used in this study were maintained on the C57BL/6J background. NFIA 

conditional knockout mice were generated by crossing NFIA fl/fl conditional mutant mice 

(Scavuzzo, et al. 2018). with Aldh1l1-CreER (The Jackson Laboratory; 

RRID:IMSR_JAX:029655), resulting in NFIAfl/fl; Aldh1l1-CreER (AA-KO) and NFIAfl/fl 
(AA-Con) littermate controls. For histological analysis, the Aldh111 -GFP mouse was 

crossed with AA-KO, resulting in NFIAfl/fl; Aldh1l1-CreER; Aldh1l1-GFP (AAG-KO) and 

NFIAfl/fl; Aldh1l1-GFP (AAG-Con) mice. To analyze calcium activity, the Ai96 (RCL-

GCaMP6s) mouse (The Jackson Laboratory; RRID:IMSR_JAX:024106) was crossed with 
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AA-KO, resulting in NFIAfl/fl; Aldh1l1-CreER; Rosa-LSL-GCaMP6s (AA6-KO) and 

NFIAfl/+; Aldh1l1-CreER; Rosa-LSL-GCaMP6s (AA6-Con) mice. For morphological 

analysis using tdTomato labeling, the Ai9(RCL-tdT) mice (The Jackson Laboratory, 

RRID:IMSR_JAX:007909) was crossed with AA-KO, resulting in NFIAfl/fl; Aldh1l1-
CreER; Rosa-LSL-tdTomato (AAT-KO) and NFIAfl/+; Aldh1l1-CreER; Rosa-LSL-
tdTomato (AAT-Con) mice. To induce deletion of NFIA in mature astrocytes in the adult 

brain, five-week-old mice were injected intraperitoneally with 100 mg/kg body weight of 

Tamoxifen (Sigma-Aldrich, cat no. T5648) dissolved in a 9:1 corn oil/ethanol mixture for 5 

days, 1 injection per day. 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% 

paraformaldehyde (PFA). Brains were removed, fixed in 4% PFA overnight, and placed in 

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

analysis using GFP labeling) or 40 μm (morphological analysis using tdTomato labeling, 

NAPA) were made on a cryostat, washed with 1XPBS 5 min X3, 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 for 1 h RT, followed by incubation with DAPI 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, ab13970), rabbit anti-

NFIA (1:500; Sigma, HPA006111), chicken anti-GFAP (1:1000; abcam, ab4674), mouse 

anti-GFAP (1:1000, EMD millipore, MAB360), goat anti-Sox9 (1:750; RD system, 

AF3075), mouse anti-NeuN (1:250, millipore, MAB377), and rabbit anti-NFIB (1:500; 

Sigma, HPA003956). 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 donkey anti-goat (Thermo Fisher 

Scientific, A11057), and Alexa Fluor 488 Donkey anti-chicken (Jackson ImmunoResearch 

Labs, 703-545-155).

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 × 1024 and bit depth 

at 12. Serial images at z axis were taken at an optical step of 1 μm, 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 analysis 

(Lanjakornsiripan et al., 2018) (Lanjakornsiripan et al., 2018) (Lanjakornsiripan et al., 2018) 

(Lanjakornsiripan et al., 2018) (Lanjakornsiripan et al., 2018) (Lanjakornsiripan et al., 2018) 

(Lanjakornsiripan et al., 2018) (Lanjakornsiripan et al., 2018) (Lanjakornsiripan et al., 2018) 

(Lanjakornsiripan et al., 2018) (Lanjakornsiripan et al., 2018). We performed 3D surface 

rendering (Figure 1 and Supplemental Figure 2) 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 
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branches and processes were outlined by Autopath with starting point set at 8 μm and seed 

point set at 0.7 μm, 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. The number of astrocytes analyzed were as 

follows: 1st time point (Figure 1) — AAG-con olfactory bulb: 37, cortex: 37, hippocampus: 

39, brainstem: 41; AAG-KO olfactory bulb: 42, cortex: 47, hippocampus 44, brainstem 38. 

2nd time point (Supplemental Figure 2) — AAG-con olfactory bulb: 39, cortex: 34, 

hippocampus: 40, brainstem: 38; AAG-KO olfactory bulb: 36, cortex: 44, hippocampus: 46, 

brainstem: 32. To analyze number of astrocytes, fluorescent images were acquired using a 

Zeiss LSM 880 laser scanning confocal microscope with 20X objective. Cell numbers were 

quantified by the QuPath software Cell Detection function(Bankhead et al., 2017). The 

person who analyzed the images was blinded to the experimental groups.

Slice recording—Animals were deeply anesthetized with isoflurane. After decapitation, 

the brain was quickly excised from the skull and submerged in an ice-cold cutting solution 

that contained (in mM): 130 NaCl, 24 NaHCO3, 1.25 NaH2PO4, 3.5 KCl, 1.5 CaCl2, 1.5 

MgCl2, and 10 D(+)-glucose, pH 7.4. The whole solution was gassed with 95 % O2–5 % 

CO2. After trimming the hippocampal brain, 300 μm parasagittal slices were cut using a 

vibratome with a blade and transferred to extracellular ACSF solution (in mM): 130 NaCl, 

24 NaHCO3, 1.25 NaH2PO4, 3.5 KCl, 1.5 CaCl2, 1.5 MgCl2, and 10 D(+)-glucose, pH 7.4.

Slices were incubated at room temperature for at least one hour prior to recording before 

transferred to a recording chamber that was continuously perfused with ASCF solution (flow 

rate = 2 ml/min). The slice chamber was mounted on the stage of an upright Olympus 

microscope and viewed with a 60X water immersion objective (NA = 0.90) with infrared 

differential interference contrast optics. Whole-cell recordings were made from pyramidal 

neurons and astrocytes in the CA1 hippocampus. 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 and passive conductance measurements; 135 CsMeSO4, 8 NaCl, 10 HEPES, 

0.25 EGTA, 1 Mg-ATP, 0.25 Na2-GTP, 30 QX-314, pH adjusted to 7.2 with CsOH (278–

285 mOsmol) for EPSC measurement; 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 

IPSC measurement. Spontaneous EPSCs were measured in the presence of GABAAR 

antagonist, bicuculline (20 μM, Tocris). IPSCs were measured in the presence of ionotropic 

glutamate receptor antagonists, APV (50 μM, Tocris), and CNQX (20 μM, Tocris). All 

holding potential values stated are after correction for the calculated junction potential offset 

of 14 mV. Evoked responses were obtained by concentric bipolar tungsten stimulating 

electrodes (FHC, ME. USA) placed in the CA3 region to activate the Schaffer pathway. 

Evoked NMDAR currents were measured in CA1 pyramidal neurons at +40 mV holding 

potential. To avoid the contamination with the AMPAR current, we measured the amplitude 

of responses 50 ms after stimulation.

