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Summary

Astrocytes tile the central nervous system and are widely implicated in brain diseases, but the 

molecular mechanisms by which astrocytes contribute to brain disorders remain incompletely 

explored. By performing astrocyte gene expression analyses following 14 experimental 

perturbations of relevance to the striatum, we discovered that striatal astrocytes mount context-

specific molecular responses at the level of genes, pathways, and upstream regulators. Through 

data mining, we also identified astrocyte pathways in Huntington’s disease (HD) that were 

reciprocally altered with respect to the activation of striatal astrocyte G-protein coupled receptor 

(GPCR) signaling. Furthermore, selective striatal astrocyte stimulation of the Gi-GPCR pathway in 
vivo corrected several HD-associated astrocytic, synaptic, and behavioural phenotypes with 

accompanying improvement of HD-associated astrocyte signaling pathways, including those 

related to synaptogenesis and neuroimmune functions. Overall, our data show that astrocytes are 

malleable, utilising context-specific responses that can be dissected molecularly and used for 

phenotypic benefit in brain disorders.

Graphical Abstract

eTOC Blurb

Using astrocyte RNA-sequencing, Yu and Nagai et al. demonstrate context-specific molecular 

responses of striatal astrocytes to multiple experimental perturbations. They identify reciprocal 

changes between Huntington’s disease (HD) and activation of the astrocyte Gi-GPCR pathway. 

Selective stimulation of the striatal astrocyte Gi-GPCR pathway corrects several HD-associated 

cellular and behavioral phenotypes.
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Introduction

Astrocytes tile the entire central nervous system and form close interactions with neurons, 

blood vessels and other glial cells. Astrocytic contributions to physiology and disease have 

been discussed for decades ever since these cells were discovered (Barres, 2008). Such roles 

are critical to understand, because pathophysiological and genetic studies show that 

astrocytes are broadly involved in brain disorders, including Huntington’s disease (HD) 

(Grubman et al., 2019; Itoh et al., 2018; Kelley et al., 2018; Mathys et al., 2019; Song et al., 

2019; Velmeshev et al., 2019; Wilton and Stevens, 2020).

Despite progress, major open questions remain to be addressed and relate to how astrocytes 

respond to different challenges, how they contribute to specific diseases, and if their 

contributory molecular pathways can be identified and utilised for disease modification. In 

other words, how does a defined population of astrocytes respond to different challenges, 

can such responses be quantified molecularly, and can they be exploited for correction of 

disease phenotypes with contributory astrocytic roles? We addressed these questions for 

striatal astrocytes and their roles in HD with a focus on mouse models of this disorder.

HD is a progressive neurodegenerative disease characterized by motor, cognitive, and 

psychiatric symptoms. HD is caused by a polyglutamine expansion in Huntingtin (HTT) that 

results in the expression of a mutant protein (mHTT) (Bates et al., 2015). mHTT is 

expressed in cells throughout the body, but the striatum especially undergoes marked 

dysfunction and atrophy. Striatal astrocytes express mHTT in HD mouse models and in 

postmortem human tissue (Bradford et al., 2009; Bradford et al., 2010), and several 

astrocytic mechanisms that contribute to HD are known (Khakh et al., 2017). Recently, 

systems biology approaches have begun to shed light on broader astrocyte alterations in HD 

(Al-Dalahmah et al., 2020; Diaz-Castro et al., 2019; Hodges et al., 2006; Lee et al., 2020). 

These insights raise the possibility that it might be possible to molecularly dissect, 

understand and exploit astrocyte mechanisms for beneficial effect and for exploring HD 

pathogenesis. Furthermore, since HD is caused by a known molecular defect and affects 

well-characterized neural circuitry, exploring astrocytes in HD may provide insights of 

relevance to other brain disorders.

Since astrocytes differ markedly between brain nuclei (Khakh and Deneen, 2019), we 

challenged astrocytes in vivo and studied their responses in a single brain area – the adult 

mouse striatum (Graybiel and Grafton, 2015; Khakh, 2019). We used fourteen carefully 

selected and controlled experimental perturbations (EPs) associated with different 

physiological pathways and disease contexts. The EPs were chosen to be relevant to striatal 

astrocytes and their contributions to disease, with an emphasis on HD (STAR Methods). By 

performing experiments to evaluate astrocyte gene expression changes following each of the 

fourteen EPs, we found that the molecular responses of striatal astrocytes were context-

specific at the level of genes, pathways, and upstream transcriptional signaling regulators. 

Detailed evaluations of the EPs revealed pathways in HD that were reciprocally transformed 

with respect to striatal astrocyte G-protein coupled receptor (GPCR) signaling in mice. This 

allowed us to design an experimental approach in HD model mice using Designer Receptors 

Exclusively Activated by Designer Drugs (DREADDs) (Roth, 2016), which led to the 
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finding that selective stimulation of the Gi-GPCR pathway in striatal astrocytes corrected 

several HD-associated phenotypes partly through the activation of a synaptogenic cue and 

rescue of excitatory synaptic transmission, and partly through additional responses such as 

those related to neuroimmune function. By mining striatal astrocyte gene expression data, 

we identified new endogenous astrocyte GPCRs that could be explored in future studies as 

potential targets for therapeutics and for modifying disease phenotypes in HD and possibly 

other disorders.

Results

This study has three parts. In the first part (Figures 1–2), we explored how striatal astrocytes 

responded at a molecular level to multiple EPs (STAR Methods). In the second part, we used 

those data to identify a GPCR-based strategy to explore if the changes observed for striatal 

astrocytes could be manipulated to produce beneficial effects for a HD mouse model 

(Figures 3, 4, and 5). In the third part, we investigated molecular mechanisms underlying 

improvements in HD model mice following astrocyte GPCR activation (Figures 6–7) and 

identified endogenous GPCRs as targets for future study (Figure 8). All the gene expression 

data are in Excel files S1, S2 and S5 and are deposited at the Gene Expression Omnibus 

(Table S1). We included analysis of three recently published datasets (Diaz-Castro et al., 

2019; Nagai et al., 2019; Yu et al., 2018) and the generation of ten new gene expression 

datasets (Key Resources Table). Raw data values and statistical analyses are in the figures 

and in Excel files S3 & S4.

Well-defined experimental perturbations of relevance to the striatum

Astrocytes change substantially during development and aging, and vary between brain 

regions (Haim and Rowitch, 2017; Khakh and Deneen, 2019). In order to explore astrocyte 

molecular mechanisms, we performed a series of well-defined EPs related to the core 

functions of striatal astrocytes in adult mice (Figure 1A, Table S1, Figure S2). Given the 

brain region-dependent nature of astrocytes, our strategy aimed to avoid errors that can arise 

from pooling gene expression data from studies that are usually not astrocyte or brain-region 

specific, or which rely on data of variable coverage from unmatched tissue samples 

frequently from different ages, and reliant on different methods and sequencing platforms.

The EPs comprised four groups encompassing striatum-relevant disease and physiology with 

parallel age-matched controls (STAR Methods). The first group, included assessments for 

HD (R6/2 and Q175 mouse models at presymptomatic and symptomatic disease stages). For 

subsequent hypothesis testing, we focussed on R6/2 mice. The second group assessed 

astrocytes under several pathological conditions: MSN ablation, neuroinflammation, 

dopamine depletion, and in a mouse model of obsessive-compulsive disorder. The third 

group assessed the impact of altered astrocyte K+ and Ca2+ ionic signalling. The fourth 

group evaluated astrocytes after activating specific astrocyte GPCR pathways (Gq, Gi and 

Gs) in striatal astrocytes.

To assess astrocyte molecular signatures agnostically, we performed astrocyte-specific RNA-

sequencing (RNA-seq). The RNA-seq data from the IP samples were enriched with astrocyte 

markers and depleted of markers for other cells (Figure S1). Differentially expressed genes 
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(DEGs) in striatal astrocytes were identified by comparing the astrocyte RNA-seq data 

between each EP and its control. Gene expression data were used for assessments of 

signalling pathways and upstream regulators to reveal astrocyte transcriptomic responses to 

the various EPs. This information was then used to evaluate astrocytes in the context of basal 

ganglia related diseases by using striatal single-cell RNA-seq data (scRNA-seq). We then 

focused on HD and identified altered astrocyte signaling, which allowed us to form and test 

a hypothesis related to HD phenotypes in mice (Figure 1A).

Context-specific astrocyte molecular responses in vivo

The number of astrocyte-enriched, and the total number of up- and down-regulated DEGs, 

varied markedly by ~100-fold between the EPs (FPKM > 1, FDR < 0.05; Figure 1B), each 

of which were validated (Table S1; Figure S2). Furthermore, we observed little effect on 

putative 38 pan-reactive, neurotoxic-A1 and neuroprotective-A2 reactivity genes (Liddelow 

et al., 2017) from ten of the EPs (Figure 1C). This recalls work for HD, where HD astrocytes 

were not associated with proposed A1 and A2 reactivity phenotypes (Diaz-Castro et al., 

2019; Lee et al., 2020). In four EPs, the effects were EP-specific (arrows in Figure 1C) and 

there was no evidence for uniquely A1 or A2 reactive astrocytes for any EP. The simplest 

explanation for the differences between our LPS evaluations and past work (Zamanian et al., 

2012) is that we only assessed astrocytes from the dorsolateral striatum.

We next evaluated the top 20 DEGs from each EP that reflect the most pronounced changes 

in gene expression (FPKM > 5, FDR < 0.05; Figure 1D; Excel file S1). From the identities 

of the DEGs and from the magnitude of the changes observed (fold-change Log2 ratio 

relative to control; Figure 1D), there was negligible overlap between the EPs. There was 

only one DEG (Gbp4) shared by four EPs, and no significantly altered genes that were 

shared in more than four EPs (Figure 1D). Weighted Gene Co-expression Network Analysis 

(WGCNA) was next used to identify gene clusters and associated pathways, revealing 47 

modules of highly correlated genes associated with the EPs. Similar to the DEGs, the 

WGCNA modules also displayed a high degree of EP-specificity (Excel file S2).

We performed multidimensional scaling analyses for the 1000 most variable genes for each 

EP. In Figure 1E, closely positioned dots indicate similar gene expression profiles between 

EPs, for instance the dots representing activation of Gq, Gi and Gs DREADDs were 

clustered. This shows that they evoke similar, but non-identical molecular changes: when the 

three EPs of GPCR activation were analyzed independently of the other EPs, they were 

separated in a principal component analysis (Figure S3A) and had few DEGs shared by all 

three GPCR activations (Figure S3B). The dots representing the other eleven EPs were 

dispersed indicating marked dissimilarity between them (Figure 1E). To explore this further, 

we reviewed the numbers of shared DEGs (FPKM > 1, FDR < 0.05) under all possible 

combinations of EPs, from pairwise comparisons to all fourteen EPs (Figure 1F; Figure 

S3C). The greatest numbers of unique DEGs were for single EPs (red) and few were shared 

by greater than three EPs (Figure 1F; Figure S3C): the average number of unique DEGs 

from 1 to 14 shared EP combinations fell precipitously after two EPs (Figure 1G). There 

were no common DEGs shared by more than 10 EPs. Further support for EP-specific 

molecular responses derived from the top 20 unique DEGs, from the top 3 canonical 
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pathways identified by the DEGs, and from the top 10 putative unique upstream regulators 

that were significantly associated with each EP (Figure S4A–C, P < 0.05). These upstream 

regulators included several highly EP-specific transcriptional regulators, growth factors and 

GPCRs. Similar to the DEGs, there were no canonical pathways shared by all EPs. There 

was only one common upstream regulator shared across all EPs, which was the 

transcriptional regulator HTT – the Huntingtin protein (Figure S4D). Polyglutamine 

expansions in HTT cause HD (Bates et al., 2015).

Together, comprehensive analyses show that in striatal astrocytes, (i) the number of DEGs, 

(ii) the magnitude of their dynamics, (iii) their identities, (iv) their overlap, (v) gene 

networks and their associated pathways, and (vi) upstream regulators of astrocyte gene 

expression are all poorly shared between EPs (Figures 1, S3, S4 and Excel files S1 and S2). 

These data show that striatal astrocytes display remarkable flexibility in the responses they 

mount in response to different perturbations.

HD-related evaluations and assessment of altered astrocyte signaling pathways

To assess the potential contribution of striatal astrocytes to neurological and psychiatric 

disorders with known genetic associations, we performed single cell RNA-sequencing 

(scRNA-seq) of striata from adult mice (8-9 weeks) (Wu et al., 2017). scRNA-seq yielded 

profiles of 20,912 striatal cells (n = 3 mice) and identified 11 transcriptomic clusters 

corresponding to the major striatal cell types (Figure S5), which were essentially the same as 

a published mouse scRNA-seq dataset (Saunders et al., 2018). We related our mouse striatal 

scRNA-seq data for oligodendrocytes, astrocytes, microglia, and neurons to the top 20 

marker genes for these cells from human striatal RNA-seq data (Kelley et al., 2018). The 

normalized relative expression heat map (Figure 2A) showed strong concordance across 

these cell types between mouse and human. Furthermore, when we compared 8669 human 

striatal astrocyte genes with expression in the top 50 percentile (Kelley et al., 2018), with 

9081 mouse striatal astrocyte genes with FPKM > 5, we found 6733 were shared, i.e. 78% 

overlap (Figure 2B). We next used the top 1000 genes for the seven most populous striatal 

cell types (neurons, astrocytes, microglia, OPCs, oligodendrocytes, endothelial cells, and 

neurogenic cells; Figure S5) and mapped known basal ganglia disease-associated genes to 

explore disease associations to these cells (Figure 2C). For a range of neurological and 

psychiatric disorders, disease-related genes mapped onto striatal cells with the following 

order: neurons > astrocytes > microglia > OPCs > oligodendrocytes > endothelial cells > 

neurogenic cells. While neurons were dominant, some currently known disease-related 

genes mapped to astrocytes, including for HD and OCD (arrowheads in Figure 2C).

