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Autism-associated CHDS8 controls reactive gliosis
and neuroinflammation via remodeling chromatin in
astrocytes
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SUMMARY

Reactive changes of glial cells during neuroinflammation impact brain disorders and disease progression.
Elucidating the mechanisms that control reactive gliosis may help us to understand brain pathophysiology
and improve outcomes. Here, we report that adult ablation of autism spectrum disorder (ASD)-associated
CHDS8 in astrocytes attenuates reactive gliosis via remodeling chromatin accessibility, changing gene
expression. Conditional Chd8 deletion in astrocytes, but not microglia, suppresses reactive gliosis by
impeding astrocyte proliferation and morphological elaboration. Astrocyte Chd8 ablation alleviates lipopoly-
saccharide-induced neuroinflammation and septic-associated hypothermia in mice. Astrocytic CHD8 plays
an important role in neuroinflammation by altering the chromatin landscape, regulating metabolic and lipid-
associated pathways, and astrocyte-microglia crosstalk. Moreover, we show that reactive gliosis can be
directly mitigated in vivo using an adeno-associated virus (AAV)-mediated Chd8 gene editing strategy. These
findings uncover a role of ASD-associated CHDS in the adult brain, which may warrant future exploration of
targeting chromatin remodelers in reactive gliosis and neuroinflammation in injury and neurological diseases.

INTRODUCTION of reactive gliosis and their functional impact remain poorly un-

derstood, exaggerated reactive gliosis may cause excessive

Neuroinflammation in the CNS constitutes cascades of patho-
physiological processes to signal altered brain homeostasis.
Reactive gliosis is a hallmark of damage and inflammatory pro-
cesses resulting from injury, infection, and diseases. Reactive
gliosis can be induced by acute, focal damage that leads to tis-
sue reorganization and repair, or chronic and diffuse insults that
lead to homeostatic and physiological changes in neurons and
glia.”? Although the neurotoxic and neuroprotective outcomes
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inflammation and induce neuronal death and tissue damage.®
Upon mechanical and inflammatory insults, glial cells undergo
profound remodeling at the molecular, cellular, and func-
tional levels, with progressive changes in gene transcription,
morphology, and proliferation.’“~° Recent studies using mouse
and human induced pluripotent stem cell (iPSC)-derived astro-
cytes revealed diverse changes in chromatin accessibility
through substantial chromatin remodeling during astrocyte
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Figure 1. Reduced reactive gliosis in the global Chd8-cKO mice in the stab-wound injury model
(A) Genetic strategy targeting exon 4 of the Chd8 gene. The exon was flanked with JoxP sites to excise the loci, resulting in a frameshift mutation that disrupts the
production of the CHD8 protein after Cre excision.

(legend continued on next page)
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reactivity.'"'? Despite this progress, the chromatin remodelers
and epigenetic pathways that orchestrate gliosis in the brain
remain largely unknown. Precise dissection of chromatin remod-
eling factors that allow for beneficially modulating reactive gliosis
may offer therapeutic strategies for neurological and neurode-
generative disorders. %%

Chromatin remodeling factors are proteins that modify chro-
matin dynamics in the genome by forming protein complexes
that modulate the accessibility of DNA and calibrate gene tran-
scription.’® Chromodomain helicase DNA-binding protein 8
(CHDB8) encodes a member of the CHD family of proteins, which
is a high-confidence genetic risk factor for autism spectrum dis-
order (ASD) and neurodevelopmental disorders, and relevant to
cancers.'®'® As a member of the SNF2H-like, ATP-dependent
subfamily of chromatin remodelers, CHD8 acts by regulating
nucleosome spacing and histone H3.3 incorporation.’®?
CHD8 controls multiple transcriptional pathways, including
Whnt signaling and p53-dependent transactivation.?® CHD8 co-
operates with SOX (Sry-related HMG box) and other transcrip-
tional factors to coordinate pluripotency and differentiation in
neural stem cells.” Previous studies of Chd8 in the nervous sys-
tem using model organisms concentrated on the functional
aspects of CHD8 in stem cells and the developing brain, which
provide enormous insight into the neurobiology of ASD.>>™!
However, little is known about CHDS8 and its function in physi-
ology and disease in the adult brain.

When characterizing Chd8 mutant animals, we observed
altered glial scar formation after stereotaxic intracranial injec-
tions. This preliminary observation led us to hypothesize that
pathogenic stimuli and neuroinflammation elicit chromatin re-
modeling via CHD8 in glia, resulting in specialized transcriptional
programs to promote glial reactivity. We engineered a floxed
Chd8 strain that allows for tamoxifen-inducible ablation of
Chd8 from adult mice. In a stab-wound model of brain injury,
we demonstrate that Chd8 ablation in astrocytes, but not micro-
glia, alleviates reactive gliosis. Mechanistically, we found CHD8
to be essential for astrocyte proliferation, process elaboration,
and cellular hypertrophy upon acute injury. Utilizing a lipopoly-
saccharide (LPS)-induced neuroinflammatory paradigm, we
found that CHD8-mediated transcriptional programs in astroglia
play critical roles in mediating crosstalk between astrocyte and
microglia and promoting neuroinflammation. We identified and
validated pathways related to cellular metabolism and lipid
biosynthesis resulting from Chd8 conditional knockout (cKO) in
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astrocytes during LPS-induced neuroinflammation. We show
that CHD8 shapes the landscape of chromatin accessibility dur-
ing LPS-induced neuroinflammation. Furthermore, we demon-
strated the translational potential for mitigating injury-induced
reactive gliosis through astrocyte-specific Chd8 ablation in vivo,
utilizing an adeno-associated virus (AAV)-mediated delivery of
CRISPR-SaCas9 (Staphylococcus aureus Cas9) to the mouse
brain. In summary, this study reveals an important role of
CHDB8-mediated chromatin remodeling in astrocytes during
injury and LPS-induced neuroinflammation. Our results highlight
CHDS8 in astrocytes as a potential therapeutic target against
pathogenic gliosis associated with the neuroinflammatory pro-
cess in brain injuries and diseases.

RESULTS

Global Chd8 ablation in adult mouse brain diminishes
injury-induced reactive gliosis
We previously showed that disruption of exon 4 of the Chd8 gene
is sufficient to globally knock out Chd8 and cause embryonic
lethality in homozygotic mutant mice.>” To bypass the lethality
and enable conditional Chd8 ablation in adult mice for functional
characterization, we engineered a mouse strain by flanking exon
4 of Chd8 with loxP sites through CRISPR-Cas9-mediated gene
editing in zygotes (Figures 1A and S1A). We bred the Chd8>/*
mice with the CAGGS-CreER line (Figure 1A), which features a
global and widespread expression of CreER in the brain and pe-
ripheral tissues that is activated upon the administration of
tamoxifen.>*** Three weeks post-administration of tamoxifen
into adult mice, CHD8 was undetectable in neurons and astro-
cytes as revealed by immunohistochemistry with CHD8 anti-
bodies in the global cKO group (Figures 1B and 1C). To test
our hypothesis and delineate the role of CHD8 in reactive gliosis,
we first chose to adopt the stab-wound injury model. An exper-
imental model that mimics acute and focal damage resulting
from traumatic brain injury in humans.®*’ Previous studies of
the stab-wound model have characterized that 10 days post-
injury (dpi) allows for observing the maximum response from
both microglia and astrocytes.***° Mice in both global Chd8-
cKO and age-matched control groups were injured with the
same parameters, and brain slices were examined at 10 dpi
through immunohistochemistry (Figure 1D).

To characterize reactive gliosis, we prepared serial brain slices
encompassing the injury site, and stained with GFAP and Ibaf,

(B and C) Representative images of CHD8 in the CA1 regions of adult mouse brains. CHD8 is expressed in neurons and astrocytes in controls (B). After tamoxifen
administration, Chd8*/*: CAGGS-CreER*'~ mouse brains showed non-detectable levels of CHD8 protein (C). In both (B) and (C), arrows point to astrocytes

expressing CHD8 and its knockout thereafter.

(D) Schematic diagram for tamoxifen-induced Chd8 cKO, the stab-wound injury model, and the analysis of reactive gliosis.

(E and F) Response of GFAP* astrocytes and Iba1* microglia after stab-wound injury. Control mice (E) exhibit astrocytic and microglial response as expected,
while global Chd8 cKO mice (F) show reduced staining for both GFAP* and Iba1* along the needle track.

(G and H) High-magnification images from the injury site from the corresponding genotypes. Note the reduction in cell body size, process elongation, and polarity

in astrocytes from global Chd8 cKO mice (H).

(I and J) Decreased area occupied by GFAP* astrocytes (l) and Iba1* microglia (J) in global Chd8 cKO mice compared to controls.

In (B) and (C), scale bars indicate 20 um; in (G) and (H), scale bars indicate 50 um; in (E) and (F), scale bars indicate 500 um. The dashed rectangle indicates the
ROls that were quantified. In (E)~(H), the dashed lines indicate the needle track of the injury. In (l) and (J), data points illustrate the quantified area from the six brain
slices most proximal to the injury epicenter. Data are normalized to the means of the ipsilateral site in control mice. ***p < 0.0001, ns, not significant; statistical
analysis was performed with two-way ANOVA,; on the violin plots, dashed lines indicate the 25%, mean, and 75% percentile, respectively, from bottom to top; n =
4 mice per genotype.
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Figure 2. Reduced reactive gliosis in astrocyte Chd8-cKO mice in the stab-wound injury model
(A) Strategy for tamoxifen-induced, astrocyte-specific Chd8 cKO utilizing the Aldh1/1-CreERT2 line. Mice were crossed with the Ai14-tdTomato reporter line to
visualize recombined cells.