After recording a stable 5-min baseline, LTP was induced by TBS (10 trains of 4 half-

maximal stimuli at 100Hz within 200 ms interval) while clamping the cell at 0 mV. Before 

patching a whole cell, at giga seal configuration, a test pulse (0.1Hz) was delivered for about 
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10 min to warm up the fiber in order to avoid run-up effects. At this stage, stimulation 

intensity was adjusted to 150–200% of threshold (inducing action potential). After making a 

whole cell configuration, we delivered the LTP protocol within 10 min to avoid any “wash 

out” effect from the internal solution(Granger et al., 2013). Evoked EPSCs (eEPSCs) were 

collected every 10 seconds with a holding potential of −60 mV. All collected eEPSCs were 

normalized to the average of the baseline. In LTP rescue experiments (Fig. 6), drugs such as 

D-serine (10 μM, Sigma-Aldrich) and CNO (1 μM, Sigma-Aldrich) were administered for 5 

min before and after TBS stimulation.

Synaptically-induced glutamate transporter current (STC) was measured in hippocampal 

astrocytes by whole-cell path clamp with potassium-based internal solution (in mM: 140 K-

gluconate, 10 HEPES, 7 NaCl, and 2 MgATP adjusted to pH 7.4 with CsOH) in current 

clamp mode (holding potential: −70 mV) in the presence of antagonist for ionotropic 

glutamate receptor (CNQX 20 μM, APV 50 μM) and GABA receptors (bicuculline 20 μM, 

CGP 35348 5 μM), as previously described (Bergles and Jahr, 1997). STC was isolated by 

subtracting the response in the presence of glutamate transporter antagonist DL-TBOA (100 

μM, Tocris) from the control response (Afzalov et al., 2013).

All recordings were performed at room temperature, using pCLAMP10 (Axon Instruments, 

Molecular Devices) and a MultiClamp 700B amplifier (Axon instruments, Molecular 

Devices). Cells with Ra that exceeded 30 MΩ were excluded from analysis. Analysis was 

performed using ClampFit 10.7 software.

Two-photon imaging—For two-photon imaging, mice were deeply anesthetized with 

isoflurane and then perfused with cold artificial cerebrospinal fluid (ACSF, in mM:125 

NaCl, 25 glucose, 25 NaHCO3, 2.5 KCl, 2 CaCl2, 1.25 NaH2PO4 and 1 MgCl2, pH 7.3, 

310–320 mOsm). The brain was dissected, embedded in low melting point agarose and 

placed in an ice-cold sucrose-based cutting solution (in mM: 87 NaCl, 2.5 KCl, 1.6 

NaH2PO4, 25 NaHCO3, 75 sucrose, 10 glucose, 1.3 ascorbic acid, 0.5 CaCl2, 7 MgCl2). 

300 μm thick brain slices were sectioned on a vibratome. Slices were then recovered in 

oxygenated ACSF (37°C) for 15 min and allowed to acclimate to room temperature for at 

least 15 min before imaging. We recorded calcium traces 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 20×, 1.0 NA Zeiss objective. Calcium activity was typically 

sampled at ~1 Hz. Optical signals were recorded for ~5 minutes per trial at 1024 × 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.

Image analysis of Ca2+, iGluSnFR, and iGABASnFR: Spontaneous Ca2+ signal was 

detected in astrocytes expressing GCaMP6s from the olfactory bulb, prefrontal cortex, 

hippocampus, and brainstem. The detection of region of interest (ROI) for soma and 

microdomain for Ca2+ imaging was performed in a semi-automated manner using the 

GECIquant program as described in a previous study (Srinivasan et al., 2015). After 

thresholding from temporally projected stack images with a maximum intensity projection, a 

polygon selection was manually drawn around the approximate astrocyte territory of 

interest, and the selection was added to the ImageJ ROI manager. Note that the assignment 
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of territory was approximate and was not used for analysis. The area criterion was 30 μm2 to 

infinity for soma and 0.5–4 μm2 for microdomain within the GECIquant ROI detection 

function. Intensity values for each ROI were extracted in ImageJ and converted to dF/F 

values. For each ROI, basal F was determined during 10-s periods with no fluctuations. 

Clampfit 10.7 software was used to detect and measure amplitude and frequency values for 

the somatic and microdomain transients. We counted the response following with these 

criteria: amplitude (>0.5 dF/F), pre-trigger time (3 ms), and minimum duration (5 ms). 

CNO-induced Ca2+ responses were measured in hippocampal astrocytes expressing AAV-

GFAP-GqDREADD. The responses were measured in soma using the ROI detection 

function in the GECIquant program and calculated by integrated area-under-curve (AUC) 

using SigmaPlot 13 software. The evoked Ca2+, glutamate, and GABA responses were 

measured in hippocampal astrocytes expressing GCaMP6s, AAV-iGluSnFR (Haustein et al., 

2014), and AAV-iGABASnFR, respectively. The responses were measured in soma using 

somatic the GECIquant ROI detection function after electrical stimulation (20 Hz, 1 sec) of 

the Schaffer Collateral pathway.

Behavioral tests—We subjected 5-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.

Three-chamber odor preference behavior test: AAG-Con and AAG-KO mice were 

subjected to the habituation/dishabituation olfactory test modified to take place in a three-

chambered behavioral box and measure odor detection threshold (Fitzgerald et al., 2014; 

Zou et al., 2015). On day 1 to 3, we habituated the test mouse to the empty three-chambered 

box for 4 min per day. On day 4, we first habituate the test mouse to three trials (4 min per 

trial) of mineral oils in both chambers. After habituation, we introduced the test mouse to 

four trials of (R)-Limonene placed in one chamber and mineral oil in another chamber. To 

test the odor detection threshold, we increased the concentration (R)-Limonene in the 

following series 10−6, 10−5, 10−4, 10−3 and measured the time the mouse spent in the (R)-

Limonene chamber versus mineral oil chamber. Increased time spent in the (R)-Limonene 

chamber was considered detection of odor and we identified the concentration at which this 

increase occurred as the odor detection threshold. Video was recorded using a logitech C615 

camera and Debut Video Capture Software. Analysis of mouse position was performed by 

OptiMouse MATLAB program (Ben-Shaul, 2017). Preference index was calculated by 

OptiMouse as (enrichment zone (R)-Limonene – enrichment zone mineral oil)/(enrichment 

zone (R)-Limonene + enrichment zone mineral oil).