Since HD was a hot spot for disease-related gene associations with potential astrocyte 

contributions, we further probed HD mouse and human gene expression data (Diaz-Castro et 

al., 2019). Our aim was to determine (i) if astrocyte pathway alterations could be identified 

in HD and (ii) how they related to the changes evoked by the 14 EPs. The dot plots in Figure 

2D report the top 10 common pathways from gene expression analyses of human HD 

samples that were altered with increasing severity from neuropathological grade G0 to G3. 

In such plots, the larger dots indicate greater significance and the colors indicate pathway 

activation (red) or inhibition (blue) based on the z-scores values. Marked disease-
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progression dependent changes in human HD data were detected (Figure 2D). We repeated 

these analyses for R6/2 HD model mice at 1, 2 and 3 months that also track with disease 

severity for both bulk tissue and for striatal astrocyte-specific RNA-seq (Figure 2E,F). 

Significant disease-phenotype dependent changes were observed and several pathways were 

related to synaptic plasticity, as well as GPCR and Ca2+ signaling, which recalls expected 

and known HD pathophysiology (Cepeda et al., 2010; Khakh et al., 2017). Moreover, most 

genes were downregulated in HD, consistent with loss of essential functions (Diaz-Castro et 

al., 2019).

HD-related evaluations suggest contributions of astrocyte Gi-GPCR signaling pathways

Of the top pathways that were downregulated in HD astrocytes (Figure 2F), several related 

to GPCR signaling, including opioid, dopamine, Ca2+, cAMP, protein kinase A. More 

specifically, Gαi signaling was consistently inhibited in HD astrocytes (Figure 2F). This 

prompted us to evaluate these 10 pathways in the EP where astrocyte Gi signaling was 

stimulated in vivo using hM4Di DREADD (Figure 1). Remarkably, all ten pathways that 

were downregulated in HD were upregulated following Gi-GPCR activation in vivo using 

hM4Di DREADD (Figure 2F,G). Moreover, four out of ten pathways were significantly 

upregulated for Gi-GPCR activation (Figure 2F,G). Together, these data show altered 

signaling pathways in striatal astrocytes in HD and also show opposing effects on these 

pathways that were triggered by Gi-DREADD activation in striatal astrocytes in vivo.

Gi-GPCR pathway activation corrects HD-related cellular phenotypes of astrocytes

We hypothesized that activation of astrocyte Gi-GPCRs in HD model mice may produce 

beneficial effects, because astrocyte pathway alterations in HD model mice and following 

Gi-GPCR pathway activation were reciprocal (Figure 2F,G). Endogenous astrocyte Gi-

GPCRs exist in multiple cell types, therefore drugs for such receptors cannot be used 

selectively in vivo. To specifically explore the consequences of striatal astrocyte Gi-GPCR 

pathway activation in R6/2 HD mice, we expressed hM4Di DREADD (Roth, 2016) (with 

GCaMP6f) in astrocytes. Two weeks after AAV microinjections into the striatum, we 

administered CNO to activate striatal astrocyte hM4Di (1 mg/kg i.p.; Figure 3A). The 

experiments were performed in parallel for four groups of mice. For simplicity, the three 

most relevant groups are reported in Figures 3–5, but all data and statistics are provided 

(Excel files S3 and S4). The first group comprised control non-carrier (NCAR) mice that 

received control AAVs (“NCAR + AAV”). The second group comprised R6/2 mice that also 

received control AAVs (“R6/2 + AAV”). The third group comprised the test group, whereby 

R6/2 mice received hM4Di AAVs (“R6/2 + hM4Di”). All groups were identically treated 

with CNO to control for potential off-target effects. We evaluated HD-related phenotypes 

between NCAR + AAV and R6/2 + AAV, and compared R6/2 + hM4Di to both NCAR + 

AAV and R6/2 + AAV to evaluate the consequences of hM4Di activation in HD model mice.

We analyzed astrocyte spontaneous Ca2+ signals in striatal slices, because they are 

attenuated in HD model mice (Jiang et al., 2016). We detected reduced astrocyte Ca2+ event 

amplitudes in the R6/2 + AAV group relative to the NCAR + AAV group (Figure 3B,C, P < 

0.0001, 24 & 18 astrocytes, 4 mice) and found such reductions were significantly restored in 

the R6/2 + hM4Di group (Figure 3B,C; P < 0.0001; 27 astrocytes, 4 mice) to levels in the 
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NCAR + AAV group (P = 0.051, NCAR + AAV vs. R6/2 + hM4Di). There were no 

significant differences in the Ca2+ event frequency (Figure 3B,C; P = 0.50, R6/2 + AAV vs. 

R6/2 + hM4Di; P = 0.12, NCAR + AAV vs. R6/2 + hM4Di). Next, we assessed astrocyte 

territory sizes with membrane targeted Lck-GFP. Consistent with past studies (Octeau et al., 

2018), astrocyte territory areas (2338 ± 110 μm2; 33 astrocytes, 4 mice in the NCAR + AAV 

mice) were smaller in the R6/2 + AAV mice (1761 ± 105 μm2; 37 astrocytes, 4 mice), and 

this difference was also rescued in the R6/2 + hM4Di mice (2366 ± 90 μm2; 36 astrocytes, 4 

mice; Figure 3D; P = 0.0002, R6/2 + AAV vs. R6/2 + hM4Di; P > 0.99, NCAR + AAV vs. 

R6/2 + hM4Di).

Gi-GPCR pathway activation corrects some HD-related MSN cellular phenotypes

Astrocytes and neurons both contribute to neurodegenerative disorders and astrocytes 

regulate neurons through a variety of mechanisms, prompting us to explore if astrocyte Gi-

pathway activation in HD model mice affected MSN dysfunctions (Cepeda et al., 2010; 

Khakh et al., 2017). We stimulated cortico-striatal axons to assess glutamatergic fast 

excitatory postsynaptic currents (EPSCs) onto MSNs (Figure 4A). We recorded AMPA 

receptor-mediated evoked EPSCs, paired-pulse responses (at −70 mV) and NMDA receptor-

mediated evoked EPSCs (at +40 mV; Figure 4B,C). The significantly reduced AMPA and 

NMDA EPSCs in the R6/2 + AAV group relative to the NCAR + AAV group were restored 

in the R6/2 + hM4Di group (Figure 4B,C, P < 0.0001; from −191 ± 41 pA to −471 ± 36 pA 

for AMPA EPSCs and from +87 ± 19 pA to +313 ± 21 pA for NMDA EPSCs; 19 & 20 

MSNs, 4 mice). The restoration of AMPA EPSCs was to the control level (P = 0.24, NCAR 

+ AAV vs. R6/2 + hM4Di), but NMDA EPSCs were higher than control (P = 0.037, NCAR 

+ AAV vs. R6/2 + hM4Di) (Figure 4B,C). There was no change in the evoked AMPA EPSC 

paired-pulse ratios (P > 0.99). We also detected significantly decreased miniature EPSC 

(mEPSC) frequency in R6/2 + AAV compared to NCAR + AAV mice, and this was restored 

with astrocyte Gi-GPCR pathway activation in the R6/2 + hM4Di mice (Figure 4D, P = 

0.0032, R6/2 + AAV vs. R6/2 + hM4Di; from 0.6 ± 0.1 Hz to 1.3 ± 0.1 Hz; 15 & 16 MSNs, 

4 mice; P = 0.80, NCAR + AAV vs. R6/2 + hM4Di). There were no significant changes in 

mEPSC amplitudes (Figure 4D, P > 0.99). Next, when we evaluated MSN dendritic spines, 

we detected significantly reduced cortico-striatal MSN spine density, spine head size and 

density of vGluTl-positive MSN synapses in R6/2 + AAV as compared to NCAR + AAV 

groups. The reduced density of total spines and vGluT1-positive synapses were restored in 

the R6/2 + hM4Di group (Figure 4E, P < 0.0001, R6/2 + AAV vs R6/2 + hM4Di). Such 

rescue was complete for spine density (P = 0.94, NCAR + AAV vs R6/2 + hM4Di), but the 

numbers of vGluT1-positive synapses were higher than control levels in R6/2 + hM4Di mice 

(P = 0.0041).

We mention neuronal aspects that we assessed, but that were not altered in the R6/2 + 

hM4Di group. The complexity of MSN dendritic morphology, HD-related changes in 

intrinsic MSN intrinsic excitability and action potential properties were not affected by 

astrocyte Gi-GPCR pathway activation (Figure S6A,B; Excel files S3 and S4). Furthermore, 

striatal tissue shrinkage and atrophy was unaffected by Gi-GPCR pathway activation in 

astrocytes (Figure S6C; 4 mice). Neuronal loss has proven hard to detect in HD mouse 

models, but a consequence of striatal tissue shrinkage is that the apparent density of neurons 
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per unit area increases in HD model mice, but this too was not affected by astrocyte Gi-

GPCR pathway activation (Figure S6D; 4 mice). We also measured a decrease in the size of 

NeuN positive neuronal somata in the R6/2 mice relative to controls, but this was not 

affected by astrocyte Gi-GPCR pathway activation (Figure S6D; 4 mice). Thus, activation of 

astrocyte Gi-GPCRs in vivo rescued several, but not all, HD-related neuronal dysfunctions. 

This is expected since mHTT is found in all cells of the body and some neuronal 

dysfunctions are caused by intrinsic HD-related pathophysiology within neurons themselves.

Astrocyte Gi-GPCR activation corrects behavioral deficits in HD model mice

Since stimulation of the astrocyte Gi-GPCR pathway restored some cellular dysfunctions in 

HD model mice (Figures 3 and 4), we explored if it also altered HD-related mouse behaviors 

(Figure 5A). The R6/2 + hM4Di mice showed several significantly (P < 0.0042, R6/2 + AAV 

vs R6/2 + hM4Di) improved behaviors relative to the R6/2 + AAV group (Figure 5B,C). 

These restorations were to the level of controls for the distance travelled in the open field, 

rearing frequency, and duration of self-grooming (Figure 5B,C, n = 14-20 mice; Excel file 

S3). In addition, improvement in gait was also observed as the hind limb stride width in the 

R6/2 + hM4Di mice was indistinguishable from that in the NCAR + AAV group (Figure 5C, 

P = 0.84, NCAR + AAV vs. R6/2 + hM4Di, n = 18-19 mice; Excel file S3). However, body 

weight loss observed in HD mice did not improve (Figure S6E; P = 0.14, two-way ANOVA 

repeated measures, n = 19-20 mice). Thus, activation of astrocyte Gi-GPCRs produced 

significant improvements in some, but not all, whole animal HD-related phenotypes.

In regards to the effects of Gi-GPCR pathway activation in HD-model mice, in total we 

made 18 assessments at the cellular, electrophysiological and behavioral level. Of these, two 

responses recovered to levels higher than in the controls following Gi-GPCR activation in 

HD-model mice. These were NMDA EPSCs and the numbers of vGluT1-positive synapses 

(Figure 4C, E). We do not have a satisfying explanation for this, but if our approach were to 

be pursued as a potential therapeutic strategy this overshoot response in 2/18 assessments 

should be carefully considered.

Assessing molecular modifications following astrocyte Gi-GPCR activation in HD model 
mice

To investigate the underlying molecular modifications induced by astrocyte Gi-GPCR 

activation in HD model mice, we performed RNA-seq. In these experiments we evaluated 

both the striatal bulk tissue RNA that represents the soup of all cells as well as astrocyte-

specific RNA in age-matched NCAR, R6/2, and R6/2 + hM4Di mice. Alterations in 

signaling pathways as well as gene expression were compared between R6/2 vs. NCAR and 

R6/2 + hM4Di vs. R6/2 to uncover the transcriptional impact of astrocyte Gi-GPCR 

activation in HD mice on astrocytes and whole striatal tissue.