(legend continued on next page)
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two classical markers for reactive astrocytes and microglia,
respectively'%“° (Figures S2A and S2B). The stab-wound injury
resulted in a robust increase in both GFAP and Iba1 signals in
the ipsilateral as compared to the contralateral (uninjured) side
(Figures 1E, 1F, 11, and 1J). The signal threshold for quantifica-
tion was determined by the Moments algorithm in Imaged, using
the contralateral side of each slice as a reference (Figures 1E and
1F). We applied the thresholding value to calculate the signal
area for the region of interest (ROI) set at the hippocampal region
on the ipsilateral side and quantified the area occupied by the
GFAP and Ibai signals around the injury site (Figures 1E, 1F,
and S3A-S3E), as described previously.*' This analytic pipeline
was applied to all serial sections, and comparisons were made
between control and global cKO groups (Figures S4A-S4F).
We found that the six slices most proximal to the epicenter of
injury showed the most robust glial response (Figures S4A,
S4B, S4E, and S4F). As compared to the control group (Fig-
ure 1E), the global Chd8-cKO group (Figure 1F) displayed signif-
icantly reduced GFAP and Iba1 signals at the site of the injury
(Figures 11 and 1J). Higher-magnification images of the injury
site revealed the typical response of GFAP* astrocytes and
Iba1* microglia in the control group to a stab wound, with cell hy-
pertrophy, polarization, and process elongation toward the nee-
dle track (Figure 1G). In contrast, both astrocytes and microglia
in the global cKO group showed diminished morphological re-
sponses to injury (Figure 1H). The global Chd8-cKO group
showed a 33.6% decrease in GFAP territory (Figure 1) and a
38.57% decrease in Ibal (Figure 1J) occupied territory. These
data revealed a significant role of CHD8 in controlling glial
response and promoting reactive gliosis upon injury in adult
mouse brains.

Astrocytic but not microglial expression of Chd8 in the
adult brain is essential for injury-induced reactive
gliosis

Given that GAGGS-CreER is expressed in all cell types, including
neurons and glia, we next employed a set of CreER-expressing
mouse strains to parse the cell types that CHD8 is acting through
in reactive gliosis. In the CNS, astrocytes are one of the major
mediators of neuroinflammation and the prime contributor to
glial scar formation.””**> We examined the expression of CHD8
in astrocytes and the efficient deletion of Chd8 using primary
astrocyte cultures derived from Chd8*™ mice (Figures S1B
and S1C). We crossed the Chd8™™ mouse with the Aldh1/1-
CreER'? line to specifically target astrocytes in the adult mouse
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brain (Figure 2A). The Aldh1/1-CreER'? line is a highly specific,
well-characterized strain that allows for selective recombination
in astrocytes with minimal recombination in neurons in the adult
cortex, striatum, and hippocampus.”*™’ We introduced the
Ai14-Rosa-tdTomato transgene to visualize the Aldh1/1-
CreER"?-expressing astrocytes in both control and astrocyte-
cKO groups in vivo (Figures 2A-2C). As shown in representative
images taken from the cortex, we detected CHD8 protein
in the nucleus from tdTomato* astrocytes in the control group
(Figure 2B) but not from tdTomato* astrocytes in the astrocyte-
cKO group (Figure 2C). These results confirm the efficient
genetic ablation of CHD8 in the adult brain in astrocyte-
cKO mice.

We returned to the stab-wound injury model and quantified the
reactive gliosis in vivo in the control and astrocyte-cKO groups
using the same experimental and analytic procedures as
described for global cKO (Figure 1D). We quantified an identical
ROI in the hippocampal region occupied by the GFAP and Iba1
signals around the injury site for all serial slices, as shown by im-
ages from a representative pair of mice in Figures S5A and S5B.
As compared to the control group (Figure 2D), the astrocyte
Chd8-cKO group (Figure 2E) showed significantly reduced
GFAP and Iba1 signals at the site of injury (Figures 2H and 2J).
High-magnification images from the injury site showed the
typical response of GFAP" astrocytes and Iba1* microglia in
the control group (Figure 2F), while astrocytes and microglia in
the astrocyte cKO group show reduced cellular responses to
injury (Figure 2G). Quantifying these differences, the astrocyte-
cKO group showed a 33.6% decrease in GFAP™ territory (Fig-
ure 2H). Remarkably, the Ibal* territory was also decreased
compared to controls in these mice by 17.03% (Figure 2J). To
further quantify the number of cells involved in reactive gliosis,
we adopted an automated cell-counting algorithm, Cellpose,
that was previously described.*®*° The number of GFAP* and
Iba1* cells decreased by 10.61% (Figure 2I) and 10.04% (Fig-
ure 2K), respectively. The comparison of all the slices for both
territory and cell number metrics between the control and astro-
cyte-cKO groups (Figure S6) shows consistent changes as
Figures 2H-2K. To exclude confounding factors resulting from
the possible contribution of Aldh1/1-CreER™? transgenes on glio-
sis, we compared mice from the control group (Chd8™™:
Aldh1/1-CreER™ /") with mice from a CreER transgenic group
(Chd8*'*: Aldh1/1-CreER™*/~) and found no difference between
groups (Figure S7). Results from these control experiments indi-
cate that the Aldh1/1-CreER™ transgene and Cre activity do not

(B and C) Astrocyte-specific Chd8-cKO mice show non-detectable CHD8 protein expression in cortical slices. Controls are mice without the Chd8 floxed alleles
but expressing Aldh1/1-CreERT?2 to turn on the expression of tdTomato reporter. Arrows indicate CHD8 expression in tdTomato* astrocytes in control but not

astrocyte Chd8 cKO.

(D and E) GFAP and Iba1 staining of astrocytes and microglia, respectively, after stab-wound injury in control (D) and astrocyte cKO mice (E).
(F and G) High-magnification images from the injury sites from the corresponding genotypes showing reduction in cell body size, process elongation, and polarity

in astrocytes and reduced microglia numbers in astrocyte cKO mice.

(H and I) Decreased area occupied by GFAP* astrocytes and their numbers in astrocyte cKO mice compared to controls.
(J and K) Decreased area occupied by Iba1* microglia and their numbers in astrocyte cKO mice compared to controls.

In (H)—(K), data points represent the quantified area from the six brain slices most proximal to the injury epicenter. Data are normalized to the means of the
ipsilateral site in control mice. In (B) and (C), scale bars indicate 20 um; in (F) and (G), scale bars indicate 50 um; in (D) and (E), scale bars indicate 500 um. The
dashed rectangle indicates the ROIs that were quantified. In (D)-(G), the dashed lines in merged images indicate the needle track of the injury. In (H)—(K),
***p < 0.001; ***p < 0.0001; ns, not significant; statistical comparisons were analyzed with two-way ANOVA; on the violin plots, dashed lines indicate the 25%,
mean, and 75% percentile, respectively, from bottom to top; n = 6 mice per genotype.
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Figure 3. Reduced proliferation and impaired morphological changes of reactive astrocytes in astrocyte Chd8-cKO mice

(A and B) Representative images show reduced staining for proliferation markers (BrdU and Ki67) after stab-wound injury in astrocyte cKO mice (B) as compared
to control mice (A). The dashed rectangle indicates the ROl used to quantify BrdU* and Ki67* cells in (C)—(F).

(C) Decreased BrdU* nuclei in the astrocyte cKO mice as shown by high-magnification images and quantification.

(D) Reduced Ki67* nuclei in the astrocyte cKO mice.

(E) Decreased proliferation of tdTomato* astrocytes from astrocyte cKO mice as shown by reduced tdTomato*/BrdU* colocalized cells.

(F) Decreased proliferation of tdTomato* astrocytes from astrocyte cKO mice as shown by reduced tdTomato™/BrdU* colocalized cells.

(G and H) Representative skeletonized images of two astrocytes from control (G) and astrocyte cKO mice (H).

(legend continued on next page)
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contribute to the observed reduction of injury-induced reactive
gliosis.

We also sought to interrogate the role of CHD8 in microglia
in the context of injury-induced gliosis, as microglia play an
integral role in the initiation as well as the maintenance of the in-
flammatory response.’°° We crossed Chd8™*™ mice harboring
Ai14-Rosa-tdTomato with a Tmem119-CreER™? mouse line, a
highly specific and well-characterized CreER™ line for micro-
glia.*®%1=5% Interestingly, we did not detect CHD8 protein in the
nucleus from the tdTomato* microglia in either control (Fig-
ure S8A) or microglia cKO groups (Figure S8B). We reason that
the limitation of immunohistochemistry and the sensitivity of an-
tibodies may prevent the detection of low levels of CHD8 protein
expression in the microglial cells. Therefore, we proceeded with
the same stab-wound injury paradigm as described above. We
did not find a difference regarding signal territory and cell
numbers between groups (Figures S8C-S8H and S9). These
data suggest that Chd8 in microglia is dispensable for stab-
wound injury-induced reactive gliosis. Taken together, these re-
sults indicate that Chd8 ablation in astrocytes but not microglia
reduces injury-induced gliosis, recapitulating the attenuated
response of astrocytes and microglia observed in the global
cKO mice.

Reduced proliferation and elaboration of Chd8-ablated
astrocytes after stab-wound injury

Upon mechanical injury, astrocytes react quickly by initiating
local proliferation, preferably at juxtavascular locations, and by
changing their morphology to become hypertrophic and elon-
gated. They also extend long processes toward the injury site
in vivo.?">* We thus carried out experiments to assay these fea-
tures in astrocytes subjected to stab-wound injury. We injected
bromodeoxyuridine (BrdU) into mice in both control and astro-
cyte cKO groups to label and quantify proliferating astrocytes
and other dividing cells as previously described.®* We found
reduced proliferation in the astrocyte-cKO group (Figures 3B
and 3C) as compared to controls (Figures 3A and 3C). We also
counterstained the same set of slices with the proliferative
marker Ki67 to detect cells that were actively dividing. Consis-
tent with BrdU staining, we observed reduced Ki67* cells in
the astrocyte cKO group compared to controls (Figures 3A,
3B, and 3D). Upon stab-wound injury, multiple types of cells
may undergo proliferation. The tdTomato-labeled astrocytes in
both control and astrocyte cKO groups allow us to dissect
further mechanisms (Figure 2A). Colocalization analysis of
tdTomato™ astrocytes with both proliferation markers further re-
vealed a significant reduction in the astrocyte cKO group. We
found a 52.83% decrease in tdTomato*/BrdU™ cells (Figure 3E)
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and a 64.31% decrease in tdTomato*/Ki67" cells (Figure 3F) in
the astrocyte-cKO group as compared to controls. These data
reveal that Chd8-ablated astrocytes undergo impaired dividing
and proliferation upon stab-wound injury.

