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Abstract

Astrocytes respond to all central nervous system (CNS) insults with reactive changes that 

influence disorder outcome1–4. These changes include differentially expressed genes (DEGs) 

whose contextual diversity and regulation are poorly understood. Here, we combined biological 

and informatic analyses including RNAseq, protein detection, ATACseq and conditional gene 

deletion, to predict transcriptional regulators (TRs) that differentially control over 12,000 potential 

astrocyte reactivity DEGs across diverse CNS disorders in mice and humans. Astrocyte reactivity 

DEGs exhibited pronounced heterogeneity across disorders. TRs also exhibited disorder-specific 

differences, but a core group of 61 TRs was identified as common across multiple disorders 

in both species. We show experimentally that DEG diversity is determined by combinatorial, 

context-specific TR interactions, notably: the same reactivity TRs can regulate markedly different 

DEG cohorts in different disorders; TR DNA-binding motif access changes differ markedly across 

disorders; DEG changes can crucially require multiple reactivity TRs. We show that modulating 

reactivity TRs can powerfully alter disorder outcome, implicating them as therapeutic targets. We 

provide searchable resources of disorder-related reactive astrocyte DEGs and their predicted TRs. 
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Our findings show that transcriptional changes associated with astrocyte reactivity are exquisitely 

heterogeneous and are customized from vast numbers of potential DEGs via context-specific 

combinatorial TR interactions.

Astrocytes contiguously tile the central nervous system (CNS) and provide activities 

essential for healthy CNS function, ranging from homeostatic control of extracellular fluids, 

ions, and transmitters, to regulating synapse formation and modulating circuit functions5–7. 

Astrocytes also exhibit an evolutionarily ancient response to CNS injury and disease known 

as astrocyte reactivity1–4,8. Although regarded for decades as homogenous and functionally 

passive, astrocyte reactivity is emerging as a heterogeneous, context-specific and powerful 

outcome-determining factor in CNS disorders that can modulate CNS inflammation and 

preserve tissue1,2,9, contribute to circuit reorganization5,6,10,11 and axon regeneration12, and 

in some contexts exert detrimental effects through loss of healthy functions or gain of 

detrimental effects9,13,14. There is mounting interest in manipulating astrocyte reactivity as 

treatment strategies for CNS disorders. Doing so will require a detailed understanding of 

what astrocyte reactivity is, how it differs across disorders and how these differences are 

regulated. Here, we integrated findings from experimental biological and computational 

approaches to broadly identify fundamental principles of transcriptional regulation of 

astrocyte reactivity across disorders with different reactivity-triggering stimuli. To so we 

used: (i) RNAseq to identify differentially expressed genes (DEGs) associated with astrocyte 

reactivity, (ii) computational analysis of DEGs to predict astrocyte reactivity transcriptional 

regulators (TRs), (iii) single nucleus assay for transposase-accessible chromatin with high-

throughput sequencing (ATACseq) to profile chromatin accessibility of reactivity DEGs 

and of DNA-binding motifs of predicted TRs, (iv) immunohistochemical detection of TR 

protein, and (v) astrocyte-specific conditional gene deletion (cKO) of certain test-case TRs.

Reactivity DEGs and TRs vary across disorders

We first compared astrocyte reactivity DEGs and their predicted TRs in three experimental 

disorders triggered by different stimuli: (i) permanent traumatic tissue damage after spinal 

cord injury (SCI), (ii) transient neuroinflammation triggered by acute systemic injection of 

microbial antigen, lipopolysaccharide (LPS), and (iii) chronic neuroinflammation induced 

in experimental autoimmune encephalomyelitis (EAE) (Fig. 1a; Extended Data Fig.1a–c). 

Healthy spinal cord astrocytes exhibited 11,260 expressed genes (EGs) above threshold 

criteria, of which 13%, 46% or 6% significantly changed either up or down after EAE, 

SCI or LPS respectively at timepoints evaluated (Fig. 1b). In addition, DEGs not detectably 

expressed in healthy astrocytes were upregulated in a disorder selective manner (Fig. 1b). 

Remarkably, of the 6741 different astrocyte reactivity DEGs identified in at least one of 

the three disorders, only 2.6% (172/6741) were shared by all three disorders and principal 

component analysis (PCA) of reactivity DEG log-fold changes showed near orthogonal 

differences (Fig. 1c).

To begin identifying astrocyte reactivity TR candidates, we first predicted potential TRs 

from DEG profiles by applying a conservative, multi-step upstream transcriptional regulator 

enrichment analysis (TREA) that draws on both computationally- and biologically-derived 

Burda et al. Page 2

Nature. Author manuscript; available in PMC 2023 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



regulator-target gene interaction data available in resource databases with the ability to 

identify approximately 1350 TRs including: (i) DNA-binding transcription factors and their 

cofactors, (ii) modifiers of chromatin structure and epigenetic tags, and (iii) regulators 

that act via protein-protein interactions or by RNA-binding (Extended Data Fig.1d). TREA 

predicted 255 TRs controlling reactivity DEGs across these three disorders, of which 52 TRs 

(20%) were common to all three disorders and 138 (54%) were unique to one disorder (Fig. 

1c). PCA of TR contributions weighted according to their fraction of the total number of 

reactivity DEGs regulated per condition, also showed pronounced differences among EAE, 

SCI and LPS (Fig. 1c).

TREA predicted many novel astrocyte reactivity TRs. To probe their accuracy, we used 

multiple approaches. First, we noted that of the 62 published astrocyte reactivity TRs 

identified across diverse disorders, 94% (58/62) were included among TRs predicted by 

TREA in either EAE, SCI or LPS (Extended Data Fig. 1e). We then experimentally tested 

TREA predictions by (i) genome-wide ATACseq profiling of chromatin accessibility15, (ii) 

immunohistochemical detection of TR protein, and (iii) astrocyte selective gene deletion 

(cKO) of test-case TRs. For these studies, we focused on the experimental models of 

LPS and SCI that exhibit different forms of transient or permanent astrocyte reactivity 

that differ fundamentally in transcriptional regulation (Fig. 1b,c), cell morphology (Fig. 

1d) and function, such that after SCI, reactive astrocytes proliferate to form permanent 

borders around lesions to corral inflammation and fibrosis16, whereas after LPS, reactive 

astrocytes exhibit only moderate structural changes (Fig. 1d) with no detectable increase in 

proliferation, and transcriptional changes that return to baseline within two weeks17.

Disorders diversely alter astrocyte chromatin landscape

We used single nucleus ATACseq to examine chromatin landscape changes during astrocyte 

reactivity after LPS or SCI in WT mice and mice with astrocyte-specific conditional gene 

deletion (cKO) of test-case TRs (Fig. 1e; Extended data Fig. 2a–h). Unbiased clustering 

of 11,970 spinal cord astrocyte nuclei from healthy, LPS- or SCI-treated WT mice showed 

separation of treatment groups with some overlap of SCI and healthy and essentially no 

overlap of LPS with either healthy or SCI (Fig. 1f; Extended data Fig. 2i). Comparison of 

differentially accessible peaks15 showed substantial chromatin remodelling during astrocyte 

reactivity, with more chromatin opening than closing and pronounced differences in LPS and 

SCI (Fig. 1g). Although LPS treatment exhibited proportionately more chromatin changes 

(Fig. 1g), it exhibited fewer DEGs (Fig. 1b,c), consistent with evidence that extent of 

chromatin remodelling need not reflect proportional changes in gene expression18,19.

We identified differentially accessible genes (DAGs) based on chromatin accessibility 

associated with specific gene loci20. Consistent with previous reports18,19, we found 

partial overlap of changes in chromatin and gene expression (Fig. 1h). Nevertheless, genes 

with significant changes in both chromatin accessibility and RNA expression exhibited 

congruence between these changes, such that increased or decreased RNA expression 

correlated with chromatin opening or closing respectively (Fig. 1h,i). Examination of 

individual DEG loci confirmed specific examples where chromatin opening (Tgm1) or 

closing (Slc7a10) correlated with up or down changes in gene expression respectively, 
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particularly in regulatory regions around transcription start sites (TSS) (Fig. 1j). Notably, 

direct comparison of ATAC peaks associated with the same DEGs significantly regulated in 

LPS and SCI revealed both similarities and differences in chromatin accessibility changes 

across the two disorders (Fig. 1k).

These findings showed that in WT mice: (i) astrocyte reactivity is associated with genome-

wide chromatin remodelling that differed markedly across disorders; (ii) up or down changes 

in expression of many DEGs during astrocyte reactivity correlated with significant opening 

or closing of chromatin respectively, but many other DEGs were not associated with 

detectable chromatin changes; (iii) significant chromatin changes can occur across genes 

that do not display detectable changes in gene expression and (iv) there are no default 

reactive astrocyte subtypes with common chromatin signatures in both LPS and SCI despite 

the pronounced neuroinflammation associated with both.

TR motif access changes during astrocyte reactivity

ATACseq can predict potential TR activity by examining chromatin accessibility of TR 

DNA-binding motif sequences21. We quantified DNA-binding motifs of TREA-predicted 

astrocyte reactivity TRs on a per-nucleus basis21 (Fig. 2a–d). As discussed above, not 

all TRs exhibit DNA-binding motifs but interact with proteins or RNA. In LPS 87% 

(69/79), and in SCI 74% (159/215), of TREA-predicted TRs had DNA-binding motifs 

identifiable by the profiling software. In LPS 90% (62/69), and in SCI 89% (142/159), of 

TREA-predicted TRs with detectable motif sequences exhibited significant differences in 

chromatin accessibility of their motif sequences compared to healthy (Fig. 2d). Of these, 

46 were identified in both LPS and SCI, and 16 and 96 were identified preferentially 

in LPS or SCI, so that altogether 158 TREA-identified TRs also exhibited significant 

differences in accessibility of their DNA binding motif in either LPS or SCI. In addition, 

immunohistochemistry demonstrated protein expression by reactive astrocytes for 53 of the 

newly identified TRs with motifs, providing a third independent method of experimental 

confirmation (Fig. 2d,f, Extended Data Fig. 3–5).

Immunohistochemistry also confirmed protein expression in reactive astrocytes for 18 

TREA-predicted TRs without known DNA-binding sites, including TRs that act via 

protein-protein interactions (Htt, Nfkbia), via chromatin remodelling (Smarca4, Nupr1), 

or by targeting RNA degradation (Zfp36) (Fig. 2e,g; Extended Data Figs. 3–5). Thus, 

a total of 71 newly identified reactivity TRs were confirmed by immunohistochemistry 

of protein in reactive astrocytes. Interestingly, many disorder-activated astrocyte reactivity 

TRs were also expressed by nearby non-astrocytes (Fig. 2f,g; Extended Data Figs. 3–5). 