Unrestrained whole body plethysmography (uWBP): We used Buxco® Small Animal 

Whole Body Plethysmography (Buxco Respiratory Products, Data Sciences International) to 

measure breathing parameters on conscious, unrestrained AAG-Con and AAG-KO mice 

(Bosnjak et al., 2014; Glynn et al., 2015; Haapakoski et al., 2011; Rajavelu et al., 2015). On 

day 1 and day 2, mice were habituated to plethysmography chambers for 30 min per day. On 

day 3, mice were weighed and acclimated to the chamber for 30 min, after which their 

breathing was monitored for one hour. Buxco FinePointe software was used to calculate 
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breaths per minute and compensated tidal volume (mL), which takes into account 

temperature and humidity. Instantaneous tidal volume and breathing rate were calculated and 

exported as the average value of every 2 min over the 60 min testing period. The flow 

transducers, temperature sensors, and humidity sensors were calibrated before every trial. 

Data were analyzed by two-way repeated measures ANOVA.

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

Versamax open field chamber is a square arena (40cmx40cmx30cm, 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.

Novel place recognition: Mice were subjected to a 4-day novel place recognition test in a 

clear square chamber (L 40cm × W 40cm) with a long strip taped at the rear as a visual cue. 

On day 1 to 3, mice were subjected to habituation trial in an empty chamber for 10 min, 

followed by sample trial in another chamber with 2 identical objects for 10 min. On day 4, 

mice were subjected to the same 10 min habituation trial and10 min sample trial sequence in 

which one object was shifted forward. We defined coming in contact with the object or 

sniffing it closely (less than 1 cm) as object interaction. Undirected contacts (e.g., mouse sits 

next to object but faces away) were not scored. Discrimination index (%) was calculated as 

(Time spent on novel object – Time spent on sample object) X100 / (total time spent on the 

two objects). Distances traveled and time spent at the quadrants were recorded and exported 

with ANY-maze software.

Y maze spontaneous alternation test: To test special working memory, we used a 

spontaneous alternation test in which mice placed in a Y-shaped maze exhibit a strong 

tendency to choose alternate arms on successive trials. The Y maze used has 3 identical arms 

of 40 cm length, 8 cm width, and 15 cm height, attached together at 120-degree angles. Mice 

were put into the center area facing the top arm and allowed to freely explore the maze for 5 

min. The sequence of arms chosen and total number of arm entries were recorded manually. 

Spontaneous alternation (%) was calculated as (number of alternate arm entries)X100 / total 

number of arm entries.

Contextual conditional fear: The contextual conditional fear test was performed in a 

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

were posted at three sides of the chamber. On day 1, mice were habituated to the chamber 

and allowed to move freely for 10 min. On day 2, 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 

(2s, 0.7mA) with 2 min intertrial intervals (ITI) between each shock (Supplemental Fig. 6e–

f). On day 3, mice were put back to the same chamber and movements of mice over 5 min 

were recorded and analyzed by FreezeFrame software (Actimetrics, Coulbourn Instruments) 

with the bouts and threshold both set at 1.0 s. % freezing time identified based on the above 

criteria. Data were then plotted as shown in Fig. 2u.
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FACS sorting—We harvested different regions from mouse brains and dissociated them 

using the protocol described previously (John Lin et al., 2017). Dissociated astrocytes from 

different regions were sorted by BD FACSAira III with 100 μM nozzle. Around 95,000 GFP
+ astrocytes were collected per 1.5 ml tube, which contained 500 μl of Buffer RLT (Qiagen 

Cat. No. 79216) with 1% ß-Mercaptoethanol. Finally, each sample was vortexed and rapidly 

frozen on dry ice.

RNA extraction, library preparation and sequencing—RNA was extracted from 

pelleted cells using RNeasy Micro Kit (Cat. No. 74004, QIAGEN). RNA integrity (RIN ≥ 

8.0) was confirmed using the High Sensitivity RNA Analysis Kit (DNF-472–0500, Agilent 

formerly AATI) on a 12-Capillary Fragment Analyzer. cDNA synthesis and Illumina 

sequencing libraries with 8-bp single indices were constructed from 10 ng total RNA using 

the Trio RNA-Seq System (0507–96, NuGEN). The resulting libraries were validated using 

the Standard Sensitivity NGS Fragment Analysis Kit (DNF-473–0500, Agilent formerly 

AATI) on a 12-Capillary Fragment Analyzer and quantified using Quant-it dsDNA assay kit 

(Cat. Q33120). Equal concentrations (2 nM) of libraries were pooled and subjected to 

paired-end (2×75) sequencing of approximately 40 million reads per sample using the High 

Output v2 kit (FC-404–2002, Illumina) on a NextSeq550 following the manufacturer’s 

instructions.

RNA-Seq bioinformatics analysis: Sequencing files from each flow cell lane were 

downloaded and the resulting fastq files were merged. Quality control was performed using 

fastQC (v0.10.1) and MultiQC (v0.9) (Ewels et al., 2016). Reads were mapped to the mouse 

genome mm10 assembly using STAR (v2.5.0a) (Dobin et al., 2013). In R(v3.5.2) 

Bioconductor packages GenomicAlignments (v1.16.0) and GenomicFeatures (v1.32.2) were 

used to build count matrices (Lawrence et al., 2013). UCSC transcripts were downloaded 

from Illumina iGenomes in GTF file format. Normalization and differential gene expression 

analysis were performed using DESeq2 (v1.20.0) (Love et al., 2014). Gene Ontologies were 

determined using Enrichr and visualized using GOplot (v1.0.2). RNA-Seq and ChIP-Seq 

data can be found at the NIH GEO database (GSE146000 for the RNA-Seq and GSE146064 

for the ChIP-Seq).

Reverse transcription quantitative polymerase chain reaction (RT-qPCR)—RT-

qPCR was performed on cDNA libraries from each of the four brain regions analyzed, using 

Quantabio Perfecta SYBR Green Fast Mix (Cat. 95072–012) on a Roche Light Cycler 480 

instrument. Reactions were set up using 2 ng cDNA, 250 nM primers and 1X SYBR mix. 

qPCR was carried out at 95°C for 30 seconds, 40 cycles of 95°C for 5 seconds and 60°C for 

30 seconds, with subsequent melting curve analysis. The primers used for qPCR are listed in 

Supplemental Table S3. Expression of transcripts of target genes was normalized to Gapdh.

Chromatin immunoprecipitation (ChIP)—Mouse hippocampi and olfactory bulbs were 

collected for ChIP experiments. Dissociated hippocampi or olfactory bulbs were pooled 

together from 6–8 animals for each ChIP experiment. Chromatin was crosslinked by using 

freshly prepared 1.1% formaldehyde solution with rocking at room temperature for 10 min, 

followed by addition of 0.1 M glycine. Cell pellets were collected by centrifugation at 3500 
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rpm for 5 min at 4°C, washed with PBS and frozen at −80°C or used immediately for 

preparing lysates. Pellets were resuspended with PBS/PMSF containing 0.5% Igepal to 

release nuclei, followed by washing with cold ChIP-Buffer (0.25% TritonX, 10 mM EDTA, 

0.5 mM EGTA, 10 mM HEPES pH 6.5) and nuclei were lysed with ChIP lysis buffer (0.5% 

SDS, mM EDTA, 25 mM Tris-HCl pH 8) for 15–20 min at room temperature. Lysates were 

sonicated to 250–350 bp using Diagenode Bioruptor. Immunoprecipitation was carried out 

by rotating sonicated lysates overnight at 4°C with NFIA antibody (5 μg, Sigma Cat. 