Next, we used tdTomato to trace and examine astrocyte
morphology. We used 3DMorph MATLAB software to segment
and quantify the morphology of astrocytes obtained within
300 um from the injury site.*>°® We performed Sholl analysis
on the skeletonized images generated through the software
and revealed differential astrocyte branch and morphological
parameters between genotypes (Figures 3G and 3H). Specif-
ically, reactive astrocytes in the astrocyte cKO group have larger
numbers of processes proximal to the soma, while astrocytes
from the control group display larger numbers of processes ex-
tending distally from the soma (Figure 3I). We then quantified
characteristic morphological variables for astrocytes.”>*° We
found several parameters to be reduced, including occupied ter-
ritory, cellular volume, number of endpoints, and number of
branch points in the astrocyte cKO group (Figures 3J-3M).
Taken together, these data reveal a crucial role of CHD8 in con-
trolling the proliferation and morphological elaboration of reac-
tive astrocytes upon stab-wound injury.

Astrocytic expression of Chd8 in the adult brain is
required for LPS-induced neuroinflammation

To further investigate the role of CHD8 in neuroinflammation, we
utilized a widely used systematic and diffuse paradigm of neuro-
inflammation through the injection of LPS. We used a single dose
of LPS in high concentration (5 mg/kg, intraperitoneal injection)
to stimulate a temporary and reliable inflammatory reaction, as
described previously.®”°° We chose 3 days post-LPS injection
to capture arobust response of microglial cells, which are recog-
nized to be the major reactive cells in this model."*"°"-% Consis-
tent with previous reports on LPS models in mice,””:°® we did not
detect a significant change in GFAP* cells in either LPS-treated
control mice (Figure 4B) or LPS-treated astrocyte cKO mice (Fig-
ure 4C), when compared to saline-treated control mice (Fig-
ure 4A). In the same set of brain slices, we observed a robust
increase in Iba1* signal in LPS-treated control mice (Figure 4B),
but only a mild increase in LPS-treated astrocyte cKO mice (Fig-
ure 4C) as compared to saline-treated control mice (Figure 4A).
We observed attenuated enlargement of cell bodies and less
pronounced ameboid shape formation in microglia from the
astrocyte cKO mice compared to controls (Figures 4D and 4E).
Sholl analysis of individual lba1* microglia using 3DMorph
(Figures 4F and 4G) revealed reduced numbers of intersectionsin
microglia from astrocyte cKO mice as compared to control mice
(Figure 4H). Further characterization of microglial morphology

() Sholl analysis of astrocytes localized within 300 pm of the needle track revealed reduced intersections in astrocyte cKO mice at distances between 18 and
35 um from the soma, indicating reduced cell elongation. Conversely, astrocyte cKO mice featured astrocytes with processes concentrated closer to the cell

soma (n = 24 cells from 4 mice per genotype).

(J) Decreased territory volume of astrocytes from astrocyte cKO mice, indicating reduced hypertrophy and elongation toward the injury site.

(K) Smaller cellular volume in astrocytes from astrocyte cKO mice.

(L and M) Fewer endpoints (L) and reduced number of branchpoints (M) in astrocytes from astrocyte cKO mice.

In (A) and (B), scale bars indicate 200 um; in (C)—(F), scale bars indicate 50 um. The dashed rectangles indicate the areas that were quantified. *p < 0.05; **p < 0.01;
****p < 0.0001; ns, not significant. Statistical comparisons were analyzed with the two-tailed Welch’s t test; error bars indicate the SEMs. In (I), asterisks indicate
the range where the number of intersections is significantly different, analyzed through the mixed-effects model. In (C)-(F) and (J)~(M), n = 4 mice per genotype.
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Figure 4. Impaired microglial response and alleviated hypothermia in LPS-treated astrocyte cKO mice

(A-C) Representative images from the cortex of saline-treated control mice (A), LPS-treated control mice (B), and LPS-treated astrocyte cKO mice (C). GFAP*
staining does not show a difference between genotypes after LPS stimulation. In LPS-treated astrocyte cKO mice (C), microglia reactivity, as indicated by the
Iba1* signal, is reduced as compared to controls (B).

(legend continued on next page)
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revealed a consistent decrease in parameters, including cell ter-
ritory volume (Figure 4l), cell volume (Figure 4J), branch points
(Figure 4K), number of endpoints (Figure 4L), and maximum
branch length (Figure 4M).

In both control and astrocyte cKO groups, we monitored
body temperature, collected brains for immunohistochemistry,
and extracted RNA for transcriptomic analysis, as illustrated in
Figure S10A. In the control group, we observed a significant
drop in body temperature (hypothermia) in mice receiving LPS
compared to saline-injected mice (Figure 4N), consistent with
well-documented effects of LPS on body temperature.®®*
Interestingly, in astrocyte cKO groups, neither LPS- nor sa-
line-treated mice exhibited a drop in body temperature (Fig-
ure 40). Moreover, we observed a beneficial effect on LPS-
induced systematic inflammation in the astrocyte cKO group,
as reflected by alleviated sepsis-induced hypothermia. Four
out of 14 (4/14) mice in the control group reached the humane
endpoint of hypothermia (at 29°C body temperature) and had
to be euthanized (Figure 4P). In contrast, all the mice (16/16)
from the Chd8 astrocyte cKO group maintained normal body
temperature and survived during the same period (Figure 4P).
We also performed a panel of behavioral tests after LPS treat-
ment in both genotypes. However, we did not observe a signif-
icant difference between LPS-treated control and astrocyte
cKO mice (Figure S11), possibly due to the small sample size.
These results indicate that CHDS8 in astrocytes is required for
LPS-induced microglia reactivity and systemic inflammatory
response, presumably through regulating astrocyte-derived
signaling molecules and mediating the crosstalk between astro-
cytes and microglia.

Transcriptomic pathways related to lipid metabolism
and cellular homeostasis are modulated by CHDS8 in
astrocytes following neuroinflammation

We asked whether ablation of Chd8 in astrocytes may have
altered their transcriptome and pre-conditioned the brain to
atypical states prior to inflammatory insults. Using cortical tis-
sue, we performed bulk RNA sequencing (RNA-seq) in astrocyte
cKO and control mice without subjecting them to injury or LPS
stimulation. The bioinformatics analysis from bulk RNA-seq,
however, did not identify genes that were differentially ex-
pressed between astrocyte cKO and controls with a false dis-
covery rate (FDR) of <0.1 (Figures S10B and S10C). These results
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suggest that Chd8 ablation in astroglia does not cause signifi-
cant changes in basal transcription in the cortex of adult mice.
LPS induces a global neuroinflammatory state in the brain,
which has been shown to trigger brain-wide changes in the tran-
scriptional landscape mediated by epigenetic factors.”'%'" Both
astrocytes and microglia are the major contributors to the brain’s
response to LPS insult, often through their reciprocal cross-
talk.>%>%® We harvested cortical tissue 3 days post-LPS injections
(Figure S10A) and performed bulk RNA-seq. Principal-component
analysis revealed a robust effect of LPS administration
(Figures S12A and S12B). In control mice, we identified 2,642
Differentially Expressed Genes (DEGs, FDR <0.05) that were intro-
duced by LPS injection when compared to saline injection
(Figures S12C and S12D). Gene Ontology (GO) analysis for upre-
gulated genes revealed pathways associated with signal trans-
duction and inflammatory processes such as regulation of cyto-
kine production and myeloid cell differentiation and metabolic
processes (Figures S12E and S12F; FDR < 0.05). These DEGs
and pathways we detected from the LPS-treated control mice
align well with findings from previous studies, '+'%11:57:59.63.67.68
When comparing LPS-treated control mice and LPS-treated
astrocyte cKO mice, we identified a total of 109 DEGs between
groups (FDR < 0.05; Figures 5A and 5B; Table S1). Among the
104 DEGs with reliable gene annotations, 41 genes were
deemed to be astrocyte specific; 1 gene was categorized as mi-
croglia specific; and 4 genes were specific to neurons (Fig-
ure 5C), according to multiple previous reports.®’~*° Moreover,
hypergeometric overrepresentation analysis between our data-
set and datasets from previous studies®”~®° revealed robust
enrichment for astrocytic genes with non-significant enrichment
for other cell types (Figure 5D). We performed pathway analysis
with the DEGs and categorized them into cellular pathways
associated with cell metabolism, lipid homeostasis, and stress
and secretory responses (Figure 5E). Interestingly, one of the
pathways that emerged was response to cold (Figure 5E), coin-
cidentally supporting our observation of atypical body-tempera-
ture response in astrocyte cKO mice after LPS injection
(Figures 4N and 40). Among the DEGs, we also identified genes,
such as Gstt3 (glutathione S-transferase, theta 3), that mediate
signaling from astrocytes to microglia (Figure 5B; Table S1).
Gstt3 is downregulated in the astrocyte cKO group (Figure 5G),
in which we found reduced microglia reactivity and neuroinflam-
mation (Figure 4). Notably, a previous study demonstrated that

(D and E) High-magnification images of microglia from LPS-treated control (D) and LPS-treated astrocyte cKO mice (E) in the cortex, indicating the different

reactive characteristics of Iba1* microglia.

(F and G) Representative skeletonized images of two microglia from control (F) and astrocyte cKO mice (G).
(H) Sholl analysis of microglia from both genotypes reveals a smaller number of intersections in microglia from astrocyte cKO mice (n = 40 cells from 3 mice per

genotype).

(I) Decreased microglial cell territory volume after LPS treatment in astrocyte cKO mice.

(J) Reduced microglial cell volume in astrocyte cKO mice.