Altogether, 89% (70/79) of TREA-predicted TRs in LPS, and 81% (174/215) of TREA-

predicted TRs predicted in SCI, were co-identified by either ATACseq motif analysis, 

immunohistochemistry, previous publication, or combinations of these, providing strong 

validation of TREA predictions (Extended data Fig. 3b,5b).

These findings showed that: (i) nearly all TREA-predicted TRs that had detectable DNA-

binding motifs exhibited changes in genome-wide motif accessibility during astrocyte 

reactivity; (ii) TR motif access changes differ markedly across different disorders; and 

Burda et al. Page 4

Nature. Author manuscript; available in PMC 2023 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(iii) TR protein was confirmed in reactive astrocytes for many newly identified astrocyte 

reactivity TRs.

TR control of reactivity is combinatorial and disorder divergent

We next examined how a limited number of TRs might control a vast number of potential 

astrocyte reactivity DEGs diversely across different disorders. We integrated results from 

RNAseq, TREA predictions, cKO experiments, ATACseq, and immunohistochemistry. To 

compare individual TR contributions to transcriptional changes in different disorders, we 

conducted astrocyte-specific loss-of-function experiments with two test-case TRs, Smarca4 

and Stat3, in two disorders models, LPS and SCI. Stat3 (Stat3-astro-cKO) or Smarca4 
(Smarca4-astro-cKO) were selectively deleted from astrocytes in well-characterized 

transgenic mice12,16 (Fig. 3a,b; Extended data Fig. 6a–e). In Smarca4-astro-cKO mice, 

94% (165/175) in LPS and 87% (1067/1226) in SCI of TREA-predicted Smarca4-regulated 

DEGs were either not regulated at all or were regulated differently (Fig. 3c). In Stat3-

astro-cKO mice 62% (235/378) in LPS and 80% (2242/2820) in SCI of TREA-predicted 

Stat3-regulated DEGs were either not regulated at all or were regulated differently (Fig. 3c). 

Using these TR-cKO models, we asked: (1) Do TRs modulate the same DEGs similarly 

or differently in different disorders? (2) Can different TRs crucially regulate the same 

DEGs? (3) Can TRs regulate other TRs? (4) Does TR regulation of chromatin remodelling 

contribute to DEG regulation?

We first examined TR effects on the same DEGs in different disorders. Resource databases 

(Extended data Fig. 1d) indicate that Smarca4 and Stat3 can regulate over 4200 and 12,500 

DEGs respectively in mammalian cells. In reactive astrocytes, of these potential DEGs, 

Smarca4 was predicted by TREA and demonstrated by Smarca4-astro-cKO to significantly 

regulate only 165 in LPS and 1092 in SCI, with 59 regulated in both disorders (Fig. 3d). 

Stat3 was predicted by TREA and demonstrated by Stat3-astro-cKO to significantly regulate 

only 235 in LPS and 2263 in SCI, with 73 regulated in both disorders (Fig. 3d). Comparison 

of the same DEGs showed that Smarca4 or Stat3 each regulated many DEGs in the same 

direction in both disorders in WT mice (Fig. 3d,e). Remarkably, this analysis also revealed 

that Smarca4 or Stat3 could each crucially regulate the same reactivity DEGs in opposite 

directions in LPS or SCI, such that TR-cKO prevented a gene expression increase in one 

disorder and a decrease in the other disorder, or vice versa (Fig. 3d,f). For example, Smarca4 

and Stat3 were each required to up-regulate Slc14a2 and Rhof in LPS and to down-regulate 

them in SCI (Fig. 3f).

We next compared the effects of different TRs on the same DEGs. Immunohistochemistry 

demonstrated Smarca4 and Stat3 proteins in the same reactive astrocytes (Fig. 3g). TREA 

predicted that in WT mice, Smarca4 and Stat3 both regulated the same 99 DEGs in LPS 

and the same 763 DEGs in SCI. We determined TR-cKO effects on these DEGs. In LPS 

61% (60/99) and in SCI 66% (502/763) of the same DEGs either failed to be regulated 

or were regulated differently after either Smarca4- astro-cKO or Stat3-astro-cKO (Fig. 3h), 

demonstrating essential regulation by both TRs.
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To determine whether TRs regulate the expression of other TRs, we focused on reactivity 

TRs confirmed by TREA plus ATACseq motif analysis or immunohistochemistry or all 

three (Extended data Fig. 3b,5b). In LPS, 17 of such verified astrocyte reactivity TRs 

were significantly regulated as DEGs, and of these, 94% (16/17) or 53% (9/17) either 

failed to be regulated or were regulated differently after Smarca4-astro-cKO or Stat3-astro-

cKO respectively. In SCI, 107 of such verified reactivity TRs were significantly regulated 

as DEGs, and of these, 93% (100/107) or 81% (87/107) either failed to be regulated 

or were regulated differently after Smarca4-astro-cKO or Stat3-astro-cKO, including TRs 

regulated by both Smarca4 and Stat3 (Fig. 3i), demonstrating TR regulation of other TRs. 

Immunohistochemistry confirmed examples of co-expression of Smarca4 or Stat3 in the 

same WT reactive astrocytes together with TRs whose expression they regulated (Fig. 3i; 

Extended Data Fig. 6f).

We next examined TR-cKO effects on chromatin remodelling. UMAP clustering based on 

differential ATAC peaks across 21,825 astrocyte nuclei showed discrete clusters of WT, 

Smarca4-astro-cKO or Stat3-astro-cKO nuclei after both LPS and SCI, with no appreciable 

overlap of reactive astrocyte nuclei from LPS or SCI treated mice (Fig. 3j). DEGs 

demonstrated by cKO to be regulated by Smarca4 or Stat3 showed 86 to 96% congruence 

between changes in gene expression and changes in chromatin accessibility after LPS or 

SCI (Extended Data Fig. 6g). Interestingly, although transcriptional regulation by Stat3 

via DNA-binding motifs is well established22, Stat3-astro-cKO was also associated with 

pronounced changes in chromatin accessibility in many Stat3-regulated DEGs, particularly 

after SCI (Fig. 3k,l). Moreover, we found 31 DEGs that lacked detectable known Stat3-

motifs within their genomic regulatory regions but were nonetheless significantly regulated 

by Stat3 after SCI, as demonstrated by Stat3-astro-cKO prevention of changes in both gene 

expression and chromatin accessibility (Fig. 3l,m; Extended Data Fig. 6h). We also found 

72 TREA-predicted TRs with chromatin modifying activity whose expression after SCI was 

significantly regulated by Stat3 as demonstrated by Stat3-astro-cKO (Fig. 3n; Extended Data 

Fig. 6i), consistent with Stat3 regulating reactivity DEGs indirectly by regulating chromatin 

remodelling as reported in other tissues22.

We used ATACseq and IHC to test specific examples of newly identified TRs regulating 

specific DEGs. Both TREA and ATAC motif analysis predicted Irf9 as a reactivity TR 

(Fig. 2d) and TREA predicted Irf9 regulation of Cxcl10. Supporting these predictions, we 

found that (i) immunoreactive Cxcl10 and Irf9 protein were both detectable within the same 

astrocytes in both LPS and SCI, (ii) chromatin on the Cxcl10 locus was significantly more 

accessible in both LPS and SCI and (iii) regulatory regions around the Cxcl10 transcription 

start site (TSS) contained an Irf9 binding motif (Fig. 3o; Extended Data Fig. 6j). In support 

of multiple TRs regulating the same DEGs, we found that the TSS of upregulated genes 

such as Timp1 contained motifs for multiple TRs identified by both TREA and ATAC motif 

analysis including newly identified TRs such as Runx1, Srebf1, Pitx1, Cebpa, Fli1 and 

Junb, and that different TRs were immunohistochemically confirmed in the same reactive 

astrocytes (Fig. 3g,i,p; Extended Data Fig. 6f).

These findings showed that (i) the same TR can regulate markedly different cohorts of 

astrocyte reactivity DEGs in different disorders; (ii) the same TR can regulate specific DEGs 
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in the same or different directions in different disorders; (iii) the same TR can exert different 

effects on reactive astrocyte chromatin landscapes in different disorders; (iv) TR-dependent 

changes in chromatin accessibility can be congruent with and contribute to TR-mediated 

changes in gene expression; (v) TRs can regulate the expression of chromatin regulators and 

thereby influence chromatin accessibility; and (vi) TRs can regulate the expression of other 

reactivity TRs and thereby indirectly modulate reactivity DEGs.

Astrocyte reactivity TRs influence disorder outcome

We examined TR loss-of-function effects on disorder outcome. Systemic LPS induces acute 

sickness behavior and neuroinflammation23. Stat3-astro-cKO significantly exacerbated LPS-

induced sickness behavior, whereas Smarca4-astro-cKO did not, but both cKOs significantly 

increased microglial activation and neuroinflammation (Figs. 3q–s; Extended Data Fig. 

6k). Nevertheless, in agreement with previous findings in cerebral cortex17, we found 

no evidence for loss of spinal cord neurons under any condition (Extended Data Fig. 

6l), arguing against the notion that neuroinflammation per se causes microglia to induce 

neurotoxic astrocytes in vivo. After a partial crush SCI, both Smarca4-astro-cKO and Stat3-

astro-cKO significantly impaired naturally occurring locomotor recovery and significantly 

exacerbated lesion size, phagocytic inflammation and myelin loss (Figs. 3t–v; Extended 

Data Fig. 6m–o), consistent with previous reports for Stat324. DEG functional pathway 

analysis showed Smarca4- or Stat3-loss-of-function leads to loss of multiple astrocyte 

regulatory pathways and increased pro-inflammatory signaling in LPS and SCI (Extended 

Data Figs. 6p). These findings show that modulating reactivity TRs can powerfully alter 

disorder outcome.

Reactive astrocytes can adopt novel and unexpected signaling

Many astrocyte reactivity DEGs in LPS, SCI or EAE were not detectably expressed in 

healthy astrocytes (Fig. 1b; Extended Data Fig. 7a,b). Similarly, many TREA-predicted 

TRs were not identified in healthy astrocytes (Extended Data Fig. 7c–f) suggesting that 

reactive astrocytes might exhibit new and unexpected molecular signatures and functions. 