As expected, based on gene expression differences, R6/2 mice displayed significantly altered 

signaling pathways in both striatal RNA and astrocyte RNA data compared with NCAR 

mice (Figure 6A). The majority of the altered pathways were inhibited in R6/2 mice, i.e. 185 

out of 207 pathways and 156 out of 166 pathways were inhibited in bulk striatal and 

astrocyte samples, respectively – recalling previous HD analyses (Figure 2D–F). In contrast, 
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astrocyte Gi-GPCR activation in R6/2 mice produced no effect on bulk striatal samples, but 

induced marked alterations in signaling pathways from astrocyte RNA with a shift towards 

significantly more pathways being activated (Figure 6A). Specifically, 64.4% of inhibited 

astrocyte pathways of R6/2 mice were found to be activated by hM4Di (Figure 6B). A 

similar reciprocal change was also observed in 71.4% of activated pathways in R6/2, which 

were significantly inhibited by astrocyte hM4Di (Figure 6B). Surprisingly, several of the top 

10 signaling pathways that were changed reciprocally by hM4Di activation were associated 

with neuroinflammatory responses, such as IL-8/6 and TREM1 signaling (Figure 6C).

Consistent with the pathway analysis, DEG analysis also revealed substantial changes in 

transcriptional profiles by hM4Di activation in astrocytes, but not in the bulk tissue of R6/2 

mice (Figure 6D; 33 DEGs in striatal RNA vs. 2556 DEGs in astrocyte RNA). Since the 

greatest effects of hM4Di activation were found within the striatal astrocytes themselves, we 

further focused on astrocyte-enriched DEGs that were altered by hM4Di activation in R6/2 

mice (FPKM > 1, FDR < 0.05, fold enrichment IP vs. input > 2). When ranked by the degree 

of expression level change induced by hM4Di, the top 50 astrocyte-enriched DEGs were all 

found to be significantly upregulated (Figure 6E). The biological functions that are 

associated with these pronounced astrocyte changes included immune responses, regulation 

of transcription and translation, cell proliferation and growth (Figure 6E). To summarize 

these findings, RNA-seq of bulk tissue and astrocytes following Gi-GPCR activation in HD 

model mice showed significant reversal of HD-related molecular signatures in astrocytes, 

but only modest changes in bulk tissue. This confirms cellular specificity of our approach, 

and also suggests that the improved cellular phenotypes as a result of Gi-GPCR activation in 

HD model mice are downstream of astrocytes.

We considered if the beneficial effects of Gi-GPCR activation in HD model mice might be at 

the expense of core astrocyte functions. We surveyed a panel of genes that are related to 

astrocyte core functions, including ion homeostasis, neurotransmitter uptake, DNA 

regulation, and phagocytosis. Genes that were enriched in striatal astrocytes and shared in 

both NCAR and R6/2 mice were listed for each category (Figure 6F; FPKM > 1). The 

expression levels of most of these genes were not significantly altered by hM4Di activation. 

In addition, the changes that were observed for the DEGs were moderate (0.52 to 1.84 fold 

when compared with R6/2 mice without hM4Di).

Gabapentin sensitive improvements following astrocyte Gi-GPCR activation in HD mice

Among the top 50 astrocyte-enriched DEGs that were significantly increased by hM4Di in 

R6/2 mice, was enhanced expression of Thbs1 (arrow in Figure 6E). Thbs1 encodes 

Thrombospondin-1 (TSP1) that was previously found to promote synaptogenesis and is 

astrocyte enriched (Christopherson et al., 2005; Eroglu et al., 2009; Kim et al., 2016; Nagai 

et al., 2019; Zhang et al., 2014). Consistent with the RNA-seq data, we detected significantly 

increased Thbs1 expression in striatal astrocytes from R6/2 + hM4Di groups using 

RNAscope and immunohistochemistry relative to NCAR + AAV and R6/2 + AAV groups 

(Figure S6F; P < 0.0001; 20-24 astrocytes, 4 mice). However, we could not perform 

immunohistochemistry for TSP1 as the antibodies were unreliable (Christopherson et al., 

2005; Eroglu et al., 2009; Nagai et al., 2019; Risher et al., 2018).

Yu et al. Page 10

Neuron. Author manuscript; available in PMC 2021 December 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Since an increase in TSP1 following astrocyte Gi-GPCR activation in the adult striatum was 

found to modify synaptic transmission (Nagai et al., 2019), we next explored cellular and 

behavioral improvements in HD model mice by using gabapentin (GBP) administered along 

with CNO (Figure 7A). Our use of GBP in these regards comes with several considerations. 

First, it is often used as an antagonist of the putative TSP1 receptor α2δ–1 on neurons and is 

proposed to block TSP1 actions in vivo in adult mice (Crawford et al., 2012; Eroglu et al., 

2009; Nagai et al., 2019). In this context, although α2δ–1 is a calcium channel auxiliary 

subunit, it is suggested that TSP1 and α2δ-1 effects on synapse formation are independent 

of voltage-dependent calcium channels (Eroglu et al., 2009). The assumption is that 

gabapentin may have little effect on calcium channel currents directly: there is evidence for 

and against this view because small effects on calcium channels have been reported in some 

settings, but not others (Dolphin, 2016). Second, gabapentin is used clinically for certain 

types of chronic pain and for seizures and therefore may have other attendant 

pharmacological actions (Calandre et al., 2016), which should be thoughtfully considered in 

the interpretation of our data for this specific experiment. In the presence of GBP, hM4Di 

activation in the striatal astrocytes failed to increase the MSN spine density and the number 

of vGluT1+ synapses onto MSNs (Figure 7B; P = 0.24 and 0.95, 4 mice in each group). 

Furthermore, improved behavioral outcomes in locomotive activity and rearing as a result of 

astrocyte Gi-GPCR activation (Figure 5B,C) were not observed when GBP was administered 

(Figure 7C,D; P = 0.57 and 0.86, 8 mice in each group). However, self-grooming was not 

affected by GBP in the R6/2 + hM4Di group (Figure 7C,D; P = 0.003, 8 mice in each 

group), suggesting GBP-insensitive downstream mechanisms of Gi-GPCR activation that 

mediate different behavioral improvements in HD mice.

Identifying GPCRs as potential targets by mining of astrocyte gene expression data

Our data show that identification of molecular changes within astrocytes (Figures 1 & 2) and 

their selective targeting corrects several disease-related phenotypes in HD model mice 

(Figures 3–5), indicating that Gi-DREADDs could potentially be used therapeutically 

(Keenan et al., 2017; Lieb et al., 2019; Urban and Roth, 2015; Weston et al., 2019). We next 

mined striatal astrocyte RNA-seq data in order to identify potential endogenous GPCR 

targets that may mimic the effects seen with Gi-GPCR activation (Flock et al., 2017; 

Harding et al., 2018; Inoue et al., 2019; Pándy-Szekeres et al., 2018b) (see STAR Methods). 

We compared GPCRs identified using striatal astrocyte RNA-seq from NCAR and R6/2 

mice at 3 months of age: 299 GPCRs were shared, whereas 10 and 5 were unique to NCAR 

and R6/2 mice, respectively (Figure 8A,B). When grouped by coupling to Gi/o, Gq/11, Gs and 

G12/13 G-proteins, ~40% of the putative GPCRs in striatal astrocytes were identified as Gi/o 

coupled (Figure 8A). For GPCRs that were common between NCAR and R6/2, we first 

analyzed the most differentially expressed GPCRs (FDR < 0.05) and found they were 

downregulated in R6/2 compared with NCAR (Figure 8C). Consistent with our data, 29/43 

of these were primarily Gi/o-protein coupled, which offers an explanation for why Gi-GPCR 

activation was beneficial (Figures 3–5). Second, we identified 23 Gi-coupled GPCRs that 

were astrocyte enriched and were not downregulated in HD model mice (Figure 8D; Excel 

file S5). Based on our findings, we propose that these astrocyte-enriched GPCRs might 

represent drug targets for endogenous Gi-pathway activation to correct astrocyte-dependent 
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cellular and behavioral dysfunctions in HD and potentially other disorders (e.g. Gpr37l1, 
Slp1r, Lpar3, Ednrb).

Discussion

Our data provide direct evidence that multiple, experimental perturbations produce astrocyte 

molecular responses that are context specific for a defined population of astrocytes in vivo. 

Such responses can be teased apart to identify a Gi-GPCR mechanism that produced 

beneficial effects at molecular, cellular and behavioral levels for HD model mice. A cure for 

HD would entail removing the mutant protein from all relevant cells of the body. However, 

our data indicate that harnessing astrocyte mechanisms in vivo can alter cellular properties 

sufficiently to result in improvements in HD-associated phenotypes, which could be 

explored as a therapeutic strategy in HD and other disorders.

In our work, astrocyte responses were not stereotyped and did not conform to known forms 

of pan-reactive, A1 or A2 astrocyte reactivity (Liddelow et al., 2017). However, we 

emphasize that our aim was not to study A1 and A2 reactivity, but rather to assess astrocyte 

responses broadly. Our data show that striatal astrocytes display molecular changes that 

depend strongly on how they are challenged. This finding of heterogeneous astrocyte 

molecular changes dependent on perturbation context has broad relevance for exploring 

fundamental glial biology in health and disease. As far as we know, this has not hitherto 

been reported for a defined population of astrocytes in the adult CNS in vivo, prompting us 

to explore the relevance of such responses in HD model mice, which display astrocytic and 

striatal dysfunctions (Introduction).

The heterogeneity of astrocytes between brain areas (Haim and Rowitch, 2017; Khakh and 

Deneen, 2019) raised the possibility that astrocytes in brain regions associated with specific 

diseases could potentially be manipulated to evoke beneficial effects in a disease-specific 

manner. Based on evaluations of RNA-seq datasets from 14 EPs, we were able to design 

experiments to test this hypothesis using manipulation of astrocytes in the striatum. It was 

previously found that the nature of major astrocyte pathway downregulation in human HD 

was shared with mouse models (Diaz-Castro et al., 2019; Lee et al., 2020). In the present 

study we found that downregulated signaling pathways in HD could be reciprocally 

upregulated following astrocyte Gi-GPCR activation. In consequence, striatal astrocyte Gi-

GPCR pathway activation in HD model mice corrected several disease-related phenotypes, 

and led to the identification of potential new astrocyte GPCR therapeutic targets, including 

the possible clinical use of DREADDs themselves (Keenan et al., 2017; Lieb et al., 2019; 

Urban and Roth, 2015; Weston et al., 2019).

We place our findings in context. First, it is important to remember that our analyses of the 

14 EPs was based on gene expression. In the future, it would be valuable to develop methods 

that allow for unbiased evaluation of protein expression selectively from astrocytes. Such 

methods do not yet exist for astrocytes. Second, since astrocytes change in separable ways at 

a molecular level in the striatum in response to different EPs, it is possible that their brain 

region specific gene expression patterns also reflect local cues that drive transcriptomic 

signatures. Since all the data in the current study were gathered for the striatum, we cannot 
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address this possibility directly. However, as additional datasets for astrocytes in other brain 

areas emerge, it should be possible to assess this topic in due course. It is possible that brain-

region specific astrocyte properties reflect a combination of local and developmental cues.

To begin to explore the molecular processes following astrocyte Gi-GPCR activation in HD 

model mice, we analyzed the transcriptional profiles of striatal astrocytes and made several 

observations: (i) reciprocal regulation of gene expression and signaling pathways; (ii) an 

enhancement of neuroimmune/inflammatory responses; and (iii) increased gene expression 

of TSP1 that may have synaptogenic roles in some of the responses that we measured. We 

started to explore the potential contribution of TSP1 receptor α2δ1 by using GBP and found 

significant attenuation of some improvements evoked by astrocyte Gi-GPCR activation. Our 

use of GBP in these regards carries the caveat that this drug may have other attendant 

actions, including possible regulation of calcium channels, that may have influenced our 

experiments (Calandre et al., 2016; Dolphin, 2016). It is problematic to rule out such 

potential confounds: interpretation of this one experiment must therefore be considered 

thoughtfully with this caveat in mind. Irrespectively, however, the key point is that outcomes 

following astrocyte Gi–GPCR activation in HD model mice were beneficial rather than 

deleterious across several measures at the cellular, circuit and behavioral level, i.e. the HD-

related pathophysiology was improved. The data also illustrate the potential for using 

astrocytes to delay or remedy synaptic dysfunction by activating relevant mechanisms such 

as their synaptogenic potential, e.g. via Gi-GPCR stimulation. However, our results should 

not be over interpreted to indicate that TSP1 is the main mechanism and further studies are 

necessary. Our data provide insights and databases for such additional mechanisms in the 

context of HD following Gi-GPCR activation, which we discuss presently.