HPA006111) followed by pull-down using Protein A/G magnetic beads (Pierce) for 6 hours. 

The beads were collected and washed with TSE1 buffer (0.1% SDS, 1% TritonX, 2 mM 

EDTA, 20 mM Tris-HCl pH 8, 150 mM NaCl), TSE2 buffer (TSE1 buffer with 500 mM 

NaCl), LiCl buffer (0.25M lithium chloride, 1% NP40, 1% sodium deoxycholate, 1 mM 

EDTA, 10 mM Tris-HCl pH 8) and TE buffer. Immunoprecipitated chromatin was then 

eluted by heating the beads in ChIP Elution buffer (1% SDS, 0.1 M NaHCO3) at 65°C for 

20 min twice. A small sample of elution was used for Western Blot analysis to confirm 

immunoprecipitation of NFIA. ChIP-DNA was quantified using Quant-it dsDNA assay kit 

(Cat. Q33120) and 5–10 ng of ChIP-DNA was used for ChIP-Seq library preparation. Each 

ChIP experiment was performed independently at least 3 times.

ChIP-Seq library preparation and sequencing—ChIP libraries were prepared using 

the TruSeq ChIP Library Preparation Kit (Illumina Cat. IP-202–1012), according to 

manufacturer’s instructions. Libraries ranging from 250–350 bp were extracted from gel 

incisions using QIAquick Gel Extraction Kit (Qiagen), PCR amplified, and purified using 

AMPure XP beads. The quality of the resulting libraries was analyzed on the Standard 

Sensitivity NGS Fragment Analysis Kit (DNF-473–0500, Agilent formerly AATI) on a 12-

Capillary Fragment Analyzer. Libraries were quantified using the Quant-it dsDNA assay kit 

(Cat. Q33120) and equal concentrations (2 nM) of libraries were pooled and subjected to 

single-end (1×150) sequencing of approximately 25 million reads per sample using the High 

Output v2 kit (FC-404–2002, Illumina) on a NextSeq550 following the manufacturer’s 

instructions.

ChIP-Seq data analysis: Sequencing files from each flow cell lane were downloaded and 

the resulting fastq files were merged. Quality control was performed using fastQC (v0.10.1) 

and MultiQC (v0.9). Reads were mapped to the mouse genome mm10 assembly using 

bowtie2 (v 2.2.6) (Langmead and Salzberg, 2012). Using the HOMER (v4.10) software suit 

(Heinz et al., 2010), tag directories were made and the findPeaks command in factor mode 

was used to filter ChIP peaks enriched over the input control. Annotation of the enriched 

peaks was performed using HOMER annotatePeaks with the mm10 assembly. Discovery of 

specific motif instances and density was achieved using HOMER annotatePeaks with the -m 

and -hist options, respectively. Integrated Genome Viewer compatible files were constructed 

using samtools (v1.7) sort and index and deepTools (v3.1.3) bamCompare (Li et al., 2009; 

Ramírez et al., 2016). ChIP peaks were visualized using deepTools computeMatrix and 

plotHeatmap.

Immunoprecipitation followed by mass spectrometry—We collected 6–8 olfactory 

bulbs and hippocampi from wild-type 2–3 month old C57BL/6 mice. Tissue was collected 
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on ice and pellet homogenized followed by extraction of nuclear lysates using NE-PER 

Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific Cat No. 78833) according 

to manufacturer instructions. Lysates were ultracentrifuged at 200,000 g for 20 min at 4°C 

and the supernatant used for immunoprecipitation with anti-NFIA (Sigma Cat No. 

HPA006111), which were incubated with lysates for 1 hour at 4°C, followed by incubation 

with protein A sepharose slurry (GE Healthcare Life Sciences) for another 1 hour at 4°C. 

The beads were collected by centrifugation at 1000 g for 1 min, washed with NETN buffer 

(50 mM Tris pH 7.3, 1 mM EDTA, 0.5% NP-40) multiple times, and heated for 10 min at 

90°C with 20 μl of 2X SDS loading dye to elute NFIA bound proteins. Negative control 

samples were prepared using the same methods without addition of anti-NFIA antibody. The 

immunoprecipitated samples were resolved on NuPAGE 10% Bis-Tris Gel (Life 

Technologies)and the gel pieces were processed for in-gel digestion using Trypsin enzyme 

(Gendepot T9600). The tryptic peptides were analyzed on nano-LC 1200 system (Thermo 

Fisher Scientific, San Jose, CA) coupled to Orbitrap Fusion™ Lumos (Thermo Fisher 

Scientific, San Jose, CA) mass spectrometer. The MS/MS spectra was searched using 

Mascot algorithm (Mascot 2.4, Matrix Science) against the mouse NCBI refseq protein 

database in the Proteome Discoverer (PD1.4, Thermo Fisher) interface. The precursor mass 

tolerance was confined to 20 ppm, fragment mass tolerance of 0.5dalton, maximum of two 

missed cleavage was allowed. Dynamic modification of oxidation on methionine, protein N-

terminal Acetylation, destreak on cysteine and phosphorylation on serine, threonine and 

tyrosine was allowed. The assigned peptides were filtered at 5% FDR using the percolator q-

value. The protein quantification was performed using the iBAQ approach.

Immunoprecipitation (IP) and Western blot—Lysates were prepared as described 

above for sample preparation for mass spectrometry. IP was performed by adding anti-NFIA 

antibody (Sigma, Cat. HPA006111) or rabbit anti-IgG (Santa Cruz, Cat. sc2027) overnight at 

4°C. Subsequent pull-down was performed by adding Protein A agarose beads for an 

additional 5 hours at 4°C. The beads were collected, washed and boiled in 2X SDS gel 

loading dye to elute immunoprecipitated proteins, which were analyzed by Western blot. 

Inputs (10% of lysate) and immunoprecipitated proteins from the anti-IgG and anti-NFIA 

IP’s were run on a 10% sodium-dodecyl sulphate polyacrylamide gel, followed by wet 

transfer to nitrocellulose membrane at 400 mA for 45 minutes. The membrane was blocked 

by 5% milk in Tris-buffered saline with Tween20 (TBST), followed by incubation overnight 

at 4°C in anti-NFIA at 1:250 dilution. The next day, the membranes were washed three times 

with TBST, incubated at room temperature for 1 hour in horseradish peroxidase conjugated 

goat anti-rabbit IgG at 1:10000 dilution in 5% milk, washed again three times with TBST, 

and developed using luminol reagent (Cat. sc-2048, Santa Cruz Biotechnology).

