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SUMMARY

Astrocytic receptors influence cognitive function and can promote behavioral deficits in disease. 

These effects may vary based on variables such as biological sex, but it is not known if the effects 

of astrocytic receptors are dependent on sex. We leveraged in vivo gene editing and chemogenetics 

to examine the roles of astrocytic receptors in spatial memory and other processes. We show 

that reductions in metabotropic glutamate receptor 3 (mGluR3), the main astrocytic glutamate 

receptor in adults, impair memory in females but enhance memory in males. Similarly, increases 

in astrocytic mGluR3 levels have sex-dependent effects and enhance memory in females. mGluR3 

manipulations also alter spatial search strategies during recall in a sex-specific manner. In addition, 

acute chemogenetic stimulation of Gi/o-coupled or Gs-coupled receptors in hippocampal astrocytes 

induces bidirectional and sex-dimorphic effects on memory. Thus, astrocytes are sex-dependent 

modulators of cognitive function and may promote sex differences in aging and disease.
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Meadows et al. identify sex-dependent effects of glial receptors on neurocognitive function. 

Changes in mGluR3 levels or activation of Gi/o-coupled or Gs-coupled receptors in adult 

hippocampal astrocytes had divergent effects on memory across sexes. These results suggest that 

astrocytic receptors promote sex differences in behavior.

Graphical Abstract

INTRODUCTION

Astrocytes are abundant non-neuronal cells that regulate many aspects of neural function, 

including cognitive processes and behavior, partly through close interactions with 

neurons.1,2 Astrocytic G-protein-coupled receptors (GPCRs) mediate astrocytic-neuronal 

interactions and are increasingly recognized as influencing memory and other cognitive 

functions.3–12 Metabotropic glutamate receptor 3 (mGluR3) is a Gi/o-coupled receptor 

enriched in astrocytes throughout the hippocampus, neocortex, striatum, and other brain 

regions.13–16 Although astrocytic mGluR3 is highly expressed in astrocytes and considered a 

primary astrocytic sensor of glutamate, its roles in adult brain function are not defined.17,18

The levels of mGluR3 are altered in diverse pathological conditions.19–25 The gene 

transcript encoding mGluR3 (GRM3) is among the top most reduced astrocytic genes in 

Alzheimer’s disease, and single-nucleotide polymorphisms in GRM3 are associated with 

cognitive dysfunction and neuropsychiatric disorders, including schizophrenia and bipolar 
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disorder.19,20,23,26–28 Despite its associations with neurocognitive and behavioral disorders, 

and mGluR3-targeting therapeutics in development,29–31 the effects of altered astrocytic 

mGluR3 function on cognitive and behavioral changes remain unknown. Astrocytic 

receptors are implicated in numerous behavioral disorders, and these disorders vary by 

sex in their prevalence, risk factors, progression, and response to therapeutics. However, the 

effects of astrocyte receptors, including mGluR3, across sexes have not been assessed.

Here, we explored whether astrocytic mGluR3 regulates hippocampus-dependent learning 

and memory and other behavioral functions. We carried out CRISPR-Cas9-based gene 

editing or induced adeno-associated virus (AAV)-mediated mGluR3 expression selectively 

in hippocampal astrocytes in vivo, in conjunction with in-depth behavioral analyses. We 

also performed complementary chemogenetic manipulations to assess the cognitive effects 

of astrocytic receptor activation in vivo.

RESULTS

Reductions in astrocytic mGluR3 induce sex-specific effects on memory

We first tested whether perturbations in astrocytic mGluR3 affect hippocampus-dependent 

cognitive functions, including learning and memory. We used astrocyte-targeted CRISPR-

Cas9-based gene editing (Figure 1A). We generated Aldh1l1-CreERT2:LSL-Cas9-EGFP 

mice (hereafter, Aldh1l1-Cas9) that enabled astrocyte-selective and tamoxifen (TAM)-

inducible Cas9-EGFP expression in approximately 20% of hippocampal astrocytes in 

adult males and females (Figures 1B, 1C, and S1A–S1C). To selectively disrupt the gene 

encoding mGluR3 (Grm3), mice received intrahippocampal injections of PHP.eB AAV 

vectors32,33 encoding Grm3-targeting sgRNAs 1 week prior to TAM. This approach resulted 

in astrocyte-selective, partial loss of mGluR3, consistent with the mosaic pattern of Cas9-

EGFP expression in hippocampal astrocytes (Figures S1B–S1D). mGluR3 was detected 

throughout the hippocampus but was enriched in the molecular layer of the dentate gyrus 

(Figures 1B and S1A), consistent with recent transcriptomic analyses.16,34 In Aldh1l1-Cas9 

mice receiving Grm3-targeting single guide RNAs (sgRNAs), mGluR3 immunoreactivity 

was reduced by 45%, and Grm3 mRNA levels were reduced by 25% (Figures 1D, 1E, 

and S1E), and at 5–7 months of age, baseline Grm3 mRNA and mGluR3 protein levels 

were similar between sexes (Figure S1F). There were no detectable sgRNA-induced changes 

in other types of mGluRs (Figure S1G), including mGluR2, which has close sequence 

homology with mGluR3. Thus, knockdown was selective and without alterations in other 

related glutamate receptors, in contrast to the changes reported in constitutive global 

knockout mice.35 mGluR3 remained intact in other brain regions (Figures S1H and S1I).

We used the Morris water maze to assess spatial learning during hidden platform training 

and spatial memory in recent and remote probe trials (1 and 9 days after training, 

respectively). We coupled this paradigm with automated analyses to enable unbiased and 

multifaceted assessments of (1) learning over time, (2) preferences for target zones relative 

to other areas of the maze (i.e., target quadrant and platform location) (Figure 1F), (3) 

specific types of search strategies, (4) accuracy of starting trajectories to approach the 

target, and (5) motor abilities.36–40 The hippocampus also facilitates novelty processing and 

anxiety,41,42 which were assessed using the elevated plus maze (EPM)43,44 (Figure S1J).
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At 5–7 months of age, knockdown of astrocytic mGluR3 did not affect learning or 

swimming abilities (Figures 1G and S2A–S2E). However, females with mGluR3 knockdown 

had impaired memory recall in probe trials, reflected by the lack of target quadrant and 

target platform preferences vs. other locations at 1 and 9 days after training (Figures 1H–1J). 

In contrast to the deficits in females, male mice with mGluR3 knockdown had enhanced 

target preferences, especially at 9 days after training, when the control males no longer had 

significant target preferences (Figures 1J and S2F). We further evaluated the effects of sex 

by converting the raw measurements into index values, in which scores of 0.5 and below 

reflected a lack of preference for target location (individual target values divided by the 

sum of target and mean of other/nontarget values) (Figures 1H–1J). We also compared the 

relative changes in index values across sexes in response to knockdown (fold change), where 

values below 1.0 reflected impairments and above 1.0 reflected improvements as compared 

to same-sex controls. Average index values were similar among sexes in control groups but 

different in sgRNA groups (Figures 1H–1J), indicative of differential effects of mGluR3 

reduction in males vs. females. Similarly, the relative changes in index values were different 

between sexes (Figures 1H–1J).

In the EPM, another task that involves hippocampal function, astrocytic mGluR3 

knockdown reduced novelty-related exploration in females but increased this exploration 

in males (Figure S2G), consistent with previous findings in male mice with global 

mGluR3 gene ablation.45 Anxiety-like behavior was not significantly affected in males or 

females (Figure S2H). Thus, mGluR3 knockdown caused divergent, sex-specific effects on 

hippocampus-dependent behaviors in different behavioral test modalities.

Increases in astrocytic mGluR3 enhance memory in females but not males

We next examined if the sex-dependent effects on memory were specific to the loss of 

mGluR3 or if other types of mGluR3 alterations also induce sex-specific changes in 

behavior. We therefore tested if enhancing mGluR3 levels in hippocampal astrocytes is 

sufficient to alter cognition in a sex-dependent manner. These experiments used middle-aged 

mice (12–14 months of age), which have potentially earlier onset of spatial memory deficits 

in females as compared to males in certain behavioral paradigms. Specifically, female 

mice develop some memory deficits in the Morris water maze by 12–14 months of age, 

whereas deficits are evident at later ages in males (18 months or older).46 Thus, we asked 

whether increases in astrocytic mGluR3 are sufficient to enhance performance in middle-

aged females and if memory in males is also differentially affected.