Neuroinflammation has been well-documented in HD patients, including non-symptomatic 

individuals (Agus et al., 2019; Hodges et al., 2006; Labadorf et al., 2015; Lee et al., 2020; 

Rodrigues et al., 2016). The occurrence of this phenomenon has spurred clinical trials of 

anti-inflammatory drugs with the assumption that neuroinflammatory responses exacerbate 

HD pathogenesis (Colpo et al., 2017; Roch et al., 2016). However, to date, these drugs have 

not markedly improved clinical outcomes. Thus, the issue of whether neuroinflammatory 

responses serve damaging or protective functions during HD pathogenesis is still open 

(Wilton and Stevens, 2020). In these regards, there is evidence to suggest that some forms of 

neuroinflammation may be protective in HD. IL-6, for example, was found to have 

neuroprotective effects in two rodent models of HD (Bensadoun et al., 2001; Wertz et al., 

2020) as well as other neurological diseases (Yang et al., 2012; Zigmond, 2012). In accord, 

our experiments and analyses consistently revealed significant enhancement of the IL-6 

signaling pathways by astrocyte Gi-GPCR activation, which otherwise were attenuated in 

HD model mice. Moreover, recent studies have demonstrated that the neuroimmune system 

functions to maintain homeostasis and neuromodulation (Alves de Lima et al., 2020; Da 

Mesquita et al., 2018; Norris and Kipnis, 2019). Brain neuroimmune responses in HD are 

also expected to be accompanied by blood brain barrier breakdown and infiltration of 

peripheral immune signals and cells (Sweeney et al., 2018). Since mHTT is found in every 

cell, combined with the fact that multiple cellular changes are known to occur in HD, we 

suggest that it would be misleading to promote, or expect, a single beneficial molecular 

mechanism in this complex disorder. From these perspectives, our data identify several 
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astrocytic mechanisms that can now be explored in HD with the view to producing 

beneficial effects by exploring tissue homeostasis, neuroimmune, and cell-cell interactions. 

New types of tools are needed to plan such experiments, but our data provide evidence from 

agnostic evaluations of large datasets to suggest potential protective roles for synaptogenic 

cues and neuroimmune signaling in HD that can be triggered by appropriately stimulating 

astrocytes. We also list potential astrocyte GPCRs to target in order to explore such effects in 

follow up studies.

As far as we know, this study represents the first direct experimental evaluation of how a 

defined population of astrocytes responds to multiple stimuli in vivo. Taken together, the 

data reveal that striatal astrocytes are remarkably malleable and that they utilise context-

specific responses that can be dissected molecularly to identify signalling mechanisms. Our 

experiments show that astrocyte molecular mechanisms are also exploitable for HD 

phenotype correction, portending the exploration of therapeutic strategies in HD and 

potentially for additional brain diseases. The extensive RNA-seq data also represent a 

valuable resource for exploring specific hypotheses concerning fundamental astrocyte 

biology in the striatum and in other brain areas.

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, Baljit S. Khakh 

(bkhakh@mednet.ucla.edu).

Material availability statement—All unique/stable reagents generated in this study are 

available upon request from the Lead Contact without restriction.

Data and code availability—All data and codes are available upon request from the Lead 

Contact. Excel file S4 reports raw replicates used for the figures. RNA-seq data are 

deposited at the Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo) with accession 

numbers provided in Table S1 and Key Resources Table. Lists of DEGs for each EPs are 

provided in Excel file S1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse models—All animal experiments were conducted in accordance with the National 

Institute of Health Guide for the Care and Use of Laboratory Animals and were approved by 

the Chancellor’s Animal Research Committee at the University of California, Los Angeles. 

Male and female mice were used in this study. Most experiments were for mice aged 3 

months, but for a specific set of experiments mice aged between 1- and 12-months old were 

used (ages specified in Table S1). Mice were housed in the vivarium managed by the 

Division of Laboratory Animal Medicine at University of California, Los Angeles (UCLA) 

with a 12 h light/dark cycle and ad libitum access to food and water. Wild-type C57BL/

6NTac mice were generated from in house breeding colonies or purchased from Taconic 

Biosciences. R6/2 and non-carrier control mice at 2- and 3-months old were purchased from 
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the Jackson Laboratory (Strain B6CBA-Tg(HDexon1)62Gpb/3J; JAX #006494). R6/2 and 

non-carrier control mice at 1 month old were bred and provided by Dr. Michael Levine’s 

laboratory at UCLA. Wild type (WT) and heterozygous zQ175 mice were acquired from 

Jackson Laboratory (Strain B6J.129S1-Htttm1.1Mfc/190ChdiJ; JAX #370832). Sapap3 
knockout mice were purchased from the Jackson Laboratory (Strain B6.129-

Dlgap3tm1Gfng/J; JAX #008733). Kcnj10flox/flox mice were purchased from the Jackson 

Laboratory (Strain B6.129- Kcnj10tm1Kdmc/J; JAX #026826). Ip3r2 knockout mice 

(Itpr2tm1.1Chen) were originally obtained from Dr. Ju Chen at University of California-San 

Diego and maintained as a heterozygous line (Srinivasan et al., 2015).

METHODS DETAILS

Strategy using experimental perturbations (EPs)—We provide full details and 

rationale for the EPs. The EPs employed comprised four groups encompassing striatum-

relevant disease and physiology with parallel age-matched controls, including assessments 

for HD, cellular pathology, altered ionic signaling, and GPCR signalling.

The first group assessed astrocytes in two widely used HD mouse models (Diaz-Castro et 

al., 2019) including a transgenic R6/2 model that likely represents juvenile-onset HD and a 

knock-in heterozygous Q175 model that more closely represents adult-onset HD in human 

patients (Diaz-Castro et al., 2019). We examined presymptomatic and symptomatic disease 

stages to assess gene expression changes during disease progression. For subsequent 

hypothesis testing, we focussed on R6/2 mice.

The second group assessed astrocytes under several pathological conditions of relevance to 

the striatum and to HD. Striatal medium spiny neurons (MSNs) were ablated with quinolinic 

acid, because this is relevant to striatal dysfunction in HD where tissue volume loss occurs 

(Beal et al., 1986; Vonsattel, 2007). Neuroinflammation was induced by the bacterial cell 

wall endotoxin lipopolysaccharide (LPS) since molecular changes associated with 

neuroinflammatory processes accompany several striatal disorders including HD (Diaz-

Castro et al., 2019; Lee et al., 2020; Rodrigues et al., 2018). Neuroinflammation is also 

pertinent to severe streptococcal infections that are proposed to change striatal function 

(Esposito et al., 2014). Since dysfunction of the nigrostriatal circuitry is associated with HD 

and Parkinson’s disease (PD), we used a mouse model of dopaminergic input loss generated 

with MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) (Jackson-Lewis and 

Przedborski, 2007). Striatal deficits are implicated in the pathogenesis of obsessive-

compulsive disorder (OCD), which is also a clinical comorbidity of prodromal HD. To 

investigate how astrocytes are altered in a model of OCD-like behavior, we used a well-

characterized genetic mouse model called the Sapap3 knockout mice (SAPAP3 KO)(Welch 

et al., 2007).

The third group assessed the impact of altered astrocyte ionic signalling. Astrocyte 

potassium channel Kir4.1 (Kcnj10) was conditionally deleted in striatal astrocytes to reduce 

astrocyte K+ currents (Nwaobi et al., 2016). This is relevant because K+ channel loss is 

associated with pathophysiology in HD and several other diseases (Tong et al., 2014). To 

attenuate astrocyte intracellular Ca2+ signalling, we used two strategies: a CalEx AAV that 

reduces striatal astrocyte Ca2+ signaling (Yu et al., 2018) and transgenic Ip3r2 knockout 
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mice that display strongly reduced intracellular Ca2+ signals (Jiang et al., 2016). These are 

relevant, because loss of Ca2+ signals is associated with HD and several other 

neurodegenerative diseases (Jiang et al., 2016).

The fourth group evaluated astrocytes after activating specific astrocyte G-protein coupled 

receptor (GPCR) pathways (Gi, Gq and Gs) by using DREADDs expressed in striatal 

astrocytes (Chai et al., 2017; Yu et al., 2020). These evaluations were relevant as GPCRs 

represent major therapeutic targets in brain diseases and astrocytes use GPCR signaling.

Differentially expressed genes (DEGs) in striatal astrocytes were identified by comparing 

the IP RNA-seq data between each EP and its cognate control. Gene expression data were 

used for assessments of signalling pathways and upstream regulators to reveal astrocyte 

transcriptomic responses to the various EPs. This information was then used to evaluate 

astrocytes in the context of basal ganglia related diseases by using striatal single-cell RNA-

seq data (scRNA-seq). We then focused on HD and identified altered astrocyte signaling, 

which allowed us to form and test a hypothesis related to amelioration of HD phenotypes in 

mice. Figure 1A schematizes the workflow and overall approach we used. In order to 

generate a testable hypothesis from gene expression analyses, we exploited three recently 

published RNA-seq datasets (Table S1) (Diaz-Castro et al., 2019; Nagai et al., 2019; Yu et 

al., 2018). In addition, our study generated ten new RNA-seq datasets including nine striatal 

astrocyte-specific RNA-seq datasets with parallel striatal bulk tissue RNA-seq and one 

scRNA-seq dataset for the cells that comprise the mouse striatum. This new information is 

summarized in Table S1 and in the Key Resources Table and is available in the Gene 

Expression Omnibus (GEO) repository (https://www.ncbi.nlm.nih.gov/geo).

Surgical procedure of in vivo microinjection—Surgical procedures for viral 

microinjections have been described previously (Chai et al., 2017; Nagai et al., 2019; Yu et 

al., 2018). In brief, mice were anesthetized and placed onto a stereotaxic frame (David Kopf 

Instruments, Tujunga CA). Continuous anesthesia using isoflurane was carefully monitored 

and adjusted throughout the surgery. Mice were injected with buprenorphine (Buprenex; 0.1 

mg/kg) subcutaneously before surgery. Scalp incisions were made and craniotomies (~1 mm 

in diameter) above the left parietal cortex were created using a high-speed drill (K.1070; 

Foredom) for unilateral viral injections while two craniotomies were made above both 

parietal cortices for bilateral viral injections. Beveled glass pipettes (1B100–4; World 

Precision Instruments) filled with viruses were placed into the striatum (0.8 mm anterior to 

the bregma, 2.0 mm lateral to the midline, and 2.4 mm from the pial surface). AAVs were 

injected at 200 nl/min using a syringe pump (Pump11 PicoPlus Elite; Harvard Apparatus). 

Glass pipettes were withdrawn after 10 min and scalps were cleaned and sutured with sterile 

surgical sutures. Mice were allowed to recover in clean cages with food containing 

Trimethoprim/Sulfamethoxazole and water for 7 days. Subsequent experiments were 

performed at least three weeks after surgeries.

Viruses used in this study included: AAV2/5 GfaABC1D-Rp122-HA (RiboTag AAV), 

AAV2/5 GfaABC1D-PI-Cre, AAV2/5 GfaABC1D-mCherry-hPMCA2w/b (CalEx AAV), 

AAV2/5 GfaABC1D-hM3Dq-mCherry, AAV2/5 GfaABC1D-hMADi-mCherry, AAV2/5 

GfaABC1D-rM3Ds-mCherry, AAV2/5 GfaABC1D-GCaMP6f, AAV2/5 GfaABC1D-Lck-
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GFP and AAV2/5 GfaABC1D-tdTomato. All of these have been previously characterized for 

the striatum at the ages used in this study for wild type and the HD-model mice (Chai et al., 

2017; Diaz-Castro et al., 2019; Haustein et al., 2014; Jiang et al., 2016; Nagai et al., 2019; 

Shigetomi et al., 2013; Yu et al., 2018). Viruses were diluted with saline when necessary and 

injected with a total volume of 0.5-1 μl per site to deliver ~0.5~2.5 x 1010 genome copies 

into the dorsal striatum. To sparsely label astrocytes for morphological analysis, AAV2/5 

GfaABC1D-Lck-GYP was diluted to deliver 1 x 109 genome copies.

Details of the fourteen experimental perturbations (EPs)—To explore astrocyte 

molecular mechanisms in the striatum, we designed four groups of fourteen EPs including 

striatum-relevant disease and physiology. Each EP had its own age-matched cognate 

controls. The first group assessed astrocytes in two Huntington’s disease (HD) mouse 

models. A transgenic R6/2 model models juvenile-onset HD and a knock-in heterozygous 

Q175 model models adult-onset HD in human patients. Presymptomatic (1 m R6/2 and 2 m 

Q175) and symptomatic disease stages (2 m R6/2 and 12 m Q175) were examined to assess 

gene expression changes over the disease progression. Age-matched non-carrier (NCAR) 

mice were used as controls for R6/2 mice while wild-type (WT) mice were used as controls 

for Q175 mice. The second group assessed astrocytes under pathological conditions. Striatal 

medium spiny neurons (MSNs) were ablated with quinolinic acid (QA, 30 nM) through 

microinjection in the dorsal striatum one week before tissue harvest. In controls, vehicle 

(PBS) was microinjected into the dorsal striatum one week before tissue harvest. To induce 

neuroinflammation, lipopolysaccharide (LPS, 5 mg/kg body weight) was administered by 

intraperitoneal (i.p.) injection 24 hours before tissue harvest. Control mice received i.p. 

injection of vehicle (PBS) 24 hours before tissue harvest. To ablate dopaminergic neurons, 

mice received one i.p. injection of MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) at 

20 mg/kg body weight every 2 hours for a total of four doses one week before tissue harvest. 