Plasmid and adeno-associated virus (AAV) generation—For the NAPA 

experiments, we used pZac2.1 GfaABC1D NAPA-A SV40 (Addgene Plasmid #92281) to 

generate AAV2/9 at a concentration of 1.14×1013 genome copies per ml (gc/ml), and 

pZac2.1 hSynapsin1 NAPA-N SV40 (Addgene Plasmid #92282) to generate AAV2/1 at a 

concentration of 7.797×1012 gc/ml. For detection of neurotransmitters, we used 

pAAV.GfaABC1D.GluSnFr.SV40 (Addgene Plasmid #100889) to generate AAV2/9 at a 

concentration of 2.072×1013 gc/ml, and pAAV.GFAPΔBP.Pf622.3B6.N260A.F145W 
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(iGABASnFR, Looger Lab, Janelia Research Campus) to generate AAV2/9 at a 

concentration of 2.929×1013 gc/ml. For the DREADD-hM3D rescue experiment, we used 

pAAV.GfaABC1D.flex.hM3D.mCherry (kind gift from Kevin Ung and Benjamin R. 

Arenkiel) to generate AAV2/9. For NFIB shRNAi knockdown experiment, AAV shRNA 

delivery backbone was acquired from Addgene (Addgene #85741) (Yu et al., 2015) and 

served as the scramble control construct (sh-scramble) due to the presence of scramble 

sequence (5’- GTTCAGATGTGCGGCGAGT-3’) under the U6 promoter. For NFIB RNAi, 

DNA oligomers containing target sequence against mouse NFIB (TRCN0000012090; 5’- 

CCTTCCAGCTACTTCTCTCAT-3’) were synthesized, annealed, and cloned into BamHI 

and XbaI sites of parental backbone (Sh-scramble), resulting in sh-NFIB construct. Sh-

scramble and sh-NFIB constructs were used to generate AAV2/9 viruses at concentration of 

1.68×1012 gc/ml and 1.48×1012 gc/ml, respectively. All AAV viruses were generated by the 

Optogenetics and Viral Vectors Core at Jan and Dan Duncan Neurological Research Institute 

(NRI).

Stereotactic injection of AAV viruses—Five-month-old AA-KO and AA-Con mice 

were injected intraperitoneally with Buprenex 0.3mg/ml, anesthetized with isoflurane, and 

placed into stereotaxic frames. AAV was loaded into a micro dispenser (Drummond 

Scientific, Cat no.13-681-460) and injected at rate of 7nL/sec. For neurotransmitter 

detections or Ca2+ rescue experiments, we injected AAV containing iGluSnFR, 

iGABASnFR, or GqDREADD bilaterally (1μl/side) into the hippocampal CA1 region. For 

NAPA, we injected 0.5 to 1 ul of NAPA-a to CA1 and NAPA-n to CA3 to ensure that the 

two viruses are at equal amounts. For NFIB shRNAi knockdown experiment, we diluted 

viruses to 0.4 folds and injected 600 to 700 nl of sh-scramble to one olfactory bulb and sh-

NFIB to another olfactory bulb of the same mouse to ensure that each bulb received equal 

amount of viruses. The stereotaxic coordinates of the hippocampal CA1 were 1.7 mm 

posterior to bregma, 1.7 mm lateral to midline, with a depth of 1.85 mm beneath the surface 

of the skull; the coordinates of hippocampal CA3 were 1.7 mm posterior to bregma, 2.5 mm 

lateral to midline, and 2.6 mm beneath the surface of the skull; the coordinates of the 

olfactory bulb were 4.7 mm anterior to bregma, 0.6 mm lateral to midline, with a depth of 

1.5 mm beneath the surface of the skull. All animal procedures were done in accordance 

with approved BCM IACUC protocols.

Neuron-Astrocyte Proximity Assay (NAPA) and FRET analysis—Images were 

acquired using a Nikon A1 confocal microscope with a 63×, 1.4 numerical aperture oil 

immersion objective. The images were collected using two lines of excitation (488 and 561 

nm, solid state lasers) and two different channels of emission. The intensity of GFP 

fluorescence after GFP excitation at 488 nm (donor signal, Idd) was obtained using a 521/42-

nm bandpass emission filter. The intensity of fluorescence of m-Cherry fluorescent protein 

(acceptor signal, Iaa) after excitation of mCherry at 561 nm and the fluorescence intensity of 

FRET signal (raw FRET signal, Ida) after excitation at 488 nm were measured using a 

600/45-nm emission filter. All images were collected using 2-frame Kallman-averaging with 

a pixel size of 200nm × 200 nm (scan zoom of 1, a frame size of 512 × 512 pixels and at 1 

frame per second). Detector gains, amplifier offsets and laser power were adjusted to 

maximize the range of signal for each channel and were kept constant for all samples, 
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including bleed through controls (GFP napa-a and mCherry napa-n only). Samples were 

imaged and analyzed in 3D to account for spatial distribution of FRET signal in CA1 region. 

For each 3D image, 30 μm z-range was taken with 0.7 μm step size, and each plane was 

processed as stated in the below (Image processing) section.

Image processing: Images were processed using NIS-Elements software. Initially, 

background was subtracted from all images based on the signal of non-cellular regions. To 

obtain a corrected FRET image (Fc), we processed the raw FRET image (IDA) to 

compensate for nonspecific signals in the FRET channel, such as channel cross-talk due to 

the spectral overlap between GFP and mCherry, as defined by the equation Fc = IDA-aIAA-

dIDD (Gordon et al., 1998; Paulucci-Holthauzen et al., 2009; Tron et al., 1984) where a and 

d represent cross-talk correction coefficients. The corrected FRET images (Fc) were then 

processed with a low-pass filter 2×2 kernel to improve the signal-to-noise ratio(van Rheenen 

et al., 2004). The cross-talk coefficients (a and d) were calculated using images collected 

from cells expressing either GFP (donor) or m-Cherry (acceptor) alone. Coefficient a was 

obtained from the ratio of IDA over IAA for acceptor-only samples, whereas the coefficient d 
was obtained from the ratio of IDA over IDD for donor-only samples. Images were then 

imported to Imaris for further quantification. Semi-volumes of astrocytes with their soma 

located in the 30 μm z-range were calculated using Surface function of Imaris. To determine 

whether simplified astrocyte morphology impact distances between astrocyte processes to 

synapses, number of NAPA-n and FRET ROIs within an astrocyte was calculated using Spot 

function identifying FRET ROI, and Mask under Surface function extracting FRET ROI 

only in the volume of the astrocyte of interest. Density of NAPA-n was calculated as number 

of NAPA-n ROIs divided by astrocyte volume. Number of FRET ROIs per astrocyte was 

normalized to the density of NAPA-n of the same astrocyte to correct for variations between 

NAPA-n injections.