(
(
(
(

K-M) Microglia from astrocyte cKO mice feature a reduced number of branchpoints (K) and endpoints (L) and maximum branch lengths (M).

N) Typical temperature drop after LPS injection in control mice compared to saline-treated animals.

0) Astrocyte cKO animals experience no drop in temperature compared to the saline-treated group after LPS administration.

P) Survival curve depicting the observed mortality of controls after LPS injections. On the contrary, astrocyte cKO animals did not experience mortality

(p = 0.0412, logrank [Mantel-Cox] test, n = 14 mice for control group; n = 16 mice for astrocyte cKO group).

In (A)—~(C), scale bars indicate 200 um; in (D) and (E), scale bars indicate 50 um. In (H), asterisks indicate the range where the number of intersections is different,
statistical analysis was performed with the mixed-effects model. In (I)-(M), *p < 0.05; *p < 0.01; ***p < 0.001; statistical analysis was carried out with the two-tailed
Welch’s t test; error bars indicate the SEM; data points represent n = 3 mice per genotype. Data points are normalized to the mean of each control group.
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astrocyte-specific knockdown of Gstt3 results in reduced micro-
glia responses to LPS in the mouse brain.”® These data indicate
that CHD8 mediates important downstream pathways that are
instrumental for astrocytes to microglia crosstalk during LPS.

We next verified genes from the top 20 ranked DEGs (Figure 5F),
through real-time gPCR at the mRNA level and at the protein levels
through western blotting and immunohistochemistry (Figures 5G—
5R). For instance, we detected changes in genes that are involved
in lipid (Acsl3, Etnppl, Lcat), amino acid (Phykpl), and ion (Sic9a8)
synthesis and homeostasis; the CNS-astrocyte-specific gap
junction protein (Gjb6)°>"" and angiotensinogen (Agt)’>’%; and
the tumor necrosis factor receptor Tnfrsf25 (Figures 5P and 5R).
These genes have recently been shown to play a role in synuclein
pathology,”* fasting and neurological diseases,”®> amyotrophic
lateral sclerosis (ALS),”®"” neurodegeneration, alcohol abuse,”®
Alzheimer disease (AD),”*° multiple sclerosis (MS),%" and Parkin-
son disease.®” These results suggest that CHD8 mediates a num-
ber of vital transcriptional programs in astrocytes and regulates
lipid-associated pathways and cellular homeostasis, which are
pivotal to reactive gliosis and the brain’s response to LPS-induced
neuroinflammation, '%7>83-85

79,80

CHDS8 regulates chromatin accessibility and
transcription in astrocytes during LPS-induced
neuroinflammation

Given the primary function of CHD8 as a chromatin regulator, we
sought to examine the role of CHD8 in regulating the accessible
chromatin landscape during neuroinflammation. We performed
the assay for transposase-accessible chromatin with high-
throughput sequencing (ATAC-seq) on astrocyte samples from
adult mouse brains. We used magnetic activated cell sorting
(MACS) to acquire astrocyte-enriched samples and detect
changes in chromatin accessibility across experimental groups
and treatments (Figure 6A). We identified high degrees of over-
lapped ATAC-seq peaks shared among groups (Figures 6B
and 6C). We detected 1,789 differential peaks in LPS-treated
control mice compared to the saline group (Figure 6B). Peak-
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calling revealed increases in accessibility in genomic regions
such as enhancers and 3’ UTRs (Figure 6B). Comparing LPS-
treated astrocyte cKO mice with LPS-treated controls, we de-
tected bidirectional changes in accessibility in enhancers. In-
trons, intergenic regions, and promoters of genes displayed an
increase in open chromatin in the astrocyte cKO group (Fig-
ure 6C). Similar to previous studies of Chd8 mutations in other
cell types, increased accessibility was observed in 5 UTRs, in-
trons, and non-coding RNA regions.'>?*%5 Collectively, our
data revealed pronounced genome-wide changes in accessi-
bility in astrocytes in the absence of CHD8 during LPS-induced
neuroinflammation (Figure 6D). In parallel, we applied MACS to
isolate and enrich microglia from the flowthrough after astrocyte
purification to perform bulk RNA-seq (Figure S13). This indepen-
dent RNA-seq from enriched microglia revealed four DEGs be-
tween LPS-treated control and LPS-treated astrocyte cKO
mice (Figures S13I and S13J). Consistent with our tissue bulk
RNA-seq data, we observed an effect on gene transcription in
microglia that is modulated by astrocytic CHD8 during LPS-
induced neuroinflammation.

We next juxtaposed the ATAC-seq dataset with the bulk tissue
RNA-seq data (Figures 5A-5F). A number of differential peaks
were detected proximally to DEGs, highlighting CHD8 as a modu-
lator of their expression through chromatin remodeling (Figure 6E).
Among them, upregulated and downregulated genes were asso-
ciated with changes in the chromatin landscape, such as Cbs and
Gdf1, respectively. Of those genes, many were found to be shared
with published ATAC- and RNA-seq datasets from isolated astro-
cytes after LPS stimulation in vivo.'®®® Among this convergent
gene set, there are genes that encode for proteins involved in
enzymatic processes (Steap3, Adi, Ddc, Idh2, Adamts1, Stk40),
cellular morphology regulation (Fat3, Lrrc8a, Calr), and ion chan-
nels (Kcnn2). Several genes have previously been shown to
have altered chromatin accessibility in Chd8 KO, such as
Basp1.?* In our astrocyte samples, we find the loss of accessibility
in the promoter region of genes such as Basp1 (Figure 6F), similar
to other studies with Chd8 mutant NSCs.”* We also detected

Figure 5. Transcriptional analysis of cortical tissues from control and astrocyte Chd8 cKO mice after LPS administration

(A) Heatmap of DEGs identified through RNA-seq between control and astrocyte Chd8 cKO mice after LPS treatment (n = 5 mice per genotype). A total of 109
DEGs were identified, 76 of which were upregulated and 33 were downregulated (FDR < 0.05).

(B) Volcano plot depicting the distribution of upregulated and downregulated genes, relative to their quantified fold change and their corresponding p values. The
threshold was set at p (adjusted) < 0.05.

(C) Venn diagram of the detected DEGs, depicting a subset of DEGs that correspond to genes whose expression is specific to astrocytes, neurons, and microglia.
Of those, many DEGs (41) were determined to be astrocyte specific, while fewer were deemed to be specific in neurons (4) and microglia (1).

(D) Bar plot showing the fold enrichment of the detected DEGs in our dataset, indicating significant enrichment of DEGs for astrocyte marker genes. Notably, no
enrichment was detected when comparing neuronal or microglial genes to the cell-type markers from previous studies, as cited. **p < 0.001; ****p < 0.0001.
(E) GO terms analysis reveals changes associated with many cellular processes, including lipid and metabolic pathways in astrocyte cKO mice in response to LPS
stimulation.

(F) Heatmap of the top 20 DEGs identified through RNA-seq. Of these, 13 were upregulated and 7 were downregulated in astrocyte cKO mice treated with LPS vs.
control mice treated with LPS.

(G-0) gPCR analysis of Gstt3 (G), Acs/3 (H), Etnppl (1), Phykpl (J), Gjb6 (K), SIc9a8 (L), Agt (M), Tnfrsf25 (N), and Lcat (O) mRNA confirms the altered expression
shown in (F) (n = 4 mice per group).

(P) Representative western blotting of TNFRSF25 from cortices of control and astrocyte cKO mice after LPS administration, showing reduced TNFRSF25 protein
in the cortex of astrocyte cKO mice (n = 7 mice per group).

(Q) Representative western blotting of LCAT from cortices of control and astrocyte cKO mice after LPS administration showing reduced LCAT protein in astrocyte
cKO mice (n =7).

(R) Representative images of TNFRSF25 staining in the cortex of control and astrocyte cKO mice after LPS administration. Signal intensity quantification of
TNFRSF25 staining (n = 4 mice per genotype). “p < 0.05; scale bars indicate 200 pum. Data points are normalized to the mean of the control group. Error bars depict
the SEM. Statistical comparisons were performed with the one-tailed Welch’s t test.
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Figure 6. CHD8 mediates chromatin accessibility changes during LPS-induced neuroinflammation

(A) Flowchart of the experimental pipeline used to obtain astrocyte-enriched mouse brain samples for the subsequent ATAC-seq processing.

(B) Genomic annotation enrichment for altered (increased and decreased) chromatin accessibility between saline-treated control mice and LPS-treated control
mice.

(C) Genomic annotation enrichment for altered (increased and decreased) chromatin accessibility between LPS-treated astrocyte cKO mice and LPS-treated
control mice.

(D) Heatmap display of ATAC-seq deviations in chromatin accessibility across the three conditions.

(E) Heatmap representation of changes in ATAC-seq peaks near DEGs identified in our bulk RNA-seq experiments in Figure 5A.

(F and G) Representative genome tracks showing loss of accessibility proximal to transcription start sites of the Basp1 gene identified in a previous study (F) and
of the Lcat gene identified in our RNA-seq (G), in the astrocyte cKO samples.
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reduced ATAC peaks in the promoter region of our identified
DEGs (Figure 5F), such as the downregulated Lcat, in astrocytes
(Figure 6G). Taken together, these data highlight the role of
CHDS in regulating chromatin accessibility in astrocytes, which
orchestrates the expression of important regulators and cellular
pathways during LPS-induced neuroinflammation.