We delivered AAV vectors encoding Cre-dependent, hemagglutinin (HA)-tagged mGluR3 

under the control of astrocytic promoter hGfaABC1D47 into the hippocampus of 12- to 14-

month-old Aldh1l1-CreERT2 mice, administered TAM, and performed behavioral analyses 

5 weeks thereafter (Figures 2A and S3A). The stringent system featuring two astrocytic 

promoters enabled inducible, high-efficiency, and cell-type-specific targeting of mGluR3 

to hippocampal astrocytes (Figures 2B, 2C, and S3B–S3E). Immunolabeling for mGluR3-

HA revealed the characteristic ramified morphology and tiling pattern of hippocampal 

astrocytes, which is not visible when immunolabeling for GFAP, a cytoskeletal protein 

that reveals the cell body and larger branches of astrocytes but not their full cell structure. 
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Intrahippocampal injections of the mGluR3-encoding AAV vectors induced 4-fold increases 

in mGluR3 immunoreactivity in males and females, with similar coverage in hippocampal 

subregions across the sexes (Figures 2D and 2E). In primary astrocyte cultures, the AAV 

vector encoding mGluR3 increased the levels of mGluR3 monomers and functional dimers 

(Figure S3F),48,49 and treatment with the mGluR2/3-selective agonist LY354740 increased 

phosphorylated Akt levels in transduced astrocytes (Figure S3G), demonstrating intact 

surface expression and signaling by the exogenous receptor.

In the Morris water maze, enhancing astrocytic mGluR3 levels did not affect learning or 

swim speeds (Figures 2F and S4A–S4E). Although female controls had similar learning 

to male controls during training, probe trials revealed that female controls had reduced 

quadrant and crossing index values as compared to age-matched control males at 1 day 

post-training (Figures 2G and 2H) and 9 days post-training (Figure 2I). Consistent with 

our observations that partial knockdown of astrocytic mGluR3 impairs performance in 

females (Figure 1), we found that enhancement of astrocytic mGluR3 improved performance 

in females, as evidenced by increased target preferences as compared to control females 

(Figures 2G–2I). In addition, fold change comparisons revealed differential effects of 

mGluR3 across sexes, further suggesting that mGluR3 induces sex-dependent effects. 

Of note, although mGluR3 enhanced memory in females, male mice did not have 

improvements, and there were trends of worsened performance (Figure 2H). Anxiety-like 

behavior was unaffected in both sexes (Figures S4F and S4G). In control mice without 

Cre expression, hippocampus-targeted injections of AAV vectors did not affect learning, 

memory, exploration, or anxiety-like behaviors (Figure S5), indicating that intrahippocampal 

delivery of AAV vectors was not itself sufficient to alter behavior.

Given the observed differences in probe trial performance in control Aldh1l1-CreERT2 

females as compared to age-matched control Aldh1l1-CreERT2 males at 12–14 months 

of age (Figures 2G–2I, see index comparisons), we also examined whether there were 

intrinsic differences in mGluR3 expression across sexes with age. Hippocampal mGluR3 

levels were similar between sexes at 4 and 5–7 months of age (Figures S1F, S3H, and 

S3I). However, by 12 months of age, mGluR3 levels in the dentate gyrus were increased 

in males as compared to 4-month-old males and were slightly higher than age-matched 

females (Figure S3I). By 18 months of age, mGluR3 levels in the dentate gyrus and CA1 

region were markedly reduced in both sexes by 35%–40% relative to 4-month-old mice 

(Figure S3I). These data are consistent with previous reports of gene expression changes 

with age50,51 and changes in astrocytic mGluR3 levels in humans and animal models 

of aging-related neuropathology.21,23,24 Our findings suggest that hippocampal mGluR3 

levels vary substantially with age, which might promote sex-specific effects on hippocampal 

function.

Modulation of astrocytic mGluR3 has sex-specific effects on search behavior at recall

The hippocampus is one of several brain regions important for spatial navigation and 

allocentric representations.52–54 To further examine these aspects of behavior, we performed 

deeper computational analyses of search patterns in the Morris water maze probe trials. We 
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focused these analyses on the first 20 s of each trial, representing the most directed search 

for the target, whereas later time points typically involve extinction processes.39,55

We first examined the effects of astrocytic mGluR3 reductions on the accuracy of 

trajectories during initial approach to the target. Consistent with our findings that mGluR3 

knockdown improved target preferences in males and worsened target preferences in females 

(Figures 1H–1J), mGluR3 knockdown also reduced trajectory errors in males and increased 

trajectory errors in females (Figure 3A). Fold change comparisons among sexes confirmed 

differential effects of knockdown on trajectories in males as compared to females. Increases 

in mGluR3 levels resulted in minimal effects on trajectories (Figure 3B). Thus, reductions in 

mGluR3 expression in hippocampal astrocytes had sex-dimorphic effects on the accuracy of 

the initial routes used to find the target during recall trials.

We next examined the frequencies of different types of search strategies used by mice to 

find the target. In males, astrocytic mGluR3 knockdown increased the frequency of goal-

directed search patterns (Figures 3C and 3E), suggesting that males increased their use of 

allocentric-like strategies, which are often defined by distal cues serving as spatial references 

for finding a target location rather than the self as the reference. In conjunction, mGluR3 

knockdown reduced the total frequency of less-directed, procedural scanning search patterns 

in males (chaining, scanning, circling), suggesting that males also decreased their usage of 

potentially more error-prone egocentric strategies, which are defined by fixed or repetitive 

search patterns based on the self as the reference. Egocentric strategies, which were reduced 

in male mice with mGluR3 knockdown, are more likely to cause off-target navigation, 

especially with a changing starting point, which was a feature of the behavioral paradigm. 

Thus, astrocytic mGluR3 can dampen the accuracy of spatial memory in males and shift 

search behavior to egocentric patterns.

We did not detect differences in search strategies in males with increased mGluR3 (Figure 

3D), consistent with the minimal effects on target preferences (Figures 2G–2I). It is possible 

that mGluR3 overexpression did not affect performance in males due to a separate, yet-

unknown mechanism that enhances performance in males or promotes a period of resilience 

to these perturbations. Further studies are required to investigate differences in hippocampal 

astrocyte receptor function in aging and whether certain astrocytic alterations vary by sex 

and have nonlinear trajectories across lifespan.

In females, unlike males, astrocytic mGluR3 knockdown increased egocentric scanning 

patterns (Figures 3C and 3E), whereas enhancing mGluR3 levels in females reinstated 

allocentric, goal-directed search patterns (Figures 3D and 3F). These data suggest that 

astrocytic mGluR3 enhances the accuracy of spatial memory and promotes allocentric 

search patterns in females. Strikingly, the effects of reducing mGluR3 in males (Figure 

3C) were similar to the effects of increasing mGluR3 in females (Figure 3D), indicating that 

the receptor has sex-divergent effects on behavior. Trajectory errors and search strategies 

were not significantly affected in probe trials performed 1 day post-training (Figure S6), 

possibly because these analyses are more sensitive to remote recall. These complementary 

computational analyses further suggest that alterations in astrocytic mGluR3 induce sex-
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specific effects on memory and contribute to differential neurocognitive changes between 

sexes.

Stimulation of astrocytic Gi/o-coupled or Gs-coupled receptors has sex-dimorphic effects 
on memory

Consistent with our findings, modulation of other astrocytic Gi/o-coupled receptors5,6 or 

chemogenetic stimulation of astrocytic Gi/o-coupled signaling affects memory in males.8,9 

However, the sex dependence of these effects is not known. We next used chemogenetics 

to activate astrocytic Gi/o-coupled signaling and test whether the sex-dependent effects of 

mGluR3 are unique to this receptor or reflect a broader feature of astrocytic Gi/o-coupled 

activities.

We generated an AAV vector encoding Cre-dependent, HA-tagged hM4Di, a Gi/o-coupled 

designer receptor exclusively activated by designer drugs (DREADD),56 under the 

hGfaABC1D promoter (Figure 4A). The vector was delivered to the hippocampus of 

4to 7-month-old Aldh1l1-Cre mice, which induced robust, astrocyte-selective hM4Di 

expression (Figures S7A–S7C). mGluR3 and other Gi/o-coupled receptors affect multiple 

intracellular cascades, including Akt activation, but induce minimal changes in calcium 

flux in hippocampal astrocytes, despite clear effects on calcium in the striatum.14,57–59 To 

confirm hM4Di activity, we turned to Akt. Stimulation of hM4Di-expressing astrocytes 

in vitro with clozapine-N-oxide (CNO), the synthetic agonist for muscarinic DREADDs, 

increased phosphorylated Akt (Figures S7D and S7E), indicating functional receptors at 

the cell surface. Consistent with previous findings,8 c-Fos levels were increased in hM4Di-

expressing astrocytes after in vivo delivery of CNO (5 mg/kg, intraperitoneal [i.p.]) (Figure 

S7F). Drug levels in the hippocampus peaked 1 h after administration (Figure S7G), as 

reported.60 Thus, to test if biological sex alters the effects of astrocytic Gi/o-coupled receptor 

activity on memory, mice received vehicle or CNO 1 h before training trials (Figure 4B). 