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 8, and 

Excel software. We assessed the significance of data for comparison by Student’s two-tailed 

unpaired/paired t-test or two-tailed unpaired t-test. For multiple comparisons, we used the 

one-way ANOVA with Tukey’s test and two-way ANOVA with Sidak’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

• NFIA is required to maintain astrocyte function in a brain region-specific 

manner

• Brain region-specific DNA binding by NFIA is inhibited by its association 

with NFIB

• Astrocyte-neuron communication in the hippocampus is disrupted

• Synaptic plasticity and memory are impaired in mice lacking astrocytic NFIA
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Figure 1. Deletion of NFIA in mature astrocytes selectively reduces morphological complexity
(A–H) Co-expression of NFIA and Aldh111 -GFP from AAG-Con and AAG-KO mice. 

Filled arrows in A-D show co-expression of Aldh1l1-GFP and NFIA, unfilled arrows in E–H 

show Aldh1l1-GFP cells that do not express NFIA. (I) Tamoxifen treatment paradigm. (J) 

Quantification of NFIA/Aldh1l1-GFP co-expression in AAG-Con and AAG-KO mice. Data 

derived from 3 mice per genotype, 3 slides per region, per mouse. At least 100 cells per 

region, per mouse. Two-tailed unpaired t-test.(Ruxton, 2006) (K–R) High magnification 

confocal images of Aldh1l1-GFP from AAG-con or AAG-KO mice. (S–V) Scholl Analysis 

of astrocyte complexity. Two-way repeated measures ANOVA. (W–DD) 3D-surface 

rendering of high magnification images from k-r. (EE, FF) Branch number and total process 

length quantification. Two-tailed unpaired t-test. In S-V and EE-FF data is derived from 3 

mice per genotype, 3 slides per region, per mouse, with at least 30 cells per region, per 

genotype. OB: olfactory bulb; CX: cortex; HC: hippocampus; BS: brainstem. AAG-Con, 

denotes: NFIAfl/fl; Aldh1l1-GFP. AAG-KO denotes: NFIAfl/fl; Aldh1l1-CreER; Aldh1l1-
GFP. *p<0.05, **p< 0.01, ***p<0.001, ****p<0.0001. Also see Figure S1–S3.
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Figure 2. Loss of NFIA impairs calcium activity in hippocampal astrocytes
(A–P) Representative images and traces from AA6-Con and AA6-KO mice showing 

spontaneous GCaMP6s activity in astrocytes from olfactory bulb, cortex, brainstem, and 

hippocampus. Red line denotes soma and blue line depicts approximate territory; traces are 

from soma (Q,R) Quantification of somatic DF/F GCaMP6s signal amplitude (Q) and 

frequency (R) derived from 3 mice from each genotype, total cells per region: OB = 15, CX 

= 15, BS = 10, HP = 12. (S) representative tracks of body positions (upper panels) and zone 

preference index (lower panel) showing odor detection threshold; data were derived from 12 

AAG-Con and 11 AAG-KO mice. Two-tailed unpaired t-test under each (R)-Limonene 

concentration. (T) 2-min average breathing rate (upper panel) and tidal volume (lower panel) 

over 60 min testing period; data were derived from 12 AAG-Con and 12 AAG-KO. Two-

way repeated measures ANOVA. (U) Quantification of freezing in contextual fear 

conditioning (upper panel) and novel place recognition (lower panel). In upper panel, 19 
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AAG-Con and 20 AAG-KO mice were used; in lower panel, 13 AAG-Con and 13 AAG-KO 

mice were used. Two-tailed unpaired t-test. OB: olfactory bulb; CX: cortex; HC: 

hippocampus; BS: brainstem. AA6-Con denotes: NFIA+/+; Aldh1l1-CreER; Rosa-CAG-
LSL-GCaMP6s. AA6-KO denotes: NFIAfl/fl; Aldh1l1-CreER; Rosa-CAG-LSL-GCaMP6s. 

AAG-Con denotes: NFIAfl/fl; Aldh1l1-GFP. AAG-KO denotes: NFIAfl/fl; Aldh1l1-CreER; 
Aldh1l1-GFP. *p< 0.05, **p<0.01. Also see Figure S4–S5.
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Figure 3. Region-specific gene regulation and DNA-binding properties of NFIA
(A–D) Volcano plots depicting RNA-Seq data comparing AAG-Con and AAG-KO 

transcriptome data across diverse brain regions. RNA-Seq experiments from each genotype, 

from each region was performed in triplicate; p=0.01, fold change = 1.5 fold (E) Bar graph 

showing the total number of differentially expressed genes from each region. (F) Venn 

Diagram depicting the overlapping and unique differentially expressed genes across the four 

brain regions. (G,H) Gene Ontology Circle plot and table, showing the top GO terms found 

in the differentially expressed genes from the hippocampus. (I) qRT-PCR validation of key 

genes differentially expressed in the hippocampus of AAG-KO mice. (J–Q) Immunostaining 

of AAG-Con and AAG-KO hippocampus with antibodies to Trpv4 and Plek2. *p<0.05 and 

***p<0.001. Also see Figure S6–S7.
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Figure 4. NFIB inhibits DNA binding of NFIA in the olfactory bulb
(A) Heatmap of the ChIP-Seq analysis depicting NFIA binding of core transcriptional start 

sites in the hippocampus and olfactory bulb. ChIP-Seq experiments from both regions was 

performed in triplicate. (B) The number of gene that exhibit NFIA-binding in the core 

promoter and the number of those genes containing a NFIA-binding site. (C) Motif density 

plot showing NFIA motif is most frequently found in 1 kb range. (D–E) Schematic of mass 

spectrometry experiment and graph depicting proteins specifically associated with NFIA in 

the olfactory bulb based on filtered iBAQ values relative to hippocampus. (F) NFIB-IP, 

coupled with NFIA immunoblot (IB) in the hippocampus and olfactory bulb). (G–R) 

Schematic of shRNAi-NFIB knockdown in the olfactory bulb and immunofluorescence 

staining of NFIB (I,L) and NFIA (P,Q) validating protein expression. (S) Heatmap of the 

ChIP-Seq analysis depicting NFIA binding of core transcriptional start sites in olfactory bulb 

treated with shRNAi-NFIB or control. ChIP-Seq experiments under both conditions was 

performed in triplicate. (T–U) The number of gene that exhibit NFIA-binding in the core 

promoter and the number of those genes containing a NFIA-binding site and motif density 

plot. OB: olfactory bulb; CX: cortex; HC: hippocampus; BS: brainstem. Also see Figure S7.
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Figure 5. NFIA-deficient astrocytes have defective communication with neurons
(A) Schematics of the NAPA-system and CA3-CA1 viral injection strategy to detect 

astrocyte-neuron proximity in hippocampus. (B,C) Representative expression of NAPA-