AAV- and CRISPR-mediated direct Chd8 editing in
astrocytes in vivo attenuates reactive gliosis

Increased reactive gliosis represents one of the major hallmarks
of various neurological conditions and diseases such as trau-
matic brain injury, stroke, AD, ALS, and MS,+3:5:10:83.84.87-90 pg
a result, reactive gliosis has recently been proposed as an
emerging therapeutic target to tackle these complex and multi-
factorial conditions. Thus, we were motivated to find whether a
translational approach that allows for direct, cell-type-specific
Chd8 ablation could mitigate reactive gliosis in the brain. Promp-
ted by the pioneering work of others,®'°* we engineered an AAV
vector expressing a guide RNA (gRNA) targeting the Chd8 gene
and SaCas9 driven by the gfaABCD promoter (Figure 7A). We
injected the scramble-AAV (control group) or Chd8-cKO-AAV
(Chd8-cKO group) via stereotaxic injection into wild-type
mice. The AAVs were administrated into the brain through the
same Hamilton syringe with which we induced a stab. We as-
sayed the expression of CHD8 in astrocytes and characterized
reactive gliosis as described above (Figure 7B). We observed
reduced expression of CHD8 in AAV-transduced (hemagglutinin
[HA] tag®) astrocytes (Sox9*) expressing Chd8-cKO-gRNA as
compared to scramble-gRNA-expressing controls (Figures 7C
and 7D). Compared to scramble-AAV in the control group (Fig-
ure 7E), the Chd8-cKO-AAV group (Figure 7F) displays reduced
GFAP but not Iba1 signals at the site of the injury (Figures 7G, 7H,
S14, and S15A-S15D). Reactive astrocytes in the CRISPR-AAV-
mediated Chd8 cKO group showed a 15.75% decrease in
GFAP™ territory (Figure 7G), which is less than the 33.6%
decrease in astrocyte-Chd8 cKO mice (Chd8™™: Aldh1/1-
CreER™*/7) (Figure 2H). The differential degree of reduction of
reactive gliosis between the AAV-mediated Chd8 cKO and the
mouse genetic strategy (Aldh1/1-CreER™-mediated Chd8
cKO) can be attributed to the fact that the genetic approach al-
lows for sufficient time to ablate Chd8 and remove the CHD8
protein from astrocytes prior to the stab-wound injury. Consis-
tently, we observe a trend toward reduced morphological char-
acteristics, including the territorial volume occupied by single as-
trocytes (Figure S15E), their cellular volume (Figure S15F), and
ramification index (Figure S15G). These data demonstrate that
an AAV-mediated Chd8 gene ablation in vivo through CRISPR
could be leveraged to mitigate reactive gliosis as a translatable
approach against pathogenic neuroinflammation.

DISCUSSION

Excessive reactive gliosis and neuroinflammation have
emerged as major factors in neurodegeneration, injury, epi-
lepsy, and brain tumors.” There has been increasing interest
and effort in deciphering the major transcriptional regulators
responsible for converting glial cells to a reactive status in
response to diverse pathogens.'®"'" Through the release of cy-
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tokines and signaling molecules, microglia and astrocytes
share reciprocal crosstalk during reactive gliosis.®%:5%:66:95 |n
this study, we characterized CHD8 in modulating reactive glio-
sis and neuroinflammation in the adult brain primarily through
regulating chromatin accessibility and gene transcription in as-
trocytes. In the stab-wound injury model, we revealed that
CHDS8 in astrocytes regulates their proliferation and ability to
acquire elongated and hypertrophic morphologies. These are
typical responses of astrocytes to mechanical injury.>*** We
found that ablating Chd8 from astrocytes, but not microglia, re-
sulted in a decrease of both astrocytes and microglia in the
injury site, suggesting that the inherent crosstalk between the
two cells is reliant on CHD8 in astrocytes. We further employed
an LPS-induced inflammatory insult and uncovered that Chd8
ablation in astrocytes results in an attenuated neuroinflamma-
tory response, as indicated by reduced morphological changes
in microglia and alleviated septic-associated hypothermia.®”-%®
Our data underscore the critical role of CHD8-mediated epige-
netic programming in astrocytes and its contribution to the
crosstalk between astrocytes and microglia during neuroin-
flammation and reactive gliosis.

We further delineated the downstream pathways controlled
by CHD8 in astrocytes during neuroinflammation. Our analysis
of bulk RNA-seq data from LPS-treated mouse cortices identi-
fied an inventory of astrocyte-enriched pathways, a large per-
centage of which converged on lipid metabolism, the regulation
of cellular homeostasis, and the response to stress signals.
Indeed, lipid metabolism and transport and their effects on
neuroinflammation have become a compelling topic, as impli-
cated by recent studies.®*°°"?® One particularly notable recent
study highlighted the relation between impaired fatty acid
catabolism in the mitochondria of astrocytes and the aberrant
neuroinflammation that can cause neurodegeneration.’® Our
transcriptional analysis identified genes such as Etnppl, Gjb6,
Phykpl, Agt, and Lcat that were regulated by CHD8. These
genes have been previously reported using single-cell
approaches to be astrocyte enriched, crucial for gliosis, and
associated with neurological conditions.'%"!-81:84:95.100 |nter.
estingly, two of those genes (Etnppl and Phykpl) are mitochon-
drial genes that participate in fatty acid and amino acid
degradation.”>'°° We found both Etnppl and Phykpl were upre-
gulated after Chd8 ablation in reactive astrocytes, providing
potentially beneficial roles against LPS-induced neuroinflam-
mation. Our results strengthen the notion that lipid metabolism
in astrocytes is important in neuroinflammatory conditions, and
identify CHD8 as a regulator of such pathways. Our transcrip-
tional analysis also identified Gstt3 to be controlled by CHD8
in astrocytes, which provides mechanistic insight into how
the CHD8-mediated epigenetic programs facilitate astrocyte-
to-microglia crosstalk during reactive gliosis. Finally, we probed
the role of astrocytic CHDS8 in regulating chromatin dynamics.
Given the genome-wide, strong effects of CHD8 on chromatin
accessibility, this calls for the investigation of other epigenetic
regulators and ATP-chromatin remodeling factors, including
other CHD family proteins, in reactive gliosis.

In humans, CHD8 represents one of the most highly penetrant
genes in ASD and other developmental disorders, ¢ 72832101103
Clinical case studies have reported the association between
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Figure 7. CRISPR-SaCas9-mediated Chd8 editing through AAV in astrocytes mitigates reactive gliosis in the stab-wound injury model

(A) Schematic diagram illustrating the elements required for the designed AAV for astrocyte-specific Chd8 editing in vivo via CRISPR-SaCas9.

(B) Diagram for the simultaneous AAV injection and stab-wound injury with analysis of reactive gliosis performed at 7 days post-injection.

(C) Representative images near the needle track from control mice (Scramble-AAV injected). CHDS8 is detectable in astrocytes (SOX9*) expressing SaCas9 (HA
tag®).

(D) Representative images near the needle track from mice injected with the Chd8-cKO AAVs. CHD8 is undetectable in the majority of HA* and SOX9™ astrocytes
(white arrows), while fewer HA* and SOX9* astrocytes still show CHD8 expression (yellow arrows).

(E and F) GFAP and Iba1 staining of astrocytes and microglia, respectively, after stab-wound injury and AAV injection in the Scramble-AAV (E) and Chd8-cKO-AAV
groups (F).

(G) Decreased area occupied by GFAP* astrocytes in the Chd8-cKO-AAV mice.

(H) Quantification of the area occupied by Iba1* microglia between control and Chd8-cKO-AAV mice.

In (C) and (D), scale bars indicate 20 um; in (E) and (F), scale bars indicate 500 um. The dashed rectangle indicates the ROls that were quantified in (G) and (H). The
dashed lines in merged images indicate the needle track of the injury. In (G) and (H), statistical comparisons were performed with two-way ANOVA; **p < 0.01.
Data points indicate n = 3 mice per group. Data are normalized to the means of the ipsilateral site in the control group.
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neuroinflammation and ASD, with pro-inflammatory cytokines
and chemokines being elevated in biopsies and brain tissues
from some affected individuals.'®*"°® Our findings on Chd8 in
reactive gliosis and neuroinflammation provide an entry point
and a window to further dissect the complex interactions among
gene mutations, neuroinflammation, atypical brain development,
and ASD. Neuroinflammation is a recurring and common brain
pathophysiology that underlies a wide variety of neurological dis-
eases.' Progress from basic and clinical neuroscience has estab-
lished the toxic effects of reactive gliosis in some of these condi-
tions and its potential for therapeutic intervention.'®~'%°

In conclusion, we discovered that CHD8, a chromatin remod-
eler and a causal gene for ASD and neurodevelopmental disor-
ders, is a mediator of injury- and LPS-triggered reactive gliosis
and neuroinflammation in the adult mouse brain, through chro-
matin remodeling and transcriptional control in astrocytes.
Beneficially modulating reactive astrocytes in injury and neuro-
logical conditions holds promise as a direction for mitigating dis-
ease-associated pathophysiology.'®**""% We extended the
findings from mouse genetics to an AAV-mediated in vivo gene
editing approach. This study presents compelling evidence on
epigenetic mechanisms involved in reactive gliosis and high-
lights their potential as targets for ameliorating neuroinflamma-
tion in injury and disease. Our findings provide insight into the
biological functions of ASD-associated genes in the adult brain
and reveal the potential for harnessing these mechanisms for
translational applications.