Hippocampal hM4Di expression was similar between sexes (Figure 4C).

Consistent with the effects of enhancing astrocytic mGluR3 levels, stimulation of hM4Di 

did not affect learning but did induce sex-specific effects on memory (Figures 4D–4F). 

Astrocytic hM4Di stimulation with CNO improved target preferences in females (Figures 

4E and 4F), akin to enhancing mGluR3, but it reduced target preferences in males (Figure 

4F), consistent with findings in males.8,9 Crossing index and fold change comparisons 

confirmed differential effects between sexes (Figure 4F). Thus, the sex-specific effects of 

astrocytic mGluR3 can be recapitulated by stimulating a Gi/o-coupled receptor, and acute 

receptor activation in astrocytes during learning is sufficient to induce memory enhancement 

or impairment, depending on sex. Given that astrocytic mGluR3 and other types of Gi/

o-coupled receptors are expressed throughout the brain,16,61 we speculate that Gi/o-coupled 

signaling may promote sex-specific modulation of various brain functions.

Gi/o-coupled signaling has convergent and antagonistic interactions with Gs-coupled 

signaling (Figure S7H). Gi/o-coupled receptors inhibit cAMP synthesis, whereas Gs-coupled 

receptors promote cAMP synthesis and can also modulate Gi/o-coupled cascades.59,62,63 

To further investigate the mechanisms promoting sex-specific effects on memory, we next 

expressed and activated Gs-coupled DREADDs in hippocampal astrocytes and assessed their 
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effects on memory. Similar to our hM4Di experiments, we used an AAV vector encoding 

a Cre-dependent, HA-tagged Gs-coupled DREADD (rM3Ds)64 under the hGfaABC1D 
promoter for astrocyte-selective targeting (Figure 4G). The mice received vehicle or CNO 1 

h before daily training (Figure 4H). Astrocytic expression of rM3Ds was consistent across 

sexes and restricted to the hippocampus (Figures 4I and S7I–S7K). CNO treatment of 

rM3Ds-expressing astrocytes in vitro increased phosphorylated CREB (Figure S7L), and 

c-Fos levels were altered in rM3Ds-expressing astrocytes after in vivo delivery of CNO 

(Figure S7M), confirming that astrocytic rM3Ds was functional.

The stimulation of astrocytic rM3Ds during training did not affect learning in males but 

had a detrimental effect on learning in females, and fold change analyses revealed sex 

differences in the effects on learning (Figure 4J). Although control females and CNO-

treated females reached similar levels of performance at completion of training (Figure 

4J), and all controls showed similar quadrant preferences 1 day after training (Figures 

S8A and S8D), CNO-treated females expressing rM3Ds had impaired performance in 

the 3-day probe, as reflected by reduced target quadrant and platform preferences and 

index values (Figures 4K and 4L). Fold change comparisons further pointed to differential 

responses across sexes (Figures 4K and 4L). Indeed, CNO-treated males had intact 

target quadrant preferences (Figure 4K) as well as preserved target platform preferences, 

whereas control males did not show strong preferences (Figure 4L). The stimulation 

of Gs-coupled or Gi/o-coupled receptors did not affect swim speeds (Figure S8). The 

observed memory impairments induced by rM3Ds activation in females were similar to 

the effects of mGluR3 knockdown and opposite to the effects of hM4Di activation in 

females, further demonstrating bidirectional and sex-dependent effects. Of note, our results 

in males are consistent with reports that direct optogenetic stimulation of adenylate cyclase 

in hippocampal astrocytes improves memory (although sex was not reported)65 and that 

astrocytic Gs-coupled adrenergic receptors facilitate memory in males.3

CNO is readily converted to clozapine, a psychoactive compound that stimulates 

endogenous GPCRs.66 Thus, in additional control experiments, we tested whether CNO 

had DREADD-independent effects. We found that AAV-injected nontransgenic mice did not 

have detectable DREADD expression (Figure S9A) and that CNO administration (5 mg/kg, 

i.p.) during training did not affect performance in either sex (Figures S9B–S9F). Of note, 

CNO/clozapine is rapidly cleared from the brain within several hours (Figure S7G), whereas 

the effects on memory in DREADD-expressing mice persisted for several days. Altogether, 

our findings reveal that biological sex is a key determinant of astrocytic effects on cognitive 

function.

DISCUSSION

Previous studies have demonstrated sex differences in learning and memory,46,67–69 

neurocognitive disorders,70 and aging-related cognitive decline,46 which have been largely 

attributed to differences in neuronal functions. Although biological sex needs consideration 

in studies of brain function,70–73 previous investigations on the cognitive effects of astrocytic 

receptors have included only male subjects3,5–12,74,75 or did not report sex differences4,76 

(Table S1). Of note, cortical astrocytes have sex differences in gene expression during brain 
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development,77 and hypothalamic astrocytes can induce sex-specific circadian changes.78 

Here, we uncovered sex-dependent behavioral effects across four different manipulations, 

indicating that astrocytes regulate hippocampal function in a highly sex-specific manner and 

may contribute to sex differences in behavior.

Increasing astrocytic mGluR3 levels enhanced memory in older females, and reducing 

mGluR3 was sufficient to impair memory in young females, demonstrating that mGluR3 

promotes memory recall in females. In contrast, males had memory improvements upon 

reductions in mGluR3, whereas increases did not improve memory. In agreement, memory 

in females was enhanced by the stimulation of Gi/o-coupled receptors, whereas memory in 

males was impaired. Conversely, stimulation of Gs-coupled receptors impaired learning and 

memory in females but not males, implicating astrocytic GPCRs in sex-dimorphic regulation 

of hippocampal function.

Sex differences in hippocampal function likely involve an interplay of sex-specific 

mechanisms in astrocytes and other cell types. Astrocytic receptors may induce sex-

dimorphic effects by acting on neural circuits with different properties across sexes. 

For instance, hippocampal neurons in the CA3 have more stable responses to familiar 

environments during memory retrieval as compared to the CA1,79 but there are sex 

differences in baseline CA3-CA1 excitation,80 with female mice having higher excitation 

states than males. However, it is also plausible that astrocytes contribute to differential 

excitation states across sexes. CA3 hyperactivity is associated with aging-related memory 

loss in rodents81–83 and humans,84 and attenuation of CA3 hyperactivity prevents deficits.85 

Older female mice (10–12 months) have increases in synaptophysin labeling in the CA3, 

whereas males do not have these changes until older ages.86 Thus, increases in astrocytic 

mGluR3 might improve memory in females by modulating CA3-CA1 communication. In 

contrast to females, males with reduced mGluR3 or activation of Gs-coupled rM3Ds had 

improvements in performance, whereas Gi/o-coupled hM4Di activation impaired memory. In 

agreement, activation of astrocytic hM4Di in the CA1 of male mice impairs memory and 

disrupts CA3-CA1 activities.8

mGluR3 reductions also induced divergent effects on path trajectories and search strategies, 

further implicating this receptor in recall accuracy and shifts in allocentric-egocentric 

representations. Humans and other animals use allocentric and egocentric strategies together, 

likely for robust spatial representations and flexible navigation, although species-related 

differences are possible. Egocentric representations involve the postrhinal and retrosplenial 

cortices, and these representations can be transformed into allocentric representations,87–89 

but the exact mechanisms and roles of glial cells in these processes are not known. Our 

findings implicate astrocytic GPCRs as sex-specific modulators of spatial representations, 

possibly through effects on hippocampal-neocortical communication.

Chemogenetic manipulations revealed that astrocytic regulation of memory involves a 

sex-specific balance between Gs-coupled and Gi/o-coupled receptor signaling and that 

alterations in this balance have sex-divergent effects. Although some signaling factors have 

been linked to sex-specific effects,90–93 the exact mechanisms by which receptor signaling 

pathways diverge are not yet known. Astrocytic receptors may also engage sex-dependent 
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mechanisms in neurons that result in distinct behavioral outcomes in a non-cell-autonomous 

manner.67,69,80,94,95

GPCRs and related factors are the largest family of proteins targeted by approved 

drugs, and mGluR3 modulators are being developed for clinical applications. Our study 

suggests that targeting mGluR3 and other astrocytic GPCRs may cause sex-specific 

neurocognitive effects. Astrocytic GPCRs are altered in various disorders4,21,23,24,74,96–

98 and might contribute to sex differences in disease, an important consideration in 

personalized medicine.70,99 Our results support an emerging view that astrocytes induce 

context-dependent changes and contribute to selective vulnerability.100 Astrocytic signaling 

can modulate diverse brain regions and functions, including glutamatergic19,35,58 and 

GABAergic transmission,61,76 suggesting that a spectrum of activities might be subject to 

sex-dependent regulation.

