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SUMMARY
Microglia are highly heterogeneous as resident immune cells in the central nervous system. Although the
proinflammatory phenotype of microglia is driven by the metabolic transformation in the disease state, the
mechanism of metabolic reprogramming in microglia and whether it affects surrounding astrocyte progeni-
tors have not been well elucidated. Here, we illustrate the communication between microglial metabolism
and astrogenesis during embryonic development. The transcription factor BTB and CNC homology 1
(Bach1) reduces lactate production by inhibiting two key enzymes, HK2 andGAPDH, during glycolysis. Meta-
bolic perturbation of microglia reduces lactate-dependent histone modification enrichment at the Lrrc15
promoter. The microglia-derived LRRC15 interacts with CD248 to participate in the JAK/STAT pathway
and influence astrogenesis. In addition,Bach1cKO-Cx3mice exhibit abnormal neuronal differentiation and anx-
iety-like behaviors. Altogether, this work suggests that the maintenance of microglia metabolic homeostasis
during early brain development is closely related to astrogenesis, providing insights into astrogenesis and
related diseases.
INTRODUCTION

Microglia originated from primitive macrophages before embry-

onic day (E)8.5 and entered the brain rudiment through the

circulatory system. Astrocytes originate from common neural

progenitor cells (NPCs) with neurons and oligodendrocytes.1,2

During early neurogenesis, the JAK/STAT pathway of NPCs is

silenced.3,4 Then, the JAK receptor is activated, and the

STAT3 dimer after phosphorylation and acetylation activates

the transcription of genes associated astrogenesis.5,6 In the

context of neuroinflammation, microglia respond prior to astro-

cytes, and bi-directional communication between the two is

more obvious. Combined with the spatial proximity of microglia

and astrocyte progenitors, it is necessary to explore the relation-

ship between microglia and astrogenesis. Secretory factors are

important mediators to alter the phenotype of astrocytes, in

which the form of membrane receptor-ligand communication

has not been well elucidated.7 Previous studies have shown

that decreased microglial population/abnormal phagocytosis

phenotypes and disturbed astrogenesis can lead to anxiety-
D

like behaviors.8–10 In order to accommodate and coordinate

with the variational demands of the brain, microglia must un-

dergo a series of reprogramming during development.11 Howev-

er, it is not clear whether microglia are metabolically pro-

grammed to orientate the converted requirements of the brain

at different stages of neural development.

Although recent studies have mapped the transcription of mi-

croglia at different stages of development, the specific transcrip-

tion factors involved in initiating metabolic reprogramming have

not been clarified.11,12 Comprehensive analysis of differentially

expressed genes revealed a transcription factor, BTB and

cap‘n’collar (CNC) homology 1 (Bach1), which may be related

to microglial metabolic adaptation. Well-known regulatory func-

tions of Bach1 include mitochondrial metabolism, glycolysis,

heme homeostasis, cell cycle, and mitosis.13–17 Most research

strategies have focused on the role of Bach1 in regulating meta-

bolic reprogramming between oxidative phosphorylation and

glycolysis.18–20 The integrated analysis of RNA sequencing

(RNA-seq) and chromatin immunoprecipitation sequencing

(ChIP-seq) in lung cancer cells found that Bach1 activated its
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Figure 1. Microglia contact neighboring astrocyte progenitors, and BACH1 deficiency disrupts the microglial populations

(A) Immunofluorescence staining of Iba1 and BLBP in the E16 brain cortices. Scale bars, 50 mm; for zoom, 20 mm.

(B) Quantification of contact percentage between BLBP+ and Iba1+ at E16 (n = 5 mice per group).

(C) Quantitative real-time PCR monitoring expression of Bach1 in microglia, neurons, astrocytes, and NPCs (n = 3 mice per group).

(D) Confocal immunofluorescence image of BACH1 and Iba1 in microglia showing the cell localization. Scale bars, 10 mm.

(legend continued on next page)
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transcription at the promoter of hexokinase 2 (Hk2) and glyceral-

dehyde 3-phosphate dehydrogenase (Gapdh) to regulate

glucose consumption and lactate production.16 More recently,

lactate produced by glycolysis has been considered a substrate

for histone lactylation, and histone lactylation modification has

demonstrated an interesting function of stimulating gene tran-

scription.21–23 As an important governor in the regulation of

glycolysis, it is particularly exciting to explore the function of

Bach1 in the metabolic programming of developing microglia.

In this study, we show that the absence of Bach1 in microglia

reduces lactate production by restricting the transcription ofHk2

and Gapdh. Among these predicted histone lactylation binding

sites, the significant reduction of H4K12la sites is interesting.

We find that Lrrc15 plays a crucial role in the communication be-

tween microglia and astrocyte progenitors. Taken together, our

work elucidated that metabolic perturbations of Bach1-deficient

microglia cause decreased lactate modification of downstream

target Lrrc15 at the HK412la site. We identified microglia-astro-

cyte communication mediated by the LRRC15-CD248-JAK/

STAT3 axis and induced anxiety-like behavior in Bach1cKO-Cx3

mice, supporting the microglial metabolic adaptation and micro-

glia-astrocyte communication during early brain development

and having important implications for gliogenesis and related

diseases.

RESULTS

The developing microglia are related to astrocyte
progenitors in the cortex
In the intricate course of early brain development, microglia

closely interact with astrocyte progenitors and act as an impor-

tant component of the neuroglia niche by physical proximity.24,25

Therefore, we evaluated the positional relationship between mi-

croglia and astrocyte progenitors at E16. Coimmunostaining and

quantitative analyses revealed that 38%of BLBP+ astrocyte pre-

cursors were physically close to Iba1+ microglia (Figures 1A

and 1B). Furthermore, the transgenic reporter line CX3CR1-

GFP revealed that CX3CR1+ microglia were colonized near glial

progenitors (glutamate and aspartate transporter [GLAST]) at

E16 (Figures S1A and S1B). Bach1 is a member of the CNC

b-Zip family that regulates core genes involved in the central car-

bon metabolic pathways of cancer cells.26 During embryonic

development, various cell types maintain the homeostasis of

the central nervous system (CNS) by adjusting the metabolic

state.27–29 To inquire the role ofBach1 in the developing cerebral
(E) Quantitative real-time PCR monitoring expression of Bach1 in flow-sorted mi

(F) Schematic diagram of constructing Bach1 conditional knockout mice in micr

(G and H) The protein levels of CX3CR1 and BLBP in Bach1fl/fl and Bach1cKO-Cx3

(for CX3CR1, n = 5; for BLBP, n = 3).

(I) Quantitative real-timePCRassaysmonitoring the expression ofCx3cr1,Glast, and

(J) Immunofluorescence staining of Iba1 in Bach1fl/fl and Bach1cKO-Cx3 cerebral c

(K) Quantification showing the decreased number of Iba1+ cells in Bach1cKO-Cx3

(L) Confocal immunofluorescence image of Iba1 staining in Bach1fl/fl and Bach1c

(M) Quantification showing the decreased number of Iba1+ cells in Bach1cKO-Cx3

(N) Immunofluorescence staining of Iba1 in Bach1fl/fl and Bach1cKO-Cx3 cerebral

(O) Quantitative analysis showed that Iba1+ cells in Bach1cKO-Cx3 mice at P8 we

All data are presented as the mean ± SEM. Unpaired two-tailed Student’s t test o

significant.

See also Figure S1.
cortex, we analyzed the expression levels of Bach1 in microglia,

neurons, astrocytes, and NPCs. The results exhibited thatBach1

was highly expressed in microglia than other cell types (Fig-

ure 1C). Moreover, immunostaining assays clearly exhibited

that BACH1 was richly expressed in primary Iba1+ microglia

(Figure 1D). Then, we found that the relative mRNA levels of

Bach1 in flow-sorted microglia were gradually increased with

the progression of astrogenesis from E16 to postnatal day 8

(P8) (Figure 1E). Taken together, these results show that Bach1

was positively correlated with developing microglia, and the

spatial and temporal expression patterns strongly suggest that

Bach1 was involved in the communication between microglia

and astrocytes during brain development.

BACH1 deletion in microglia reduces microglia and
astrocyte precursor population
To further investigate the function of microglial Bach1 in the

early brain, Cx3cr1-Cre mice were crossed with Bach1fl/fl

mice to generate microglial Bach1 conditional knockout mice

(Bach1cKO-Cx3) (Figure 1F). First, microglia were isolated by

FACS at E16 and cultured for western blotting. The results reveal

that the expression of BACH1 was specifically reduced in

Bach1cKO-Cx3 microglia (Figures S1C and S1D). Then, quantita-

tive real-time PCR detection of purified microglia displayed

that the abundance of Bach1 mRNA was greatly reduced (Fig-

ure S1E). Furthermore, BACH1 and Iba1 were co-immuno-

stained with purified microglia from Bach1fl/fl and Bach1cKO-Cx3

cortices. The results confirmed that Bach1 expression was

significantly decreased (Figures S1F and S1G). Then, we

explored the phenotypes of the Bach1cKO-Cx3 mice. The expres-

sion of CX3CR1 in Bach1cKO-Cx3 mice was significantly reduced

at E16. Interestingly, we were surprised to find that BLBP was

significantly reduced in E16 Bach1cKO-Cx3 mice (Figures 1G

and 1H). Furthermore, real-time PCR analysis of the cerebral cor-

tex at E16 confirmed the decreased abundance ofCx3cr1,Glast,

and Blbp mRNA in Bach1cKO-Cx3 mice (Figure 1I). To further

explore the impact of microglia-derived Bach1 on astrocytic dif-

ferentiation in the early brain, we next observed Iba1+ microglia

populations of different astrogenesis milestones in Bach1fl/fl and

Bach1cKO-Cx3 cerebral cortices. These data demonstrate that

knocking out Bach1 in microglia afflicted the production of

Iba1+ microglia at E16 when astrogenesis started in fetal brain

(Figures 1J and 1K). Furthermore, our results exhibit a dramatic

reduction of microglia in Bach1-deleted cerebral cortices at the

peak and end of astrogenesis (Figures 1L–1O).
croglia at E16, P2, and P8 (n = 6 mice per group).

oglia.

cerebral cortex at E16 were detected (G) and quantified (H) by western blotting

Blbp inBach1fl/fl andBach1cKO-Cx3cerebral cortex at E16 (n = 6mice per group).

ortex at E16. Scale bars, 50 mm.

mice at E16 (n = 6 mice per group).
KO-Cx3 cerebral cortex at P2. Scale bars, 100 mm.

mice at P2 (n = 4 mice per group).

cortex at P8. Scale bars, 100 mm.

re continuously reduced (n = 4 mice per group).

r one-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s., not
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Figure 2. The absence of BACH1 alters microglial metabolic patterns and disrupts homeostasis

(A) ECAR traces of flow-sorted Bach1fl/fl and Bach1cKO-Cx3 microglia were obtained using a Seahorse XF96 Analyzer.