AAV viruses CA3 and CA1. (D–K) Representative images of CA1 astrocytes from AA-Con 

and AA-KO mice expressing NAPA-a in proximity to projections from CA3 neurons 

expressing NAPA-n. White outline denotes astrocyte territory. (L–M) Quantification of 

FRET signals in CA1 astrocytes; data is derived from 4 mice per genotype, 3 slides per 

mouse, 24 cells from AA-Con group and 24 cells from AA-KO group. Two-tailed unpaired 

t-test. (N) Schematic of experimental workflow. (O–R) Representative images and traces 

from AA-con and AA-KO mice showing stimulation induced iGluSnFR activity in 

hippocampal CA1 astrocytes. (S) Quantification of peak response ΔF/F is derived from 3 

mice from each genotype, 21–23 cells total. (T) Schematic of synaptically-induced 

glutamate transporter current (STC) in hippocampal CA1 astrocytes. (U,V) Representative 
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traces of STC in astrocytes. (W) Quantification of peak response in STC from 3 mice from 

each genotype, 6 cells total. (X) Schematic for evoked Ca2+ response from hippocampal 

CA1 astrocytes expressing GCaMP6s. (Y–BB) Representative images and traces from AA6-

Con and AA6-KO mice showing synaptically induced GCaMP6s activity in CA1 

hippocampal astrocytes. (CC) Quantification of ΔF/F derived from 3 mice from each 

genotype, 11–12 cells per sample. Student’s two-tailed unpaired t-test. AA-Con denotes: 

NFIAfl/fl. AA-KO denotes: NFIAfl/fl; Aldh1l1-CreER. AA6-Con denotes: NFIA+/+; 
Aldh1l1-CreER; Rosa-CAG-LSL-GCaMP6s. AA6-KO denotes: NFIAfl/fl; Aldh1l1-CreER; 
Rosa-CAG-LSL-GCaMP6s. *p<0.05, **p< 0.01, ***p<0.001, ****p<0.0001. Also see 

Figure S6 and S8.
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Figure 6. Loss of NFIA does not affect basal synaptic properties in the hippocampus
(A) Representative traces of action potential in CA1 pyramidal neurons upon varying the 

injected current from AAG-Con and AAG-KO. (B) Summary data of action potential firing. 

(c,d) Summary data of resting membrane potential (C) and threshold (D). (E,F) 

Representative traces of spontaneous EPSCs (E) and IPSCs (F) from AAG-Con and AAG-

KO. (G–J) Summary data of amplitude and frequency in sEPSC (G,H) and sIPSC (I,J) 

derived from 3 mice from each genotype, 9–10 cells. (K) Representative traces of input-

output curve in evoked EPSC (Left) and IPSC (Right) from AAG-Con and AAG-KO. (L,M) 

Summary data of evoked EPSC (L) and IPSC (M). (N) Representative traces of paired pulse 

ratio (PPR) upon varying the inter-spike-interval (ISI) from AAG-Con and AAG-KO. (O) 

Summary data of PPR. Student’s two-tailed unpaired t-test (C,G–J) and two-way ANOVA 

with Sidak test (B,L,M,O). AAG-Con denotes: NFIAfl/fl; Aldh1l1-GFP. AAG-KO denotes: 

NFIAfl/fl; Aldh1l1-CreER; Aldh1l1-GFP.
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Figure 7. Inhibition of LTP in mice lacking astrocytic NFIA is dependent upon Ca2+ activity.
(A) Schematic of LTP recording experiment. (B) Schematic of AAV-GFAP-GqDREADD 

rescue experiment. (C) LTP traces from AAG-Con and AAG-KO hippocampal slices. (D) 

LTP traces from AAG-Con and AAG-KO hippocampal slices infected with AAV-GFAP-

GqDREADD. (E,F) Representative traces of evoked NMDAR current before and after 

treatment of DCKA (e) and D-serine (F) from AAG-Con and AAG-KO hippocampal slices. 

(G) Quantification of DCKA or D-serine sensitive evoked NMDAR current measured at 50 

ms after stimulation. (H) LTP traces from AAG-Con and AAG-KO hippocampal slices 

supplemented with D-serine. (J) Quantification of LTP. All electrophysiological experiments 

is derived 3 mice from each genotype, ranging from 7–13 cells total for each experiment. * 

p< 0.05, ***p<0.001, Student’s two-tailed paired (G) and unpaired (J) t-test. AAG-Con 

denotes: NFIAfl/fl; Aldh1l1-GFP. AAG-KO denotes: NFIAfl/fl; Aldh1l1-CreER; Aldh1l1-
GFP. Also see Figure S8.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken polyclonal anti-GFP Abcam Cat#13970; RRID:AB_300798

Rabbit polyclonal anti-NFIA Sigma-Aldrich Cat#HPA006111; RRID:AB_1854422

Rabbit polyclonal anti-NFIB Sigma-Aldrich Cat#HPA003956; RRID:AB_1854424

Chicken polyclonal anti-GFAP Abcam Cat#ab4674; RRID:AB_304558

Mouse monoclonal anti-GFAP (clone GA5) Millipore Cat#MAB360; RRID:AB_11212597

Goat polyclonal anti-Sox9 R and D Systems Cat#AF3075; RRID:AB_2194160)

Mouse monoclonal anti-NeuN (clone A60) Millipore MAB377; RRID:AB_2298772

Alexa Fluor 488 goat anti-chicken ThermoFisher Cat#A-11039; RRID:AB_2534096

Alexa Fluor 568 goat anti-rabbit ThermoFisher Cat#A-11036; RRID:AB_10563566

Alexa Fluor 568 donkey anti-goat ThermoFisher Cat#A-11057; RRID:AB_2534104

Alexa Fluor 488 Donkey anti-chicken Jackson ImmunoResearch 
Labs

Cat#703-545-155, RRID:AB_2340375

Bacterial and Virus Strains

AAV2/9 GfaABC1D NAPA-A SV40 Optogenetics and Viral 
Vectors Core at Jan and 
Dan Duncan Neurological 
Research Institute (NRI)