Supporting this notion, Spi1 (PU.1) expression was highly upregulated in reactive astrocytes 

in WT SCI and was further upregulated by Smarca4 or Stat3 cKO (Fig. 3i). Spi1/PU.1 is 

an innate immune regulator considered restricted to macrophages or microglial in CNS, 

but its recent identification as a regulator of fibroblast wound responses25 and mounting 

evidence that astrocytes are essential components of CNS innate immunity26 prompted 

further examination. Both TREA and ATAC motif analysis identified Spi1/PU.1 as an 

astrocyte reactivity TR (Fig. 2d,3w) and immunohistochemistry demonstrated Spi1/PU.1 

protein in reactive astrocytes (Fig. 3x). Immunohistochemistry also confirmed the absence 

of RiboTag from microglia (Extended data Fig. 1b). Nine other ETS family TRs were 

identified as reactivity TRs, but motif access decreased for seven of these, whereas both 

gene expression and motif access markedly increased for Spi1 (Fig. 3w). Ehf, the only other 

ETS TR with increased expression and motif access (Fig. 3w) possesses a PNT domain 

that specifies functions via protein-protein interactions, whereas Spi1 does not. Specific 

molecules predicted by TREA to be regulated by Spi1/PU.1, such as IgG receptor, Fcgr2b, 

exhibited increased expression and chromatin access in reactive astrocytes and an Spi1/
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PU.1 motif in its TSS region (Fig. 3y). These findings argue that reactive astrocytes, like 

fibroblasts25, can be regulated by Spi1/PU.1 during wound responses and that Spi1/PU.1 

signaling cannot be assumed to be unique to microglia in CNS disorders.

Reactivity DEGs and TRs diverge across multiple disorders

We next compared DEGs and their predicted TRs in reactive astrocytes across a broad 

spectrum of fifteen CNS disorders, experimental models and aging in mice and humans by 

using our and archival data (Fig. 4; Extended Data Table 1). Over 12,300 different astrocyte 

DEGs were identified in one or more disorder, with remarkable heterogeneity and low 

overlap across disorders, and TREA predicted 449 different TRs regulating these DEGs in 

one or more disorder, with markedly greater overlap of TRs than DEGs (Fig. 4b; Extended 

Data Figs. 8a,b). Notably, disorders with genetic mutations or polymorphisms of genes 

influencing astrocyte functions, Htt27, Sod128 and Apoe429, (i) exhibited vanishingly small 

overlaps with disorders having WT astrocytes, (ii) failed to upregulate the top 15 DEGs 

upregulated in 7 of 8 disorders with WT astrocytes, (iii) clustered together with pronounced 

separation away from disorders with WT astrocytes upon unsupervised clustering of PCA 

DEG and TR vectors, and (iv) failed to activate a broad cross-section of functional pathways 

activated by disorders with WT astrocytes (Fig. 4b–e; Extended Data Figs. 8a,c).

We also applied TREA to archival data obtained by single nucleus RNAseq of astrocytes 

from transgenic mice with familial Alzheimer’s disease (FAD) Aβover-expression30. TREA 

predicted 65 TRs controlling reactivity DEGs in FADsn-associated astrocytes (cluster 

430) compared with healthy control astrocytes (cluster 130). Remarkably, 74% (48/65) of 

reactivity TRs predicted based on 250 DEGs identified by single nucleus RNAseq in 

FADsn-associated astrocytes, overlapped with astrocyte reactivity TRs predicted based on 

nearly 2000 DEGs identified by bulk gene array analysis of a different cohort of transgenic 

mice (ADM) with familial Alzheimer’s disease Aβ over-expression31, indicating a strong 

concordance of TREA predictions derived from different DEG datasets collected using 

different techniques from similar disorder models (Fig. 4f; Extended Data Fig. 8d).

Astrocytes in aging motor cortex (AgedMC)32 compared with young adult healthy exhibited 

only 72 DEGs with only 26 predicted TRs, whereas astrocytes in aging cerebellum 

(AgedCB) exhibited 1308 DEGs with 126 predicted TRs, levels comparable to disorders 

with WT astrocytes (Extended Data Fig. 8b). Unsupervised clustering of PCA DEG and 

TR vectors showed that AgedMC astrocytes clustered significantly closer to young adult 

non-reactive states, whereas AgedCB astrocytes clustered among young adult WT astrocytes 

responding to non-cell autonomous reactivity triggers (Fig. 4a–c; Extended Data Fig. 8c).

Lastly, we sought to identify astrocyte reactivity DEGs and TRs that might be common 

across different disorders. Because disease-associated genetic mutations or polymorphisms 

cell-autonomously could modify responses to non-cell-autonomous triggers of astrocyte 

reactivity, we separately evaluated disorders with WT astrocytes and those with mutations. 

In the six primary neurodegenerative disorders and models with mutations of genetic 

polymorphisms examined here, no DEG was upregulated in more than three and only 

one TR, Tp53, was common across all but was also shared by all other disorders 
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(Extended Data Fig. 8d,e). Thus, we found no evidence for a common gain-of-function 

degeneration-provoking transcriptional signature that might be shared by astrocytes in 

different neurodegenerative disorders. Instead, neurodegenerative disorders with mutations 

and polymorphisms failed to upregulate a majority of the DEGs common across disorders 

with WT astrocytes (Fig. 4b–e) in a manner consistent with reports that disorder-

selective disruption of normal reactive astrocyte transcription and functions contributes 

to neurodegeneration13,33,34. In eight disorders with WT astrocytes in both mice and 

humans, we identified over 10,500 astrocyte reactivity DEGs with surprisingly low DEG 

overlap across disorders and very different disorder distributions in PC space (Fig. 4c; 

Extended Data Figs. 8c). Remarkably, despite the large number of DEGs identified across 

all disorders, we found only two DEGs common across all eight disorders and only a 

further eight DEGs common across seven of eight (Fig. 4e). In striking contrast to DEGs, 

37 predicted TRs were shared across all eight disorders with WT astrocyte in both species, 

and a further 24 TRs were shared by at least seven of eight (Fig. 4g). Notably, all 61 of 

these TRs, including 28 newly identified TRs, were also confirmed experimentally as TRs 

in LPS or SCI either by significant changes in motif access demonstrated by ATACseq or 

by immunohistochemistry or by both (Fig. 4g), implicating them as core astrocyte reactivity 

TRs.

Discussion

Astrocyte reactivity was long regarded as a uniform response to tissue damage that 

was of little functional importance and was of interest primarily as a marker of tissue 

pathology1. Recent studies have changed this perception by showing that attenuating or 

augmenting astrocyte reactivity can alter disorder outcome9,24,33–35. Nevertheless, defining 

basic attributes of reactive astrocytes and their regulation has been elusive and sometimes 

controversial4. Our findings across multiple disorders in mice and humans show that 

transcriptional changes associated with astrocyte reactivity are exquisitely heterogeneous 

and are customized from a vast number of potential DEGs via context-specific TR 

interactions. We experimentally demonstrate multiple ways in which a limited number 

of interacting TRs could achieve substantial diversity of astrocyte reactivity DEGs. Our 

findings point towards a parsimonious working model of astrocyte reactivity regulation in 

which a core set of TRs is active across many if not most forms of astrocyte reactivity, but 

that these TRs can regulate different cohorts of DEGs in different disorders and contexts 

via complex and interdependent combinatorial interactions that also involve disorder- or 

context-selective TRs (Extended Data Fig. 9). These TR interactions can be modified by 

disease-associated genetic mutations or polymorphisms, or by experimental interventions, 

which not only alter astrocyte reactivity DEGs, but can powerfully change disorder 

histopathology and neurological outcome, thus implicating TRs as potential therapeutic 

targets. Dissecting how to beneficially modulate reactive astrocyte TRs and their target DEG 

networks has the potential to reveal a broad range of novel therapeutic strategies for CNS 

disorders. Towards this end, we provide a resource database of reactive astrocyte DEGs and 

their predicted TRs across a broad spectrum of CNS disorders and conditions. Most studies 

to date have examined the roles only of single TRs individually in reactive astrocytes. 

Developmental studies indicate that understanding the diversity of neural differentiation will 
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require understanding the interaction of multiple TRs18,36. Our findings similarly indicate 

that understanding how the molecular diversity of context dependent astrocyte reactivity is 

achieved will require deconstructing the regulatory grammar governing the interaction of 

multiple TRs.

METHODS

Mice.

Young adult male and female 657Bl6 mice were used between two and four months of 

age at the time of experimental procedure. Astrocyte-conditional transgenic mice were 

obtained by crossing the well-characterized, astrocyte-specific Cre-driver line, mGfap-Cre 

73.1237 to various floxed gene lines: (1) mGfap-Cre-RiboTag mice (mGfap-RiboTag) were 

generated by crossing to loxP-STOP-loxP-Rpl22-HA (RiboTag) mice38; (2) mGfap-Cre-

Ribotag-Stat3-loxP mice (Stat3-astro-cKO) were generated by crossing to Stat3-loxP mice24 

and RiboTag mice; (3) mGfap-Cre-Ribotag-Smacra4-loxP mice (Smarca4-astro-cKO) were 

generated by backcrossing Smarca4-loxP mice (B6;129S2-Smarca4tm1.2cn)39 provided by 

Dr. Trevor Archer and mGfap-RiboTag mice. All mice were housed in a facility with 12-h 

light/dark cycle, controlled temperature and humidity, and were allowed free access to 

food and water. All experiments were conducted according to protocols approved by the 

Institutional Animal Care and Use Committee at University of California, Los Angeles.

Spinal cord injury (SCI).

All surgeries were performed under general anesthesia with isoflurane in oxygen-enriched 

air using an operating microscope (Zeiss, Oberkochen, Germany), and rodent stereotaxic 

apparatus (David Kopf, Tujunga, CA). Laminectomy of a single vertebra was performed. 

Partial crush SCI was made at cord level T10 using No. 5 Dumont forceps (Fine 

Science Tools, Foster City, CA) with a 0.4 mm spacer and with a tip width of 0.5 mm. 

Complete crush SCI was made as described12. All animals received the opiate analgesic, 

buprenorphine, subcutaneously before surgery and every 12 h for at least 48 h post-injury. 

Animals were evaluated thereafter blind to genotype and experimental condition. Daily 

bladder expression was performed for the duration of the study or until voluntary voiding 

returned.