(B) Statistical analyses of basal ECAR and glycolytic capacity (n = 5 mice per group).

(C) OCR traces of flow-sorted Bach1fl/fl and Bach1cKO-Cx3 microglia were analyzed by Mito Stress test assay.

(D) Statistical analyses of non-mitochondrial respiration, basal respiration, ATP production, and maximal respiration (n = 5 mice per group).

(E) Representative 3D reconstruction images of Iba1 co-stained with P2RY12 or CD68 in the cerebral cortex of Bach1fl/fl and Bach1cKO-Cx3 mice at E16. Scale

bars, 20 mm.

(legend continued on next page)
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We performed immunofluorescence staining for Iba1 and

BACH1 on Bach1fl/fl and Bach1cKO-Cx3 mice brains at E16,

and the results presented a dramatic reduction in the number

of BACH1+ microglia in Bach1cKO-Cx3 cerebral cortex

(Figures S1H and S1I). Meanwhile, locally enlarged stack

confocal images showed the nuclear localization of BACH1 in

IBA1+ microglia (Figure S1J). In addition, we also examined

the production of oligodendrocyte lineage cells. Western blotting

displayed that the protein levels of the oligodendrocyte markers

MBP and OLIG2 were not significantly changed in Bach1cKO-Cx3

mice (Figures S1K and S1L). Immunofluorescence staining was

consistent with the results (Figures S1M and S1N). To explore

the effects of apoptosis in Bach1cKO-Cx3 mice, immunofluores-

cence staining was performed by labeling the apoptosis marker

cleaved caspase3. There was no significant difference in

apoptosis between Bach1fl/fl and Bach1cKO-Cx3 brain cortices,

indicating that the reduction of microglia and astrocyte precur-

sors in the Bach1cKO-Cx3 brain was not caused by apoptosis

(Figures S1O and S1P). In summary, our studies show that mi-

croglial Bach1 inactivation generates abnormal development of

microglia and astrocytes.

The absence of BACH1 alters microglial metabolic
patterns and disrupts the homeostasis state
Bach1 is known to be involved in the regulation of various phys-

iological processes, and recent studies have found that BACH1

plays a role in regulating the metabolic pathways of cancer

cells.26 However, it is unclear whether Bach1 plays a role in mi-

croglial metabolic transitions during early cortical development.

Here, we isolated Bach1cKO-Cx3 microglia by flow cytometry and

assessed metabolic phenotypes by measuring both oxygen

consumption rate (OCR) and extra cellular acidification rate

(ECAR). The results showed that Bach1cKO-Cx3 microglia dis-

played increased basal as well as maximumOCR but decreased

ECAR (Figures 2A–2D). We also confirmed by tetramethylrhod-

amine ethyl ester perchlorate (TMRE) that the mitochondrial

membrane potential of Bach1-deficient microglia was signifi-

cantly increased (Figures S2A and S2B). Through the cell-per-

meant MitoTracker probes visualization mitochondria, we found

that the length, volume, average branch, and number of branch

junctions of mitochondria in Bach1cKO-Cx3microglia increased to

varying degrees, indicating that the mitochondrial dynamics of

Bach1-deficient microglia were enhanced (Figures S2C–S2G).

These results indicated that Bach1 plays a core role in deciding

the metabolic patterns of microglia during early cortical

development.

Considering the correlation between microglial metabolic re-

modeling and homeostasis, we performed immunofluorescence
(F–H) Quantitative analysis showed the number of branches (F), the number of junc

3 mice per group).

(I and J) Confocal immunofluorescence and representative 3D reconstruction im

Bach1fl/fl and Bach1cKO-Cx3 mice at P2. Scale bars, 50 mm; for zoom, 10 mm.

(K and L) Quantification of the MFI of P2RY12 (K) or CD68 (L) in Iba1+ microglia

(M and N) The protein levels of P2RY12 and CD68 in Bach1fl/fl and Bach1cKO-Cx3 c

(n = 3 mice per group).

All data are presented as the mean ± SEM. Unpaired two-tailed Student’s t test o

significant.

See also Figure S2.
staining for Iba1, P2RY12 (homeostatic microglial marker),

and CD68 (a marker for activated microglia) on Bach1fl/fl and

Bach1cKO-Cx3 mice brains at E16, and the three-dimensional

(3D) reconstruction was performed (Figure 2E). Unbiased

morphological analysis of the number of branches, the number

of junctions, and the branch length revealed grossmorphological

defects of Bach1cKO-Cx3 microglia (Figures 2F–2H). We also per-

formed immunofluorescence staining for Iba1, P2RY12, and

CD68 in cerebral cortex sections of Bach1fl/fl and Bach1cKO-Cx3

mice during the peak period of astrogenesis (Figures 2I

and 2J). The immunofluorescence intensity (MFI) of P2RY12

and CD68 in Iba1+ volumewas analyzed, respectively. We found

that the MFI of P2RY12 in iba1+ volume of Bach1cKO-Cx3 mice

was decreased and that of CD68 was increased (Figures 2K

and 2L). In addition, we also found consistent results through

western blotting (Figures 2M and 2N). Furthermore, real-time

PCR analysis of the cerebral cortex at E18 showed that mRNA

levels of restingmicroglia markersCx3cr1, Tmem119, and astro-

cyte progenitorsmarkerBlbp decreased, whereasApoe levels of

dysregulated microglia increased in Bach1cKO-Cx3 mice, indi-

cating homeostasis imbalance in Bach1-deficient microglia (Fig-

ure S2H). We stained Iba1 with P2RY12 or CD68 and found that

this difference persisted in the adult brain (Figures S2I–S2M).

Global and locally enlarged stack images showed that the MFI

of P2RY12 in BACH1-negative microglia of Bach1cKO-Cx3 mice

was generally reduced, which proved that the reduction of

P2RY12 occurred in microglia that in fact lost BACH1

(Figures S2N–S2P). These results indicate that microglia-derived

BACH1 activity is essential for suitable metabolism and homeo-

stasis during cortical development.

Disrupted microglial metabolism caused by BACH1
leads to a persistent decrease in astrocyte generation
during brain development
To investigate the changes of astrogenesis in Bach1cKO-Cx3

mice, immunofluorescence staining of S100b/GFAP was per-

formed at P2, and the data showed that the number of S100b+

or GFAP+ astrocytes in Bach1cKO-Cx3 mice was significantly

reduced (Figures 3A–3D). The results of immunofluorescence

staining and western blotting showed that the number of

GFAP+ astrocytes in Bach1cKO-Cx3 brains at P8 continued to

decrease (Figures 3E, 3F, S3A, and S3B). This developmental

defect in astrocytes can be detected until P60 (Figures S3C–

S3F). We electroporated a GFP expression vector at E15.5 and

harvested sections 4 days later to evaluate the proportion of

transfected cells co-expressing BLBP. It was found that 9% of

the transfected cells expressed BLBP in Bach1fl/fl mice and

only 4.5% in Bach1cKO-Cx3 mice (Figures 3G and 3H). Then, we
tions (G), and the branch length (H) inBach1fl/fl andBach1cKO-Cx3microglia (n =

age of Iba1 co-stained with P2RY12 (I) or CD68 (J) in the cerebral cortex of

(n = 12 cells per group).

erebral cortex at E16 were detected (M) and quantified (N) by western blotting

r one-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s., not
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Figure 3. Astrogenesis is impaired in response to microglial metabolism disorder during brain development

(A) Confocal immunofluorescence image of S100b+ cells in Bach1fl/fl and Bach1cKO-Cx3 cerebral cortex at P2. The box in the upper right shows regions of higher

magnification. Scale bars, 100 mm; for zoom, 20 mm.

(B) Quantification showing the decreased number of S100b+ cells in Bach1cKO-Cx3 mice at P2 (n = 3 mice per group).

(legend continued on next page)
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electroporated a GFP expression vector at P1 and measured

development progress at P8. Compared with Bach1fl/fl

mice, the migration of mature astrocytes to the deep cortex of

Bach1cKO-Cx3 mice was reduced, the morphology of astrocytes

was unclear, and 71% of superficial transfected cells showed

abnormal morphology (Figures 3I–3K). Subsequently, immuno-

staining showed that the contact between Iba1+ and BLBP+

cells in Bach1cKO-Cx3 mice increased significantly and the num-

ber of BLBP+ astrocyte progenitors decreased (Figures 3L–3N).