This approach has been used to induce Parkinsonism in mice (Jackson-Lewis and 

Przedborski, 2007). In the control group, mice received injections of saline using the same 

regimen. Sapap3 knockout mice (SAPAP3 KO) were used as a genetic mouse model for 

obsessive-compulsive disorder (OCD) (Welch et al., 2007). Because OCD-like behavioral 

phenotypes developed after 4 months old of age, RiboTag AAV was injected into the dorsal 

striatum at 4.5 months old of age of both KO and WT littermates. The third group assessed 

the impact of altered astrocyte ionic signalling. To reduce astrocyte K+ current, 0.5 μl of 

AAV2/5 GfaABC1D-Cre was co-injected with RiboTag AAV into the dorsal striatum of 

Kcnj10flox/flox mice to conditionally delete astrocyte potassium channel Kir4.1 (Kir4.1 KO). 

Control mice received 0.5 μl of AAV2/5 GfaABC1D-tdTomato together with RiboTag AAV. 

To silence astrocyte intracellular Ca2+ signalling, we used two strategies: CalEx AAV 

together with RiboTag AAV were microinjected into the dorsal striatum of C57BL/6NTac 

mice to attenuate astrocyte Ca2+ signalling in adulthood. Control mice received 0.5 μl of 

AAV2/5 GfaABC1D-tdTomato together with RiboTag AAV. Transgenic Ip3r2 knockout 

mice (IP3R2 KO) were used to silence astrocyte Ca2+ signalling throughout the 

development. Age-matched WT littermates were used as controls. The fourth group 

evaluated astrocytes after activating specific astrocyte G-protein coupled receptor (GPCR) 

pathways (Gi, Gq and Gs) using Designer Receptors Exclusively Activated by Designer 

Drugs (DREADDs). AAV2/5 GfaABC1D-hM3Dq-mCherry, AAV2/5 GfaABC1D-hM4Di-
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mCherry or AAV2/5 GfaABC1D-rM3Ds-mCherry was co-injected with RiboTag AAV into 

the striatum of C57BL/6NTac mice. A selective synthetic agonist CNO (1 mg/kg body 

weight) for DREADDs was given by i.p. injection 2-6 hours before tissue harvest. Control 

mice received i.p. injection of vehicle (saline) 2-6 hours before tissue harvest. All EPs were 

validated either in previously published studies or in the current study (Table S1 and Figure 

S2).

Striatal astrocyte RNA-sequencing (RNA-seq) and analysis—To exact RNA from 

striatal astrocytes, RiboTag AAV was microinjected bilaterally into the dorsal striatum of 

mice. Two to three weeks after the RiboTag AAV injection, RNA extraction was performed 

as previously described (Diaz-Castro et al., 2019; Nagai et al., 2019; Yu et al., 2018). 

Briefly, striatal tissues were dissected and homogenized in ice-cold homogenization buffer. 

RNA was extracted from 10-20% of homogenate after centrifugation as input sample, which 

contained RNA from all cell types in the striatum (Qiagen Rneasy Plus Micro #74034). The 

remaining homogenate was incubated with mouse anti-HA antibody (1:250; Covance, 

#MMS-101R) for 4 hours at 4 °C followed by the addition of magnetic beads (Invitrogen, 

Dynabeads #110.04D) for overnight incubation at 4°C. RNA was purified from the 

immunoprecipitation (IP) sample, which contained astrocyte-enriched RNA (Qiagen RNeasy 

Plus Micro #74034).

RNA concentration and quality were assessed with Agilent 2100 Bioanalyzer. RNA samples 

with RNA integrity number (RIN) greater than 7 were used for multiplexed library 

preparation with Nugen Ovation RNA-Seq System V2. For each experiment, all samples 

were multiplexed into a single pool in order to avoid batch effects (Auer and Doerge, 2010), 

and sequencing was performed on Illumina NextSeq 4000 for 2 × 75 yielding at least 45 

million reads per sample. Demultiplexing was performed with Illumina Bcl2fastq2 v 2.17 

program. Reads were aligned to the mouse mm10 reference genome using the STAR spliced 

read aligner (Dobin et al., 2013) with default parameters and fragment counts were derived 

using HTS-seq program. Approximately 70% of the reads mapped uniquely to the mouse 

genome and were used for subsequent analyses. Differential gene expression analysis was 

performed with Bioconductor packages edgeR (Law et al., 2014; Robinson et al., 2010) with 

false discovery rate (FDR) threshold < 0.05 (http://www.bioconductor.org). Lowly expressed 

genes that had CPM > 3 in at least 4 samples were filtered out. In addition, we have applied 

FPKM >1 as an additional threshold to exclude low expression genes for the analyses of 

DEG numbers, canonical pathways and upstream regulators. This value was chosen based 

on previously published literature (Hebenstreit et al., 2011; Uhlen et al., 2017). For the top 

20 gene list, we used FPKM > 5 as a threshold to select genes with higher expression levels. 

Differentially expressed genes (DEGs) that were more than two-fold higher in the IP 

samples than the input samples were designated as astrocyte-enriched DEGs. Weighted gene 

co-expression network analysis (WGCNA) was performed using an R package of WGCNA 

for finding modules of highly correlated genes. The gene ontology (GO) enrichment analysis 

was performed using PANTHER overrepresentation test (GO ontology database released 

2020-01-01) with FDR < 0.05, with allMus musculus genes used as the reference. 

Significantly associated canonical pathways and upstream regulators (P < 0.05) were 

identified by Ingenuity Pathway Analysis (IPA) using DEGs with thresholds FPKM > 1 and 
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FDR < 0.05. All RNA-seq data have been deposited within the Gene Expression Omnibus 

(GEO) repository (www.ncbi.nlm.nih.gov/geo) with accession numbers provided in Table S1 

and Key Resources Table.

We comment briefly on the use of the Rpl22-HA RiboTag method in our evaluations. First, 

from the immunohistochemistry analysis that we performed previously (Diaz-Castro et al., 

2019; Nagai et al., 2019; Yu et al., 2018), Rpl22-HA was expressed in ~ 85% of the S100β+ 

astrocytes in the dorsal striatum. The expression of Rpl22-HA was consistent and uniform 

across astrocytes, ages and mouse models. It was not expressed in neurons. Second, we have 

identified subpopulations of striatal astrocytes from our scRNA-seq using droplet based 

methods (i.e. not dependent on RiboTag). Gfap has relatively low and comparable 

expression level across all astrocyte subpopulations, and is not a marker gene for any 

astrocyte subpopulation: these data recall RiboTag methods for Gfap and more broadly for 

astrocyte markers (Chai et al., 2017). Thus, the finding we can observe similar astrocyte 

gene expression with scRNA-seq and RiboTag methods provides assurance for the 

methodology. Furthermore, based on the available data it is very unlikely that GfaABC1D 
promoter activity biases towards any particular astrocyte population, as Gfap is equivalently 

low across astrocyte populations. Third, it is conceivable that experimental perturbations 

may affect the translational efficiency or ribosome association in disease settings. However, 

it is highly unlikely that HA-tagged ribosomes discriminate transcripts based on their 

relative abundance. To avoid potential technical bias, we normalized the concentration and 

amount of total RNA for sequencing across all samples, which have high RNA integrity with 

RIN > 7.0. In addition, we filtered out lowly expressed genes in the subsequent analysis and 

applied several expression thresholds for fair comparisons. Fourth, we have previously used 

the RiboTag approach in the context of R6/2 and Q175 HD-model mice. Reassuringly, these 

same mice at the same ages have recently been reassessed using a different BAC-Trap 

method (Lee et al., 2020). The findings in that study, with an independent method, were 

remarkably similar to our past work with RiboTag (Diaz-Castro et al., 2019). Fifth, when we 

first reported the RiboTag method to assess astrocyte-specific gene expression (Srinivasan et 

al., 2016), we performed detailed analyses by comparing our cortical data to cortical 

astrocyte gene expression data gathered with FACS isolated cells (Zhang et al., 2014). 

Specifically, we determined the 4727 transcripts enriched in astrocytes in either dataset and 

used the rank-rank hypergeometric overlap (RRHO) method to compare their relative rank 

according to FPKM percentile (across all 4727 genes). Most transcripts were significantly 

clustered along the diagonal, which indicated similarity in rank between RiboTag and FACS 

methods (Srinivasan et al., 2016). These published validations of the method also provide 

assurance that the RiboTag method works reliably. In summary then, with the data that are 

available for us to candidly assess, we suggest that the RiboTag method can sample 

astrocyte-specific gene expression reliably. Nonetheless, our data should not be over 

interpreted and they should be appraised appropriately and considered with the 

aforementioned caveats in mind in future work. Our data also do not obviate the need for 

future controls by others on a case-by-case basis when they use the methods we report. To 

aid further assessments, we have made all the RNA-seq data openly available (Key 

Resources Table).
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Striatal single cell RNA-seq (scRNA-seq) and analysis—The procedure of Act-seq 

(Wu et al., 2017) was optimized to improve the enrichment of glial cells and scRNA-seq was 

performed to profile the whole striatum of adult mice. Male mice at 8-9 weeks old of age 

were anesthetized and decapitated. The brain was immediately dissected out and was 

sectioned on a vibratome (Microslicer DTK-Zero 1; Ted Pella, Inc.) into 400 pm slices in 

ice-cold artificial cerebrospinal fluid (ACSF) (124 mM NaCl, 2.5 mM KCl, 1.2 mM 

NaH2PO4, 24 mM NHCO3, 5 mM HEPES, 13 mM glucose, 2 mM MgSO4, and 2 mM 

CaCl2, pH adjusted to 7.3-7.4) oxygenated with 95% O2/5% CO2. The slices containing the 

striatum were immediately transferred to an oxygenated recovery solution (93 mM N-

methyl-D-glucamine, 2.5 mM KCl, 1.2 mM NaH2PO4, 30 mM NaHCO3, 20 mM HEPES, 

25 mM glucose, 10 mM MgSO4, 0.5 mM CaCl2, 5 mM sodium ascorbate, 2 mM thiourea, 

and 3 mM sodium pyruvate with a pH of 7.3-7.4) for 15 min on ice. The striatum was 

dissected out under a dissecting microscope in ice-cold ACSF and cut into small pieces (< 1 

mm in all dimensions). Tissue was then transferred to a petri dish for digestion with ACSF 

containing 1 mg/ml pronase (Sigma-Aldrich, P6911) and incubated at 34 °C for 30 min. The 

digestion solution was replaced with ice-cold oxygenated ACSF containing 1% fetal bovine 

serum. The tissue was dissociated sequentially by gentle trituration through glass pipettes 

with polished tip openings of 500 μm, 300 μm and 150 μm diameter. Actinomycin D 

(Sigma-Aldrich, A1410) was added to the recovery solution at 45 μM, the pronase solution 

at 45 μM and trituration solution at 3 μM to prevent stress-induced transcriptional 

alterations. To increase the yield of glial cells, filters with various pore sizes (70 μm, 40 μm 

and 20 μm) were tested and 20 μm filter gave the highest yield and therefore was chosen. 

The dissociated cells were filtered through a 20 μm filter and washed with ice-cold ACSF. 

To remove myelin, cell pellet was resuspended in PBS and processed with debris removal kit 

(Miltenyi Biotec, 130-109-398). Cell density was counted and isolated cells were diluted to 

1000 cells/μl and processed with 10X Genomics platform within 10 min. Single cell libraries 

were generated and sequenced on the Illumina NextSeq500 sequencer.

Sequence reads were processed and aligned to the mouse genome (mm10) using CellRanger 

3.0. Striatal cells with > 300 genes and genes expressed in > 3 cells were used for the 

subsequent analysis in Python. Principal component analysis (PCA) was performed on the 

expression data matrix using Arpack wrapper function in the Scanpy package (Wolf et al., 

2018). PCs 1-50 were used for generating t-distributed stochastic neighbor embedding 

(tSNE) plots. Eleven transcriptomic clusters were identified from total 20912 striatal cells 

with a Louvain-Jaccard graph clustering algorithm with resolution set to 0.1 and were then 

annotated based on the expression of cell lineage marker genes (Saunders et al., 2018). For 

the subclustering of astrocytes, cells that were classified as astrocytes in the major cell type 

analysis were used (3244 astrocytes) and 5 astrocyte subpopulations were identified with 

resolution set to 0.18. Marker genes of oligodendrocytes, astrocytes, microglia and neurons 

from the human striatum were selected from Kelly et al. (Kelley et al., 2018) ranked by the 

fidelity scores. Human genes associated with basal ganglia disorders were based on the 

database of Phenopedia (Yu et al., 2010) and then mapped onto 11 major cell clusters based 

on the top 1000 marker genes identified from the mouse striatal scRNA-seq. scRNA-seq 

data have been deposited within the GEO repository (www.ncbi.nlm.nih.gov/geo) with 

accession number GSE156628.
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Drug administration in vivo—AAV2/5 GfaABC1D-hMADi-mCherry was microinjected 

into the dorsal striatum of R6/2 or NCAR mice at 4 weeks old. Two weeks after the 

microinjection, 1 mg/kg clozapine N-oxide (CNO; Tocris Bioscience, 4936) was 

administered to mice by i.p. injection every other day for 3-6 weeks to chronically activate 

hM4Di in dorsal striatal astrocytes in vivo. Behavioral tests, brain slice experiments and 

immunohistochemistry were performed two hours after the last CNO administration. In 

some cases, 100 mg/kg Gabapentin (Tocris Bioscience, 0806) was administered by i.p. 

injection to mice 1 hour before every CNO injection. Previous work shows that the effects of 

striatal astrocyte hM4Di DREADD activation in mice are reversible (Nagai et al., 2019), 

which is consistent with prior assessments in other cells (Alexander et al., 2009). However, 

the reversibility experiment could not be performed in R6/2 mice for the present study, 

because by ~12 weeks the mice are sick from the disease in other parts of the body (recall 

we microinject AAV for hM4Di only into the striatum, whereas the disease affects other 

parts of the body as well). Hence, the humane endpoint considerations of our experiments 

mandate that the mice be euthanized before they succumb to disease throughout the body.