Limitations of the study

The present study used transgenic mice to examine astrocytic GPCRs. It remains unclear 

how these findings translate across species and if they apply to other types of astrocytic 

signaling pathways and brain regions. Further studies are needed to determine the relevance 

of these findings to aging- and disease-related alterations in cognitive processes, which 

are associated with astrocytic changes and sex-dependent outcomes.101,102 Additional work 

is required to define the exact molecular and neural circuit mechanisms and evaluate the 

potential roles of circulating sex hormones and sex chromosomes in the observed effects.

STAR★METHODS

RESOURCE AVAILABILITY

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

directed to the lead contact, Anna G. Orr (ago2002@med.cornell.edu).

Materials availability—Plasmids generated in this study are available from the lead 

contact but may require a completed materials transfer agreement.

Data and code availability

• All raw data reported in this paper are available upon request from the lead 

contact.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this work is 

available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—All animal experiments were approved by the Institutional Animal Care and Use 

Committee of Weill Cornell Medicine and conducted in accordance with the guidelines set 

by the National Institutes of Health Guide for the Care and Use of Laboratory Animals. 

Mice were group-housed, with two to four mice per cage. Mice were maintained on a 12-h 

Meadows et al. Page 10

Cell Rep. Author manuscript; available in PMC 2024 July 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



light/dark cycle with ad libitum access to food and water. All experiments were conducted 

during the light cycle and included littermate controls. In consideration of sex as a biological 

variable, all experiments were conducted to power each treatment group for both sexes at 

80% power, with α set at 0.05. Although circulating hormone levels and estrous cycles 

were not monitored, we did not observe segmentation in the data and effects were typically 

consistent across multiple probe trials in the Morris water maze.

Astrocyte-targeted knockdown of mGluR3 was achieved using Aldh1l1-CreERT2 BAC 

transgenic mice crossed with Rosa26-LSL-Cas9-eGFP knock-in mice (Aldh1l1-CreERT2 

x Rosa26-LSL-Cas9-eGFP). Aldh1l1-CreERT2 mice (Jackson Laboratory; strain #031008) 

express tamoxifen (TAM)-inducible Cre recombinase under the control of the astrocytic 

aldehyde dehydrogenase 1 family member L1 (Aldh1l1) promoter (kindly provided by Dr. 

Baljit S. Khakh). Rosa26-LSL-Cas9 mice (Jackson Laboratory; strain #026556) have Cre 

recombinase-dependent expression of the CRISPR-associated protein 9 (Cas9) endonuclease 

and eGFP under the CAG promoter. Use of Rosa26-LSL-Cas9-eGFP mice in combination 

with sgRNA vectors and a source for Cre recombinase enables manipulation of gene 

expression. The resulting Aldh1l1-CreERT2 x Rosa26-LSL-Cas9-eGFP cross enabled 

induction of Cas9 and eGFP expression selectively in astrocytes. Mice did not express 

Cas9-eGFP until treatment with TAM.

Astrocyte-targeted enhancement of mGluR3 expression was achieved using singly 

transgenic Aldh1l1-CreERT2 mice. One to two weeks post-stereotaxic injections, mice 

received single daily injections of TAM (MilliporeSigma, 80 mg/kg, i.p.) for five 

consecutive days. Notably, TAM is a known estrogen receptor modulator that can facilitate 

estrogen receptor degradation and act as a mixed agonist and antagonist that might affect 

behavior. However, short-term TAM administration does not alter EPM or Morris water 

maze performance in either sex.105 Nonetheless, we designed our experiments to minimize 

potential interactions between our manipulations and TAM administration. In Aldh1l1-

CreERT2 mice with mGluR3 manipulations, all behavioral experiments were performed 

no less than five weeks after cessation of TAM administration. TAM and its psychoactive 

metabolites are minimally detectable by one week after administration.106 We conclude 

that there was minimal direct influence of TAM on the behavioral measurements in our 

study. The sex-specific effects observed with the mGluR3 manipulations were recapitulated 

with chemogenetic stimulation using independent mouse lines and AAV vectors. The 

chemogenetic experiments were conducted in Aldh1l1-Cre mice that were not exposed to 

TAM.

The expression of chemogenetic receptors hM4Di and rM3Ds was targeted to astrocytes 

using Aldh1l1-Cre mice (B6; FVB-Tg(Aldh1l1-cre)JD1884Htz/J). Aldh1l1-Cre mice were 

obtained from the Jackson Laboratory (strain #023748) and backcrossed for five generations 

onto the C57Bl/6J background. Similar to Aldh1l1-CreERT2 mice, Aldh1l1-Cre mice 

express Cre recombinase downstream of the astrocytic Aldh1l1 promoter, but there is 

no dependence on TAM. Behavioral studies were conducted 3–5 weeks after stereotaxic 

injections.
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Primary astrocyte cultures—All cultures were maintained at 37°C in a humidified 

5% CO2-containing atmosphere. Cortices and hippocampi from postnatal day 3 mouse 

pups (nontransgenic or Aldh1l1-Cre) were cleared of meninges, dissociated by manual 

trituration with a P1000 pipette, and plated into culture plates pre-coated with poly-D-lysine 

(50 μg/mL, MilliporeSigma). Cells were maintained in DMEM supplemented with 20% 

heat-inactivated FBS (VWR #89510–188), 1X GlutaMAX (ThermoFisher #35050061) and 

1 mM sodium pyruvate (Thermo Scientific). Cells were washed after 4–5 days in culture 

and maintained in fresh media after washing. After 9–11 days in culture, medium was 

replaced with DMEM without serum and glutamine, and cells were treated 18–24 h later 

with clozapine-N-oxide (CNO, Tocris #4936, 5 μM) or LY354740 (Tocris #3246, 1 μM) for 

10 min prior to lysis to assess the levels of phosphorylated and total proteins by Western 

blotting.

METHOD DETAILS

Adeno-associated viral vectors (AAVs)—To knock down mGluR3, AAV vectors were 

generated by removing the human synapsin promoter and mCherry sequences from pAAV-

U6-sgRNA-hSyn-mCherry vector (donated by Dr. Alex Hewitt, Addgene #87916; RRID 

#Addgene 87916)103 using Anza 32 ApaI and Anza 14 SalI (Thermo Fisher Scientific) 

and the plasmid backbone was ligated with Anza T4 DNA Ligase Mix to create pAAV-U6-

sgRNA. The existing 20 bp sgRNA spacer sequence was removed using Anza 33 LguI. 

sgRNAs targeting mouse Grm3 were designed107 and ordered as pairs of complementary 

unphosphorylated oligos (Integrated DNA Technologies):

#552 forward, CACCGCAGAGGTATCCAACGCCTGG;

#552 reverse, AAACCCAGGCGTTGGATACCTCTGC;

#703 forward, CCGCAGAGCATCGTTGACTAAAG;

#703 reverse, AACCTTTAGTCAACGATGCTCTGC.

Oligo pairs were phosphorylated, annealed, and ligated into the LguI-digested backbone to 

generate two AAV vectors.

To enhance mGluR3 expression levels, the truncated human astrocyte-specific GfaABC1D 
promoter was digested from pAAV-GFAP-EGFP (donated by Dr. Bryan Roth, Addgene 

#50473; RRID #Addgene_50473) and cloned into pAAV-EF1a-DIO-hM4D(Gi)-mCherry 

(donated by Dr. Bryan Roth, Addgene #50461; RRID #Addgene_50461) using Anza 28 

Mlul and Anza 14 SalI to replace the EF1a promoter. Rat mGluR3 with an N-terminal HA 

tag was synthesized as a gene block (Integrated DNA Technologies) and ligated in place 

of the hM4D(Gi) sequence of pAAV-GfaABC1D-DIO-hM4D(Gi)-mCherry using Anza 6 

NheI and Anza 21 SgsI. To reduce construct size, the human growth hormone (hGH) poly-

adenylation (polyA) sequence was replaced with the shorter bovine growth hormone (bGH) 

polyA sequence PCR amplified (Platinum SuperFi DNA Polymerase kit, ThermoFisher 

#12351010) from pCRII-TOPO CMV-cGFP-bGH Poly(A) (donated by Dr. Phil Sharp, 

Addgene #46835; RRID #Addgene_46835)104 using primers containing XhoI and CpoI 
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restriction sites. The resulting construct enabled Cre-dependent expression of mGluR3 in 

astrocytes. Control experiments involved injection of AAV vectors into nontransgenic mice.