The above results indicate that the lack of Bach1 in microglia

leads to abnormal astrogenesis, which makes us curious about

the effect of astrogenic Bach1 on their own development. There-

fore, we constructed Bach1 knockdown plasmid and tested the

knockout efficiency (Figures S3G and S3H). Subsequently,

Bach1-shRNA plasmids were electrically transferred into the

lateral ventricles of E16 embryos, and the cerebral cortex was

harvested at P2 (Figure S3I). The proportion of GFAP+ cells in

GFP+ cells was evaluated, and no significant change was found

between Bach1-shRNA and control groups (Figures S3J and

S3K). Then, we generated Bach1cKO-Gfap conditional knockout

mice (Figure S3L). Similar to the results of Bach1-shRNA, there

was no significant decrease in the number of BLBP+ cells be-

tween Bach1fl/fl and Bach1cKO-Gfap mice (Figures S3M and

S3N). In addition, we detected the expressions of GFAP and

ALDH1L1 at P8. The results exhibited that there was no obvious

change in the expression level of ALDH1L1 and GFAP compared

with Bach1fl/fl mice (Figures S3O and S3P). Together, these re-

sults showed thatBach1cKO-Cx3mice had impaired astrogenesis,

whereas Bach1cKO-Gfap mice had no significant effect on

astrogenesis.

Lentivirus and AAV-mediated BACH1 knockdown of
microglia in vivo and in vitro showed similar gliogenesis
disorders as Bach1cKO-Cx3 mice
To further determine the effect of BACH1 deletion in microglia,

we transduced primary microglia with lentivirus for about 24 h.

Immunofluorescence staining results exhibited that the percent-

age of GFP+Iba1+/Iba1+ reached 80% (Figures S4A and S4B).

We found that the expression level of BACH1 was markedly
(C) Immunofluorescence staining of GFAP in Bach1fl/fl and Bach1cKO-Cx3 mice b

bars, 100 mm; for zoom, 20 mm.

(D) Quantification showing the decreased number of GFAP+ cells in Bach1cKO-C

(E) Confocal immunofluorescence image of GFAP+ cells in Bach1fl/fl and Bach1c

magnification. Scale bars, 100 mm; for zoom, 50 mm.

(F) Quantitative analysis showed that GFAP+ cells in Bach1cKO-Cx3 mice at P8 w

(G) GFP was electroporated into E15.5 embryonic mice brains, and the brains w

(H) Quantitative analysis showed that the proportion of the transfected cells co-

per group).

(I) GFP was electrocuted into P1 newborn mice brain, and brain sections were h

expressing astrocytes in Bach1cKO-Cx3 mice at p8 (arrowhead). Scale bars, 50 mm

(J) Quantification of the number of deep transfected cells in Bach1fl/fl and Bach1

(K) Quantification of the morphology of superficial transfected cells in Bach1cKO-

(L) Immunofluorescence staining of BLBP and Iba1 in Bach1fl/fl and Bach1cKO-Cx3

Scale bars, 50 mm; for zoom, 10 mm.

(M) Quantification showing the decreased number of BLBP+ cells in Bach1cKO-C

(N) Statistical analysis of contact between Iba1+microglia and BLBP+ astrocyte p

cell or a distance less than or equal to 2 mm (n = 4 mice per group).

All data are presented as the mean ± SEM. Unpaired two-tailed Student’s t test o

significant.

See also Figure S3.
decreased in the pSicoR-GFP-shBach1 group (Figures S4C

and S4D). Subsequently, we found that the MFI of CD68 in

Iba1+ volume increased significantly in the shBach1 group

(Figures 4A and 4B). We co-cultured glial progenitors withmicro-

glia infected with shBach1 lentivirus and evaluated the propor-

tion of BLBP+ and GFAP+ cells. The results showed that the per-

centage of BLBP+ and GFAP+ cells decreased in the shBach1

group (Figures 4C and 4D).

Bach1 knockdown in microglia-dominated macrophages

driven by the F4/80 promoter was achieved by adeno-associ-

ated virus (AAV). First, AAV-F4/80-shBach1-GFP was injected

into the lateral ventricles of E13.5 embryos, and AAV-F4/80-

NCshRNA-GFP was used as control (Figure S4E). 2 weeks later,

immunofluorescence staining showed that the percentage of

GFP+Iba1+/Iba1+ reached 71% (Figures S4F and S4G). In

addition, we found that the expression level of BACH1

decreased dramatically in the AAV-F4/80-shBach1-GFP

group (Figures S4H and S4I). Subsequently, Iba1 and P2RY12/

CD68 co-staining showed abnormal microglial homeostasis

(Figures 4E–4H). Similarly, the number of GFAP+ and S100b+ as-

trocytes in the cerebral cortex of the AAV-F4/80-shBach1-GFP

group was reduced (Figures 4I–4L). Taken together, these evi-

dences enrich the approach of knockdown BACH1 in microglia

and make the effect of BACH1 loss in microglia more solid.

Dysmetabolism of microglia impairs the proliferation
and differentiation of NPCs during cortical development
Previous studies have shown that microglial disorders impair

neurogenesis during cortical development.30–32 To investigate

this hypothesis, immunofluorescence staining of Pax6/Sox2

was performed at E13.5, and the results presented that the num-

ber of Pax6+/Sox2 NPCs in Bach1cKO-Cx3 mice was reduced

(Figures S5A–S5D). We quantified the number of wide wide-

spread neurons in the E16 mutant cortex by immunofluores-

cence staining Tuj1, which showed that microglia metabolic dis-

orders led to a reduction in the number of neurons (Figures S5E

and S5F). Consistently, similar results were obtained by

western blotting of NeuN and Tuj1 protein levels (Figures S5G

and S5H). Then, we found that the number of Satb2+ and
rain section at P2. A1, A2, B1, and B2 are higher-magnification images. Scale

x3 mice at P2 (n = 4 mice per group).
KO-Cx3 cerebral cortex at P8. The box in the upper right show regions of higher

ere continuously reduced (n = 3 mice per group).

ere harvested at E19.5 for BLBP immunostaining. Scale bars, 20 mm.

expressing BLBP was decreased in Bach1cKO-Cx3 cerebral cortex (n = 4 mice

arvested at P8. Confocal images showing the abnormal morphology of GFP-

; for zoom, 10 mm.
cKO-Cx3 mice brains (n = 6 mice per group).
Cx3 mice brains (n = 4 mice per group).

mice at E16. The box in the upper left shows regions of higher magnification.

x3 mice at E16 (n = 4 mice per group).

rogenitors per mm2. Contact was defined as an Iba1+ cell overlapping a BLBP+

r one-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s., not
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Figure 4. Lentivirus and AAV-mediated microglial BACH1 knockdown impairs microglial homeostasis and astrogenesis

(A) Immunofluorescence of Iba1 and CD68 in primary microglia transfected with pSicoR-GFP or pSicoR-GFP-shBach1 for 2 days. Scale bars, 20 mm.

(B) Quantification of the MFI of CD68 in Iba1+ cells (n = 23 cells per group).

(legend continued on next page)
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Tbr1+ upper-layer neurons in the mutant cortex was reduced

(Figures S5I and S5J). This abnormal neuronal differentiation in

Bach1cKO-Cx3 mice sparked our interest in exploring neuronal

morphology. Therefore, we electroporated the GFP plasmids

into the lateral ventricles of E13.5 embryos and harvested them

at P15. We found that primary dendrites and total dendritic

lengths of GFP+ neurons tracked in the cortex of Bach1cKO-Cx3

mice were reduced (Figures S5K–S5M). These results demon-

strated that microglia-derived BACH1 is necessary for the prolif-

eration and differentiation of NPCs and the morphology of neu-

rons during cortical development.

Loss of BACH1 contributes to anxiety-like behavior in
pup and adult mice
Prior to all behavioral experiments, motor ability and

balance were first measured, which showed no significant differ-

ences in grip strength and latency to fall between Bach1fl/fl and

Bach1cKO-Cx3 mice (Figures S6A and S6B). First, Bach1cKO-Cx3

mice and their littermates, Bach1fl/fl mice, were analyzed in an

open-field test (Figure 5A). Bach1cKO-Cx3 mice showed no signif-

icant difference in the traveled distance but stayed in the central

region for a short time (Figures 5B and 5C). The elevated-plus

maze results presented that the Bach1cKO-Cx3 mice spent more

time in the closed arm and less time in the open arm, indicating

increased anxiety in the mutant mice (Figures 5D–5F). Then, the

Y-maze test exhibited that microglial Bach1 deficiency did not

lead to depressive-like forms and working memory deficit

(Figures S6C and S6D).

Then, to explore whether Bach1cKO-Cx3 mice have social

interaction deficits, we conducted a three-chamber social

interaction experiment (Figure 5G). Compared with the empty

cage, Bach1fl/fl mice showed great interest in the chamber

where a novel stranger mouse (stranger 1) was placed, whereas

Bach1cKO-Cx3 mice showed no significant interest (Figure 5H).