Limitations of the study

We note some limitations of our study that could be ad-
dressed in future work toward a deeper mechanistic under-
standing and the functional implications. First, we recognize
reactive gliosis and the interplay between astrocytes and mi-
croglia to be highly dynamic and dependent on diverse sub-
populations of these cells that elicit discreet responses to in-
flammatory stimuli.”#'%""" 112 Future efforts using improved
tools to study astrocytes and single-cell RNA-seq could help
to gain insight into transcriptionally distinct subpopulations
and address the heterogeneity of astrocytes and other cells
involved in reactive gliosis.'%®*"1%11% Second, we utilized
stab-wound injury and LPS as two representative paradigms;
however, we cannot exclude the possibility that CHD8 might
exert differential roles on reactive gliosis in other models
and conditions associated with injury and neuroinflamma-
tion.”"">11% We did not elaborate on the functional impact
of reduced gliosis on neurons, neural circuits, or the patho-
physiology of the brain, which could be examined in disease
models such as stroke, epilepsy, brain tumors, spinal cord
injury, neuropsychiatric disorders, neurodevelopment, and
neurodegeneration.’**""” Third, while our study offers a thor-
ough cellular and functional dissection of Chd8 in mice, these
findings need to be validated in higher-order organisms, such
as non-human primates and postmortem human brains, for a
faithful translation to reactive gliosis in human neurological
diseases. Additionally, various models of glial cells derived
from patient iPSCs could also be applied to revisit the function
of CHD8 and other epigenetic factors in astrocytes in the
context of human disease.”*"*®
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Antibodies

CHD8 Rabbit polyclonal 1 to 500 Abcam ab84527
CHD8 Rabbit polyclonal 1 to 1000 Novus Biologicals NB 100-60418
GFAP Guinea pig polyclonal antiserum 1 to 1000 Synaptic Systems 173 004
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Iba1 Rabbit Monoclonal 1 to 1000 Abcam ab178846
BrdU Mouse Monoclonal 1 to 200 Sigma-Aldrich MAB4072
Ki67 Rabbit Monoclonal 1 to 500 Invitrogen MA5-14520
tdTomato Rat Monoclonal 1 to 500 Kerafast EST203
LCAT Rabbit polyclonal 1 to 200 for IHC, 1 to 500 for WB Invitrogen PA5-22965
DR3/TNFRSF25 Mouse Monoclonal 1 to 200 for R&D Systems MAB943
IHC,1 to 500 for WB

SOX9 Goat antiserum 1 to 200 R&D Systems AF3075
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goat-anti-mouse IRDye680 Li-COR Biosciences 926-68070
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Bacterial and virus strains

PAAV2/5 Addgene Addgene # 104964
pAdDeltaF6 helper Addgene Addgene # 112867
PAAV-U6B-scramble-GfaABC1D-SaCas9-HA vector This paper N/A
PAAV-U6B-Rosa26-GfaABC4D-SaCas9-HA vector This paper N/A
pPAAV-UB-Chd8-GfaABC4D-SaCas9-HA vector This paper N/A
Chemicals, peptides, and recombinant proteins
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OptiPrep Density Gradient Sigma D1556
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Antifade mounting medium Vector Laboratories VECTH1000
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Lipopolysaccharide Sigma L2880

Cas9 protein NEB MO0646T
Critical commercial assays

RNA synthesis kit NEB E2040S
LA-PCR Takara RRO02A
RNeasy mini kit QIAGEN 74104
iScript cDNA Synthesis Kit Bio-Rad 1725035

iQ SYBR Green Super mix kit Bio-Rad 1708882
TruSeq ribodepleted mMRNA stranded for library preparation  lllumina 20020594
ATAC-Seq Kit Active Motif 53150

Adult Brain Dissociation Kit, mouse and rat Miltenyi Biotec 130-107-677
Anti-CD11b Magnetic Microbeads kit for microglia Miltenyi Biotec 130-093-634
Anti-ACSA-2 MicroBead Kit for astrocyte Miltenyi Biotec 130-097-678

Deposited data

Tissue Bulk RNA-seq data
Microglia Bulk RNA-seq data
Astrocyte ATAC-seq data

NCBI - Gene Expression Omnibus
NCBI - Gene Expression Omnibus
NCBI - Gene Expression Omnibus

GEO accession number: GSE271650
GEO accession number: GSE271651
GEO accession number: GSE271652
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Organisms/strains

Chd8™™ mouse line This paper N/A
CAGGS-CreER mouse line Feng lab®* N/A
Aldh1/1-CreER™ mouse line Jackson #029655
Tmem119-CreER™ mouse line Jackson #031820
Oligonucleotides

See Table S2 for a detailed list of primers used in this study  IDT

Software and algorithms

ZEN 3.6 blue edition Zeiss SCR_013672

Fiji NIH RRID:SCR_002285
Cellpose https://github.com/MouselLand/cellpose = RRID:SCR_021716
MATLAB R2022a MathWorks RRID:SCR_001622
3DMorph https://github.com/ElisaYork/3DMorph

GraphPad Prism 9
HVS Image 2020

GraphPad Software
HVS Image, UK

RRID:SCR_002798

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Yang Zhou (yang.zhou7@
mcgill.ca).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact, Yang Zhou (yang.zhou7@mcgill.ca) with a
completed Materials Transfer Agreement.

Data and code availability
o RNA-seq and ATAC-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession
numbers are listed in the key resources table. Original western blot images and microscopy data reported in this paper will be
shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this work is available from the lead contact upon request

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All animal procedures have been approved by the Animal Care Committee at the Montreal Neurological Institute of McGill University,
in accordance with the guidelines of the Canadian Council on Animal Care. Mice were co-housed with littermates (2-5 per cage) in a
temperature-controlled (22-24°C) and humidity-controlled (40-60%) environment on a 12-h light/dark cycle with ad libitum food and
water. Male and female mice, age-matched and from the same litter when possible, were assigned to experimental conditions. The
exact number of animals (n) for each experiment is reported in the legend of each figure. CAGGS-CreER (Feng lab at MIT),** Aldh1/1-
CreERT2 (Jackson strain # 029655),** and Tmem119-CreERT2°" (Jackson strain # 031820) mice were maintained in a C57BL/6J
background.

The Chd8™/™ targeting vector was designed by flanking exon 4 with two loxP cassettes through homologous recombination facil-
itated by CRISPR/Cas9-induced double-strand break. The guide RNA (5'- ccgaggggatgaggatattt-3’) was functionally tested for edit-
ing first, then prepared using an in vitro RNA synthesis kit (NEB, E2040S). The gRNA was co-injected with Cas9 protein (NEB,
M0646T) and HR vector into the cytoplasm of C57BL/6J-derived fertilized eggs with well-identified pronuclei. Correct locus insertion
of the targeting construct into the genomic DNA of newborn mice was determined by LA-PCR (Takara, RR0O02A) followed by Sanger
sequencing of the amplicon. Confirmed flox mice were back-crossed with C57BL/6J for more than six generations and maintained in
the congenic C57BL/6J background. Subsequent mouse genotyping was determined by standard PCR (Bioline, BIO-21040) of
mouse tail or ear DNA using two primers: (Forward: 5'-gtgaggttatattcgtgtgagc-3’) and (Reverse: 5'-aaggtggaaaaggctatacagc-3').
These primers produce a band of 355 bp for the WT allele and a band of 389 bp for the floxed allele.

For the adult Chd8 Global cKO experiments, the Chd8™™ mice were crossed with CAGGS-CreER*'~ animals.® For the astrocyte-
specific Chd8 ablation experiments, the Chd8™™ mice were crossed with Aldh1/1-CreERT2*~ %%, For the microglia-specific Chd8
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ablation experiments, the Chd8™™ mice were crossed with Tmem11719-CreERT2*~ 5. To produce adequate animals for all neces-
sary experiments, breeding strategy was optimized to heterozygotes crossed with heterozygotes and homozygotes crossed with
homozygotes for all conditions (Chd8™™: CAGGS-CreER*'~ bred with Chd8™™: CAGGS-CreER™~; Chd8™™: Aldh1/1-CreERT2*/~
bred with Chd8™™: Aldh1/1-CreERT2~/~: Aldh1/1-CreERT2~/~; Chd8™™: Tmem119-CreERT2"~ bred with Chd8™'™: Tmem119-
CreERT2/7). Age- and sex-matched littermates were randomly assigned to different treatment and experimental groups. No
computerized randomization program was used.

METHOD DETAILS

Tamoxifen preparation and feeding

Tamoxifen (Sigma, T5648) was dissolved in corn oil at a concentration of 20 mg/mL by vortexing. Freshly prepared tamoxifen was
protected from light by aluminum foil and kept at 4°C for 2-3 days. Disposable animal feeding needles (Fisher Scientific, 01-208-87)
were used for oral gavage to adult mice (more than 2 months old). To avoid the excessive toxicity of tamoxifen, the following dosages
were optimized and used for adult animals: mice at 22-25 g body weight were fed 6 mg/day; mice at 26-29 g body weight were fed
7 mg/day; mice at 30-35 g body weight were fed 8 mg/day. The adult mice were fed for 5 consecutive days followed by 4 weeks of
rest before being subjected to experimental procedures. That time frame was chosen so that Chd8 was no longer detectable in brain
cells of interest in cKO animals, as determined by IHC.

Viral vectors, in vivo gene editing, and surgical procedures on mice
The packaging plasmid expressing Rep/Cap genes for the production of serotype 5 (Plasmid #104964) and the pAdDeltaF6 helper
(Plasmid #112867) were both obtained from the Addgene. To identify the effective gRNA that allows for robust in vivo editing (knock
out) of the Chd8 gene, multiple gRNAs were designed, synthesized, and tested in primary mouse fibroblast through quantitative anal-
ysis of Chd8 mRNA. The effective gRNA (5'- GGATTGTGGCAGAGGCCATTGC-3') was utilized for the AAV package. The two AAV
vectors: UB-Scramble-gRNA-GfaABC,D-SaCas9 and AAV5-U6-Chd8-gRNA-GfaABC,D-SaCas9 were constructed through stan-
dard cloning. AAVs were generated in HEK293T cells and purified using a purification protocol through OptiPrep Density
Gradient."'®"°