N/A

AAV2/1 hSynapsin1 NAPA-N SV40 Optogenetics and Viral 
Vectors Core at NRI

N/A

AAV2/9 GfaABC1D.GluSnFr.SV40 Optogenetics and Viral 
Vectors Core at NRI

N/A

AAV2/9 GFAPΔBP.Pf622.3B6.N260A.F145W Optogenetics and Viral 
Vectors Core at NRI

N/A

AAV2/9 GfaABC1D.flex.hM3D.mCherry Optogenetics and Viral 
Vectors Core at NRI

N/A

AAV2/9 sh-scramble Optogenetics and Viral 
Vectors Core at NRI

N/A

AAV2/9 sh-NFIB Optogenetics and Viral 
Vectors Core at NRI

N/A

Chemicals, Peptides, and Recombinant Proteins

Bicuculline Tocris Cat#0109

D-(−)-2-Amino-5-phosphonopentanoic acid (APV) Tocris Cat#0106

6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX) Tocris Cat#0190

D-serine Sigma-Aldrich Cat#S4250

Clozapine N-oxide (CNO) Tocris Cat#4936

DL-threo-β-Hydroxyaspartic acid(DL-TBOA) Sigma-Aldrich Cat#H2775

(R)-(+)-Limonene Millipore Cat#62118

Critical Commercial Assays

RNeasy Micro Kit QIAGEN Cat#74004

Trio RNA-Seq System NuGEN Cat#0507-96

High Sensitivity RNA Analysis Kit Agilent Part#DNF-472-0500
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REAGENT or RESOURCE SOURCE IDENTIFIER

Standard Sensitivity NGS Fragment Analysis Kit Agilent Part#DNF-473-0500

Quant-it dsDNA assay kit ThermoFisher Cat#Q33120

High Output v2 kit Illumina Cat#FC-404-2002

TruSeq ChIP Library Preparation Kit Illumina Cat#IP-202-1012

Deposited Data

RNA-Seq data This paper GEO: GSE146000

ChIP-seq data This paper GEO: GSE146064

Experimental Models: Organisms/Strains

Mouse: AA-Con: NFIAfl/fl This paper N/A

Mouse: AA-KO: NFIAfl/fl; Aldh1l1-CreER This paper N/A

Mouse: AAG-Con: NFIAfl/fl; Aldh1l1-GFP This paper N/A

Mouse: AAG-KO: NFIAfl/fl; Aldh1l1-CreER; Aldh1l1-
GFP

This paper N/A

Mouse: AA6-Con: NFIAfl/+; Aldh1l1-CreER; Rosa-LSL-
GCaMP6s

This paper N/A

Mouse: AA6-KO: NFIAfl/fl; Aldh1l1-CreER; Rosa-LSL-
GCaMP6s

This paper N/A

Mouse: AAT-Con: NFIAfl/+; Aldh1l1-CreER; Rosa-LSL-
tdTomato

This paper N/A

Mouse: AAT-KO: NFIAfl/fl; Aldh1l1-CreER; Rosa-LSL-
tdTomato

This paper N/A

Oligonucleotides

Primers for RT-qPCR, see Supplemental Table S3 This paper; PrimerBank N/A

shRNA target sequence: sh-scramble: 5’-
GTTCAGATGTGCGGCGAGT-3’

Yu, et al. 2015 N/A

shRNA target sequence: sh-NFIB: 5’-
CCTTCCAGCTACTTCTCTCAT-3’

This paper; The RNAi 
Consortium (TRC) Library

N/A

Recombinant DNA

pZac2.1 GfaABC1D NAPA-A SV40 Octeau, et al. 2018 Addgene Plasmid #92281

pZac2.1 hSynapsin1 NAPA-N SV40 Octeau, et al. 2018 Addgene Plasmid #92282

pAAV.GfaABC1D.GluSnFr.SV40 Haustein, et al. 2014 Addgene Plasmid #100889

pAAV.GFAPΔBP.Pf622.3B6.N260A.F145W 
(GFAP.iGABASnFR)

Laboratory of Loren 
Looger, Janelia Research 
Campus

N/A

pAAV.GfaABC1D.flex.hM3D.mCherry Laboratory of Benjamin 
Arenkiel, Baylor College of 
Medicine

N/A

AAV-sh-scramble Yu et al 2015 Addgene Plasmid #85741

AAV-sh-NFIB This paper N/A

Software and Algorithms

Imaris software v9.1 Bitplane https://imaris.oxinst.com/

NIS-Elements software Nikon https://www.microscope.healthcare.nikon.com/
products/software/nis-elements

Debut Video Capture Software NCH Software https://www.nchsoftware.com/capture/index.html

Qupath Bankhead, et al 2017 https://qupath.github.io/
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REAGENT or RESOURCE SOURCE IDENTIFIER

pCLAMP10 Molecular Devices https://www.moleculardevices.com/

Clampfit 10.7 software Molecular Devices https://www.moleculardevices.com/

GECIquant Srinivasan, et al. 2015 https://www.physiology.ucla.edu/Labs/khakh/
astrocytetools.htm

ImageJ NIH https://imagej.nih.gov/ij/

OptiMouse MATLAB program Ben-Shaul 2017 https://bmcbiol.biomedcentral.com/articles/
10.1186/s12915-017-0377-3

Buxco FinePointe DSI https://www.datasci.com/products/buxco-
respiratory-products/finepointe-whole-body-
plethysmography

Versadat software Omnitech Electronics, Inc. http://www.omnitech-electronics.com/product/
VersaMax-Legacy-Open-Field---Locomotor-
Activity/1930

ANY-maze software ANY-maze https://www.anymaze.co.uk/

FreezeFrame software Coulbourn Instruments https://www.coulbourn.com/product_p/
act-100a.htm

fastQC (v0.10.1) N/A https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/

MultiQC (v0.9) Ewels, et al. 2016 https://multiqc.info

STAR (v2.5.0a) Dobin, et al. 2013 https://github.com/alexdobin/STAR

GenomicAlignments (v1.16.0) Lawerence, et al. 2013 https://bioconductor.org/packages/release/bioc/
html/GenomicAlignments.html

GenomicFeatures (v1.32.2) Lawerence, et al. 2013 https://bioconductor.org/packages/release/bioc/
html/GenomicFeatures.html

DESeq2 (v1.20.0) Love, et al. 2014 https://bioconductor.org/packages/release/bioc/
html/DESeq2.html

bowtie2 (v 2.2.6) Langmead, et al. 2012 http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml

HOMER (v4.10) Heinz, et al. 2010 http://homer.ucsd.edu/homer/

samtools (v1.7) Li, et al. 2009 http://www.htslib.org

deepTools (v3.1.3) bamCompare Ramirez, et al. 2016 https://deeptools.readthedocs.io/en/develop/

Mascot algorithm (Mascot 2.4, Matrix Science) Matrix Science http://www.matrixscience.com/
search_form_select.html

Minianalysis Synaptosoft http://www.synaptosoft.com/MiniAnalysis/

SigmaPlot 13 SYSTAT Software https://systatsoftware.com/products/sigmaplot/

Prism 8 GraphPad https://www.graphpad.com/scientific-software/
prism/
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