When the stranger 2 mouse was placed into the empty cage,

Bach1cKO-Cx3mice showed no significant preference for stranger

2 mice (Figure 5I). Based on the above behavioral phenotype in

Bach1cKO-Cx3 mice, we speculate that the absence of Bach1 in

microglia may cause anxiety-like behavior. To test this hypothe-

sis, we executed an ultrasonic vocalization (USV) experiment at

P8 (Figure 5J). Bach1cKO-Cx3 mice exhibited shorter call dura-
(C) Immunofluorescence staining of astrocyte progenitors co-cultured with microg

with BLBP, and cells co-cultured for 5 days were stained with GFAP. Scale bars

(D) Quantify the number of BLBP+ and GFAP+ cells in systems co-cultured with

(E) Confocal immunofluorescence of Iba1 co-stained with P2RY12 in the cerebra

(F) Quantification of the MFI of P2RY12 in Iba1+ microglia (n = 12 cells per group

(G) Confocal immunofluorescence of Iba1 co-stained with CD68 in the cerebral c

(H) Quantification of the MFI of CD68 in Iba1+ microglia (n = 12 cells per group).

(I) Immunofluorescence staining of GFAP in the cerebral cortex after 2 weeks of A

bars, 100 mm; for zoom, 20 mm.

(J) Quantitative analysis showed that the number of GFAP+ cells decreased in the

per group).

(K) Confocal immunofluorescence image of S100b in the cerebral cortex after 2

magnification. Scale bars, 100 mm; for zoom, 20 mm.

(L) Quantification showing the decreased number of S100b+ cells in the brain

per group).

All data are presented as the mean ± SEM. Unpaired two-tailed Student’s t test o

significant.

See also Figures S4 and S5.
tions and fewer calls (Figures 5K and 5L). Marble-burying test ex-

hibited that Bach1cKO-Cx3 mice were more inclined to dig

(Figures S6E and S6F). Taken together, these evidences indicate

that Bach1cKO-Cx3mice exhibited anxiety-like behaviors. In addi-

tion, we administered PLX5622 to the embryonic lateral ventri-

cles every other day from E13 to P0. After birth, P0 pups were

treated with PLX5622 intraperitoneally daily until P7 (Figure S6G

and Video S1). Immunofluorescence staining showed effective

ablation of Iba1+ microglia and a decrease in the number of

GFAP+ astrocytes (Figures S6H–S6J). Immunostaining showed

a decrease in the number of upper-layer neurons of PLX5622-

treated cortex (Figures S6K and S6L). Finally, we executed

the USV experiment at P8 and found that the pups treated

with PLX5622 showed less duration and frequency of calls

(Figures S6M–S6O).

BACH1 regulates astrogenesis by targeting LRRC15 in
microglia
Studies have shown that Bach1 is involved in the expression of

key enzymes in the aerobic glycolysis pathway in cancer cells

(Figure 6A). We found that Bach1 was dramatically enriched

in the Hk2 and Gapdh promoter region in glial cells by ChIP

assay (Figures 6B and 6C). In addition, colorimetric analysis

showed that the lactate level of Bach1cKO-Cx3 mice was observ-

ably lower than that of Bach1fl/fl mice (Figure S7A). Since

lactate is a precursor that stimulates histone lactylation, we

detected lactate modifications and found that H4K12la

levels in Bach1-deleted microglia were dramatically reduced

(Figures 6D and 6E). Immunofluorescence analysis confirmed

this finding (Figures 6F and 6G). We injected lactate into the

embryonic lateral ventricle at E13.5 and again at E16. Subse-

quently, USV tests were performed at P8, and the results

showed that the increase in lactate during brain development

could rescue behavioral abnormalities in Bach1cKO-Cx3 mice

(Figures S7B–S7D).

The alteration of histone modification can affect the transcrip-

tional activation and inhibition of target genes.23 To explore the

downstream mechanism of Bach1, we isolated CD45+CD11b+

cells from the cerebral cortex of E16 Bach1cKO-Cx3 mice and

littermate Bach1fl/fl mice by flow cytometry and performed

RNA transcriptomic sequencing (Figures S7E and S7F).
lia transduced with lentivirus for 24 h. Cells co-cultured for 2 days were stained

, 50 mm.

lentivirus transducing microglia (n = 6 independent experiments).

l cortex after 2 weeks of AAV injection. Scale bars, 100 mm; for zoom, 50 mm.

).

ortex after 2 weeks of AAV injection. Scale bars, 100 mm; for zoom, 50 mm.

AV injection. The box in the right shows regions of higher magnification. Scale

brain sections ofmice injected with AAV-F4/80-shBach1-GFP group (n = 3mice

weeks of AAV injection. The box in the upper right shows regions of higher

sections of mice injected with AAV-F4/80-shBach1-GFP group (n = 3 mice

r one-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s., not

Developmental Cell 59, 1–17, January 8, 2024 9



Figure 5. The loss of BACH1 in both adult and pup mice leads to anxiety-like behaviors

(A) Representative motion trajectory images of Bach1fl/fl and Bach1cKO-Cx3 mice in open field test. The outer box represents the total zone, and the inner box

represents the central zone.

(B) The total moving distance was not different between Bach1fl/fl and Bach1cKO-Cx3 mice within 5 min.

(legend continued on next page)
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Quantitative analysis showed that CD45+CD11b+ cells were

reduced in the mutant cerebral cortex (Figure S7G). Gene

ontology (GO) analysis exhibited that the downregulated and

the upregulated genes were significantly enriched in terms

related to cell proliferation and astrocyte differentiation

(Figures 6H and 6I). In addition, 8 significantly different genes

were screened based on the results of GO analysis and verified

by real-time PCR (Figures 6J and 6K). Lrrc15 has been shown to

be involved in tumor immunity, but its possible function in

cortical development has not been reported.33 Moreover, vol-

cano maps showed differentially expressed genes in Bach1fl/fl

and Bach1cKO-Cx3 mice (Figures 6L and 6M). Enzyme-linked

immunosorbent assay (ELISA) and western blotting confirmed

that LRRC15was significantly reduced inBach1-deficientmicro-

glia (Figures S7H–S7J). Rotenone drives mitochondrial complex

1 to uncouple from the electron transport chain (ETC) and pro-

duce adenosine 50-triphosphate through glycolysis, leading to

lactate accumulation. Our study found that the expression of

LRRC15 in microglia treated with rotenone increased synchro-

nously with that of Pan-lysine lactylation (Figures S7K and

S7L). Furthermore, to determine whether H4K12la is a specific

lactate modification site regulating the expression of LRRC15

in microglia, ChIP analysis showed that H4K12la enrichment in

the Lrrc15 promoter region was decreased in Bach1cKO-Cx3 mi-

croglia (Figure S7M). Notably, we found that both H4K12la and

LRRC15 levels were reduced after treatment with C646, an inhib-

itor of acetyltransferase P300, but the lactate modification

and LRRC15 levels were not affected by treatment with trichos-

tatin A (TSA), an inhibitor of histone deacetylase (HDAC)

(Figures S7N and S7O). Taken together, these results suggest

that decreased lactate production by Bach1-deficient microglia

weakens LRRC15 expression through H4K12la.

LRRC15 participates in astrogenesis through the
CD248-JAK-STAT3 signal transduction and rescues
BACH1-depletion defects
To explore the molecular mechanism of dysfunctional astro-

genesis caused by Bach1-deleted microglia, we executed the

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

analysis on RNA-seq dataset and identified potential responses

involving ligand-receptor interaction in mutational microglia

(Figure 7A). Previous research has displayed that CD248 is

co-expressed with LRRC15 in the tumor microenvironment
(C) The time spent in the center zone was decreased in Bach1cKO-Cx3 mice withi

(D) Representative tracks of Bach1fl/fl and Bach1cKO-Cx3 mice in the elevated-plu

(E) The time spent in the open arms was reduced in Bach1cKO-Cx3 mice.

(F) The time spent in the closed arms was increased in Bach1cKO-Cx3 mice.

(G) Representative motion trajectory images of Bach1fl/fl and Bach1cKO-Cx3 mice

1-empty’’ in the sociability session. Representative trajectory on the right is from

(H) In the social interaction session, statistical analysis showed that Bach1cKO-Cx3

the left empty chamber.

(I) In the social novelty preference session, statistical analysis exhibited that Bach

present a significant preference for the left chamber containing stranger 2.

(J) Representative spectrogram of the ultrasonic vocalizations (USVs) in isolated

(K and L) Statistical analysis showed that the call duration (K) and number (L) o

Bach1cKO-Cx3 mice, n = 10–12).

All data are presented as the mean ± SEM. Unpaired two-tailed Student’s t test o

significant.

See also Figure S6.
and may act as an unknown receptor for LRRC15.34 Therefore,

we detected Cd248 mRNA levels in astrocyte, NPCs, neurons,

and microglia, and we found that Cd248 was highly expressed

in astrocyte (Figure 7B). Immunofluorescence staining showed

that LRRC15 was localized to microglia cell membrane (Fig-

ure 7C). Furthermore, we found that HA-tagged LRRC15 pulled

down FLAG-tagged CD248 and that FLAG-tagged CD248 simi-

larly pulled down HA-tagged LRRC15 through co-immunopre-

cipitation (coIP) assays (Figures 7D and 7E), indicating that

there was a direct interaction between LRRC15 and CD248.