Immunohistochemistry (IHC) and analysis

Frozen sections: For transcardial perfusion, mice were anesthetized with 5% isoflurane 

and once all reflexes subsided, the abdominal cavity was opened and heparin (50 units) was 

injected into the left ventricle to prevent blood coagulate. The animal was perfused with 20 

ml ice cold 0.1 M phosphate buffered saline (PBS) followed by 60 ml 10% buffered 

formalin (Fisher #SF100-20). After gentle removal from the skull, the brain was post-fixed 

in 10% buffered formalin overnight at 4°C. The tissue was cryoprotected in 30% sucrose 

(0.1M PBS) and serial 40 μm coronal sections were prepared using a cryostat microtome 

(Leica) at −20°C and processed for immunohistochemistry. Sections were incubated with 

agitation in primary antibodies diluted in 0.1 M PBS with 0.5% Triton-X 100 overnight at 

4°C. The following primary antibodies were used: mouse anti-S100β (1:1,000; Sigma, 

S2532), mouse anti-NeuN (1:1,000; Millipore, MAB377), chicken anti-GFP (1:1,000; 

Abcam, ab13970), mouse anti-tyrosine hydroxylase (1:1,000; Immunostar, 22941); rabbit 

anti-SAPAP3 (1: 600; a gift from Dr. Feng’s laboratory at MIT); rabbit anti-Kir4.1 (1:1,000; 

Alomone, APC-035), rabbit anti-DARPP-32 (1:200; Abcam, ab40801) or rabbit anti-cFos 

(1:1,000; Millipore, ABE457). The sections were then washed 3 times in 0.1 M PBS for 10 

min each before incubation at room temperature for 2 hr with secondary antibodies diluted 

in 0.1 M PBS. Alexa conjugated (ThermoFisher Scientific) secondary antibodies were used 

at 1:1000 dilution except streptavidin conjugated Alexa 647 at 1:250 dilution. Fluorescent 

images were taken using UplanSApo 20X 0.85 NA, UplanFL 40X 1.30 NA oil immersion or 

PlanApo N 60X 1.45 NA oil immersion objective lens on a confocal laser-scanning 

microscope (FV10-ASW; Olympus). Laser settings were kept the same within each 

experiment. Images represent maximum intensity projections of optical sections with a step 

size of 1.0 μm.

Images were processed with ImageJ. Cell counting was done on maximum intensity 

projections using the Cell Counter plugin; only cells with soma completely within the region 

of interest (ROI) were counted. For the analysis of astrocyte territory size, the images of 

Lck-GFP-expressing astrocytes were thresholded to remove background signals. Images 
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were then converted to a binary format in which pixels above the threshold were counted as 

1 and pixels with signal at the level of background or lower were counted as 0. Astrocyte 

territory sizes were estimated by measuring the area of a ROI that surrounded the 

thresholded fluorescence profile of astrocytes. For analysis of the size of the striatum and the 

lateral ventricle, coronal serial cryosections with 40 μm step size were prepared. 

Measurements were made by tracing the boundaries of the striatum and lateral ventricles 

using ImageJ to calibrate the area in square millimeters for each section. Landmarks used to 

define the borders of the striatum were the corpus callosum on the dorsal and lateral sides, 

the lateral ventricle on the medial side, and the anterior commissure and internal capsule on 

the ventral side. The section at + 0.9 mm AP from bregma from each mouse was subjected 

to the comparisons between experimental groups.

Acute sections: Fresh brain slices (300 μm) were placed into 10% buffered formalin 

overnight at 4°C and processed for IHC. Sections were washed 3 times in 0.1 M PBS with 

2% Triton-X 100 for 5 min each, and then incubated in a blocking solution containing 10% 

NGS in 0.1 M PBS with 1% Triton-X 100 for 1 hour at room temperature with agitation. 

Sections were then incubated with agitation in primary antibodies diluted in 0.1 M PBS with 

0.4% Triton-X 100 for 3 days at 4°C. The primary antibody was guinea pig anti-vGluT1 

(1:2000; Synaptic Systems 135302). Sections were washed 3 times in 0.1 M PBS with 0.4% 

Triton-X 100 for 10 min each before incubation 3 days at 4°C with streptavidin conjugated 

Alexa 647 (1:250) diluted in 0.1 M PBS with 0.4% Triton-X 100. The sections were rinsed 3 

times in 0.1 M PBS for 10 min each before being mounted on microscope slides in 

fluoromount-G. Images were obtained in the same way as IHC for frozen sections except a 

step size of 0.33 μm.

Spine density was quantified in cells that had been characterized by electrophysiology by 

whole-cell current-clamp recording (Methods described in a following section) and filled 

intracellularly with biocytin (1 mg/ml) via the patch pipette. Based on the 

electrophysiological properties of the cells (membrane resistance, membrane potential and 

action potential firing), we only analyzed neurons that were classified as MSNs. For 

quantification of spine density, we only analyzed spines on secondary dendritic shafts that 

are parallel to the imaging plane to minimize the possibility of rotational artifacts. The 

primary dendrite of MSNs does not have dendritic spines. Spine density was calculated by 

dividing the number of spines by the length of the dendritic segment. For quantification of 

spine head size, a line ROI across the maximum diameter of the spine was made and a 

profile that has a single peak and is closer to a Gaussian curve was obtained. Full-Width 

Half-Maximum of that was defined as a spine head size to avoid the point spread function. 

For counting the number of vGluT1-positive synapse, only spines that are off from optical 

plane were analyzed. As described previously (Nagai et al., 2019), a line ROI was made over 

MSN spine and vGluT1 puncta that is closest to the spine. FWHM of each profile was 

measured. A MSN spine was recognized as forming vGluT1-positive synapse when each 

FWHM is overlapped, while recognized as not forming vGluT1-positive synapse when there 

is a gap between each FWHM. Analysis of MSN morphology was performed by the Sholl 

method of concentric circles using an ImageJ plugin essentially as described previously 

(Reeves et al., 2011). Each cell was thus analyzed by selecting the center of its soma and 
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then performing the Sholl analysis, which counts the number of intersections at circles of 

increasing radii from the center with 20 μm step size.

Dual in situ hybridization (ISH) with RNAscope and IHC—Cryosections were 

prepared as described above and stored at −80°C. ISH was performed using Multiplex 

RNAscope (ACDBio 320851). Sections were washed at least for 15 min with 0.1 M PBS, 

and then incubated in 1X Target Retrieval Reagents (ACDBio 322000) for 5 min at 

99-100°C. After washing with ddH2O twice for 1 min each, they were dehydrated with 

100% ethanol for 2 min and dried at RT. Then, the sections were incubated with Protease 

Pretreat-4 solution (ACDBio 322340) for 30 min at 40°C. The slides were washed with 

ddH2O twice for 1 min each and then incubated with probe Mm-Thbs1-C3 (ACDBio 

457891-C3) for 2 hours at 40°C. The sections were incubated in AMP 1-FL for 30 min, 

AMP2-FL for 15 min, AMP3-FL for 30 min and AMP4-FL for 15 min at 40°C with 

washing in 1X Wash Buffer (ACDBio 310091) twice for 2 min each prior to the first 

incubation and in between incubations. All the incubations at 40°C were performed in the 

HybEZ™ Hybridization System (ACDBio 310010). Slices were washed in 0.1 M PBS three 

times for 10 min each, followed by IHC that was performed as described above except with 

antibody dilutions: chicken anti-GFP (Abcam ab13970) was used at 1:250 dilution to stain 

Lck-GCaMP. Images were obtained in the same way as IHC described above except a step 

size of 0.8 μm. Images were processed with ImageJ (NIH). Astrocyte somata were 

demarcated based on GFP signal, and number of puncta and intensity of probe signals within 

somata were measured.

Acute brain slice preparation—Mice were transferred from the vivarium to the 

laboratory during the light cycle between 8 am and 10 am. Brain slices were prepared 30 

min to 1 hour afterwards and were used for experiments within 8 h of slicing (mostly within 

6 hours). Sagittal striatal slices (300 μm thick) were prepared from 11-12 week old R6/2 or 

NCAR mice for imaging and electrophysiological recordings in ice-cold sucrose cutting 

solution (30 mM NaCl, 4.5 mM KCl, 1.2 mM NaH2PO4, 26 mM NaHCO3, 10 mM D-

glucose, 194 mM sucrose and 1 mM MgCl2) using a vibratome (DSK Zero1 Microslicer; 

Ted Pella, Inc.). Slices were then incubated in artificial cerebrospinal fluid (ACSF) (124 mM 

NaCl, 4.5 mM KCl, 1 mM MgCl2, 1.2 mM NaH2PO4, 26 mM NaHCO3, 10 mM D-glucose, 

and 2.0 mM CaCl2) for 30 min at 32°C and 1 h at room temperature before recording. All 

the solutions were oxygenated with 95% O2/5% CO2.

Intracellular Ca2+ imaging of striatal astrocytes and analysis—Striatal slice 

preparation was performed as described above. Striatal slices were maintained in oxygenated 

ACSF (124 mM NaCl, 4.5 mM KCl, 1 mM MgCl2, 1.2 mM NaH2PO4, 26 mM NaHCO3, 10 

mM D-glucose, and 2.0 mM CaCl2) through a perfusion system. Astrocytes for all the 

experiments were imaged using a confocal microscope (Fluoview 1200; Olympus) with a 

40× water-immersion objective lens with a numerical aperture (NA) of 0.8 and at a digital 

zoom of two to three. We used the 488 nm line of an Argon laser, with the intensity adjusted 

to 9% of the maximum output of 10 mW. Astrocytes were chosen typically ~20 to ~30 μm 

below the slice surface and scanned at 1 frame per second for imaging sessions.
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Analyses of time-lapse image series were performed using ImageJ (NIH). XY drift was 

corrected using a custom plugin in ImageJ. Time traces of fluorescence intensity were 

extracted from the ROIs and converted to dF/F values. For analyzing spontaneous Ca2+ 

signaling, ROIs were defined in normal aCSF (control). Using Origin 2016 (Origin Lab 

Corp), Ca2+ events were manually marked. Event amplitudes, half width, event frequency 

per ROI per min, the integrated area-under-the-curve (AUC) of dF/F traces were measured. 

Events were identified based on amplitudes that were at least 2-fold above the baseline noise 

of the dF/F trace.

Electrophysiological recordings in the striatal slices—Electrophysiological 

recordings were performed using standard methods as described below. Slices were placed 

in the recording chamber and continuously perfused with 95% O2 and 5% CO2 bubbled 

normal ACSF. pCLAMP10.4 software and a Multi-Clamp 700B amplifier was used for 

electrophysiology (Molecular Devices). Whole-cell patch-clamp recordings were made from 

medium spiny neurons (MSNs) in the dorsolateral striatum using patch pipettes with a 

typical resistance of 5-6 MΩ. MSNs were morphologically and electrophysiologically 

identified. The intracellular solution for MSN EPSCs recordings comprised the following (in 

mM): 120 CsMeSO3, 15 CsCl, 8 NaCl, 10 HEPES, 0.2 EGTA, 0.3 Na-GTP, 2 Mg-ATP, 10 

TEA-Cl, with pH adjusted to 7.3 with CsOH. The intracellular solution for other 

experiments comprised the following (in mM): 135 K gluconate, 5 KCl, 0.5 CaCl2, 5 

HEPES, 5 EGTA, 2 Mg-ATP and 0.3 Na-GTP, pH 7.3 adjusted with KOH. To assess evoked 

EPSCs, electrical field stimulation (EFS) was achieved using a bipolar matrix electrode 

(FHC) that was placed on the dorsolateral corpus callosum to evoke glutamate release from 

the cortico-striatal pathway. The MSNs to be assessed were typically located ~300-400 μm 

away from the stimulation site to avoid the EFS-evoked astrocyte calcium increase that 

occurs nearby the stimulating electrode. We could not determine full stimulation-response 

curves for NMDA EPSCs, because clamping the cells at +40 mV for the prolonged periods 

needed for such assessments decreased the quality of whole-cell recording. However, we 

evaluated AMPA and NMDA EPSCs equivalently when stimulation intensities were set to 

200 μA that approximately evoke responses at 50% maximal amplitude of the AMPA 

EPSCs. To isolate the AMPAR- and NMDAR-mediated evoked EPSCs, MSNs were voltage-

clamped at −70 mV or +40 mV in the presence of 10 μM bicuculline (Tocris Bioscience 

0131). Paired pulses were delivered at 50 ms inter-pulse intervals. The AMPAR-mediated 

EPSC was measured at the peak amplitude of the EPSC at −70 mV, while the amplitude of 

the EPSC 50 ms after stimulation at +40 mV was used to estimate the NMDAR-mediated 

component. To isolate mEPSCs, MSNs were voltage-clamped at −70 mV and pre-incubated 

with 10 μM bicuculline and 300 nM tetrodotoxin (TTX, Cayman Chemical 14964) for 5 min 

before recording. In some cases, 1 mg/ml biocytin (Tocris, 3349) was added to the 

intracellular solution to subsequently visualize patched neuron. All recordings were 

performed at room temperature, using pCLAMP10.4 (Axon Instruments, Molecular 

Devices) and a MultiClamp 700B amplifier (Axon Instruments, Molecular Devices). Cells 

with Ra that exceeded 20 MΩ were excluded from analysis. Analysis was performed using 

ClampFit 10.4 software.
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Behavioral tests—Behavioral tests were performed during the light cycle between 12:00 

pm and 6:00 pm. Only male mice were used in behavioral tests because of gender-dependent 

differences known for striatal physiology. All the experimental mice were transferred to the 

behavior testing room at least 30 min before the tests to acclimatize to the environment and 

to reduce stress. Temperature and humidity of the experimental rooms were kept at 23 ± 2°C 

and 55 ± 5%, respectively. Background noise (65 ± 2 dB) was generated by white noise 

generator (San Diego Instruments).