LPS-mediated neuroinflammation.

E.coli-derived lipopolysaccharide (LPS) (Sigma-Aldrich L5024, O127:B8; Lot number 

125M4091V with >500,000 endotoxin units per mg) was dissolved and diluted to 1 mg/ml 

in sterile PBS and stored in aliquots at −80°C. LPS (5 mg/kg) was administered to mice by 

intraperitoneal injection at 11 am. Mice were euthanised 24 hours later.

Mouse behavior analyses.

6-Point locomotor score: Partial crush mice were scored at 3, 7, 14, and 28 dpi for hindlimb 

stepping ability as described24. Mice with no hindlimb movement received a score of 0, and 

mice with normal walking were given a score of 5. Locomotor score uninjured baselines 

were taken one day before crush injury. Ladder rung test: Mice that received partial crush 

SCI were tested on 28 days post injury using the Ladder Walk Apparatus as described40. 
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Briefly, metal rungs were inserted at random distances between two clear plastic sheets. The 

sheets were approximately 2” apart to prevent mice from turning around. A camera was 

placed on a slider, and as the mice moved through the apparatus, the camera was moved to 

follow. 4. A score of 0–6 was given for each hind paw for every step, and the average of 3 

trials was used for each animal at every time point. Open Field (OF) test. LPS or no-LPS 

control mice were placed individually in opaque plastic containers measuring 12”X7”X10” 

inside a dimly-lit room. Mice underwent OF testing every day at 5 PM, starting on the 

day of injection, until sacrifice. Mice were allowed to acclimate for 3 minutes, and then 

recorded the following 6 minutes. A white noise generator was used to reduce ambient 

sound interference. AnyMaze video analysis software (Stoelting Co., Wood Dale, IL) was 

used to quantify distance traveled, time immobile, and time spent in the center of the arena 

as measures of sickness behavior41,42.

Harvesting of fresh spinal cord tissue for RiboTag analysis of astrocyte mRNA or for 
precipitation of astrocyte nuclei for single nuclei ATAC-sequencing (snATACseq).

Fourteen days after complete crush SCI or 24 hours following IP injection of LPS, spinal 

cords of wild-type (mGfap-RiboTag), Stat3-astro-cKO or Smarca4-astro-cKO mice were 

perfused with ice cold saline and spinal cords rapidly dissected and frozen on dry ice. These 

time points were selected on a disorder-specific basis based on evidence from previous 

studies that indicated that peak changes in transcriptome profiles could be observed at those 

specific times. For SCI samples, the central 3 mm of the lower thoracic lesion including 

the lesion core and 1 mm rostral and caudal were then rapidly removed and snap frozen 

in liquid nitrogen. Anatomically equivalent regions of spinal cord were taken from mice 

with treated with LPS or from genotype-matched uninjured controls. Frozen tissue samples 

were processed either for RiboTag analysis of mRNA or for precipitation of nuclei for 

snATACseq.

Isolation, sequencing and analysis of astrocyte mRNA using RiboTag technology.

Using fresh frozen spinal cord tissue harvested as described above, haemagglutinin (HA) 

immunoprecipitation (HA-IP) and purification of astrocyte ribosome-associated mRNA was 

carried out as described previously12. To avoid potential batch effects, frozen tissue samples 

were collected from entire experiments were then processed at the same time. Astrocyte 

RNA Integrity was analysed by a 2100 Bioanalyzer (Agilent) using the RNA Pico chip, RIN 

≥ 8.9 for all samples. RNA concentration determined by RiboGreen RNA Assay kit (Life 

Technologies). cDNA was generated from 10 ng of RNA using the Universal plus mRNA-

Seq Kit (Nugen). The workflow consisted of poly(A) RNA selection, RNA fragmentation 

and double-stranded cDNA synthesis using a mixture of random and oligo(dT) priming, 

followed by end repair to generate blunt ends, adaptor ligation, strand selection, and PCR 

amplification to produce the final library. Multiplexed sequencing was performed with a 

NovaSeq 6000 sequencer (Illumina) on a NovaSeq S2 flow cell to produce 50 base-pair 

paired-end reads. The number of reads obtained per sample ranged from 43.3 to 77.4 million 

(average 61.8 million). Data quality was assessed by Illumina SAV and demultiplexing was 

performed by Illumina Bcl2fastq2 v2.17. Sequences were aligned to mouse mm10 genome 

using STAR aligner (v.2.4.0j). The number of uniquely aligned reads per sample ranged 

from 54.2 to 84.7% (average 73.4%). Read counts were determined using HT-seq (v.0.6.0).). 
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Four samples were removed from the analysis due to poor complexity (fewer than 7500 

genes with >100 counts). At least 3, and in most cases 4, samples were evaluated per 

experimental condition. Differential expression analysis was conducted using Bioconductor 

EdgeR package (v.3.28.0) after removal of low count genes (five counts for all replicates in 

at least one condition). The threshold for significance of differential gene expression was 

defined as an adjusted p<0.1 calculated with EdgeR using Benjamini-Hochberg’s procedure 

for multiple comparisons adjustment and referred to as False Discovery Rate (FDR<0.1). 

This FDR<0.1 threshold was used for all samples to enable direct comparisons with our 

two previously published studies examining spinal cord astrocyte RNAseq after SCI or 

EAE using FDR<0.1 (Extended Data Figure 8), which had yielded biologically important 

information validated by additional means. To test whether use of a more conservative FDR 

altered our basic observations, we applied a FDR<0.05 to our EAE, SCI and LPS DEG 

data and then determined TRs. Although fewer DEGs were detected, their relative overlaps 

across the disorders were unchanged such that 2.6% DEGs were shared by all 3 disorders at 

FDR<0.1 and 2.1% were shared by all 3 disorders at FDR<0.05 and other comparisons also 

remained the same (Extended Data Fig. 1c). Principle component analysis (PCA) of DEGs 

showed that the differences in locations of disorders in PC space relative to non-reactive 

astrocytes as reflected in the percent of total vector length and the angles between vectors 

were precisely the same for all 3 disorders using either FDR<0.1 or FDR<0.05 and other 

comparisons also remained the same (Extended Data Fig. 1c). Similarly, although the TRs 

predicted at FDR<0.05 was reduced somewhat in comparison with a FDR<0.1, the relative 

overlaps of TRs across the disorders was unchanged such that 20% of TRs were shared by 

all 3 disorders at FDR<0.1 and 23% were shared by all 3 disorders at FDR<0.05 (Extended 

Data Fig. 1c). Thus, our basic conclusions regarding low overlap of DEGs across disorders 

and a significantly and substantially greater overlap of TRs were not changed by using the 

more conservative FDR. In addition, all of the TRs that we predicted as being common 

across all eight datasets from disorders with WT astrocytes continued to be predicted in our 

EAE and SCI data using the FDR<0.05, one of these core WT TRs, Rel, was no longer 

predicted in our LPS data at FDR<0.05, even though it was predicted from the Barres LPS 

data, and even though it was also predicted from ATACseq data in both LPS and SCI on 

the basis of significant changes in motif access (Fig. 1d). We considered this a type 2 error 

(failure to identify) introduced by the FDR<0.05, which provided further support for using 

the FDR<0.1 threshold to identify candidate TRs.

Threshold criteria for gene expression in healthy astrocytes.

Genes expressed by healthy astrocyte were identified by establishing a threshold for the 

minimum FPKM value from which a significant down-regulation in expression from a 

healthy state could be determined by differential gene expression analysis with an FDR<0.1. 

Genes with an FPKM value at or above this threshold in healthy astrocytes were considered 

healthy expressed genes (“EGs”). These criteria were then applied over three separate 

healthy astrocyte gene expression datasets acquired from separate sequencing runs from the 

SCI, EAE and LPS experiments to achieve a representative consensus healthy EG dataset for 

comparison with these datasets.
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Transcriptional Regulator Enrichment Analysis (TREA).

Overview of methodology: To identify TRs of astrocyte gene expression, we applied a 

conservative, multi-step methodology that draws on both computationally- and biologically-

derived regulator-target gene interaction data from multiple resource databases: i) ChEA43: 

transcription factor regulation inferred from integrating genome-wide ChIP-X experiments. 

ChEA is a curated and continually updated database containing information on over 

200,000 TR-gene interactions manually extracted from over 100 experimental studies 

involving ChIP-chip, ChIP-seq, ChIP-PET and DamID (together referred to as ChIP-X), 

from both mouse and human cells and tissues. Chea contains experimentally-determined 

binding of over 300 transcriptional regulatory molecules to over 30,000 target gene 

sites. ii) JASPAR44, and iii) TRANSFAC45 transcription factor DNA-binding preference 

position weight matrices: JASPAR and TRANSFAC are curated and continually updated 

collections of transcriptional regulator DNA-binding preferences, arranged as position 

weighted matrices. Transcriptional regulator DNA binding site information is derived 

from a combination of experimental biological and computational modelling, and iv) 

Ingenuity Pathway Analysis Upstream Regulator Analytic (IPA®, Qiagen, Valencia, CA): 

the Upstream Regulator Analytic references IPA’s expansive knowledgebase of interactions 

between TRs and their target genes, which are derived from published, peer-reviewed 

literature. By examining a user’s gene expression dataset, IPA Upstream Regulator analytic 

can determine the involvement of a transcriptional regulator based on dataset enrichment 

for known target genes. While details surrounding the IPA knowledge base are proprietary, 

Upstream Regulator results are based on findings from published peer-reviewed biological 

experiments.

Using these diverse resource databases, TREA identifies TRs implicated in regulating 

DEGs by interrogating multiple forms of TR-target gene regulatory interactions, which 

include findings from experimental studies involving techniques such as chromatin 

immunoprecipitation and genetic loss-of-function studies, as well as well-validated 

predictive computational DNA binding ‘motif’ analytics. As such, TR-target gene 

interactions considered by TREA include traditional direct TR-DNA binding mechanisms, 

as well as indirect forms of gene expression regulation wherein a TR may act through 

different types of intermediaries to effect expression of downstream target genes, including 

chromatin modifiers and other forms of epigenetic regulators. Together, these resource 

databases allow for interrogation of gene expression datasets for enrichment of downstream 

targets of ~1350 TRs.