In addition, we visualized this interaction in N2a cells and found

that LRRC15 co-expressed with CD248 in the cell membrane

(Figure 7F). Furthermore, considering that the JAK/STAT3

pathway is a classical signaling pathway that regulates the

expression of genes related to astrogenesis, we detected

decreased levels of p-JAK1/2 and p-STAT3 in astrocyte pro-

genitors of Bach1cKO-Cx3 mice (Figures 7G–7I). We also exam-

ined whether CD248 forms signal transduction complexes

with other signal transduction subunits by coIP assays,

such as glycoprotein 130 (GP130). The results displayed that

there was a direct interaction between CD248 and GP130

(Figures 7J and 7K). Together, these results determined that

the microglia-derived LRRC15 regulates astrogenesis by inter-

acting with the CD248 to activate the GP130-JAK-STAT3

pathway. To explore whether exogenous LRRC15 could rescue

the developmental disorder caused by microglial Bach1 defi-

ciency, we introduced LRRC15 into the astrogenesis process

in vitro. Briefly, primary microglia and glial progenitors were

co-cultured with LRRC15 (Figure 7L). We evaluated the propor-

tion of BLBP+ and GFAP+ cells and found that the number

of BLBP+ and GFAP+ cells in the Bach1cKO-Cx3 group

increased to that in the Bach1fl/fl group treated with LRRC15

(Figures 7M and 7N). Taken together, our study provided in-

sights into the regulation of astrogenesis by microglial meta-

bolism during brain development and focused on a specific

downstream molecule, Lrrc15, which interacts with CD248 to

trigger the GP130-JAK-STAT3 pathway.

DISCUSSION

During early brain development, multiple systems work

together to ensure the orderly assembly of the cerebral cortex.

One of the fundamental problems to be solved is how the
n 5 min.

s maze test.

in social interaction test. Representative trajectory on the left is from ‘‘stranger

‘‘stranger 1-stranger 2’’ in the social novelty preference session.

mice spent less time in the right chamber containing strange and more time in

1cKO-Cx3 spent more time in the right chamber containing stranger 1 and did not

pups at P8.

f Bach1cKO-Cx3 pups were decreased at P8 (for Bach1fl/fl mice, n = 12–14; for

r one-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s., not
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various systems achieve precise self-regulation and mutual

communication. Microglia are highly heterogeneous in order

to maintain homeostasis and coordinate the development of

other systems, among which the metabolic homeostasis in

the embryonic development of microglia has been con-

cerned.11 Most recent research on astrocytes has focused on

their role in the developing and maturing CNS, although less

attention has been paid to astrocyte progenitors.35–38 Our

study demonstrated that BACH1 loss in microglia leads to

metabolic disorders that reduced lactate modification of micro-

glia-astrocyte progenitors communication mediator. In addi-

tion, homeostasis imbalance was also detected in Bach1-del-

ected microglia, which we believe may be due to the chain

effect caused by the accumulation of certain metabolic inter-

mediates, which is also an interesting issue to be clarified in

our subsequent studies. Taken together, our study suggests

that microglia constitute an important niche for astrocyte pro-

genitors and participate in the regulation of astrogliosis.

The function of BACH1 in regulating cancer cell metabolism is

well known.39,40 BACH1 suppresses mitochondrial metabolism

by inhibiting the expression of mitochondrial ETC complex (I–V)

genes and inhibiting pyruvate dehydrogenation activity through

pyruvate dehydrogenase kinase regulation.26 Our results show

that the function of Bach1 is consistent with that in cancer cells,

and Bach1 binds to promoter regions ofHk2 andGadph to regu-

late transcription. Combined with RNA-seq, we found that

decreased lactate in microglia resulted in decreased lactate

modification at H4K12la site of the downstream target Lrrc15,

thus inhibiting gene transcription.

Astrogenesis in brain development depends on endogenous

and peripheral signaling cues in which receptor-ligand interac-

tion is an effective means of communication between different

systems.41–43 The metabolic perturbation of Bach1-delected

microglia led to a decrease in LRRC15 involved in microglia-

astrocyte progenitors cross-talk. Furthermore, we executed

coIP tests and found that there was a direct interaction be-

tween LRRC15 and CD248 (Figure 7E). Previous studies have

shown that the JAK/STAT3 signaling pathway is a classical

pathway that regulates the expression of genes related to as-

trogenesis.44 Therefore, we examined whether LRRC15 regu-

lates astrogenesis through the JAK/STAT3 signaling pathway.

Considering that GP130 is a signal transduction component
Figure 6. The changing histone lactylation of microglial metabolism da

(A) The schematic diagram of glycolysis emphasizes that HK2 and GAPDH regu

(B and C) N2a cells were transfected with FLAG-Bach1 overexpression plasmid a

binds to the site of the Hk2 (B) and Gapdh (C) promoter (n = 3 independent expe

(D and E) Western blotting analysis showing levels of Pan- and site-specific histo

mice per group).

(F and G) Representative confocal images of H4K12la co-stained with Iba1 in m

intensity (G) (n = 19 cells per group). Scale bars, 50 mm; for zoom, 10 mm.

(H and I) Gene ontology (GO) analysis of biological processes related to the dow

at E16.

(J) Heatmap showed that 8 downregulated and 8 upregulated candidate target.

(K) Quantitative real-time PCR showed the expression of Lrrc15 in microglia was

(L) RNA-seq analysis showing that the Lrrc15 expression level was dramatically

(M) Volcano plots showed the downregulated (blue) and upregulated (yellow) ge

All data are presented as the mean ± SEM. Unpaired two-tailed Student’s t test o

significant.

See also Figure S7.
on the JAK/STAT3 signaling pathway receptor complexes, we

executed coIP tests and found that there was a direct interac-

tion between CD248 and GP130 (Figures 7J and 7K). Overall,

our data demonstrated that microglia-derived LRRC15 inter-

acted with CD248 to reduce activation of the GP130-JAK/

STAT3 pathway. In addition, previous studies have shown

that early glial dysplasia can lead to many diseases. Maternal

prenatal TLR7 activation reduces the density of Iba1+ microglia

in offspring and leads to anxiety-like behaviors.8 Deletion of un-

coupling protein 2 in microglia increases ROS production and

abnormal phagocytosis phenotypes and induces anxiety-like

behavior.10 Chimeric mice with astrocyte developmental retar-

dation and morphological abnormalities showed abnormal be-

haviors, including excessive anxiety and disturbed sleep.9

These studies suggest that less and activated microglia/less

astrocytes in the developing brain are strongly associated

with anxiety-like behavior. In our study, Bach1cKO-Cx3 mice ex-

hibited anxiety-like behaviors such as impaired exploration abil-

ity and social disorder.

In conclusion, our results reveal that signals frommetabolic re-

programming of microglia interact with receptors on astrocyte

progenitors to regulate astrogenesis during embryonic develop-

ment. Our study provides insights into microglial metabolic ho-

meostasis, microglia-astrocyte communication, and anxiety-

like behaviors.
Limitations of the study
Our study showed that Bach1-deficient microglia exhibited dual

abnormalities of metabolism and homeostasis, but further

studies are needed to clarify whether there is a direct link

between metabolic transformation and homeostasis imbalance

in Bach1-deficient microglia. Although our study shows

that there is a reliable receptor-ligand interaction between

LRCC15 and CD248, the presence of other ligands in astrocyte

progenitors that can interact with LRRC15 requires further

investigation.
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:
mages astrogenesis by targeting LRRC15

lated by BACH.

nd cultured for 3 days before ChIP assay. ChIP experiment verified that Bach1

riments).

ne lactylation in the cerebral cortex of Bach1fl/fl and Bach1cKO-Cx3 mice (n = 3
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Figure 7. Microglia regulates astrogenesis through CD248-GP130-JAK-STAT signaling pathway in astrocyte progenitors

(A) Representative images of Bach1cKO-Cx3 microglia significantly enriched pathway by KEGG pathway analysis. The signaling pathway highlighted by the red

rectangle is significantly enriched in Bach1cKO-Cx3 microglia.

(legend continued on next page)
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-IBA1 Abcam Cat#ab5076; RRID: AB_2224402

Rabbit anti-IBA1 Wako Cat#019-19741; RRID: AB_839504

Rabbit anti-BLBP Abcam Cat#ab32423; RRID: AB_880078

Rabbit anti-BACH1 Abclonal Cat#A5393; RRID: AB_2766202

Mouse anti-BACH1 Santa Cruz Biotechnology Cat#sc-271211; RRID: AB_10608972

Rabbit anti-GLAST Proteintech Cat#20785-1-AP; RRID: AB_2878738

Rabbit anti-CX3CR1 Abcam Cat#ab8021; RRID: AB_306203

Rabbit anti-Cleaved caspase3 Cell Signaling Technology Cat#9664S; RRID: AB_2070042

Rabbit anti-P2Y12/P2RY12 Novus Cat#NBP2-33870; RRID: AB_2810254

Rat anti Mouse CD68 antibody (clone FA-11) Bio-Rad Cat#MCA1957GA; RRID: AB_324217

Rabbit anti-GFAP Dako Cat#Z0334; RRID: AB_10013382

Rabbit anti-S100b Abcam Cat#ab52642; RRID: AB_882426

Rabbit anti-ALDH1L1 Abcam Cat#ab56777; RRID: AB_940204

Mouse anti-b-Actin Proteintech Cat#60008-1-Ig; RRID: AB_2289225

Rabbit anti-b-Actin Proteintech Cat#20536-1-AP; RRID: AB_10700003

Rabbit anti-Flag Sigma-Aldrich Cat#F1804; RRID: AB_262044

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

Rabbit anti-IgG Bioss Cat#bs-0295p; RRID: AB_3068583

Rabbit anti-Pan Kla PTM BIO Cat#PTM-1401; RRID: AB_2868521

Mouse anti-H4K5la PTM BIO Cat#PTM-1409;

Rabbit anti-H4K12la PTM BIO Cat#PTM-1411;