For chemogenetic experiments, the Gi/o-coupled chemogenetic receptor hM4Di was PCR 

amplified from pAAV-GFAP-HA-hM4D(Gi)-IRES-mCitrine (donated by Dr. Bryan Roth, 

Addgene #50471; RRID #Addgene_50471) using primers containing NheI and SgsI 

restriction sites in order to replace the HA-mGluR3 sequence in the pAAV-GfaABC1D-

DIO-HA-mGluR3 construct to generate pAAV-GfaABC1D-DIO-HA-hM4D(Gi) for Cre-

dependent expression of HA-tagged hM4Di in astrocytes. Similar methods were employed 

to amplify the Gs-coupled chemogenetic receptor rM3D(Gs) from pAAV-GFAP-HA-

rM3D(Gs)-IRES-mCitrine (donated by Dr. Bryan Roth, Addgene Plasmid #50472; RRID 

#Addgene_50472) to generate pAAV-GfaABC1D-DIO-HA-rM3D(Gs) for Cre-dependent 

expression of HA-tagged rM3Ds in astrocytes.

All vectors were transformed into NEB 5-alpha competent bacteria (New England Biolabs 

#C2987H) and purified with the Plasmid Plus Maxi Prep kit (Qiagen #12963). The integrity 

and accuracy of each AAV vector, including both AAV-ITRs, were verified by restriction 

digests and Sanger sequencing (Genewiz and Azenta) prior to viral production. AAV2/

PHP.eB viral particles were produced by the Stanford University Gene Vector and Virus 

Core (sgRNA vectors) and the University of Pennsylvania (mGluR3, hM4Di, and rM3Ds). 

PHP.eB capsid vectors were provided courtesy of Drs. Viviana Gradinaru and Benjamin 

Deverman at the California Institute of Technology.32,33 PHP capsids are a modification of 

AAV9 provided by the University of Pennsylvania.

Stereotaxic surgeries—Prior to surgery, mice were anesthetized with Avertin (2,2,2-

tribromoethanol; Fisher Scientific #AC421430100, 200 mg/kg, i.p.) and supplemented with 

inhalant isoflurane (1%, Covetrus). During surgeries, meloxicam (2 mg/kg, s.c., Covetrus) 

and bupivacaine (1 mg/kg, t.d., Hospira) were administered for pain management. Once 

anesthetized, mice were secured in a stereotaxic frame (Kopf Instruments) and bilateral 1 

mm-diameter openings were made in the skull using a mounted drill (Kopf Instruments). 

A 10 μL Hamilton syringe mounted to the stereotaxic frame was used to infuse 1 μL 

of sgRNAs (1:1 mixture of AAV2/PHP.eB-U6-sgRNA552 (4.09 × 1012 viral genomes 

(Vg)/mL) and AAV2/PHP.eB-U6-sgRNA703 (2.11 × 1012 Vg/ml)), or 0.5 μL AAV2/

PHP.eB-hGfaABC1D-DIO-HA-mGluR3 (8.15 × 1012 Vg/ml), or 0.5 μL AAV2/PHP.eB-

hGfaABC1D-DIO-HA-hM4Di (1.12 × 1013 Vg/ml), or 0.5 μL AAV2/PHP.eB-hGfaABC1D-

DIO-HA-rM3Ds (1.83 × 1013 Vg/ml) into the dorsal hippocampus at the following 

stereotaxic coordinates (relative to bregma): −2.3 anterior/posterior; +/−2.0 medial/lateral; 

−2.0 dorsal/ventral. All AAV vectors were injected using a Micro 4 Microsyringe Pump 

(World Precision Instruments) at a rate of 0.1 μL/min. After each injection, the needle 

was left in place for an additional 5 min to allow for diffusion of the AAV. After needle 

withdrawal, the surgical site was sealed with Vetbond tissue adhesive (3M), and mice were 

continuously monitored under a heating lamp until fully recovered.

Retro-orbital injections—To confirm DREADD functionality in vivo, Aldh1l1-Cre mice 

were injected retro-orbitally with AAV2/PHP.eB vectors. Mice were briefly anesthetized 

with isoflurane (3%, Covetrus) and injected with 100 μL AAV2/PHP.eB-hGfaABC1D-DIO-
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HA-hM4Di (1 × 1011 Vg/mouse) or AAV2/PHP.eB-hGfaABC1D-DIO-HA-rM3Ds (1 × 1011 

Vg/mouse) diluted in saline into the retro-orbital sinus. Petrolatum ophthalmic ointment 

(Puralube Vet Ointment) was applied to the injected eye and mice were allowed to recover 

for three weeks before receiving vehicle or CNO (i.p., 5 mg/kg), followed by perfusion and 

processing for tissue immunolabeling.

Behavioral testing—Age-matched littermates were distributed across experimental 

groups in home cages of each sex. Experimenters were blinded to experimental groups 

and mice were tested in random order. Before behavioral testing, except for the elevated 

plus maze, all mice were handled for 1–2 min per day for 5 days. Mice that were injured 

or in poor health were excluded from behavioral testing, regardless of experimental group. 

Prior to all behavioral tests, mice were acclimated to the testing room and lighting for 1 h. 

For experiments involving mGluR3 manipulations, behavioral testing began 5–6 weeks after 

completion of TAM administration and the elevated-plus maze testing was performed prior 

to the Morris water maze experiments. For chemogenetic experiments, behavioral testing 

began 3–5 weeks after stereotaxic injections.

Elevated plus maze—The elevated plus maze is a raised plus-shaped maze consisting 

of two enclosed arms and two open arms. The maze is raised 60–70 cm above the ground 

and placed under bright white light. After habituation to the room, the mice were placed in 

an open arm facing the center of the maze. Mice were allowed to freely explore the four 

arms of the plus-shaped maze for 5 min. The trial period was recorded and tracked using 

EthoVision XT video tracking software (Noldus Information Technology Inc., Leesburg 

VA). Between mice, the maze was cleaned with 70% ethanol to avoid interference between 

trials.

Morris water maze—Mice were tested in a 122 cm diameter pool filled with room 

temperature water (20 ± 2°C). The water was made opaque with white tempera paint 

(Colorations Non-Toxic Liquid Paint). Prior to testing, geometric spatial cues were set up 

around the pool. On the first day, mice underwent one session of three pre-training trials 

wherein mice were placed at one end of a rectangular channel (15 cm × 122 cm) with a 

square platform (14 × 14 cm) submerged 0.5 cm below the surface of the water at the other 

end of the channel. If a mouse did not swim to the channel within 15 s, the mouse was 

guided onto the platform, where it remained for 10 s before being gently dried and returned 

to the home cage. Three days following pre-training, the mice underwent hidden platform 

training in the full circular water maze.

During hidden platform training, the platform was submerged approximately 1.0 cm below 

the surface of the water. Training consisted of one session per day for 5–7 consecutive days. 

In each training session, mice completed four training trials, wherein the drop location was 

varied but the platform location remained the same. The maximum trial time was 60 s. If 

the mouse did not find the platform within 60 s, it was gently guided to the platform by the 

experimenter. All mice sat on the target platform for 10 s after each training trial. During 

DREADD experiments, mice received injections of vehicle (0.5% DMSO in 0.9% saline, 

i.p.) or clozapine-N-oxide (CNO, Tocris #4936; 5 mg/kg, i.p.) 1 h prior to each training 

session. As shown in Figure 4, mice in the rM3Ds experiment were trained for an extra day 
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as compared to mice in the hM4Di experiment because overall learning was slower for all 

groups in the rM3Ds-related training trials and females had reduced learning.

During the probe trials, the hidden platform was removed from the pool and each mouse 

underwent one 60 s trial on each probe day, with the drop location kept constant at 180° 

angle from the target platform location. At the end of each trial, mice were removed from 

the pool, dried off to minimize stress, and placed back in the home cage.

Environmental or handling-related stress is known to affect behavioral readouts. Unlike 

mice that underwent mGluR3 manipulations, the mice used in chemogenetic experiments 

underwent daily intraperitoneal injections 1 h prior to training, which can cause stress 

and impair learning, accelerate the rate of forgetting, and affect probe performance in 

all groups.108–110 Thus, for chemogenetic experiments, we performed probe trials at one 

and three days post-training rather than one and nine days post-training. Similar trends of 

sex-specific effects of hM4Di and rM3Ds stimulation were observed in probe trials at one 

day post-training.