Sucrose preference test:  Two days prior to LPS administration, mice at 9 weeks old were 

provided with ad libitum access to two regular bottles of water for 24 h in the home cage. On 

the following day, one bottle of water was replaced with 1% (wt/vol) sucrose water and mice 

were given continuous exposure to both bottles for 24h. Then mice received either LPS (5 

mg/kg body weight) or PBS vehicle through i.p. injection and were given one bottle of water 

and one bottle of 1% sucrose water for 24h. The bottles were weighed every day to measure 

the amounts of liquid consumption. The preference ratio was calculated as a ratio of sucrose 

water intake and regular water intake over 24 h testing period.

Open field test:  The open field chamber consisted of a square arena (28.7 × 30 cm) 

enclosed by walls made of translucent polyethylene (15 cm tall). The brightness of the 

experimental room was kept < 10 lux. Locomotor activity of mice at 10 weeks old was then 

recorded for 30 min using an infrared camera located above the open field chamber. 

Recording camera was connected to a computer operating an automated video tracking 

software ANY-maze from Stoelting.

Self-grooming behavior:  Mice were placed individually into plastic cylinders (15 cm in 

diameter and 35 cm tall) and allowed to habituate for 20 min. The brightness of the 

experimental room was kept < 10 lux. Rearing behavior was recorded for 10 min. The 

number of rearing bouts was counted, in which mice support their weight freely on its hind 

legs without using its tail or forepaws. A timer was used to assess the cumulative time spent 

in self-grooming behavior, which included paw licking, unilateral and bilateral strokes 

around the nose, mouth, and face, paw movement over the head and behind ears, body fur 

licking, body scratching with hind paws, tail licking, and genital cleaning. The number of 

self-grooming bouts was also counted. Separate grooming bouts were considered when the 

pause was more than 5 s or behaviors other than self-grooming occurred. Self-grooming 

microstructure was not assessed.

Forelimb grip test:  Mice at 10 weeks old were used in this test. Forelimb strength was 

measured using a customized grip strength meter (Chatillon Digital force gauge) with an 

adjustable angel wire mesh grip (San Diego Instruments). Both the grip strength meter and 

the mesh grip were positioned horizontally. Each mouse was held by the base of the tail and 

lowered to grasp the mesh with both forelimbs. A steady horizontal force was then applied 

to extend the mouse away from the meter until it relinquished its grip on the mesh. 

Maximum pulling force required to separate the mouse from the mesh grip was recorded by 

the meter. Each mouse was tested in five trials with a 5 min intertrial interval and average 

maximum pulling force was used to assess the muscle strength.
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Hind limb footprint test:  Mice at 10 weeks old were used in this test. A one-meter long 

runway (8 cm wide) was lined with paper. Each mouse with hind paws painted with non-

toxic ink was placed at an open end of the runway and allowed to walk to the other end with 

a darkened box. For the gait analysis, stride length and width were measured and averaged 

for both left and right hind limbs over 5 steps.

Hind limb clasping test:  Mice at 10-11 weeks old were used in this test. Each mouse was 

suspended by holding the tail. The experiments were conducted for 60 s. Time taken for the 

mouse to move both limbs close to the body and for both paws to clasp was recorded. The 

mice that did not clasp in this time period were given a data value of 60 s.

Behavioral and deficit scores:  We evaluated HD-related behavioral phenotypes in three 

groups: the first group comprised control NCAR mice that received control AAVs (“NCAR 

+ AAV”); the second group comprised R6/2 mice that also received control AAVs (“R6/2 + 

AAV”); and the third group comprised R6/2 mice received hM4Di AAVs (“R6/2 + hM4Di”). 

All groups were identically treated with CNO to control for off-target effects, which were 

not observed. Seven behavioral parameters were assessed: (i) the distance travelled by the 

mice over 30 min in the open field test, (ii) the frequency of rearing in an open field 

chamber, (iii) the grip strength of forelimbs, (iv) the stride length, (v) the stride width of 

hind limbs, (vi) the latency to clasp hind limbs upon tail suspension, and (vii) the duration of 

self-grooming. Behavioral score (x) for each test parameter was calculated as the normalized 

difference between the mean value of an experimental group (y) and the mean value of the 

control NCAR + AAV group (z): x = y − z
z . Aggregate behavioral deficit score was 

calculated as the sum of the absolute values of behavioral scores from all seven parameters.

GPCR-G protein coupling analysis—Genes identified in IP samples from R6/2 and 

NCAR mice at 3 months old (FPKM > 0) (Diaz-Castro et al., 2019) were used to search for 

all GPCR genes annotated in GPCRdb (Pándy-Szekeres et al., 2018a). Coupling information 

of their primary and secondary G-protein signaling transducers was obtained using the 

recently implemented GPCR-G protein couplings in the GPCRdb database that merge 

information on receptor coupling partners (Flock et al., 2017; Harding et al., 2018; Inoue et 

al., 2019). Relative enrichment in astrocytes vs. all cells in the striatum and relative 

enrichment in striatal astrocytes vs. hippocampal astrocytes of the identified GPCR genes 

were obtained from a previously published data set (Chai et al., 2017).

Quantitation and statistical analysis—Sample sizes were based on previously 

published work (Chai et al., 2017; Nagai et al., 2019; Yu et al., 2018). Raw replicate values 

for all experiments are provided in Excel file S4. The results of statistical comparisons, n 
numbers and P values are shown in the figure panels or figure legends with the average data. 

N is defined as the numbers of cells, sections or mice throughout on a case-by-case basis; 

the unit of analysis is stated in the text or each figure legend. Full details of n numbers, 

precise P values, statistical tests are reported in Excel file S3. When the average data are 

reported in the text, the statistics are reported there. Statistical tests were run in OriginPro 

2016 or GraphPad Prism 8. Summary data are presented as mean ± SEM along with the 

individual data points. Note that in some of the graphs the bars representing the SEM in 
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figure panels are smaller than the symbols used to represent the mean. For most statistical 

analyses we used non-parametric tests due to the relatively small sample size throughout the 

study: two-tailed Mann–Whitney test for the comparisons between two groups and Kruskal-

Wallis one-way ANOVA test followed by Dunn’s post-hoc test for the comparisons between 

more than two groups with significance declared at P < 0.05. The repeated measures two-

way ANOVA test was used to compare means across variables that are based on repeated 

observations (Figure S6B and S6E). In the figures, P values were stated by asterisk(s): *, P < 

0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. A statistical FDR value < 0.05 was 

used for all RNA-seq analyses. All mice were assigned to particular experimental groups at 

random. No data points were excluded from any experiment.

Supplementary Material

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

• Striatal astrocytes display context-specific molecular responses

• Astrocytic HD molecular signatures are reciprocally regulated by Gi-GPCR 

activation

• Activation of astrocyte Gi-GPCR signaling in vivo corrects several HD-

phenotypes

• Astrocyte responses can be used for phenotypic benefit in a brain disorder 

model
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Figure 1: Context-specific striatal astrocyte molecular responses following physiological and 
pathological experimental perturbations (EPs).
(A) Schematic of the experimental strategy with 14 EPs from four groups, assessing HD, 

cellular pathology, altered ionic signaling and GPCR signaling. We assessed EPs in relation 

to HD to identify altered common pathways and used such evaluations to test hypotheses 

using physiology and behaviour. n = 4 mice were used for each EP for RNA-seq along with 

4 controls. (B) Numbers of differentially expression genes (DEGs) (FDR < 0.05, FPKM > 1) 

that were upregulated and downregulated across 14 EPs. DEGs that were more than 2-fold 
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higher in the IP than the input were designated as astrocyte-enriched. (C) Heat map of 

relative expression levels of 38 known reactive astrocyte markers in striatal astrocytes 

compared with control across 14 EPs. (D) Top 20 DEGs (FPKM > 5 with FDR < 0.05) in 

striatal astrocytes ranked by differential expression log ratio compared with control levels, 

revealing most profound changes triggered by different EPs. (E) Multidimensional scaling 

plot based on the top 1000 variable genes showed clear differences between 14 EPs. (F) The 

UpSet plot shows numbers of DEGs under different combinations of EPs up to three 

conditions. The most numbers of DEGs were found to be uniquely expressed under a single 

EP (Figure S3). (G) Average numbers of unique DEGs (FPKM > 1 with FDR < 0.05) in 

striatal astrocytes shared between various numbers of EPs. Data are shown as mean ± SEM. 

See also Figure S4. Lists of DEGs and WGCNA modules are reported in Excel files S1 and 

S2.
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Figure 2: Similarity between mouse and human striatal astrocytes, relationship to disease, and 
reciprocal pathway changes between Gi-GPCR activation and HD.
(A) Heat map of relative expression of human striatal marker genes for oligodendrocytes, 

astrocytes, microglia and neurons in mouse striatal scRNA-seq data (Figure S5). (B) The 

Venn diagram of overlap between highly expressed astrocyte genes in the human striatum 

(mean expression > 50 percentile) and mouse striatal IP sample (FPKM > 5). (C) The 

percentage genes related to basal ganglia disorders mapped onto mouse striatal scRNA-seq 

data based on the top 1000 cell type marker genes for the 7 major cell types. Arrows 

indicated the two disorders (HD and OCD) with the highest of astrocyte genes mapped. (D) 

Dot plots of the top 10 common canonical pathways in caudate nucleus RNA from HD 

patients that were altered at different grades (Diaz-Castro et al., 2019; Hodges et al., 2006), 

identified by IPA. Sizes of dots represent log-transformed p-value and colors indicate either 

pathway activation (red) or inhibition (blue) based on z-scores. (E,F) Top 10 common 

canonical pathways from striatal tissue bulk RNA-seq (E) and astrocyte-specific RNA-seq 

data (F) that were altered in HD mouse model (R6/2) at different ages (1 m, 2 m and 3 m of 

age). Red arrows indicate pathways shared in human and mouse RNA-seq data, while green 

arrows indicate pathways shared between mouse striatal RNA and astrocyte RNA. (G) 

Effects of hM4Di DREADD activation on the top 10 altered common pathways identified 

from astrocyte RNA-seq of R6/2 mice.
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Figure 3: Astrocyte Gi-GPCR pathway activation corrected astrocyte alterations in HD mice.
(A) Schematic of experimental design. (B) Maximum intensity projection images, 

kymographs and ΔF/F traces of astrocyte intracellular Ca2+ signals from indicated groups. 

(C) The reduced peak amplitude of astrocyte Ca2+ signals in R6/2 mice was rescued with 

hM4Di activation (left). The frequency of Ca2+ signals was not different between the groups 

(right). n = 111-138 Ca2+ events from 18-27 astrocytes from 4 mice. (D) hM4Di activation 

in striatal astrocytes increased the territory size of Lck-GFP-expressing striatal astrocytes in 

R6/2 mice (n = 33-37 astrocytes from 4 mice per group). Scale bars: 20 μm. Data are shown 
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as mean ± SEM. In some cases, the SEM symbol is smaller than the symbol for the mean. 

Full details of n numbers, precise P values and statistical tests and raw values are reported in 

Excel files S3 and S4. **** indicates P < 0.0001, NS indicates not significantly different.
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Figure 4: Astrocyte Gi-GPCR pathway activation corrected MSN synaptic dysfunctions in HD 
mice.
(A) Top, representative image of a parasagittal slice of mouse brain showing the expression 

of hM4Di in dorsal striatal astrocytes, the stimulating electrode and the location of a MSN 

that was recorded with whole-cell patch clamp. The MSN was filled through the patch-

pipette with Alexa Fluor 488. CC, the corpus callosum. dSt, the dorsal striatum. Bottom, a 

high magnification image of the MSN shown in the top panel. (B) Traces of evoked AMPA 

receptor-mediated EPSCs due to paired stimuli at −70 mV (i) and NMDA receptor-mediated 
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EPSCs due to single stimuli at +40 mV (ii) from the indicated three experimental groups. 