Examining an astrocyte gene expression profile by TREA: Universal gene ID 

formatted astrocyte gene expression datasets were first evaluated independently by each 

database analytic. Chea and JASPAR-TRANSFAC databases were accessed through the 

online open-access Enrichr platform46. IPA Upstream Regulator Analytic was accessed 

through subscription to the IPA software package. Resource database output files were 

then streamlined to contain only statistically enriched TR IDs (Enrichr adj. P < 0.05; 

IPA Upstream Regulator P < 0.01) and their associated downstream astrocyte target gene 

IDs. Resource database output files were subsequently processed for consensus analysis by 

TREA using in-house python scripts (see GitHub link below) in order to generate a final 
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TREA library containing IDs of significantly enriched TRs and associated astrocyte target 

genes. To be included in a final TREA library, TRs must meet ‘type I’ or ‘type II’ TREA 

criteria: type I) TR is predicted by IPA® and Chea or JASPAR-TRANSFAC; type II) TR is 

predicted by IPA® or Chea or JASPAR-TRANSFAC and exhibits a significant fold-change 

(up or down) in the respective astrocyte gene expression profile (Extended Data Fig. 1d). 

When the same TR was predicted across two or more resource databases (e.g. IPA and 

Chea), target gene ID lists were merged into a single TR-target gene signature in the final 

TREA library for that gene expression profile. In-house python scripts for TREA, protocols, 

an example gene expression dataset and TREA resource database output files can be found 

in the TREA GitHub repository (https://github.com/burdalab/TREA).

Isolation and precipitation of astrocyte nuclei for single nuclei ATAC-sequencing.

Using fresh frozen spinal cord tissue harvested as described above, astrocyte-enriched 

nuclei were isolated by antibody-binding and magnet-assisted nuclear immunoprecipitation 

(MAN-IP) using well characterized procedures47–49.To avoid potential batch effects, frozen 

tissue samples were collected from entire experiments were then processed at the same 

time. Tissue samples were first gently dissociated by trituration, trypsinized and pelleted by 

centrifugation. Nuclei were extracted from cell pellets by gentle resuspension in ice-cold 

lysis buffer (10mM Tris buffer, 10mM NaCl, 3 mM MgCl2, 0.1% Nonidet P40 Substitute). 

Nuclei were pelleted by centrifugation (500RPM (Model 5415R, Eppendorf) for 5 min at 

4°C) and then resuspended in Nuclei Wash and Resuspension Buffer (NWRB) (1xPBS, 

1% BSA, 0.2U/uL RNAse inhibitor) before being washed once more in NWRB and then 

filtered using a 5 mL Polystyrene Round-Bottom Tube with 35 μm Cell-Strainer Cap and 

concentrated to a nuclei concentration of 1000 nuclei/μL (1 × 106 nuclei/mL). Nuclei 

quality was assessed by trypan blue staining. Nuclei were resuspended and incubated 

with Sox9 rabbit monoclonal antibody (ThermoFisher, Cat#72016) for 30 minute and 

then centrifuged at 700g for 10 minutes. The pellet was resuspended in 80μl of MACS 

Buffer composed of 1X PBS (Tissue Culture grade; Ca2+, Mg2+ free), 0.5% Nuclease free 

Bovine Serum Albumin (BSA), and 2mM EDTA, and then incubated with anti-Rabbit IgG 

Microbeads (Miltenyi, Cat# 130-048-602) for 20 minutes at 4°C. After washing with 1ml 

of MACS buffer at 300g for 10 minutes at 4 °C, immunolabeled nuclei were enriched by 

magnetic separation using MACS MS columns (Miltenyi Cat# 30-042-201, 130-042-102 

and 130-042-303). After isolation and washing, dissociated single nuclei were suspended 

in 1 x Nuclei Buffer and concentrated by centrifugation to 3000 – 7000 nuclei/μL. and 

immediately processed for ATAC-seq by the UCLA Technology Center for Genomics & 

Bioinformatics (TCGB). Single nuclei partitioning, barcoding and library preparation was 

performed using the 10X Genomics Chromium Controller and Chromium™ Single Cell 

ATAC Solution, and sequenced using Novaseq S2 (illumina) with pair end reads (2×50 – 

50bp length) and >300 M read per sample.

Single nuclei ATAC-sequencing analysis.

For all libraries, demultiplexed FASTQs were obtained from the UCLA Technology Center 

for Genomics and Bioinformatics (TCGB). Each library was processed individually through 

the 10x Cellranger-ATAC pipeline using Cellranger-ATAC count with default settings and 

aligned to the mm10 reference genome (version 2020-A-2.0.0). The output fragments.tsv 
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files for all libraries (Extended Data Fig. 2e) were loaded into R and processed together 

using Archr v.1.0.120. After filtering low quality nuclei and doublets, iterative Latent 

Semantic Indexing (LSI)50 was used to perform dimensionality reduction and clustered 

using Uniform Manifold Approximation and Projection (UMAP) (Extended Data Fig. 2f). 

Using Archr, a “gene score” was calculated for every gene on a per-nuclei basis, which 

integrates accessibility to the gene body with activity of putative distal regulatory elements 

to generate a prediction of how highly a gene may be expressed based on chromatin 

accessibility20. Differentially Accessible Genes (DAGs) were identified through comparison 

of gene scores based on the question being asked by Wilcoxon Ranked Sum test with a False 

Discovery Rate p value correction. Gene scores enabled the assignment of nuclei identity 

to clusters generated in the UMAP based on putative marker genes(Extended Data Fig. 

2g). Magnetic-bead isolated nuclei were enriched for astrocytes but also contained nuclei 

from other lineages(Extended Data Fig. 2g). Astrocytes were identified through high scores 

for known astrocyte genes including Slc1a2, Slc4a4, Aqp4, S100b, Gfap, Aqp4, Aldh1l1, 
Gja1 etc and subsetted to be used for the rest of the analysis in this paper (Extended 

Data Fig 2g,h). To identify peaks, astrocytes were first pseudobulked by condition and the 

‘addReproduciblePeakset’ function was used in Archr. First 501 bp,fixed-width peaks were 

called using MACS2 v2.27.151. This peak set was then used as input to an iterative overlap 

peak merging procedure implemented in Archr20 which both reduces “daisy-chaining” peaks 

and improves identification of smaller peaks. Differentially Accessible Peaks (DAPs) were 

identified using Wilcoxon ranked sum test, accounting for bias due to number of reads 

per nuclei and TSS enrichment. This peakset was then annotated for the presence of 

Transcription Factor motifs using Position Weight Matrices (PWMs) from Archr’s CISBP 

database20, the CISBP website52, or ENCODE53. Motif enrichment was calculated using 

Chromvar21, to generate an enrichment of ‘deviation’ score for each transcription factor 

on a per-nuclei basis. Differentially Accessible Motifs (DAM) were identified through 

comparison of deviation scores by using Wilcoxon Rank-Sum Test with a False Discovery 

Rate p value correction based on the question being asked. For visualization of ATAC peaks 

as track diagrams, the Archr generated peakset for each condition was outputted as a BigWig 

file and visualized using the IGV Genome Browser.

Histology, immunohistochemistry and in situ hybridization.

After terminal anaesthesia by barbiturate overdose, mice were perfused transcardially with 

4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA). Spinal cords were 

removed, post-fixed overnight, and cryoprotected in buffered 30% sucrose for 48 hours. 

Frozen sections (30 μm horizontal) were prepared using a cryostat microtome (Leica) and 

processed for immunofluorescence as described12. All antibodies used were sourced from 

commercial vendors and were selected because they had previously been validated for 

fluorescent immunohistochemistry (IHC) in mouse tissue and had manufacturer provided 

demonstration of specificity based on Western Blots and in most cases validation in 

peer-reviewed publications. Primary antibodies used: rabbit Aldh1l1 (1:1000; Ab87117; 

Abcam, Cambridge, MA, USA); rabbit anti-Arnt (1:200; NB100–479SS; Novus Biologicals, 

Centennial, CO, USA); rabbit anti-Atf2 (1:200; 14834–1-AP; ProteinTech, Rosemont, IL, 

USA); rabbit anti-Atf4 (1:200; NBP2–67766; Novus Biologicals); rabbit anti-Bach1 (1:500; 

NBP2–55133; Novus Biologicals); rabbit anti-Bcl3 (1:200; 23959–1-AP; ProteinTech); 
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rabbit anti-Bcl6 (1:200; NBP2–59786; Novus Biologicals); rabbit anti-Ccnd1 (1:200; 

NBP2–24695; Novus Biologicals); goat anti-CD13 (1:600, AF2335; R&D Systems, USA); 

rat anti-CD68 (1:1000, MCA1957; Biorad, USA); sheep anti-Cebpa (1:200; AF7094; 

Novus Biologicals); rabbit anti-Ctcf (1:200; HPA004122; Sigma, St. Louis, MO, USA); 

rabbit anti-Ctnnb1 (1:200; 8480T; Cell Signaling, Boston, MA, USA); rabbit anti-Cux1 

(1:200; 11733–1-AP; ProteinTech); rabbit anti-Ebf1 (1:400; 14159–1-AP; ProteinTech); 

rabbit anti-Elf1 (1:300; 22565–1-AP; ProteinTech); rabbit anti-Ep300 (1:800; 86377S; Cell 

Signaling); rabbit anti-Essrb (1:300; 22644–1-AP; ProteinTech); rabbit anti-Ets2 (1:200; 

NBP3–04749; Novus Biologicals); rabbit anti-Ezh2 (1:200; A11085; Abclonal, MA, USA); 

goat anti-Ezh2 (1:200; AF4767; Novus Biologicals); rabbit anti-Fev (1:200; 25058-AP; 

ProteinTech); rabbit anti-Fus (1:200; 11570–1-AP; ProteinTech); rabbit anti-Fli1 (1:200; 

BP2–57756; Novus Biologicals); rabbit anti-Gata2 (1:200; 11103–1-AP; ProteinTech); 

rabbit anti-Gata4 (1:200; 19530–1-AP; ProteinTech); rabbit anti-GFAP (1:1,000; GA524; 

Dako/Aligent, Carpinteria, CA, USA); rat anti-GFAP (1:1,000, 13–0300; Thermofisher, 

USA); rabbit anti-Gfi1 (1:200; 14198–1-AP, ProteinTech); rabbit anti-hemagglutinin (HA) 

(1:1000, H6908, Sigma); goat anti-HA (1:800, NB600–362, Novus Biologicals); rabbit 

anti-Hexim1 (1:600;15676–1-AP, ProteinTech); rabbit anti-Hmga1 (1:200; NBP3–03907; 