Animals were 3—-6 months old at the time of surgery. Mice were anesthetized with 2% isoflurane with an O, flow rate of 2 L/min and
head-fixed in a stereotactic frame (David Kopf). Eyes were lubricated with an ophthalmic ointment, and body temperature was main-
tained at 37°C with a warm water recirculator (Stryker). The fur was shaved, and the incision site was sterilized before beginning sur-
gical procedures. Carprofen was provided for analgesia. For the “stab-wound” injury procedure, the lambda and bregma were
aligned to the same plane. The location of the injury was determined to be performed at coordinates ML = 1.5, AP = —1.95, and
DV =2.4. To access the brain, an entry point with a diameter of less than 2 mm was created through the skull using a fine micromotor
drill (Stoelting, 51449). For consistency in injury size, a 5 uL Microliter Syringe (Hamilton, Model 75 N #89700) was mounted on the
stereotactic frame via a microinjector (Harvard apparatus device, 70-4507) and used for AAV injection or introducing standardized
“stab-wound injury” to the mouse brains. After reaching the desired dorsoventral point, the needle was kept in place for 5 min before
being subtracted. The incision was then sutured, and mice were left to recover fully over a warm water recirculator. Postsurgical care
was provided with daily subcutaneous injections of carprofen once per day for 3 consecutive days post-surgery. For AAV injections
and simultaneous stab-wound injury, we utilized the same procedure and coordinates (ML = 1.5, AP = —1.95, and DV = 2.4) as for the
stab-wound injury. The same type of Hamilton syringe was used for the AAV injections. Briefly, ~1 uL of mineral oil was drawn into the
syringe to negate negative space. Then 4 ulL of viruses were loaded into the syringe which was mounted to the micro injector. After
reaching the desired dorsoventral point (DV = 2.4), 1.5 uL of AAVs were injected at the rate of 0.1 uL/min. The needle was then left in
the position for 5 min. Subsequently, the needle was withdrawn slightly so that it would reach a new DV position at DV = 1.9, another
1 pL (0.1 puL/min) of the virus was injected, and again the needle was maintained at the position for 5 min. Finally, the needle was
withdrawn slightly so that it would reach a new DV position at DV = 1.4, and another 1 pL (0.1 uL/min) of the virus was injected again
with the needle maintained at the position for a final 5 min. The needle was then retracted completely, and the incision was sutured.
Mice were left to recover fully over a warm water recirculator. Postsurgical care was provided with daily subcutaneous injections of
carprofen for 3 days after surgery.

Immunohistochemistry and imaging of brain slices

At the experiment’s endpoint, mice were transcardially perfused with PBS followed by 4% paraformaldehyde, and brains were kept in
4% paraformaldehyde at 4°C overnight. The next day, brains were switched into a PBS solution and sectioned into 50 um slices using
a Leica VT1000s vibrating blade microtome. Floating slices were kept in a PBS solution until further processing for IHC experiments,
using the appropriate protocol. For CHD8, TNFRSF25, and LCAT IHC experiments, slices were first subjected to antigen retrieval in
Sodium Citrate buffer (10 mM Sodium Citrate, 0.05% Tween 20, pH 6.0). Brain slices were heated to just below boiling (95°C) using a
heating block for 15 min and then left to cool down to room temperature. Slices were then washed with PBS solution and permea-
bilized with 1.2% Triton X- for 15 min. After washing again 3 times in PBS, slices were blocked in blocking solution for 1 h (0.2% Triton
X-, 2% Bovine Serum Albumin, 5% Normal Goat Serum, diluted in PBS). Slices were then incubated overnight in the appropriate
concentration of primary antibodies diluted in blocking solution. For BrdU staining, slices were subjected to antigen retrieval in an
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HCl solution. Free-floating slices were added to 2N HClI solution at 37°C for 20 min, and then they were added to 0.1 M Sodium Borate
solution for 10 min, followed by 3 washes for 10 min in ice-cold PBS. Before adding primary antibodies, they were blocked for2 hina
blocking solution (3% Normal Goat Serum, 0.3% Triton X- in PBS). After overnight incubation with primary antibodies at 4°C, slices
from all preparations were washed 3 times in PBS for 20 min each and then were incubated overnight in the appropriate secondary
antibodies at 4°C. Slices were then washed 3 times with PBS for 20 min and subsequently incubated with DAPI (Sigma, D9542) at the
concentration of 1 ulL/mL diluted in PBS for 10 min. After a final washing step of 20 min with PBS, slices were mounted onto glass
slides and covered with coverslips in antifade mounting medium (Vector Laboratories, VECTH1000) and sealed with nail polish. After
cure overnight, slices were stored short-term at 4°C until imaging. Confocal imaging was performed using an LSM 700 laser scanning
confocal microscope. For images where higher magnifications were required, the 63 oil objective was used, and z-stacks were ac-
quired. Then maximum intensity projections were prepared using the LSM software (ZEN 2011, ZEN 3.6 blue edition). For images
where signal bleed-through was observed, the spectral unmixing algorithm was utilized from the ZEN software.

Reactive gliosis quantification for the “stab-wound” injury method

Ten days after surgery, mice were transcardially perfused with PBS followed by 4% PFA and brain slices at the thickness of 50 um
were sectioned consecutively. Of the 20 slices most proximal to the injury site, 16 slices were randomly picked for IHC. Of those,
4 slices from each animal (one slice per 4 consecutive slices, picked randomly) were assigned as negative controls and were stained
only with the appropriate secondary antibodies in parallel with the rest of the slices. The remaining 12 slices were stained with GFAP
and Iba1 antibodies, then mounted onto glass slides with 6 slices on each slide. For imaging, collages of the whole slide were ac-
quired using a Nikon Eclipse Ti Epi-fluorescence microscope with a Plan-Fluor 10x/0.3 objective and a Zyla sCMOS camera. For
quantification of the GFAP and Iba1 response, the area occupied by the fluorescent signal was quantified.*' Specifically, a standard
region of interest engulfing the whole hippocampus and the maximal response range was set and used for all animals (see also Fig-
ure S3A). The contralateral brain region corresponding to the ipsilateral injury area was first analyzed, with the region of interest sub-
jected to color thresholding via the Imaged function. To determine the appropriate threshold for each brain slice, the “Moments”
function was used in the contralateral site’s ROl for GFAP and Iba1 signals. The thresholded area was then quantified. For the ipsi-
lateral side, the same threshold value was used to determine the area of the respective signals (see also Figures S3B-S3E). The areas
were then divided by the total area of the ROI, to be calculated as the fraction of the ROl occupied by the signal. The values calculated
for the ipsilateral and contralateral sites were then used for statistical analysis. To quantify the cell numbers in the same regions of
interest, we use the Python code Cellpose.*® Specifically, the same regions of interest utilized for area quantification were used and
the parameters were set to optimally incorporate most cells in each region of interest (model: cyto fluorescence). Values calculated
for the ipsilateral and contralateral sites were then used for statistical analysis.

Assay of astrocyte proliferation in vivo

For detecting proliferating astrocytes after mechanical injury, BrdU (Sigma: B5002) incorporation assay and Ki67 staining were
used. Mice were subjected to stab wound injury first. Three days after injury, BrdU was intraperitoneally injected into the animals
daily at a dose of 50 mg/kg (diluted in endotoxin-free physiological saline). Seven days after the injury, animals were transcardially
perfused with PBS followed by 4% PFA and brains were sliced for staining. Six slices most proximal to the injury site were picked
and counterstained with BrdU, Ki67, and tdTomato antibodies. For quantification, confocal images using the 10x objective were
taken to cover the whole injury area and stitched together using the ImageJ software. Stitched images were used for BrdU and
Ki67 quantification as follows. Using the image calculator function of Imaged, images containing the channels Ki67 & DAPI, BrdU &
DAPI, Ki67 & DAPI & tdTomato, BrdU & DAPI & tdTomato, were generated. Then the resulting positive nuclei were displayed and
counted manually.

Sholl analysis and characterization of cell morphology

For astrocyte morphology characterization, the slices with the epicenter of the “stab-wound” injury were chosen and z-stacks of an
area within 300 um of the needle track were taken, utilizing the 63x oil objective. For microglia morphology characterization, z-stacks
images also taken with the 63x objective were utilized. For cell morphology quantification, we used the MATLAB code (MATLAB
R2022a) 3DMorph.>° Briefly, the parameters for cell segmentation were optimized for each image. From the outputted cells, the
ones where segmentation was not successful were filtered, and the top-scored cells from each mouse were utilized for further sta-
tistical analysis. Cell parameters such as cell territory volume, cell volume, ramification index, number of branch points, and average
and maximum branch lengths were calculated by the software and used for statistical analysis. Cell ramification index is calculated
by territorial volume divided by cell volume. This is a measure of how ramified or ameboid the cells are. Skeletonized images of the
cells were generated by the software and were subsequently processed in Imaged and the Neuroanatomy plugin for the Sholl anal-
ysis. As the generated skeletonized images by the software were scaled in arbitrary units, the sizes were changed to correspond to
the dimensions of the images in ImagedJ (For example, 1 a.u. = 0.2 um). Maximum and Average branch lengths were also expressed in
arbitrary units and they were changed accordingly. For the statistical analysis of the Sholl analysis data, the mixed effects model was
used to determine the range of distances from the soma with statistically significant differences between genotypes.
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LPS administration

Lipopolysaccharide (Sigma, L2880) was injected intraperitoneally into mice between 4 and 6 months old at a dose of 5 mg/kg, diluted
in endotoxin-free physiological saline (Teligent). For temperature measurements, a Far Infrared Warming Pad Controller and a
RightTemp rectal probe sensor (Kent Scientific) were used, and three data points were collected the day before the start of the exper-
iment and one immediately before injection, to establish a baseline. Temperature was collected every 90 min from 10 a.m. to 10 p.m.
each day for the first 48 h after injection. Seventy-two hours post LPS injection, brain tissues from mice were directly harvested and
dissected and were kept at —80°C for mRNA and protein assays. For these collected tissues, cortical tissue from one hemisphere
was used for RNA isolation, and tissue from the other hemisphere was processed for protein quantification via western blotting. For
immunohistochemistry and imaging, another set of saline and LPS-injected mice were utilized. Mice were transcardially perfused
with PSB followed by 4% paraformaldehyde and brains were kept in 4% paraformaldehyde at 4°C overnight. The next day, brains
were switched into a PBS solution and sectioned into 50 um slices using a Leica VT1000s vibrating blade microtome.

Behavioral assessments

Open field test

One day before LPS administration, mice were subjected to the open field test to habituate. Briefly, mice were placed in the center of
an empty testing area (40 x 40 cm; 30cm height, Maze Engineers) and allowed to move freely for 10 min. The session was recorded
and quantified using the HVS Image software (HVS Image 2020; HVS Image Software Ltd.). The following day, mice were injected
with LPS (5 mg/kg) or an equivalent volume of physiological saline. 24 h after the injections, mice were placed again in the open field
chamber for exploration for 10 min.