(C) Astrocyte hM4Di activation significantly increased amplitudes of AMPAR and the 

NMDAR EPSCs in R6/2 mice. There was no significant change in PPR. (D) Decreased 

mEPSC frequency in the R6/2 + AAV group was rescued by hM4Di activation in striatal 

astrocytes in R6/2 mice (n = 14-16 MSNs from 4 mice per group). There was no difference 

in mEPSC amplitudes between groups. (E) The decreased density and size of MSN spines 

and vGluT1-positive cortico-striatal excitatory synapses onto MSNs in R6/2 mice was 

rescued by astrocyte hM4Di activation in R6/2 mice (n = 34-54 dendritic segments from 4 

mice per group for the left graph and 18-27 dendritic segments from 4 mice per group for 

the middle and right graphs). Scale bars: 200 μm in upper panel of A, 20 μm in lower panel 

of A, and 2 μm in E. Data are shown as mean ± SEM. In some cases, the SEM ymbol is 

smaller than the symbol for the mean. Full details of n numbers, precise P values and 

statistical tests and raw values are reported in Excel files S3 and S4. * indicates P < 0.05, ** 

indicates P < 0.01, *** indicates P < 0.001, **** indicates P < 0.0001, NS indicates not 

significantly different.
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Figure 5: Astrocyte Gi-GPCR pathway activation corrected behavioral phenotypes in HD mice.
(A) Experimental procedure of AAV delivery, drug treatment and behavioral evaluations. (B) 

Heat map summarizes the 7 behavioral parameters assessed in the indicated groups: (i) the 

distance travelled over 30 min, (ii) the frequency of rearing in an open field chamber, (iii) 
the grip strength of forelimbs, (iv) the stride length, (v) the stride width of hind limbs, (vi) 
the latency to clasp hind limbs upon tail suspension, and (vii) the duration of self-grooming 

(n = 14-24 mice each). Activation of astrocyte hM4Di in R6/2 produced significant 

improvement in three behavioral deficits, which is summarized by the aggregate deficit score 

and by the behavioral score heat map (see STAR Methods). (C) Individual data points of 

seven behavioral parameters assessed. Data are shown as mean ± SEM. *P < 0.05, **P < 

0.01, ***P < 0.001, ****P < 0.0001. Full details of n numbers, precise P values, statistical 

tests and the raw values are reported in Excel files S3 and S4.
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Figure 6: Astrocyte Gi-GPCR pathway activation reversed disease-associated astrocyte 
transcriptomes in R6/2 mice.
(A) Number of altered canonical pathways (P < 0.05) in striatal bulk RNA and astrocyte 

RNA. Colors indicate either pathway activation (red) or inhibition (blue) based on z-scores. 

(B) Pie charts showing percentages of inhibited (left) and activated (right) canonical 

pathways identified in R6/2 mice that were changed in the reciprocal direction or the same 

direction by astrocyte hM4Di. (C) Top 10 altered canonical pathways in astrocyte RNA-seq 

from R6/2 mice that were changed reciprocally by hM4Di activation. Sizes of dots represent 

log-transformed p-value and colors indicate either pathway activation (red) or inhibition 

(blue) based on z-scores. (D) Venn diagrams showing hM4Di activation induced changes of 

DEGs (FPKM > 1, FDR < 0.05) identified in striatal RNA-seq (top) and astrocyte RNA-seq 

(bottom). (E) Left, top 50 astrocyte-enriched DEGs (FPKM > 1, FDR < 0.05) by astrocyte 

hM4Di in R6/2 mice, ranked by fold change when comparing R6/2 + hM4Di IP with R6/2 

IP. All listed DEGs displayed at least 2-fold astrocyte enrichment when comparing IP vs. 

input. Right, summary table of selected gene ontology terms (biological processes) that are 

associated with each DEGs. (F) List of genes that encode K+ permeable channels, proteins 

regulating Ca2+ signaling, neurotransmitter transporters, DNA-binding proteins and proteins 
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involved in phagocytic pathways. All the genes have FPKM > 1 in both NCAR and R6/2 and 

at least 2-fold astrocyte enrichment.
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Figure 7: Several phenotypic improvements in HD model mice were gabapentin sensitive.
(A) Experimental procedure of AAV delivery, drug treatment and subsequent experimental 

evaluations in R6/2 mice. (B) Left, representative images of spines in R6/2 and R6/2 + 

hM4Di groups in the presence of GBP. Right, overall spine density and vGluT1+ synapse 

density with GBP administration. (C) Heat map summarizes the seven behavioral 

parameters assessed in R6/2 groups with and without GBP treatment (n = 8 mice in each 

group). The beneficial effects of astrocyte hM4Di in R6/2 mice were significantly attenuated 

by GBP administration, which is summarized by the aggregate deficit score and by the 

behavioral score heat map (see STAR Methods). (D) Individual data points of seven 

behavioral parameters assessed. Data are shown as mean ± SEM. **P < 0.01. Full details of 

n numbers, precise P values, statistical tests and the raw values are reported in Excel files S3 

and S4.
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Figure 8: Identification of endogenous GPCRs in HD mice as potential therapeutic targets.
(A) GPCRs identified from striatal astrocyte RNA-seq data in NCAR and R6/2 at 3 months 

of age. The bar graph showing the proportion of primary coupling to G-proteins (Gi/o, Gq/11, 

Gs and G12/13). (B) Unique GPCRs that were present in NCAR and R6/2. Filled dots 

indicate primary G-protein coupling, while open dots indicate secondary G-protein coupling. 

Astrocyte enrichment was calculated as fold-change between striatal IP and striatal input 

RNA-seq data. Striatum enrichment was calculated as fold-change between striatal IP and 

hippocampal IP RNA-seq data. (C) Common GPCRs in the striatal astrocytes with > 2-fold 

increase or decrease between R6/2 and NCAR. Differentially expressed GPCRs (FDR < 

0.05) are highlighted by asterisks. (D) GPCRs primarily coupled to Gi that were enriched in 

astrocytes and present in both R6/2 and NCAR. All listed GPCRs displayed >2-fold 

astrocyte enrichment and were not significantly altered in R6/2 compared with NCAR (FDR 

> 0.05). FPKM values presented as log2FPKM. All GPCRs reported in Excel file S5.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse anti-S100β Sigma-Aldrich Cat# S2532; RRID:AB_477499

mouse anti-NeuN (clone A60) Millipore Cat# MAB377; RRID: AB_2298772

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

rabbit anti-Kir4.1 Alomone Cat# APC-035; RRID: AB_2040120

rabbit anti-DARPP-32 Abcam Cat# ab40801; RRID: AB_731843

mouse anti-tyrosine hydroxylase Immunostar Cat# 22941; RRID:AB_572268

rabbit anti-SAPAP3 Welch et al., 2007 N/A

rabbit anti-c-Fos Millipore Cat# ABE457; RRID: AB_2631318

guinea pig anti-vGluT1 Synaptic Systems Cat# 135302; RRID: AB_887875

Alexa Fluor 488 goat anti-chicken Molecular Probes Cat# A11039; RRID: AB_2534096

Alexa Fluor 488 goat anti-rabbit Molecular Probes Cat# A11008; RRID: AB_143165

Alexa Fluor 546 goat anti-mouse Molecular Probes Cat# A11003; RRID: AB_2534071

Alexa Fluor 546 goat anti-chicken Molecular Probes Cat# A11040; RRID: AB_2534097

Alexa Fluor 594 goat anti-rabbit Molecular Probes Cat# R37117; RRID: AB_2556545

Alexa Fluor 647 goat anti-rabbit Molecular Probes Cat# A21245; RRID: AB_ 2535812

streptavidin conjugated Alexa 647 Molecular Probes Cat# S21374; RRID: AB_2336066

Bacterial and Virus Strains

AAV2/5 GfaABC1D cyto-GCaMP6f Haustein et al., 2014 Addgene Vectors #52925-AAV5 
RRID:Addgene_52925

AAV5 GfaABC1D tdTomato Shigetomi et al., 2013 Addgene Vectors #44332-AAV5 
RRID:Addgene_44332

AAV2/5 GfaABC1D Rpl22HA Yu et al., 2018 Addgene Vectors #111811 
RRID:Addgene_111811

AAV5 GfaABC1D-mCherry-hPMCA2w/b Yu et al., 2018 Addgene Vectors #111568 
RRID:Addgene_111568

AAV2/5 GfaABC1D hM3Dq-mCherry Chai et al., 2017 Addgene Vectors #92284 
RRID:Addgene_92284

AAV2/5 GfaABC1D hM4Di-mCherry Chai et al., 2017 Addgene Vectors #92286 
RRID:Addgene_92286

AAV2/5 GfaABC1D rM3Ds-mCherry Chai et al., 2017 Addgene Vectors #92285 
RRID:Addgene_92285

AAV2/5 GfaABC1D PI-Cre Nagai et al., 2019 Addgene Vectors #105603 
RRID:Addgene_105603

AAV2/5 GfaABC1D Lck-GFP Shigetomi et al., 2013 Addgene Vectors #105598-AAV5 
RRID:Addgene_105598

Chemicals, Peptides, and Recombinant Proteins

Formalin, Buffered, 10% Fisher Chemical Cat# SF100-20

Pronase Sigma-Aldrich Cat# P6911

Fetal bovine serum Thermo Fisher Scientific Cat# 10437028

BSA Sigma-Aldrich Cat# A8806
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REAGENT or RESOURCE SOURCE IDENTIFIER

Actinomycin D Sigma-Aldrich Cat# A1410

TTX Cayman Chemical Company Cat# 14964

Alexa fluor 568 hydrazide Thermo Fisher Scientific Cat# A10441

Clozapine N-oxide (CNO) Tocris Cat# 4936

γ-aminobutyric acid Sigma-Aldrich Cat# A2129

Biocytin Tocris Cat# 3349

Deposited Data

RNA-seq data: HD Diaz-Castro et al., 2019 GEO: GSE124846

RNA-seq data: CalEx Yu et al., 2018 GEO: GSE114757

RNA-seq data: hM4Di Nagai et al., 2019 GEO: GSE119058

RNA-seq data: QA and saline control This paper GEO: GSE143475

RNA-seq data: LPS and saline control This paper GEO: GSE143475

RNA-seq data: Kir4.1 KO and wild-type control This paper GEO: GSE143475

RNA-seq data: IP3R2 KO and wild-type control This paper GEO: GSE143475

RNA-seq data: hM3Dq and parallel control This paper GEO: GSE143475

RNA-seq data: rM3Ds and parallel controls This paper GEO: GSE143475

RNA-seq data: MPTP and saline control This paper GEO: GSE153791

RNA-seq data: SAPAP3 KO and wild-type control This paper GEO: GSE153791

RNA-seq data: R6/2 mice with hM4Di and parallel 
controls

This paper GEO: GSE153791

Striatal single cell RNA-seq data This paper GEO: GSE156628

Raw data values used to generate figures This paper Excel Files S3 and S4

Experimental Models: Organisms/Strains

Mouse: B6CBA-Tg(HDexon1)62Gpb/3J Jackson Laboratory Stock# 006494; RRID:IMSR_JAX:006494

Mouse: B6J.129S1-Htttm1.1Mfc/190ChdiJ Jackson Laboratory Stock# 370832

Mouse: B6.129-Dlgap3tm1Gfng/J Jackson Laboratory Stock# 008733; RRID:IMSR_JAX:008733

Mouse: B6.129- Kcnj10tm1Kdmc/J Jackson Laboratory Stock# 026826; RRID:IMSR_JAX: 026826

Mouse: Itpr2tm1.1Chen Srinivasan et al., 2015 RRID:MGI:3641042

Mouse: C57Bl/6NJ Jackson Laboratory Stock# 005304; RRID: IMSR_JAX:005304

Mouse: C57Bl/6NTac inbred mice Taconic Stock# B6; RRID:IMSR_TAC:b6

Oligonucleotides

Mm-Thbs1-C3 ACDBio Cat# 45891-C3

Software and Algorithms

OriginPro 2016 Origin Lab Corporation RRID:SCR_015636

pCLAMP10.4 Molecular Devices RRID:SCR_011323

ClampFit10.4 Molecular Devices N/A

Fluoview FV10-ASW Olympus N/A

ImageJ v1.51h NIH RRID:SCR_003070

Ethovision XT Noldus Information Technology RRID:SCR_000441
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REAGENT or RESOURCE SOURCE IDENTIFIER

CorelDraw X7 Corel Corporation RRID:SCR_014235

Labview 2011 National Instruments RRID:SCR_014325

Bioconductor Law et al., 2014 http://www.bionconductor.org

R v3.5.2 RCoreTeam, 2016 https://cran.r-project.org/bin/windows/base/old/
3.5.2/

Python 3.6.7 The Python Software 
Foundation

https://www.python.org/downloads/

Scanpy Wolf et al., 2018 https://github.com/theislab/scanpy
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