Rtrack analyses—Raw data were exported from Ethovision XT and processed and 

analyzed using R (version 4.0.3). Search strategies during the training trials were determined 

from search patterns during the entire 60 s trial, as previously reported.111 Each individual 

probe trial was truncated to include only the first 20 s of the probe trial as previous studies 

have reported that this initial search period is the most sensitive to memory deficits during 

probe trials.39,55 The Rtrack package (version 1.0.0)40 was used to determine the confidence 

score (percent match as a measurement of how well the swim path fit each model) for nine 

predefined swim strategies: non-goal-oriented strategies (thigmotaxis, circling, random), 

procedural strategies (scanning, chaining), and allocentric strategies (goal-directed search, 

corrected search, direct path, perseverance). Rtrack designers recommend a cutoff threshold 

of 0.4 for calling strategy.40 To maximize data inclusion, we did not set a threshold for 

confidence scores. Confidence scores ranged from 0.276 to 0.744 (64% over 0.4) for probe 

data in the sgRNA experiment, and from 0.218 to 0.80 (84% over 0.4) for probe data in the 

mGluR3 AAV experiment. Data are shown as the percentage of mice that utilized each swim 

strategy during a trial.

Rtrack was also used to calculate the initial trajectory error in each probe trial. This 

calculation assesses the distance of the mouse from the center of the goal (target platform) 

after a total swim distance equivalent to the calculated distance of a direct swim path from 

the starting point to the goal. This measure serves as a measure of the accuracy of the initial 

swim path.

Immunohistochemistry—Mice were anesthetized with Avertin (250 mg/kg, i.p.) and 

transcardially perfused for 3 min with 0.9% saline. Brains were removed and drop-fixed 

in PBS-buffered 4% paraformaldehyde (PFA) for 24 h, then rinsed three times with PBS 

before equilibrating with PBS-buffered 30% sucrose at 4°C until sectioning (at least 24 h). 

Mouse brains were sectioned at a thickness of 30 μm using an SM2010 R sliding microtome 

(Leica) equipped with a BFS-3MP freeing stage and cooling unit (Physitemp, Clifton, NJ). 
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Free-floating sections were collected and stored in cryopreservative (30% ethylene glycol, 

30% glycerol in PBS) for long-term storage at −20°C.

For all immunolabeling, free-floating sections were rinsed in PBS and permeabilized 

in PBS containing 0.5% Triton X-100 (PBS-T). Sections were blocked with 6% 

goat and/or donkey serum (Jackson ImmunoResearch) in PBS-T for 1–2 h at room 

temperature. Blocked sections were rinsed in PBS and incubated for 24 h (or 

for 48 h for Iba1 labeling) at 4°C in mouse anti-HA (1:500, 901513, Biolegend, 

RRID#AB_2565335), rabbit anti-HA (1:1000, 3724S, Cell Signaling, RRID#AB_1549585), 

rabbit anti-GFAP (1:1,000, G9269, MilliporeSigma, RRID#AB_477035), mouse anti-GFAP 

(1:1,000, MAB3402B, MilliporeSigma, RRID#AB_10917109), goat anti-GFAP (1:500, 

ab53554, Abcam, RRID# AB_880202), chicken anti-GFAP (1:1000, ab4674, Abcam, 

RRID#AB_304558), rabbit anti-mGluR3 (1:500, ab166608, Abcam, RRID#AB_2833092), 

chicken anti-GFP (1:500, ab13970, Abcam, RRID#AB_300798), rabbit anti-NeuN (1:1000, 

ABN78, MilliporeSigma, RRID#AB_10807945), guinea pig anti-NeuN (1:2500, ABN90, 

MilliporeSigma, RRID#AB_11205592), mouse anti-c-Fos (1:1,000, ab208942, Abcam, 

RRID# AB_2747772), or goat anti-Iba1 (1:400, ab5076, Abcam, RRID#AB_222402 diluted 

in 3% serum in PBS-T.

Sections were rinsed and incubated for 1–2 h at room temperature in AlexaFluor-

conjugated secondary antibodies diluted 1:500 (ThermoFisher Scientific #A-31573, 

A-31572, A-31571, A-31570, A-21432, A-21206, A-21202, A-78949, A-21447, 

RRID#AB_2536183, AB_162543, AB_162542, AB_2536180, AB_2535853, AB_2535792, 

AB_141607, AB_2921071, RRID:AB_141844; Abcam ab150169, RRID# 2636803; 

Jackson ImmunoResearch # 706–605-148, RRID#AB_2340476) and in DAPI (D9542, 

Millipore-Sigma) diluted 1:3,000 in 3% serum in PBS-T before final rinses with PBS. 

Sections were mounted onto Superfrost slides (VWR), and coverslips were mounted with 

Vectashield (Vector Labs) or Prolong Diamond media (ThermoFisher Scientific).

Most images were acquired using a BX710 microscope (Keyence) with a 10X or 20X 

objective (Nikon), stitched with BZ-X Analyzer Software (Keyence), and analyzed with 

ImageJ (FIJI). For measuring mGluR3 expression, images were captured using an LSM880 

confocal microscope (Zeiss) equipped with 20X objectives (Zeiss). Images were processed 

in Zen Black v2.3 SP1 FP3 acquisition software (Zeiss) to create maximum intensity 

projection of z stack overlays. Images were processed in FIJI to create z stack overlays 

of representative fields.

For determining specificity and efficiency of vector targeting, brightness and contrast of 

thresholded images were adjusted to better visualize immunolabeling of cell markers, 

receptors, and/or Cas9-eGFP in individual cells and manual counts were performed 

using the Cell Counter plugin in FIJI. EGFP-positive astrocytes were classified based 

on their characteristic diffuse, bushy appearance overlapping with intense GFAP labeling 

which typically only reveals primary processes but not the full morphology. Neurons and 

microglia/macrophages were classified based on NeuN and Iba1 labeling, respectively. To 

be classified within these cell types, receptor or Cas9-eGFP labeling had to be centered 

over NeuN- or Iba1-positive soma and/or show the characteristic morphology of neurons or 
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microglia. All colocalization counts were performed manually across 2–4 ROIs or images 

per brain region and mouse. Experimenters were blinded to sample identity.

For measurements of mGluR3 expression, 2–3 ROIs per brain region and mouse were 

extracted and thresholded to exclude background signal before quantification for mean 

intensity and percent of total area. Mean mGluR3 intensity was normalized to the ROI 

area. The levels of endogenous mGluR3 expression appear low in Figure 2B due to the low 

exposure settings required to capture the higher levels of mGluR3 in AAV-injected mice 

without saturating the signal. Images included in Figure S3B show that endogenous mGluR3 

expression is robust in control mice after adjusting the exposure settings. For measurements 

of c-Fos levels, HA-positive areas representing DREADD expression were selected as ROIs 

to restrict these analyses to DREADD-expressing astrocytes.

Microfluidic RT-qPCR—Saline-perfused brain tissue was flash frozen in isopentane on 

dry ice and stored at −80°C until dissection. Briefly, frozen hemibrains were affixed in warm 

30% low-melting point agarose and rapidly cut to 450 μm sections using the McIlwain 

Tissue Chopper (Stoelting #51350). The sections were quickly placed in ice-cold PBS 

and the dentate gyrus and the hippocampal CA1 region were dissected under a dissecting 

microscope (AmScope), placed in RNase-free low-binding tubes (Eppendorf), and re-frozen 

on dry ice until storage at −80°C. Dissected tissue was homogenized in extraction buffer 

(Qiagen RLT with β-mercaptoethanol) in a pre-chilled adaptor tube rack using a Fisherbrand 

Bead Mill 24 (Fisher Scientific #15–340-163) for 20 s with speed setting 5.

RNA was purified using the RNeasy Mini Kit with on-column DNase treatment following 

manufacturer’s instructions (Qiagen #74106, #79256), denatured for 5 min at 70°C and 

reverse transcribed with the Protoscript First Strand Synthesis Kit (New England Biolabs 

#6300L). cDNA was pre-amplified for 14 cycles against a pool of selected primers (Table 

S4) using PreAmp Grandmaster mix (TATAA Biocenter, Sweden #TA05). Pre-amplified 

DNA underwent exonuclease I treatment (New England Biolabs #M0293L) before being 

diluted 10-fold with nuclease-free water and mixed with SsoFast EvaGreen with Low ROX 

(BioRad #1725211). Samples were mixed with chip-specific reagents (Standard BioTools) 

and then loaded into a 96.96 Dynamic Array Chip (BMK-M-96.96). The chip inlets were 

loaded with individual primers pre-mixed with DNA assay reagent (Standard BioTools). 