Novus Biologicals); rabbit anti-Hoxc8 (1:200; 15448–1-AP; ProteinTech); rabbit anti-Htt 

(1:200; ab109115; Abcam); guinea pig anti-Iba1 (1:1000, 234004; Synaptic Systems, USA); 

rabbit anti-Iba-1 (1:800, 019–19741; Wako, Osaka, Japan); rabbit anti-Id3 (1:200; 9837; 

Cell Signaling); sheep anti-Irf5 (1:200; AF4508; Novus Biologicals); rabbit anti-Irf8 (1:200; 

NBP2–99595; Novus Biologicals); rabbit anti-Irf9 (1:200; 14167–1-AP; Proteintech); rabbit 

anti-JunB (1:200; ab128878; Abcam); rabbit anti-JunD (1:1000; ab181615; Abcam); rabbit 

anti-Klf2 (1:200; A16480; Abclonal); rabbit anti-Klf13 (1:200; 18352–1-AP; Proteintech); 

rat anti-MBP (1:300, MAB386; Milipore); rabbit anti-Mef2a (1:200; A7911; Abclonal); 

rabbit anti-Myb (1:200; NBP2–98885; Novus Biologicals); rabbit anti-Mycn (1:200;10159–

2-AP; Proteintech); rabbit anti-Myod1(1:200;18943–1-AP; Proteintech); rabbit anti-Nab2 

(1:400; NMP1–82804; Novus Biologicals); guinea pig anti-NeuN (1:1000, 266004; 

Synaptic Systems); rabbit anti NeuN (1:1000, ab177487, Abcam); sheep anti-Nfkbia 

(1:200; AF4299; Novus Biologicals); rabbit anti-Nfya (1:200; 12981–1-AP; Proteintech); 

rabbit anti-Nme2 (1:200; NBP3–05624; Novus Biologicals); rabbit anti-Notch1 (1:200; 

20687–1-AP; Proteintech); rabbit anti-Npm1 (1:400; 10306–1-AP; Proteintech); rabbit anti-

Nr2f1 (1:200; 24573–1-AP; Proteintech); rabbit anti-Nupr1 (1:200; NBP1–98280; Novus 

Biologicals); rabbit anti-Pbx1 (1:200, 18204–1-AP; Proteintech); goat anti-Pdx1 (1:200, 

AF2419; R&D Systems); rabbit anti-Pitx1 (1:200; 10873–1-AP; Proteintech); rabbit anti-

Ppard (1:200; NBP2–22468; Novus Biologicals); rabbit anti-Prxx2 (1:200; NBP1–80893; 

Novus Biologicals); rabbit anti-PU.1 (1:300; 2266S; Cell Signaling); rabbit anti-RAR 

(1:200; NBP2–47314; Novus Biologicals); rabbit anti-Rel (1:200; NBP2–34064; Novus 

Biologicals); rabbit anti-Rpsa (1:200; NBP2–41246; Novus Biologicals); rabbit anti-Runx1 

(1:200; NBP1–89105; Novus Biologicals); rabbit anti-Runx2 (1:200; A2851; Abclonal); 

rabbit anti-Runx3 (1:200; NBP2–38863; Novus Biologicals); rabbit anti-Rxra (1:200; 

21218–1-AP; Proteintech); goat anti-Smarca4 (1:500; AF5738; Novus Biologicals); mouse 

anti-Smarca4 (1:100, SC-17796; Santa Cruz, CA, USA); rabbit anti-Snai1 (1:200; 13099–

1-AP; Proteintech); rabbit anti-Snd1 (1:400; 10760–1-AP; Proteintech); goat anti-Sox9 

(1:500, AF3075; R&D Systems); rabbit anti-Sox9 (1:600, 702016; ThermoFisher); rabbit 
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anti-Srebf1 (1:400; 14088–1-AP; Proteintech); rabbit anti-Srebf2 (1:200; NB100–74543; 

Novus Biologicals); rabbit anti-Srp (1:200; NBP1–87814; Novus Biologicals); rabbit anti-

Stat3 (1:400;10253–2-AP; Proteintech); rabbit anti-Stat4 (13028–1-AP; Proteintech); sheep 

anti-Tcf3 (AF6116; Novus Biologicals); rabbit anti-Tcf4 (1:200; 22337–1-AP; Proteintech); 

rabbit anti-Tgm1 (1:200; 12912–3-AP; Proteintech); rabbit anti-Thra (1:200; NBP2–22523; 

Novus Biologicals); sheep anti-Tle1 (1:200; AF5947; R&D Systems); rabbit anti-Tp63 

(1:200; 12143–1-AP; Proteintech); rabbit anti-Trim28 (1:200; A2245; Abclonal); rabbit anti-

Xrn2 (1:200; 11267–1-AP; Proteintech); rabbit anti-Yap1 (1:200; 13584–1-AP; Proteintech); 

goat anti-Zbtb16 (1:200, AF2944; R&D Systems); rabbit anti-Zfp36 (1:200; SAB4301804; 

Sigma).

Fluorescence secondary antibodies were conjugated to: Alexa 488 (green) or Alexa Cy3 

(550, red) or Cy5 (649, far red) all from (Jackson Immunoresearch Laboratories, USA). 

Mouse primary antibodies were visualized using the Mouse- on-Mouse detection kit 

(M.O.M., Vector). Nuclear stain: 4′,6′-diamidino-2-phenylindole dihydrochloride (DAPI, 

blue; 2 ng ml−1; Molecular Probes, USA). Sections were cover-slipped using ProLong 

Gold anti-fade reagent (Invitrogen, Grand Island, NY). Sections were examined and 

photographed with an epifluorescence microscope using structured illumination hardware 

and deconvolution software (Zeiss, Oberkochen, Germany). In situ hybridization was carried 

out on fixed-frozen mouse spinal cord sections using proprietary RNAscope® probes 

(Mm-Cnr1, Mm-Gfap) and Fluorescent Multiplex Detection kit per manufacturer protocols 

(Advanced Cell Diagnostics, Inc. Newark, CA).

Morphometric quantification procedures.

SCI lesions. Horizontal spinal cord sections at the level of the central canal were stained by 

immunohistochemistry for GFAP, CD13 and MBP, whole slides were imaged using Leica 

Aperio Versa at 20X magnification and staining-intensity quantification was performed 

on raw/uncorrected images taken using standardized exposure times for each fluorescent 

channel. Average staining intensity values across the width of the spinal cord as a function 

of longitudinal distance were plotted using NIH ImageJ software and were centered at the 

epicenter of the lesion core which was defined as the minimum of the GFAP intensity trace. 

Total staining values were determined by taking the integral (Area under the curve (AUC)) 

of the intensity profile for each IHC stain extending 1000 μm rostral and caudal from the 

injury epicenter. Effects of systemic LPS. To evaluate microglia, horizontal spinal cord 

sections were stained by immunohistochemistry for Iba1 and CD68 and photographed using 

constant exposure settings. Numbers and lengths of Iba1-stained microglial cell processes 

were evaluated by using Imaris image analysis software (Oxford Instruments, Concord, 

MA). Staining intensity of CD68 and area of Iba1 were quantified by using NIH ImageJ 

software. To evaluate neurons, horizontal spinal cord sections and transverse sections of 

brain neuron density, were stained by immunohistochemistry for NeuN and photographed 

using constant exposure settings, and numbers of neurons were quantified by using NIH 

ImageJ software.
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Statistics and Reproducibility.

Statistical evaluations of repeated measures were conducted by one-way or two-way 

ANOVA with post hoc, independent pairwise analysis as per Bonferroni or Tukey tests, 

or t tests using Prism 8 (GraphPad Software Inc, San Diego, CA). P-values, F-values and 

degrees of freedom are reported in the figures, figure legends and within the source data 

files. Differences with p<0.05 were considered statistically significant. Power calculations 

were performed using G*Power Software V 3.1.9.2. All immunohistochemistry and in situ 

hybridization shown (Main figures 1d, 2f–g; 3b, g, i, o–p, r, u, x; Extended Data Figures 1b; 

3a, c; 4a; 5a; 6e–f, j) were repeated at least three times with similar results.

Principle Component analysis (PCA).

PCA of DEG, TR, histopathological and mouse behavioral assessment datasets was 

performed using the XLStat Add-in in Excel (Addinsoft Inc, Long Island City, NY). PCA 

was used to reduce multi-dimensional data sets that had a total number of variables of three 

or more such that each experimental condition could be satisfactorily described by 1, 2 or 3 

variables only and represented as 1-, 2-, or 3- dimensional projections. PCA was performed 

using Pearson’s correlation methodology as we have described previously54 and data was 

graphically represented using distance and correlation biplots where appropriate with the 

percentage variability of the total system described by each principal component indicated. 

PCA vector magnitudes were used to define the Euclidean distance or the length of the line 

segment between individual conditions.
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Extended Data

Extended Data Fig. 1. RNA sequencing, Transcriptional Regulator Enrichment Analysis (TREA) 
and previously published TRs.
a. Flow diagram of RNAseq procedure. To minimize technical differences, we used mice of 

similar age and genetic background for all experimental disorder models and examined the 

same anatomical region (thoracic spinal cord). Spinal cord tissue from different experiments 

were frozen until all experiments were completed. All tissue was then processed at the 

same time to limit the potential for technical variations. The RiboTag procedure was used 

to harvest ribosome-associated RNA transcripts specifically from reactive astrocytes12. 