Rabbit anti-H3K18la PTM BIO Cat#PTM-1406RM; RRID: AB_2909438

Mouse anti-p-JAK1/2 Cell Signaling Technology Cat#66245S; RRID: AB_2799703

Rabbit anti-p-STAT3(Tyr705) Cell Signaling Technology Cat#9145S; RRID: AB_2491009

Rabbit anti-STAT3(79D7) Cell Signaling Technology Cat#4904S; RRID: AB_331269

Rabbit anti-LRRC15 Abcam Cat#ab150376;

PE rat anti-mouse CD45 (clone 30-F11) Biolegend Cat#103105; RRID: AB_312970

APC rat anti-mouse CD11B (clone M1/70) eBioscience Cat#17-0112-83; RRID: AB_469344

Bacterial and virus strains

pAAV-F4/80-GFP-mir30shRNA (control) Vigenebio N/A

pAAV-F4/80-GFP-mir30shRNA (Bach1) Vigenebio N/A

Chemicals, peptides, and recombinant proteins

Dulbecco’s Modified Eagle Medium (DMEM) GIBCO Cat#11995-065

Low Glucose DMEM GIBCO Cat#11885-084

DMEMF/12 medium GIBCO Cat#11330-032

Neurobasal medium GIBCO Cat#21103-049

Fetal Bovine Serum (FBS) GIBCO Cat#16000044

Penicillin / Streptomycin Invitrogen Cat#15070063

Papain Worthington Cat#Ls003119

Poly-D-Lysine Sigma Cat#P3655

Laminin Invitrogen Cat#23017015

B27 supplement without VA Invitrogen Cat#12587010

B27 supplement with VA Invitrogen Cat#17504-044

100 3 Gluta MAX Invitrogen Cat#35050061

(Continued on next page)

e1 Developmental Cell 59, 1–17.e1–e7, January 8, 2024

小女子主义
Underline



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MEM Non-Essential Amino Acids Solution GIBCO Cat#11140050

EGF Invitrogen Cat#PHG0311

bFGF Invitrogen Cat#PHG0026

DPBS GIBCO Cat#C14190500CP

GenEscort I Wisegen Cat#WIS 1100

Lipo plus SAGECREATION Cat#Q03003

Polybrene Sigma-Aldrich Cat#TR-1003-G

7-AAD Biolegend Cat#420404

RIPA Lysis buffer Solarbio Cat#R0010

Co-IP Lysis buffer Beyotime Biotechnology Cat#P0013

TRIzol Ambion Life Technolog Cat#15596018

L-Lactate MedChemExpress Cat#HY-P2807

MitoTracker ThermoFisher Scientific Cat#M22426

Anti-HA-tag magnetic beads MBL Cat#M132-11

Anti-flag-tag magnetic beads MBL Cat#M185-11

Anti-IgG beads Invitrogen Cat#10004D

Biotinylated Mouse LRRC15 / LIB Protein ACROBiosystems Cat#LR5-M82E6

DAPI ThermoFisher Scientific Cat#D3571

Critical commercial assays

Fast Quant RT Kit TIANGEN Cat#KR106-02

SuperReal PreMix Plus (SYBR Green) PCR Kit TIANGEN Cat#FP205-02

TIANamp Genomic DNA Kit TIANGEN Cat#DP304-03

Mitochondrial Membrane Potential

Assay Kit with TMRE

Beyotime Biotechnology Cat#C2001S

L-LA Assay Kit Solarbio Cat#BC2235

RNAprep Pure Micro Kit TIANGEN Cat#DP420

Mouse Leucine-rich repeat-containing

protein 15 (LRRC15) ELISA Kit

Abebio Cat#AE35142MO

Deposited data

Raw and analyzed data of bulk RNA-seq This paper GEO: GSE227957

Experimental models: Cell lines

HEK293 Cell Line ATCC ATCC CRL-1573; RRID: CVCL_0045

Mouse neuroblastoma N2a ATCC ATCC CCL-131; RRID: CVCL_0470

Experimental models: Organisms/strains

Mouse: Bach1fl/fl Shanghai Model Organsms Center N/A

Mouse: Cx3cr1-cre Jackson Laboratory Stock No: 025524

Mouse: Cx3cr1-GFP Jackson Laboratory Stock No: 005582

Mouse: hGfap-cre Jackson Laboratory Stock No: 004600

Oligonucleotides

See Table S1 for primers used in the study This paper N/A

Recombinant DNA

pSicoR-GFP Addgene N/A

pSicoR-GFP- Bach1-shRNA1:

GCGTACACAATATCGAGGAAT

This paper N/A

pSicoR-GFP- Bach1-shRNA1:

GCTCGACTGTATCCATGACAT

This paper N/A

PCDH System Biosciences Cat#CD511B-1

PCDH-3flag-Bach1 This paper N/A

PCDH-3flag-Lrrc15 This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

PCDH-3HA-Lrrc15 This paper N/A

PCDH-3flag-Cd248 This paper N/A

PCDH-3HA-Cd248 This paper N/A

PCDH-3flag-Gp130 This paper N/A

PCDH-3HA-Gp130 This paper N/A

Software and algorithms

Zen Microscope software Zeiss https://www.zeiss.com/microscopy/

int/products/microscope-software/zen.html

ImageXpress High Content

Confocal Imaging System

Molecular Devices https://www.moleculardevices.com/

products/cellular-imaging-systems/

high-content-imaging/imagexpress-

micro-confocal#gref

LI-COR Image Studio Software LI-COR Biosciences https://www.licor.com/bio/products/

software/image_studio/?gclid=EAIaIQob

ChMIrv7s26ug1wIVQUCGCh1kvQg

LEAAYASAAEgLcYPD_BwE

Avisoft RECORDER USGH Avisoft Bioacoustics https://www.avisoft.com/downloads/

Avisoft SASLab Pro Avisoft Bioacoustics https://www.avisoft.com/downloads/

ABI7500 real-time PCR system Applied Biosystems https://www.thermofisher.com/us/en/

home/life-science/pcr/real-time-pcr/

real-time-pcr-instruments/7500-fast-

real-time-pcr-system.html

Imaris 9.7 Imaris http://www.bitplane.com/imaris/imaris

GraphPad Prism 6.0 GraphPad https://www.graphpad.com/

Seahorse Wave Agilent http://www.agilent.com/en-us/products/

cell-analysis-(seahorse)/software-

download-for-wave-desktop

FlowJo FlowJo 10.8.1 https://www.flowjo.com/solutions/flowjo
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jianwei

Jiao (jwjiao@ioz.ac.cn).

Materials availability
Plasmids and the antibody generated in this study will be shared by the lead contact upon request.

Data and code availability
Sequencing data has been deposited on the Gene Expression Omnibus website with accession number GSE227957.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
The Institute of Cancer Research (ICR) pregnant mice for in utero electroporation were provided by Vital River.Cx3cr1-Cre mice (JAX

stock # 025524: B6J.B6N(Cg)-Cx3cr1tm1.1(cre)Jung/J) and Cx3cr1-GFP mice (JAX stock # 005582: B6.129P2(Cg)-Cx3cr1tm1Litt/J)

were purchased from the Jackson Laboratory. Bach1fl/fl mice were purchased from Shanghai model organisms. Bach1cKO-Cx3

and Bach1cKO-Gfap mice were generated by crossing Bach1fl/fl mice with Cx3cr1-Cre and hGfap-Cre mice. All mice were housed

on a 12h light/dark cycle. All animal feeding and experiments were approved by the Experiment Animal Center of Institute of Zoology,

Chinese Academy of Sciences (IOZ20190080). Exact age of the mice are listed in Table S2.
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Cell cultures
Human embryonic kidney 293T cells (ATCC, CRL-1573) and mouse neuroblastoma N2a (ATCC CCL-131) cells were cultured in high

glucose Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, 11995-065) supplemented with 10% fetal bovine serum (FBS)

(Gibco,16000044) and 1% penicillin/streptomycin (Invitrogen, 15070063).

For coculture experiments, we first isolated the E16 cerebral cortex into a single-cell suspension (proliferation medium composed

of 50% Neurobasal medium (Gibco, 21103-049), 50% DMEMF/12 medium (Gibco, 11330-032), 1003 Gluta MAX (Invitrogen,

35050061), 1003 penicillin/streptomycin (Invitrogen, 1570063), 503 B27 supplement without VA (Invitrogen, 12587010), 1003

MEM Non-Essential Amino Acids Solution (Gibco, 11140050), 10 ng/mL epidermal growth factor (EGF, Invitrogen, PHG0311), and

10 ng/mL basic fibroblast growth factor (bFGF, Invitrogen, PHG0026)) by papain (Worthington, Ls003119) and seeded on a

24-well culture plate pre-coated with 10 mg/ml Poly-d-Lysine (Sigma, P3655) and 5 mg/ml Lamin (Invitrogen, 23017015). At the

same time, microglia (microglia were cultured in high glucose Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, 11995-065) sup-

plemented with 10% fetal bovine serum (FBS) (Gibco,16000044) and 1% penicillin/streptomycin (Invitrogen, 15070063)) from E16

stage through flow sorting were inoculated on the above 24-well culture plate. The culture medium ratio was 1:1. Immunofluores-

cence staining BLBP was performed after 2 days of co-culture. In addition, the co-culture system before immunofluorescence stain-

ing of GFAP was cultured in proliferation medium for 2 days and then co-cultured in differentiation medium (differentiation medium

composed of Low Glucose DMEM (Gibco, 11885-084), 503 B27 supplement without VA (Invitrogen, 12587010), 1003 MEM Non-

Essential Amino Acids Solution (Gibco, 11140050), 10% fetal bovine serum (FBS) (Gibco, 16000044), 1003 penicillin/streptomycin

(Invitrogen, 1570063) and 1003 Gluta MAX (Invitrogen, 35050061)) for 4 days.