The IFC Controller HX was used to prime and load the chip in preparation for qPCR. 

Amplification and melting curves were measured and analyzed with the BioMark HD 

System (Standard BioTools). Cycle of quantification (Cq) values were thresholded by the 

BioMark software and normalized to the average of reference genes (Actb, Gapdh, Gusb, 

Tbp). Normalized Cq values were then used to determine the ddCq and fold change relative 

to control groups.

Western blotting—Cultured astrocytes were rinsed with ice-cold PBS before aspirating 

buffer and lysing on ice for 10 min with ice-cold buffer containing 10 mM Tris (pH 7.4), 

150 mM NaCl, 0.5% deoxycholate, 5 mM EDTA, 0.5% Triton X-100, protease inhibitor 

cocktail (Roche #11836153001), and two phosphatase inhibitor cocktails (MilliporeSigma 

P5726 and P0044). Harvested lysates were sonicated on ice for 5 s at 10% power with a 

probe sonifier (Branson), centrifuged at 10,000 rpm for 10 min at 4°C, and the supernatants 
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assayed for protein content (Pierce Detergent-Compatible Bradford Assay, ThermoFisher 

#23246).

Samples (10–20 mg/well) were separated using 4–12% NuPAGE Bis-Tris gels 

(ThermoFisher #NP0336BOX) and transferred to nitrocellulose membranes using a Mini 

Blot Module (ThermoFisher). Membranes were blocked for 1 h in 5% bovine serum albumin 

(BSA) (VWR #97062–904) in Tris-buffered saline prior to incubation overnight at 4°C in 

3% BSA in TBS containing 0.2% Tween 20 (TBS-T) and the following primary antibodies: 

rabbit anti-phospho-CREB (S133) (1:1000, Cell Signaling 9198, RRID#AB_2561044) 

and mouse anti-total-CREB (1:250, Cell Signaling 9104S, RRID#AB_490881), rabbit 

anti-phospho-Akt (Ser473) (1:2500, Abcam ab81283, RRID#AB_2224551) and mouse anti-

total-Akt (1:250, Cell Signaling 2920S, RRID#AB_1147620), or rabbit anti-mGluR3 (1:500, 

Abcam ab166608, RRID#AB_2833092) and mouse anti-γ-tubulin (1:2500, MilliporeSigma 

T5326, RRID#AB_532292).

After washing, membranes were incubated in IR Dye 680RD donkey anti-mouse (1:15,000; 

LI-COR #926–68072, RRID#AB_2814912) and IR Dye 800CW donkey anti-rabbit 

(1:15,000; LI-COR #926–32213; RRID#AB_621848) in 3% BSA in TBS-T for 1 h. Blots 

were rinsed twice with TBS-T and once with TBS and then dried before imaging on the 

Odyssey CLx scanner (Licor). Immunoblotting was quantified using LI-COR Image Studio 

software.

Pharmacokinetic analyses—Clozapine and CNO measurements in brain tissue were 

performed by Charles River Laboratories (South San Francisco, US). Analytes were 

extracted from pre-weighed hippocampal tissue using standard methods and quantified by 

LC-MS/MS against analyte calibration curves.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical specifications are reported in the figures and corresponding figure legends. 

Numbers of mice used in each experiment are listed in Tables S2 and S3. All data are 

presented as mean ± S.E.M, unless indicated otherwise in the legends. Statistical tests 

were performed using GraphPad Prism 8 or 9. The criterion for data point exclusion 

was established during the design of the study and was set to values above or below 

two standard deviations from the group mean. For determination of target preferences, 

mice with thigmotaxis were excluded. Two-sided Student’s t-tests were used to determine 

statistical significance between two groups. Welch’s correction was used to account for 

unequal variances. Differences among multiple groups were assessed by one-way, two-way, 

or three-way ANOVAs followed by Sidak’s multiple comparisons post-hoc tests, as specified 

in the legends. Fisher’s exact test was used to compare strategy frequencies across groups. 

Null hypotheses were rejected at p < 0.05.

Supplementary Material

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

• Changes in astrocytic mGluR3 levels induce sex-dependent effects on spatial 

memory

• Astrocytic mGluR3 modulates search behavior at recall in a sex-specific 

manner

• Astrocytic Gi/o and Gs receptors have opposing, sex-dimorphic effects on 

memory
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Figure 1. Reductions in astrocytic mGluR3 levels cause sex-specific effects on memory
(A) Schematic of astrocytic Grm3 knockdown.

(B) Cas9-EGFP (green) and mGluR3 (red) in hippocampus of Aldh1l1-Cas9 mice (5–7 

months of age) injected with vehicle (Con) or AAVs encoding sgRNAs. DAPI (blue) labeled 

cell nuclei. Scale bars: 400 μm and 80 μm (insets).

(C) Analyses of Cas9-EGFP-positive cell types: astrocytes (GFAP), microglia/macrophages 

(Iba1), neurons (NeuN) in the cornu Ammonis (CA) and dentate gyrus (DG). n = 6–17 

mice/sex/labeling condition.

(D) mGluR3 in the CA and DG. Data were normalized per sex and region. See Figure S1F 

for endogenous mGluR3. Two-way ANOVA (males): F(1, 99) = 138.8, p < 0.001; (females): 

F(1, 90) = 194.0, p < 0.001 for main effect of knockdown. Sidak’s test (vs. control (Con) or 

other sex, as indicated): ###p < 0.001. n = 5–6 mice/sex/condition.
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(E) Hippocampal Grm3 mRNA levels. Data were normalized per sex and region. Two-way 

ANOVA (males): F(1, 24) = 12.61, p = 0.0016; (females): F(1, 33) = 26.52, p < 0.001 for 

main effect of knockdown. Sidak’s test (vs. Con or other sex): #p < 0.05 and ###p < 0.001. n 
= 5–11 mice/sex/region/condition.

(F) Target and other arena areas assessed for cumulative quadrant durations and platform 

location crossings.

(G) Mean distance traveled during training in the Morris water maze.

(H and I) Target quadrant durations (H) and platform crossings (I) compared to other 

locations in probe 1 day after training. Two-way ANOVA (durations index): F(1, 38) = 6.42, 

p = 0.016; (crossings index): F(1, 38) = 4.56, p = 0.039 for interaction effect. Sidak’s test: #p 
< 0.05 and ##p < 0.01.

(J) Target quadrant durations in probe 9 days after training. Two-way ANOVA (durations 

index): F(1, 39) = 6.90, p = 0.012 for sex effect. Sidak’s test: #p < 0.05. Heatmaps in (H) 

and (J) show representative swim paths; target and other locations are highlighted (insets). 

Student’s t test: *p < 0.05, **p < 0.01, and ***p < 0.001. n = 10–12 mice/sex/condition 

(G–J). NS, no significant preference. Data are mean ± SEM.

See also Figures S1 and S2, and Table S2.
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Figure 2. Astrocytic mGluR3 enhancement improves memory in females but not males
(A) Schematic of the two-promoter system for enhancing mGluR3.

(B) GFAP (red) and mGluR3 (green) in hippocampus of Aldh1l1-CreERT2 mice (12–14 

months of age) injected with vehicle (Con) or AAVs encoding mGluR3. DAPI (blue) labeled 

cell nuclei. Scale bars: 400 μm and 40 μm (insets i–iv). Inlays show the same sections at 

longer exposure.

(C) GFAP-positive and NeuN-positive cells in the DG that were also HA positive. Two-way 

ANOVA: F(1, 32) = 2242, p < 0.001 for main effect of cell marker; F(1, 32) = 1.057, p = 

0.311 for main effect of sex; F(1, 39) = 16.66, p = 0.0002 for interaction. n = 9 mice per sex.

(D) mGluR3 immunofluorescence in the CA and DG. Two-way ANOVA (males): F(1, 141) 

= 622.4, p < 0.001; (females): F(1, 141) = 368.3, p < 0.001 for main effect of mGluR3 

enhancement. Sidak’s test (vs. Con or other sex): ###p < 0.001. n = 11–15 mice/sex/

condition.
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(E) mGluR3 immunolabeling in DG. Two-way ANOVA: F(1, 45) = 86.50, ###p < 0.001 for 

main effect. Sidak’s test (vs. Con): ###p < 0.001. n = 10–14 mice/sex/condition.

(F) Mean distance traveled during training in the Morris water maze.