RiboTag hemagglutinin (HA) was transgenically-targeted specifically to astrocytes by 
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using well-characterized mGFAP-Cre12. RNA-sequencing and analysis were conducted 

under identical conditions. b. Specificity of RiboTag-HA targeting to astrocytes and not 

microglia or other cells. Two sets of orthogonal (3D) scans from uninjured spinal cord 

or after spinal cord injury (SCI) with multichannel immunofluorescence for HA targeted 

to astrocytes plus Sox9 and Iba1 as markers of astrocytes or microglia respectively. The 

same areas are shown with different fluorescent wavelength filters and different orthogonal 

slices that demonstrate 3D staining associated with astrocytes or microglia. HA is robustly 

present in Sox9-positive astrocytes but is not detectable in Iba1-postive microglia in either 

uninjured cord or after SCI. Absence of HA-targeting to neurons or oligodendrocytes has 

been demonstrated previously12. These immunohistochemical comparisons were repeated 

independently three times with similar results. c. Venn diagrams show that the relative 

proportions of shared astrocyte reactivity DEGs and TRs identified in spinal cord astrocytes 

after EAE, SCI or LPS do not detectably differ when using thresholds of FDR<0.1 or 

FDR<0.05. Table shows PCA analysis of DEGs identified in spinal cord astrocytes after 

EAE, SCI or LPS using thresholds of FDR<0.1 or FDR<0.05. The relative locations of the 

three disorders in PC space when compared to non-reactive astrocytes do not detectably 

differ when using thresholds of FDR<0.1 or FDR<0.05 as reflected in the percent of 

total vector length and the angles between vectors. d. Flow diagram of Transcriptional 

Regulator Enrichment Analysis (TREA) procedure for TR identification by upstream 

analysis of DEGs in reactive astrocytes. To identify TRs of astrocyte gene expression, 

we applied a conservative, multi-step algorithm that draws on both computationally- and 

biologically-derived regulator-target gene interaction data from multiple resource databases: 

i) ChEA43: transcription factor regulation inferred from integrating genome-wide ChIP-

X experiments, ii) JASPAR44 and iii) TRANSFAC45 transcription factor DNA-binding 

preferences as position weight matrices, and iv) Ingenuity Pathway Analysis Upstream 

Regulator Analytic (IPA®, Qiagen, Valencia, CA). Using these resource databases, TREA 

identifies TRs implicated in regulating DEGs by interrogating multiple forms of TR-target 

gene regulatory interactions that include findings from experimental studies involving 

techniques such as chromatin immunoprecipitation and genetic loss-of-function studies, 

as well as well-validated predictive computational DNA binding ‘motif’ analytics. In this 

manner, TR-target gene interactions considered by TREA include traditional direct TR-DNA 

binding mechanisms, as well as indirect forms of gene expression regulation wherein a 

TR may act through different types of intermediaries to effect expression of downstream 

target genes, including chromatin modifiers and other forms of epigenetic regulators. TRs 

were included if they met either of two criteria: (1) convergence across resource databases; 

(2) differential gene expression of the TR plus convergence with at least one resource 

database. Together, these databases allow for interrogation of gene expression datasets for 

enrichment of downstream targets for approximately 1350 TRs. Resource database output 

files containing statistically enriched TRs and their downstream astrocyte target gene IDs 

were processed for TREA using in-house python scripts available at GitHub repository 

(https://github.com/burdalab/TREA). Final TREA libraries containing significantly enriched 

TRs and associated astrocyte target genes were then generated for each condition’s DEG 

dataset. TREA libraries were used for all comparisons of astrocyte TRs and gene expression 

profiles across disorders and experimental conditions and to generate a resource database 

of reactive astrocyte TRs and the DEGs that they regulate across a broad spectrum of 
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CNS disorders and conditions. This database can be accessed via an open-source website 

http://tr.astrocytereactivity.com and has multiple search parameters according to TR, DEG 

or condition. e. Published astrocyte reactivity TRs plus literature references. * 4 of 62 

published TRs not predicted in EAE, LPS or SCI.

Extended Data Fig. 2. Single nucleus ATAC sequencing.
a. Experimental models: All ATACseq experiments examining LPS or SCI treatments or 

healthy controls used wild-type or transgenic mice of 657Bl6 background strain. Transgenic 

mice expressing mGFAP-Cre12 were used for astrocyte-specific deletion (cKO) of Smarca4 

or Stat3. b. The same region of thoracic spinal cord at T9-T10 was harvested for all 

evaluations. Spinal cord tissue from different experiments were frozen until all experiments 

were completed. All tissue was then processed at the same time to limit technical variations. 

c. Two spinal cords from the same experimental group were pooled to prepare suspensions 

of nuclei. These suspensions were enriched for astrocyte nuclei with a Sox9 antibody and 

magnetic beads precipitation. Two such suspensions were prepared from a total of n=4 

mice per experimental condition. d. Two biological replicates, each consisting of nuclei 

from two mice, were used for single nucleus ATACseq. All biological replicates from all 

experimental conditions were sequenced at the same time to avoid batch effects. e. Box 

plots compare the distribution of the per-nucleus averages of unique DNA fragments per 

nucleus or TSS enrichment per nucleus for the seven experimental conditions listed, with 

each dot representing the average value of all nuclei collected from each experimental 

group (whiskers show range, box encompass 25–75% quartiles and the centre line indicates 

the median; n=8 WT healthy mice and n=4 mice for all other experimental conditions). 
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f. UMAP clustering based on differential ATAC peaks across 145,973 high quality nuclei 

isolated across all conditions showed separation of nuclei into multiple distinct clusters. 

g. UMAP distribution of examples of specific DAGs used to identify the dominant cell 

types in different clusters. h. Heatmap of DAGs used to identify specific cell types. Each 

line represents the per-nucleus z-score for a given gene averaged across all nuclei in a 

cluster. i. UMAP and stacked bar graph show relative contribution of biological replicates 

for different experimental conditions. Because experiments for LPS and SCI were conducted 

at different times, groups of healthy control mice were collected for each experiment. All 

biological replicates showed similar contributions to their respective clusters, confirming 

that separation of treatment groups with essentially no overlap of LPS with either healthy 

or SCI was due to biological variation and not due to technical artifacts. * each biological 

replicate consisted of nuclei from two mice.
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Extended Data Fig. 3. Identification of TR proteins in reactive astrocytes by 
immunohistochemistry.
For immunohistochemical (IHC) detection of TR protein we focused on previously 

unpublished, TREA-predicted astrocyte reactivity TRs for which sensitive antibodies were 

commercially available whose specificity was supported by western blots. a. Newly 

identified TRs co-localized by IHC in reactive astrocytes in thoracic spinal cord (T9-T-10) 

after LPS treatment. TRs are show in alphabetical sequence. b. Summary of all (newly 

identified and previously published) astrocyte reactivity TRs after LPS treatment identified 

here by at least two experimental procedures, either prediction from DEGs by TREA, or 

prediction based on significant change in motif access determined by ATACseq or by IHC or 
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by all three. c. Newly identified TRs co-localized by IHC in reactive astrocytes in thoracic 

spinal cord (T9-T-10) after SCI (continued in Extended data figures 4,5). TRs are show 

in alphabetical sequence. Each immunohistochemical evaluation was repeated at least three 

times with similar results.

Extended Data Fig. 4 . Immunohistochemistry and motif analysis of TR proteins in reactive 
astrocytes after SCI.
a. Newly identified TRs co-localized by IHC in reactive astrocytes in thoracic spinal 

cord (T9-T-10) after SCI (see also Extended data figures 3,5). Each immunohistochemical 

evaluation was repeated at least three times with similar results. b. Summary and heatmap of 
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all (newly identified and previously published) astrocyte reactivity TRs after SCI that have 

detectable DNA-binding motifs and were identified here as exhibiting significant change in 

motif access determined by ATACseq.

Extended Data Fig. 5. Immunohistochemistry of TR proteins in reactive astrocytes after SCI.
a. Newly identified TRs co-localized by IHC in reactive astrocytes in thoracic spinal cord 

(T9-T-10) after SCI (see also Extended data figures 3,4). b. Summary of all (newly identified 

and previously published) astrocyte reactivity TRs after LPS treatment identified here by 

at least two experimental procedures, either prediction from DEGs by TREA, or prediction 
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based on significant change in motif access determined by ATACseq or by IHC or by 

all three. c. Nine examples of previously published TRs co-localized by IHC in reactive 

astrocytes in thoracic spinal cord (T9-T-10) after SCI show that these exhibit similar staining 

patterns to TRs newly identified here. Each immunohistochemical evaluation was repeated 

at least three times with similar results.

Extended Data Fig. 6. Astrocyte-specific TR deletion (cKO).
a. Experimental models: Transgenic mice expressing mGFAP-Cre12 were used for astrocyte-

specific deletion (cKO) of Smarca4 or Stat3. Smarca4 was selected as a newly identified 
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TREA-predicted reactivity TR that lacks DNA binding motifs and acts as a chromatin 

regulator via protein-protein interactions. Stat3 is a well-established astrocyte reactivity 

TR that acts via DNA-binding motifs12,24 and that was predicted by both TREA and 

ATACseq motif analysis as a reactivity TR in both LPS and SCI. b. Heatmaps show that 

Smarca4-astro-cKO had minimal effects on overall gene expression or on the expression of 

highly enriched astrocyte genes under basal conditions in untreated mice, shown as mean 

FPKM (fragments per kilobase of transcript sequence per million mapped fragments). c. 
Immunohistochemistry images and graphs (mean ± sem) of various staining parameters 

show that Smarca4-astro-cKO had no visibly detectable or quantifiably significant effects on 

the appearance or number of astrocytes, neurons or microglia in untreated mice. Unpaired 

t tests, ns non-significant WT versus Smarca4-cKO, n=4 mice per group. d. Effects of 

Smarca4-astro-cKO on RNAseq reads of Gfap and seven predicted Smarca4-regulated 

DEGs that are not expressed in WT untreated and are upregulated by LPS in WT but 

not Smarca4-astro-cKO mice. e. In situ hybridization shows predicted Smarca4-regulated 

gene, Cnr1, expresed in WT, but not Smarca4-astro-cKO mice after LPS. f. Multichannel 

immunofluorescence demonstration of Stat3 and Srebf1, or of Smarca4 and Zfp36, in 

the same reactive astrocytes after SCI. g. Heatmaps compare changes from healthy in 

differential gene expression (DEG) or differential chromatin accessibility (DAG) across 

the same genes after LPS or SCI in WT, Smarca4-cKO or Stat3-cKO mice, and graphs 

show an 86 to 96% congruence between changes in gene expression and changes in 

chromatin accessibility in both Smarca4- and Stat3-regulated DEGs after LPS or SCI 

respectively. h. Heatmaps show that Stat3-cKO significantly alters the changes from healthy 

normally observed after SCI in both differential gene expression (DEG) and differential 

chromatin accessibility (DAG) across the same 31 genes that lack Stat3-binding motifs. 

i. Heatmaps show that Stat3-cKO significantly alters the changes from healthy normally 

observed after SCI in differential gene expression (DEG) of 71 chromatin regulators. j. 
Multichannel immunofluorescence of Irf9 and Cxcl10 in the same reactive astrocyte after 

SCI. k. Graphs (mean ± sem) show effects of Smarca4-astro-cKO and Stat3-astro-cKO 

on various microglial histopathological responses to LPS, P values are cKO+LPS versus 