For plasmid transfection, GenEscort I (Wisegen, WIS 1100) was used to transfect 293T cells and Lipo plus (SAGECREATION,

Q03003) was used to transfect N2a cells. After 48-72 hours, the cells were harvested for next experiment.

METHOD DETAILS

Plasmid constructs
RNA was extracted from embryonic mouse brain and reversed transcribed with Fast Quant RT Kit (Tian gen). Mouse Lrrc15 was

amplified by PCR and cloned into pCDH-copGFP vector with 3HA-tag. Mouse Cd248 was amplified by PCR and cloned into

pCDH-copGFP vector with 3Flag-tag. The sequences of mouse Bach1 shRNA1/2 were obtained from Sigma website and cloned

into pSicoR-GFP vector. The sequences were listed in Table S1.

Isolation and culture of primary mouse microglia
Primary mice microglia were isolated from neonatal brains (P1-P3). Briefly, cerebral cortices from neonatal brain after removing the

meninges were digested into single cells by treatment with 0.25% trypsin at 37�C 10min. The samples were dispersed into a single-

cell suspension with a 1 ml pipette before filtering through a 70-mm pore cell strainer (Corning, 352350). Dissociated cells were re-

suspended in 15 ml DMEM supplemented with 10% FBS (Gibco,16000044) and 1% penicillin/streptomycin (Invitrogen, 15070063)

and seeded in 75 cm2 culture flasks at 37�C in humidified 5% CO2, 95% air. The confluence of mixed glial cells was basically com-

plete after 7d, and the microglia cells were harvested by shaking at 200 rpm for 4h after 14d.

Lentivirus production and infection
The lentiviral packaged plasmid and core plasmid were transfected into 293T cells using GenEscort I (Wisegen, WIS 1100). The su-

pernatant medium with lentivirus was collected at 48h after transfection, centrifuged at 3000 rpm for 5min, and remove cell debris.

For lentivirus infection, half of the primary mouse microglia medium was replaced with virus suspension and 2 mg/mL polybrene

(Sigma, TR-1003-G). After 24h, the supernatant medium was changed with new primary mouse microglia medium.

Adeno-associated virus (AAV) injection
To generate the Bach1 conditional knockdown AAV, shRNAs targeting Bach1 was inserted into the pAAV-F4/80-GFP-mir30shRNA

vector and packaged into the AAV9 virus. pAAV-F4/80-GFP-mir30shRNA (Bach1) (titer: 4.4731013 vg/ml) or pAAV-F4/80-GFP-

mir30shRNA (control) (titer: 9.9131013 vg/ml) was constructed by Vigene Bioscience (Shandong, China) and injected into the embry-

onic lateral ventricles through glass micropipette at E13.5. These AAV-injected mice were sacrificed after 2weeks.

Immunostaining
Briefly, brain sections (15 mm or 30 mm) were fixed with 4% paraformaldehyde (PFA) for 30min at room temperature. The brain sec-

tions were blocked with 5% bovine serum albumin (BAS) for 1h at room temperature after washing 3 times for 10min with 1% PBST

(1%Triton X-100 in 1MPBS).and then incubated with primary antibodies at 4�Covernight. The cultured cells were fixedwith 4%PFA

for 20min at room temperature. The cultured cells were blocked with 5% bovine serum albumin (BAS) for 1h at room temperature

after washing 3 times for 10min with 0.1% PBST (0.1% Triton X-100 in 1 M PBS), and then incubated with primary antibodies at

4�C overnight. In the following day, the samples were incubated with the fluorescence-labeling second antibodies for 1.5h at

room temperature and then captured by Carl Zeiss LSM880 confocal microscope. Secondary antibodies were Alexa Fluor Cy3,

Cy5, or 488 (Jackson ImmunoResearch, 1:1000); DAPI (2 mg/ml; Sigma; D9542) was used for nuclear staining.
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Three-dimensional (3D) reconstruction
Confocal images were acquired from 30-mm Iba1-stained brain sections using a 403 oil objective and a z-stepsize of 0.85 mm. Imaris

9.0 software was used to track Iba1+ microglia from aforementioned 2D confocal images. For each image, 10 cells were randomly

selected for tracking. Microglia three-dimensional (3D) reconstruction was described by the ‘‘surface’’ function in Imaris 9.0 software.

Automatic unbiased analysis of microglia morphology
Confocal images were captured using the Molecular Devices ImageXpress High Content Confocal Imaging System as previously

described.45,46 Confocal images were acquired from 30-mm Iba1-stained brain slices using a 403 water objective and a z-stepsize

of 1-mm.More than 50 visual fields of 320 x 320 mm size were randomly selected in each brain slice. Image analysis was performed in

2D using 2D Projection (maximum projection) images of confocal image stacks, and these images are uploaded to the analysis plat-

form. The results were exported to Excel and analyzed in GraphPad Prism8.

Seahorse analysis of mitochondrial respiration
The oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured in microglia using an XF Cell Mito

Stress kit and Seahorse XFp extracellular flux analyzers (Seahorse Bioscience) according to the manufacturer’s protocol. In brief,

the flow-sorted microglia were seeded into XF96-well plates (Agilent Technologies, 101085-004) at a density of 104 cells/well and

incubated overnight. The day of the measurement, cells were automatically exposed to respiratory inhibitor oligomycin (1 mM),

FCCP (1 mM), rotenone/antimycin A (0.5 mM) (Seahorse Biosciences) in turn.

TMRE analysis
The TMRE was determined with Mitochondrial Membrane Potential Assay Kit (Beyotime Biotechnology, C2001S) according to the

manufacturer’s protocol. The whole experiment should be carried out at room temperature. Briefly, the primary mouse microglia

were seeded into 24-well plates (costar) at a density of 106 cells and left to adhere overnight. Cells cleaned with PBS were incubated

in 13 TMRE detection buffer for 20min, and the positive control group was treated with CCCP (10 mm) for 20min before 13 TMRE

detection buffer was added. After incubation, the supernatant was removed, washed with preheated cell culture medium twice, and

then observed under confocal lasermicroscope. Themaximumexcitation wavelength of TMRE is 550 nm and themaximumemission

wavelength is 575 nm.

Lactate production analysis
The lactate production was determined with L-LA Assay Kit (Solarbio, BC2235) according to the manufacturer’s protocol. Briefly, the

flow-sortedmicroglia were seeded into 24-well plates (costar) at a density of 106 cells and left to adhere overnight. Lactate production

is quantified by comparison with a standard curve and normalized by cell count and blank.

Quantitative real-time PCR analysis
The total RNA of mouse cerebral cortex or cultured cells was extracted using TRIzol (Invitrogen, 15596018) following the manufac-

turer’s directions, and cDNA was obtained by the FastQuant RT Kit (TIANGEN, KR106-02). Real-time PCR assays were performed

using the SuperReal PreMix Plus (SYBR Green I) Kit (TIANGEN, FP205-02) on ABI 7500 real-time PCR system (Applied Biosystems).

b-Actin expression used for normalization of real-time PCR reactions. All reactions were repeated at least in three independent bio-

logical experiments. Related primer sequences used for real-time PCR were listed in Table S1.

In utero injection
The pregnant ICRmicewere anesthetized at E16 by the intraperitoneal injection of 1% tribromoethanol sodium, and the uterine horns

were exposed. Recombinant plasmids DNA (>1,500 ng/ml) mixed with eGFP (Venus-GFP) and 0.02% fast green (Sigma) was gently

injected into the embryonic lateral ventricles through glass micropipette. Every fetal brain was electroporated with five 50 ms pulses

with 950 ms interval at 47 V by using an electroporator (BTX ECM830). Then, the uterine horns were gently returned to abdominal

cavity. The electroporated mice were sacrificed at the right time. For mouse postnatal electroporation, 1 ul of recombinant plasmid

DNA was gently injected into the lateral ventricles through glass micropipette and three 100 ms pulses with 950-ms interval at 100 V

were administered. The electroporated mice were sacrificed at P8. For lactate rescue experiment, 1 ml of lactate (MedChemExpress,

HY-P2807, 20 mM) together with 0.02% fast green (Sigma) was injected into the lateral ventricle at E13/E16, and DMSOwas used as

a control.

Western Blotting and Co-Immunoprecipitation
For western blotting, brain tissues or cells were sonicated in RIPA lysis buffer (Solarbio) containing protease inhibitor cocktail and

PMSF. After centrifugation, the protein concentration was measured by Pierce BCA Protein Assay Reagent. Finally, the protein

were separated by 12% or 15% SDS-PAGE gel and transferred onto nitrocellulose (NC) membranes. The NC membranes were

blocked with 5% skim milk or BSA in PBST (0.05% Tween-20 in 1 M PBS) for 1h at room temperature, and incubated with primary

antibodies overnight on shaking table at 4�C. Next day, The bands were visualized and analyzed by the Odyssey (LI-COR Biosci-

ences) software after secondary antibodies for 1.5h at room temperature.
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For co-immunoprecipitation, cell samples were sonicated in lysis buffer (Beyotime Biotechnology) containing protease inhibitor

cocktail and PMSF. The supernatant was incubated with anti-Flag (MBL, M185-11) or HA-tag magnetic beads (MBL, M132-11) over-

night at 4�C. The beads were washed 3 times with precold washing buffer and boiled with loading buffer, the supernatant was

analyzed by western blot. Secondary antibodies were 800CW Donkey Anti-Mouse IgG (LICOR, 926-32212, 1:1000), 800CWDonkey

Anti-Rabbit IgG (LICOR, 926-32213, 1:1000), 680LT Donkey Anti-Mouse IgG (LICOR, 926-68072, 1:1000), and 680LT Donkey Anti-

Rabbit IgG (LICOR, 926-68023, 1:1000).