(G and H) Target quadrant durations (G) and platform crossings (H) in probe 1 day after 

training. Two-way ANOVA (durations index): F(1, 50) = 5.33, p = 0.025; (crossings index): 

F(1, 53) = 4.68, p = 0.035 for interaction effects. Sidak’s test: #p < 0.05 and ##p < 0.01.

(I) Target crossings in probe 9 days after training. Two-way ANOVA (crossings index): F(1, 

52) = 4.36, p = 0.04 for sex effect. Sidak’s test: #p < 0.05. Student’s t test: *p < 0.05, **p < 

0.01, and ***p < 0.001. n = 12–16 mice/sex/condition (F–I). NS, no significant preference. 

Data are mean ± SEM.

See also Figures S3–S5 and Table S2.
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Figure 3. Changes in astrocytic mGluR3 regulate search behavior in a sex-specific manner
(A and B) Initial trajectory errors during probe 9 days after training in mice with reduced 

(A) or increased (B) mGluR3. Student’s t test: *p < 0.05 and ***p < 0.001.

(C and D) Frequency of different search strategies. Control males showed higher goal-

directed strategies in (D), possibly due to differences between transgenic lines and other 

factors. Fisher’s exact test, one sided: *p < 0.05 vs. Con; ##p < 0.01 vs. males.

(E and F) Changes in the frequency of strategies.

n = 10–12 (A, C, and E) and 12–16 (B, D, and F) mice/sex/condition. Data are mean ± SEM 

(A and B) or percentiles (C–F).

See also Figure S6 and Table S2.
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Figure 4. Stimulation of astrocytic G-protein-coupled signaling has bidirectional, sex-dimorphic 
effects on memory
(A) Schematic of inducible expression and activation of hM4Di.

(B) Timeline for hM4Di-expressing mice.

(C) HA-positive area in the dentate gyrus molecular layer. n = 10–17 mice per sex.

(D) Mean distance traveled by 4- to 7-month-old hM4Di-expressing mice during training. 

Three-way ANOVA: F(4, 288) = 0.000, p > 0.999 for interaction effect.
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(E and F) Probe 3 days after training. Target quadrant durations (E) and platform crossings 

(F). Two-way ANOVA (durations index): F(1, 62) = 3.18, p = 0.079 for interaction; 

(crossings index): F(1, 62) = 11.46, p = 0.0012 for interaction.

(G) Schematic of inducible expression and activation of rM3Ds.

(H) Timeline for rM3Ds-expressing mice.

(I) HA-positive area in the DGmol. n = 8 mice per sex.

(J) Mean distance traveled by 4- to 7-month-old rM3Ds-expressing mice during training. 

Three-way ANOVA: F(5, 210) = 0.000, p > 0.999 for interaction effect. Two-way ANOVA: 

F(5, 120) = 2.39, p = 0.042 for interaction effect in females (time, CNO); F(5, 115) = 4.69, p 
= 0.0006 for sex effect. Sidak’s test: #p < 0.05.

(K and L) Probe 3 days after training. Target quadrant durations (K) and platform crossings 

(L). Two-way ANOVA (durations index): F(1, 45) = 3.53, p = 0.067 for interaction; 

(crossings index): F(1, 41) = 3.82, p = 0.057 for interaction. Sidak’s test: #p < 0.05 and 
##p < 0.01.

Student’s t test: *p < 0.05, **p < 0.01, and ***p < 0.001. n = 15–19 mice/sex/condition 

(D–F). n = 12–13 mice/sex/condition (J–L). NS, no significant preference. Data are mean ± 

SEM.

See also Figures S7–S9 and Table S2.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-HA Biolegend Cat # 901513; RRID: AB_2565335

Rabbit anti-HA Cell Signaling Cat # 3724S;
RRID: AB_1549585

Rabbit anti-GFAP MilliporeSigma Cat # G9269; RRID: AB_477035

Mouse anti-GFAP MilliporeSigma Cat # MAB3402B; RRID: 
AB_10917109

Goat anti-GFAP Abcam Cat # ab53554; RRID: AB_880202

Chicken anti-GFAP Abcam Cat # ab4674; RRID: AB_304558

Rabbit anti-mGluR3 Abcam Cat # ab166608; RRID: AB_2833092

Chicken anti-GFP Abcam Cat # ab13970; RRID: AB_300798

Rabbit anti-NeuN MilliporeSigma Cat # ABN78; RRID: AB_10807945

Guinea pig anti-NeuN MilliporeSigma Cat # ABN90; RRID: AB_11205592

Goat anti-Iba1 Abcam Cat # ab5076; RRID: AB_222402

Rabbit anti-phospho-CREB (S133) Cell Signaling Cat # 9198; RRID: AB_2561044

Mouse anti-total-CREB Cell Signaling Cat # 9104S; RRID: AB_490881

Rabbit anti-phospho-Akt (Ser473) Abcam Cat # ab81283; RRID: AB_2224551

Mouse anti-total-Akt Cell Signaling Cat # 2920S; RRID: AB_1147620

Mouse anti-γ-tubulin MilliporeSigma Cat # T5326; RRID: AB_532292

Mouse anti-c-Fos Abcam Cat # ab208942; RRID: AB_2747772

Bacterial and viral strains

AAV2/PHP.eB-U6-sgRNA552 In paper N/A

AAV2/PHP.eB-U6-sgRNA703 In paper N/A

AAV2/PHP.eB-hGfaABC1D-DIO-HA-mGluR3 In paper N/A

AAV2/PHP.eB-hGfaABC1D-DIO-HA-hM4Di In paper N/A

AAV2/PHP.eB-hGfaABC1D-DIO-HA-rM3Ds In paper N/A

Chemicals, peptides, and recombinant proteins

Clozapine-N-oxide Tocris Cat # 4936

LY354740 Tocris Cat # 3246

2,2,2-tribromoethanol Fisher Scientific Cat # AC421430100

4',6-Diamidino-2-phenylindole dihydrochloride (DAPI) MilliporeSigma Cat # D9542

Tamoxifen (TAM) MilliporeSigma Cat # T5648

Critical commercial assays

Platinum SuperFi DNA Polymerase kit ThermoFisher Cat #12351010

Plasmid Plus Maxi Prep kit Qiagen Cat # 12963

RNeasy Mini Kit with DNase Qiagen Cat # 74106; #79256

Protoscript First Strand Synthesis Kit New England Biolabs Cat # 6300L
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

NEB 5-alpha competent bacteria New England Biolabs Cat # C2987H

Experimental models: Organisms/strains

Aldh1l1-CreERT2 mice (12–14 months of age) Jackson Laboratory Strain 031008

Rosa26-LSL-Cas9 mice (used in crossing lines; up to 12 months of age) Jackson Laboratory Strain 026556

Aldh1l1-Cre mice (4–7 months of age) Jackson Laboratory Strain 023748

Aldh1l1-CreERT2 x Rosa26-LSL-Cas9 (Aldh1l1-Cas9) mice; 5–7 months 
of age)

This paper N/A

Wild-type C57BL/6J mice (up to 12 months of age) Jackson Laboratory Strain 000664

Oligonucleotides

#552 forward, CACCGCAGAGGTATCCAACGCCTGG This paper N/A

#552 reverse, AAACCCAGGCGTTGGATACCTCTGC This paper N/A

#703 forward, CCGCAGAGCATCGTTGACTAAAG This paper N/A

#703 reverse, AACCTTTAGTCAACGATGCTCTGC This paper N/A

See Table S4 for RT-qPCR primer sequences This paper N/A

Recombinant DNA

pAAV-U6-sgRNA-hSyn-mCherry vector Addgene; Hung et al.103 Addgene #87916; RRID: Addgene 
87916

pAAV-GFAP-EGFP Addgene Addgene #50473; RRID: 
Addgene_50473

pAAV-EF1a-DIO-hM4D(Gi)-mCherry Addgene Addgene #50461; RRID: 
Addgene_50461

pCRII-TOPO CMV-cGFP-bGH Poly(A) Addgene; Wilusz et 
al.104

Addgene #46835; RRID: 
Addgene_46835

pAAV-GFAP-HA-hM4D(Gi)-IRES-mCitrine Addgene Addgene #50471; RRID: 
Addgene_50471

pAAV-GFAP-HA-rM3D(Gs)-IRES-mCitrine Addgene Addgene #50472; RRID: 
Addgene_50472

Software and algorithms

Ethovision XT (version 12.0.1138) Noldus N/A

R Studio (version 4.0.3) N/A

Rtrack package (version 1.0.0) Overall et al.40 https://rupertoverall.net/Rtrack/

GraphPad Prism (version 8 or above) N/A

BZ-X Analyzer Software Keyence N/A

ImageJ (FIJI) N/A
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