WT+LPS, one-way ANOVA with Bonferroni’s test, ns nonsignificant; for all graphs WT 

with no LPS n = 18 mice, all other conditions n = 6 mice. PCA shows composite microglia 

histopathology score derived from histopathological quantifications in the four graphs. l. 
Immunohistochemistry and graphs of mean ± sem (n ≥ 6) cell counts of the neuronal 

marker, NeuN, shows that high dose systemic LPS sufficient to cause pronounced microglial 

activation and behavioral effects did not lead to detectable neuronal loss in either spinal 

cord or brain. One-way ANOVA with Bonferroni’s test, ns nonsignificant; for both graphs 

WT with no LPS n = 18 mice, all other conditions n = 4 mice. m. Distance biplot of 

PCA for the effects of Smarca4-astro-cKO and Stat3-astro-cKO on composite locomotor 

scores after SCI. The locations of values for each individual locomotor parameter, from 

either the longitudinal observer scored Open Field (OF) evaluations or ladder walk testing 

at 28 days after SCI, indicates their contributions to defining the PC space. Graph (mean 

± sem) shows composite SCI locomotor score derived from PCA of all OF and ladderwalk 

locomotor parameters recorded over 28 days of recovery; P values are cKO versus WT, 

one-way ANOVA with Bonferroni’s test, n = 11 mice per group. n. Immunofluorescence 

images and graph (mean ± sem) of staining intensity show effects of Smarca4-astro-cKO 
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and Stat3-astro-cKO on CD68 and Gfap 28 days after SCI. o. Bar graph (mean ± sem) 

shows composite histology scores derived from PCA of Gfap, CD13, MBP and CD68 

quantifications at 28 days after SCI; P values are cKO versus WT, one-way ANOVA with 

Bonferroni’s test, WT n = 8, Smarca4cKO n = 7, Stat3cKO n = 9 mice. Line graph shows 

correlation analysis of composite locomotor and histological scores. p. DEG-associated 

functional signaling pathway analysis shows that deletion of either Smarca4 or Stat3 alters 

many functions normally associated with WT astrocyte reactivity after LPS or SCI. Each 

immunohistochemical or in situ hybridization evaluation shown (c,e,f,j,l,n) was repeated at 

least three times with similar results.

Extended Data Fig. 7. DEGs and TRs in reactive astrocytes compared with astrocytes in healthy 
tissue.
a,b. Venn diagrams and graph compare proportions of astrocyte reactivity DEGs that derive 

from genes that either are, or are not, expressed in healthy astrocytes in EAE, LPS or SCI. 

c-f. Heatmap, Venn digrams and graphs compare proportion of TREA-predicted reactivity 

TRs that derive from TRs that either are, or are not, predicted in healthy astrocytes in EAE, 

LPS or SCI. In all three disorders much higher proportions of TRs than DEGs were recruited 

from those not detectably active in healthy tissue. Notably, of the TRs shared by all three 

disorders 87% were derived from TRs already active in healthy states, whereas 70%, 76% 

and 54% of disorder unique TRs respectively in EAE, SCI or LPS, were derived from TRs 

not detectably active in healthy states.

Burda et al. Page 28

Nature. Author manuscript; available in PMC 2023 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Fig. 8. Comparison of DEGs and TRs across disorders.
8. a. Heatmap and graph show that in every disorder examined, TRs overlapped more with 

other disorders than did DEGs. b. Bar graphs show numbers of astroctye DEGs or TRs 

across all 15 disorders and conditions examined here. c. 3D distance plots of PCA for DEGs 

and TRs from disorders with WT astrocytes. Graphs on left show PCA of all 8 disorders, 

and on right show PCA of 5 disorders with three most divergent disorders removed. d. 
TRs predicted in three or more of six neurodegenerative disorders with genetic mutations or 

polymorphisms, compared with their predictions in disorders with WT astrocytes. No TRs 

are unique to multiple neurodegenerative disorders. e. DEGs upregulated in three or more 

of six neurodegenerative disorders with genetic mutations or polymorphisms, compared with 

their expression levels in disorders with WT astrocytes. No DEGs are unique to multiple 

neurodegenerative disorders.
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Extended Data Fig. 9. Schematic of a working model of astrocyte reactivity transcriptional 
regulation.
Divergent non-cell autonomous, disorder-selective reactivity triggers lead to context-

dependent and combinatorial TR interactions in which a core set of TRs (TRA & TRB) is 

active across many if not most forms of astrocyte reactivity. These core TRs can nevertheless 

regulate different cohorts of DEGs in different disorders and contexts via complex and 

interdependent combinatorial interactions that also involve disorder- or context-selective 

TRs (TRC - TRn). These TR interactions can be influenced by astrocyte cell autonomous 

factors such as mutations, polymorphisms, or by differing basal starting conditions that 

can vary with regional or local astrocyte heterogeneity or with other factors such as 

exposure to previous insults. These TR interactions give rise to the exquisitely heterogenous 

DEG profiles associated with different astrocyte reactivity states in different disorders and 

different contexts.
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Extended Data Table 1.
RNA Archival data sources.

Summaries and literature references of the sources of genome-wide expression data used for 

the informatic analyses in this study. Datasets were obtained from NCBI and DEGs with 

orthologue Refseq ID matches were evaluated.
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Fig. 1. Astrocyte reactivity DEGs and TRs vary across disorders.
a. TR prediction schematic. b. Heatmap, bar graph and violin plot comparing astrocyte 

reactivity DEGs that either are, or are not (H⊘), expressed in healthy astrocytes. c. Venn 

diagrams and PCA of DEGs or predicted TRs in SCI, EAE or LPS compared with healthy 

(Hlth). Red lines show vectors of TR contributions to disorders. d. Immunohistochemistry 

comparing astrocytes in Healthy, LPS and SCI. e. Astrocyte ATACseq schematic. f. UMAP 

clustering of astrocyte nuclei based on differential ATAC peaks. g. Volcano plots and 

hierarchical clustering of ATAC peaks in LPS or SCI relative to healthy. h. Schematic and 

Venn diagrams comparing DEGs and DAGs in LPS or SCI. i. Correlation of congruence 

between DEGs and DAGs. j. Heatmaps and ATAC peak opening or closing in two examples 

of up- or down-regulated DEGs. k. Heatmaps comparing chromatin accessibility of the same 

genes in LPS and SCI.
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Fig. 2. Astrocyte reactivity TRs identified by multiple approaches: DEG analysis, chromatin 
accessibility changes at DNA-binding motifs and immunohistochemistry (IHC).
a. Schematic and pie charts of TREA-identified TRs with significant changes in motif access 

(orange). b. UMPA clusters of representative TRs with motif access differences in healthy, 

LPS and SCI. c. Venn diagram of TREA-TRs with significant changes in motif access. 

d. Heatmaps of TREA-predicted TRs with differentially accessible motif (DAM) z-scores. 

All such TRs are shown for LPS or both, with 25 selected TRs for SCI. For all SCI TRs 

see Extended Data figure 4b. e. TREA-predicted TRs without known DNA-binding motifs 

confirmed by IHC of TR-protein. f,g. IHC of representative new TRs in reactive astrocytes; 

for individual channels of all IHC+ TRs see Extended Data figures 3–5.
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Fig. 3. TR regulation of astrocyte reactivity DEGs, chromatin accessibility and disorder outcome.
a. Experimental models. b. Smarca4 immunohistochemistry. c. Smarca4-astro-cKO or Stat3-

astro-cKO effects on Smarca4- or Stat3-regulated genes. d. TREA-predicted Smarca4- or 

Stat3-regulated DEGs in both LPS and SCI, and astro-cKO effects. e,f. DEGs regulated in 

the same (e) or in opposite (f) directions by Smarca4 or Stat3. g. Stat3 and Smarca4 in same 

reactive astrocyte. h. TREA-predicted Smarca4- and Stat3-regulated DEGs and astro-cKO 

effects on those DEGs. i. TRs significantly regulated as DEGs; Smarca4 and Pitx1 in same 

reactive astrocyte. j. UMAP clustering of astrocyte nuclei from WT, Smarca4-astro-cKO 

or Stat3-astro-cKO mice based on chromatin accessibility after LPS or SCI. k. Stat3-cKO 
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effects on DEG and DAG. l. Smarca4-astro-cKO or Stat3-astro-cKO effects on Serpine1 
DEG, DAG; and ATAC peaks in Serpine1 TSS. m. Stat3-astro-cKO effects on DEG and 

DAG of 10 genes without Stat3 DNA-binding motifs. n. Stat3-astro-cKO effects on 10 

chromatin regulators. o. Cxcl10 DEG and DAG; ATAC peaks in Cxcl10 TSS and Irf9 DNA-

binding motif; Irf9 and Cxcl10 in same reactive astrocyte. p. Timp1 DEG and DAG; ATAC 

peaks in Timp1 TSS and DNA-binding motifs of 7 predicted TRs; Runx1 and Srebf1 in 

same reactive astrocyte. q. Sickness behavior after LPS. r. Microglia immunohistochemistry 

after LPS. s. PCA of composite histopathology after LPS. t. Open field (OF) locomotor 

recovery after SCI. u,v. Images and graph of mean±sem staining intensity for Gfap, CD13 

and myelin basic protein (MBP). w. ETS family TRs DEG and differential motif access 

(DAM) after SCI. x. PU.1 (Spi1) in reactive astrocytes. y. Fcgr2b DEG and DAG; ATAC 

peaks in Fcgr2b TSS and PU.1 DNA-binding motif. Quantitative values in q,s,t are mean ± 

sem analyzed by one-way (q,s) or two-way (t) ANOVA with Bonferroni’s test, P values are 

cKO versus WT LPS or SCI, NS non-significant. n = mice.
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Fig. 4. Astrocyte reactivity DEGs and TRs diverge across CNS disorders in mice and humans.
a. Experimental procedures. b. Heatmaps of pairwise overlap of DEGs or TRs. c. 
Unsupervised clustering of disorders based on DEG and TR PCA vector lengths. d. DEG-

associated functional pathways in disorders with WT astrocytes or genetic mutations and 

polymorphisms. e. Heatmap comparing DEGs upregulated in disorders with WT astrocytes. 

f. Venn diagram of TRs predicted in FADsn and ADM. g. Astrocyte reactivity TRs predicted 

in all eight (bold) or seven of eight mouse or human disorders with WT astrocytes, plus 

confirmation of motif access changes or protein immunohistochemistry in LPS or SCI.
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