Novel object recognition test

The novel object recognition (NOR) test was modified based on Leger et al., 2013."?° Tests were performed 24 h after LPS or Saline
injections. A 10-min open field test was utilized as habituation. Immediately after, two identical objects were placed in the arena, and
the mouse was placed on the opposite third. Mice were allowed to explore the arena for 10 min before being returned to their home
cage. After 3 h, mice were placed back in the arena with one of the identical objects replaced by a novel object. The time spent
exploring each of the objects and the number of interactions with each of the objects were recorded. Time spent exploring was
the amount of time the mouse spent within a 2 cm radius of each object. Number of interactions was recorded by counting the num-
ber of times the mouse directed its nose toward the object while inside the 2 cm border surrounding the object. Quantification of NOR
was performed by a trained observer blinded to the genotype and treatment of mice.

Tail suspension test

After the testing phase of the novel object recognition test, mice were subjected to the tail suspension test.'*' Briefly, a 17cm tape
was attached to the end of the mouse tail and the other end to a metal bar so that the nose of the mouse would be approximately 20—
25 cm from the bottom. As the C57/B6 mouse strain has been known to have a strong tail climbing behavior, the mouse tail was fitted
through a plastic cylinder to discourage this climbing behavior. The test was conducted for 6 min, with extra time recorded to account
for any time the mouse spent climbing its tail, as any time spent tail climbing was completely removed from the final analysis. The
amount of time spent immobile was analyzed by a trained observer blinded to the genotype and treatment of mice.

Western blotting and protein quantification

Sonicated tissue samples were mixed with 200-300 pL 2x Laemmli sample buffer (Bio-Rad). Subsequently, the mixture was boiled
for 10 min at 95°C. Sample volumes corresponding to 20 pg protein per lane were loaded onto 4-15% gradient Mini-PROTEAN TGX
gels (Bio-Rad) and run for 4 h at 60-70 V. The proteins were then transferred onto nitrocellulose membranes (Amersham,
GE10600004) using a tank blot system (Mini Trans-Blot Cell, Bio-Rad) for 120 min at 400 mA submerged in an ice bath. The mem-
branes were blocked for 1 h with 5% non-fat milk dissolved in TBS, at room temperature. Subsequently, the membranes were incu-
bated with primary antibodies diluted in blocking buffer plus 0.05% Tween 20, overnight at 4°C. Following primary antibody incuba-
tion, the membranes were washed three times for 5 min per wash using TBST buffer (0.05% Tween 20). Then, the secondary
antibodies, goat-anti-mouse IRDye680 (Li-COR Biosciences), donkey-anti-rabbit IRDye 800CW (Li-COR Biosciences), diluted in
1:1 TBST (0.05% Tween 20): Odyssey Blocking Buffer (Li-COR Biosciences) were incubated with the membrane overnight at 4°C.
Following three rounds of washing with TBST, the membranes were scanned using an Odyssey CLx infrared imaging system
(Li-COR Biosciences). Specific bands were then quantified with the contrast-independent, automatic background subtraction rect-
angular ROI tool of the built-in Software Image Studio 3.1 (Li-COR Biosciences) and normalized to GAPDH loading control for each
lane and each blot. The values obtained for the target group were then normalized to the expression level in the control group.

RNA isolation and real-time Q-PCR assay

Total RNA was extracted from dissected cortices of LPS-treated animals from both genotypes, using the RNeasy mini kit (QIAGEN,
74104) following the standard user manual. An equivalent amount of total mMRNA was reversely transcripted to cDNAs with iScript
cDNA Synthesis Kit (Bio-Rad, 1725035). Quantitative real-time PCR (qPCR) was carried out using the CFX Opus 96 real-time
PCR detection system (Bio-Rad) with the iQ SYBR Green Super mix kit (Bio-Rad, 1708882) following the guidelines of the manufac-
turer’s manual.
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Bulk RNA sequencing and analytic pipeline

Total RNA was isolated from mouse brain tissues and was processed using TruSeq ribodepleted mRNA stranded for library prepa-
ration (lllumina, 20020594). Paired-end RNA sequencing (2 x 100 bp) was performed on an lllumina NovaSeq6000 sequencer to an
average depth of about 40 million reads per sample. The raw sequencing files from all 18 mouse brain samples were processed
through a unified paired-end RNA sequencing analysis pipeline, which is based on previous studies.'?*'?® Adapter sequences,
low base call quality (Phred score <30), and reads with fewer than 5 bases, were trimmed from all FASTQ files using Cutadapt
(v3.5)."** FastQC (Babraham Bioinformatics) was used before and after trimming to assess quality control. STAR'®° aligner was
used to align trimmed sequences to the mouse reference genome (GRCm39) with gene annotations from mouse Gencode
(vM28). MultiQC (v1.12)'® was used to assess the quality of alignment. All aligned samples showed more than 80% uniquely mapped
reads. Gene count quantifications were analyzed using RSEM (RNA-Seq by Expectation Maximization; v.1.3.1)."%”

Differential expressed genes (DEGs) analysis

Expected gene count quantifications from RSEM analysis were imported into R for differential gene analysis using edgeR
(v.3.30.3)."2% Genes with median log2 counts per million > 1 were considered expressed, resulting in 13,861 genes as downstream
processing across all samples. Differential gene analysis was performed using the negative binomial generalized linear model
approach of edgeR and using genotype and treatment as covariates. Significant genes are defined as genes with a false discovery
rate (FDR) < 0.05, with Benjimini-Hochberg multiple comparison correction.

Enrichment analysis
Functional pathway analysis was performed using Metascape, '?° gProfiler,'*° and ClusterProfiler.'" Cell-type marker enrichment
was calculated using the hypergeometric test with Benjamini-Hochberg multiple comparison correction.

129

Isolation of astrocytes and microglia from adult mouse brains

2-3 month old mice were transcardially perfused under deep anesthesia with 1 X PBS, and brain was removed, dissected, and rinsed.
Cortical and hippocampal tissue were isolated and dissected with the gentleMACS Octo Dissociator (Miltenyi Biotec) according to
the manufacturer’s instructions. For adult mouse brains, the Adult Brain Dissociation Kit (Miltenyi Biotec), was used. After myelin
removal, total cells were counted to proceed to the MACS step. Cell suspensions containing approximately 1x10E® cells were labeled
with superparamagnetic MicroBeads coupled to antibodies specific for the astrocyte marker ACSA-2 (Anti-ACSA-2 MicroBead Kit,
130-097-678, Miltenyi Biotec). Before antibody labeling, nonspecific binding to the Fc receptor was blocked using the FcR Blocking
Reagent, mouse (Miltenyi Biotec). Cells were suspended in PBS with 0.5% BSA and the cell suspension was loaded onto an MS Col-
umn (Miltenyi Biotec), which was placed in the magnetic field of a MiniMACS Separator (Miltenyi Biotec). The magnetically labeled
ACSA-2-positive cells were retained within the column and eluted as the positively selected cell fraction after removing the column
from the magnet. The negative cell fraction was then used and incubated with Anti-CD11b Magnetic Microbeads (130-093-634, Mil-
tenyi Biotec). Cells were suspended in PBS with 0.5% BSA and the cell suspension was loaded onto an MS Column (Miltenyi Biotec),
which was placed in the magnetic field of a MiniMACS Separator (Miltenyi Biotec). The magnetically labeled CD11b-positive cells
were retained within the column and eluted as the positively selected cell fraction after removing the column from the magnet.

RNA-seq library preparation and analysis for microglia-enriched samples

Microglia-enriched cells were collected and total RNA was isolated the Trizol (Cat#15596026; Thermo Fisher Scientific) method
as provided in the manual from supplier. For library preparation, RNA was processed through the lllumina stranded mRNA prep
(Mlumina, 20040532) according to the manufacturer’s instructions. Paired-end RNA sequencing (2 x 100 bp) was performed on
an lllumina NovaSeq6000 sequencer. The RNA-seq analysis was performed using the Galaxy web server (use.galaxy.org). Raw reads
were trimmed using Trimmomatic.’** FastQC (Babraham Bioinformatics) was used before and after trimming to assess quality con-
trol. Reads were aligned to the murine reference genome (mm10) using the STAR aligner tool.'?®> MultiQC (v1.12) was used to assess
the quality of alignment. All aligned samples showed more than 89% uniquely mapped reads. Subsequently, reads were counted
using the FeatureCounts package.'*® For DEG detection, the R package DESeq2 was used,'®* and the significant genes were
defined as genes with a false discovery rate (FDR) < 0.05, with Benjimini-Hochberg multiple comparison correction and
abs(logFC) > 0.5.

ATAC-seq library preparation and analysis of differential open chromatin

For ATAC-sequencing, approximately 100, 000 cells were used, and library preparation was performed according to the manual from
supplier (Active Motif 53150). Reads from NGS were downsampled to an equivalent number of reads per sample using seqtk sample
(version 1.2). Adaptors were trimmed with trimmomatic (version 0.39)'*? with the options ILLUMINACLIP:Trimmomatic-0.39/
adapters/NexteraPE-PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:25 MINLEN:24. Reads were then aligned to the
mouse genome (mm10) with bowtie2 (version 2.4.4)'%° using default parameters. Duplicates were removed with picard through
gatk MarkDuplicates (version 4.2.5.0). Peak detection was performed using macs? callpeak (version 2.2.7.1)"'*° with the parameters
“-g mm —qvalue 0.05 —shift 100 —extsize 200 —-format BAMPE —keep-dup = all —cutoff-analysis -bdg’’.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Based on previously published works using stab-wound injury and LPS models, '%36:3941:5457 e ytilized similar sample sizes for all
experiments performed. All statistical analyses were performed using Prism (GraphPad Software). As specified in the legends for
each figure, datasets were analyzed for significance using Welch’s two-tailed t test or ANOVA measures with multiple comparisons
posthoc test, using *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001; all data are presented as mean + s.e.m.
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