Chromatin immunoprecipitation (ChIP)
Mouse neuroblastoma N2a cells were crosslinked with 1% fresh formaldehyde solution for 15min at room temperature after trans-

fected with Flag tagged Bach1 overexpression vectors for 48h. Then 2.5 M glycine solution was treated to terminate the crosslinking

reaction for 10min at room temperature. Subsequently, these cells washed twice with precold PBS and collected in lysis buffer 1

(50 mM pH 7.5 HEPES–KOH, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, 1% PMSF, 1% cocktail)

for 10min at 4�C. After centrifugation at 4000 rpm for 5min at 4�C, the samples were incubated in lysis buffer 2 (200 mM NaCl, 1 mM

EDTA, 0.5 mM EGTA, 10 mM pH 8.0 Tris-HCl, 1% PMSF, 1% cocktail) for 12min at 4�C and were sonicated in 650 ml lysis buffer 3

(10 mM pH 8.0 Tris–HCl, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% sodium deoxycholate, 0.25% Triton X-100, 1% SDS, 1%

PMSF, 1% cocktail) using a sonicator (Scientz-IID) for 20min on ice. The supernatant were incubated with anti-Flag beads (MBL,

M185-11) and IgG beads (Invitrogen, 10004D) in Rotational Mixer at 4�C overnight. The IgG beads was incubated with specific anti-

body (Bioss, bs-0295p) at least 4h before incubation. After the beads were washed three times with low-salt buffer (0.1% SDS, 1%

Triton X-100, 2 mM EDTA, 10 mM pH 8.0 Tris-HCl, 150 mM NaCl) and three times with high-salt buffer (0.1% SDS, 1% Triton X-100,

2 mM EDTA, 10 mM pH 8.0 Tris-HCl, 500 mM NaCl), the chromatin complexes were incubated with TES buffer (10mM PH8.0 Tris–

HCl, 1mMEDTA, 50mMNacl) overnight at 65�C. The genomic DNAwas extracted by TIANampGenomic DNA Kit (TIANGEN, DP304-

03) and measured by ABI 7500 real-time PCR system (Applied Biosystems). Related primer sequences used for ChIP-qPCR were

listed in Table S1.

Enzyme linked immunosorbent assay (ELISA)
For the detection of LRRC15, primary microglia were isolated from the cerebral cortex of P2 neonatal brains and cell samples were

collected for ELISA analysis after 2 days of culture. LRRC15 concentrations were quantitatively analyzed by Mouse LRRC15 ELISA

Kit (Abebio, AE35142MO) according to the manufacturer’s instructions. The absorbance of samples and standards at 450 nm and

570 nm was read by an automatic microplate fluorescence reader and quantitative analysis was calculated by interpolating values

into a standard curve which generated from the ELISA kit.

Behavioral tests
The pup mice at P8 were used for Ultrasonic vocalization, and 8-10weeks old Bach1fl/fl or Bach1cKO-Cx3 littermates were used for

other behavioral experiments. There were no significant differences between male and female mice in all experimental tests. All

behavioral tests were conducted in a quiet environment from 9 am to 4 pm daily. After each mouse was tested, the apparatus

was wiped with 75% alcohol to eliminate interference for the next test. EthoVision XT 14.0 was used for data analysis.

Open field test
The 8-10weeks old mice were gently placed into the center of a open filed box (40 cm x 40 cm x 40 cm) and allowed to explore freely

for 5min. The software divided the open field into 16 parts and defined the 4 parts in the center as center zone. After that, the total

distance and time in the center were recorded and analyzed by Topscan behavioral analysis software for 5min.

Elevated plus maze test
The elevated-plus maze contained two open arms (40 cm x 9.5 cm), two closed arms (40 cm x 9.5 cm x 9.5 cm) and a center area

(9.5 cm x 9.5 cm) located 40 cm high above the floor. Mouse were placed gently in the center and the time spent in the open and

closed arms were recorded and analyzed by Topscan behavioral analysis software for 5min after 5-min free exploration.

Three-chamber social interaction test
The three-chamber social interaction apparatus contained 3 equally sized chambers (40 cm x 20 cm x 20 cm) with 2 small cages and

there was a door (5 cm) between adjacent chambers. The test comprised of three parts. For the first part, after two empty small cages

were symmetrically placed in the right and left chambers. tested mice were placed in the middle chamber to habituate the environ-

ment for 10min. For the second part, after a stranger-1 mice was placed in right small cage, tested mice were placed in the middle

chamber to explore the environment for 10min. For the third part, after a stranger-2 mice was placed in left small cage, tested mice

were placed in the middle chamber to explore the environment for 10min. The two stranger mice were the same gender and age. The

time spent in each chamber was recorded and analyzed by Topscan behavioral analysis software.

Ultrasonic vocalization (USVs)
The USVs were conducted during 9:00–16:00 as described previously with minor modifications. The pups ofBach1fl/fl or Bach1cKO-Cx3

were isolated individually from their mother and littermates at P8, and placed into a sound attenuating box for 5min. The USVs emission
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image was visualized on Avisoft Recorder software by Ultra Sound Gate Condenser Microphone CM16 (Avisoft Bioacoustics, Berlin).

The microphone was sensitive to a flat frequency response (±6 dB) between 25-140 kHz, and placed 10 cm high above the pups. For

acoustical analysis, the original sound datawas treatedwith fast Fourier transform containing 100% frame, Hammingwindow, 512 FFT

length, and 75% time-window overlap. The frequency and time resolution of spectrogramswas produced at 488Hz and 0.512ms. Call

duration and number of calls were recorded and analyed during the test.

Grip strength test
Mice grip strength was performed by a commercial grip strength meter (BioSEB GS3). The mice were placed on the grip strength

meter and smoothly pulled back until the grip is released. Each trial was repeated 3 times in succession and the maximum value

was selected as the combined forelimb/hindlimb grip strength. Normalize grip strength values by body weight.

Rotarod test
The rotarod test was performed by a rotarod apparatus (Ugo Basile,47750). 5 mice were quickly placed in a separate lane of the ro-

tarod apparatus that accelerates 4–40 rpm for 5min. Latency to fall was recorded by rotarod apparatus. Each mouse was tested

twice a day at 4-hour intervals.

Y-maze
The Y-maze apparatus contained three arms with a 120� angle between each neighbor arm. After the three arms were defined as

start, old and new arm by software, the mice were put into start arm for 5min free exploration with the new arm closed. After

30min, the mice were put into start arm again for 5min free exploration with the new arm open. The time spent in each arm was re-

corded and analyzed by Topscan behavioral analysis software.

Marble burying test
Themarble burying test contained a standard mouse house cages and 20 black glassmarbles (15mmdiameter) which were cleaned

by 70% ethanol and dried before use. Before each trial, cages were filled with 5 cm deep fresh bedding with 20marbles arranged in 4

rows. The test mice were gently placed on the corner of the house cage and allowed to explore freely for 30 minutes. The number of

marbles covered by more than two-thirds was counted after the pictures was taken.

Drug administration
Briefly, we prepared two E13 pregnant mice #1 and #2. E13 pregnant mouse (#2) was injected 1 ml of PLX5622 (MedChemExpress,

HY-114153, 20mM) together with 0.02% fast green (Sigma) into the embryonic right ventricle. Two days later, the embryo in the same

location of the uterus was injected 1 ml of PLX5622 (MedChemExpress, HY-114153, 20 mM) together with 0.02% fast green (Sigma)

into the right ventricle again. Two days later, at E17, 1 ml of PLX5622 (MedChemExpress, HY-114153, 20 mM) together with 0.02%

fast green (Sigma) was injected into the right ventricle of the embryo again. Then, 0.1 ug dye (VECTOR Labs, DL-1177-1) together with

0.02% fast green (Sigma) was injected into the left ventricle. #1 Pregnant mice were treated with DMSO as control. After birth, P0

pups with dye were screened. Then, #2 pups were intraperitoneally injected with PLX5622 (MedChemExpress, HY-114153, 50

mg/kg) until P7 every day, and #1 pups were treated with DMSO as a control. In this way, the ablation of microglia is achieved while

ensuring the survival of the embryo. The experimental procedure of microglia ablation is shown in Video S1.

RNA-sequencing and data analysis
The E16 cerebral cortex microglia RNA was purified from Bach1fl/fl and Bach1cKO-Cx3, which is by FACS and RNAprep Pure Micro Kit

(TIANGEN, DP420) according to the manufacturer’s instructions. Global transcriptome analysis was carried out by Annoroad Geno-

mics. Briefly, the library was constructed after the RNA samples were qualified by Agilent 2100 Bioanalyzer and sequenced by Illu-

mina HiSeq 2500 sequencer. The raw data reported in this paper are accessible in NCBI’s GEO (number: GSE227957).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism6.0 software and represented as mean ± SEM. Unpaired Two-tailed

Student’s t tests were used for statistical comparisons between two groups and one-way ANOVA with Tukey’s post hoc test was

used for multiple comparisons. P-value was considered statistical difference. *P < 0.05, **P < 0.01, ***P < 0.001 and ***P < 0.001,

****P < 0.0001, n.s. means not significant.
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