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Asimportantimmune cells, microglia undergo a series of alterations during
aging thatincrease the susceptibility to brain dysfunctions. However,

the longitudinal characteristics of microglia remain poorly understood.

In this study, we mapped the transcriptional and epigenetic profiles of
microgliafrom 3- to 24-month-old mice. We first discovered unexpected
sex differences and identified age-dependent microglia (ADEM) genes
during the aging process. We then compared the features of aging and
reactivity in female microglia at single-cell resolution and epigenetic level.
To dissect functions of aged microglia excluding the influence from other
aged brain cells, we established an accelerated microglial turnover model
without directly affecting other brain cells. By this model, we achieved aged-
like microgliain non-aged brains and confirmed that aged-like microglia
per se contribute to cognitive decline. Collectively, our work provides
acomprehensive resource for decoding the aging process of microglia,
sheddinglight on how microglia maintain brain functions.

Microglia are resident immune cells in the central nervous system
(CNS) that play essential roles in the maintenance of brain homeo-
stasis from the embryonic brain rudiment to the aged brain"* In
recent decades, non-immune functions of microglia have been
focused on spine pruning’, neuronal excitability modulation* and
blood-brain barrier (BBB) regulation’. With technological advances
at single-cell resolution, researchers found that brain microglia are
composed of heterogeneous populations among organisms with
different lifespans, sexes and species®”. It also boosted the identifi-
cation of microglial markers, regulatory factors, pathways and gene
landscapes in the context of development, homeostasis and dis-
ease. Dissecting the transcriptional and epigenetic characteristics

of microglia is critical for understanding how the CNS maintains
the homeostasis.

Age is among the top risk factors for brain disorders. Microglial
cell aging contributes to brain dysfunction. On the one hand, micro-
glia exhibit an innate immune memory and can be primed by their
milieu. Even a mild challenge in early lifespan can induce lifelong
susceptibility to a second stimulus, leading to exaggerated immune
responses'®". Primed microglia with exaggerated immune responses
exhibit aneurotoxic phenotype during brainaging and neurodegenera-
tion'*". Microgliain the aged brainare more likely to be primed during
early events and accelerate the aggregation of amyloid-beta (Ap) in
Alzheimer’s disease (AD)'". In addition, microglia primed by
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a-synuclein overproduce pro-inflammatory factors and reactive oxy-
gen species (ROS)'®", which contribute to prolonged neuroinflam-
mation and cause the dopamine neuron impairment in Parkinson’s
disease (PD)™*", Previous studies suggested that anti-inflammation
therapy based on non-steroidal anti-inflammatory drugs (NSAIDs)
may ameliorate the pathology of neurodegeneration, including AD
and PD"®*°?, although the results are controversial* ™.

On the other hand, as immune cells, microglia are sentries sur-
veilling and defending the CNS. Microglia show declined functions
of surveillance and phagocytosis in aged animals®®. The aged brain
produces more myelin debris than the youngbrain. As the professional
phagocyteinthe CNS, microglial dysfunctioninaged brains leadsto the
accumulation of insoluble myelin debris inmicroglia, such aslipofuscin
granulesand lipid droplets. The undegradable debris in turn exagger-
atesmicroglial dysfunctionand myelin degeneration, contributing to
cognitiveimpairment and brain aging®***°. Aged microglia are associ-
ated with a-synuclein aggregation in neurons, suggesting a negative
impact on other brain cells®**>. Moreover, dysfunctional microglia
exacerbate neurodegeneration. Genome-wide association studies
identified mutations in microglia (for example, TREM2 and APOE) as
major risk factorsin late-onset AD*. It has been well documented that
Trem2 deficiency in microglia also increases the risks of tauopathies,
PD, Nasu-Hakola disease and frontotemporal dementia®**.In contrast,
the loss of TREM2 exerts both beneficial and detrimental effects in
diverse contexts of tauopathy’**°. Correcting the Trem2 deficiency
by microglia replacement* might be beneficial for treating these dis-
eases. Collectively, microgliain the aged brain are associated with the
etiology of multiple brain disorders. Nonetheless, how microglia age
atthe transcriptional and epigenetic levels is not fully understood.

Inthis study, we systematically investigated microglial transcrip-
tomes fromyoung, middle-aged and aged mouse brains of both sexes.
We found that female microglia exhibited a progressive aging process
with young, middle-aged and aged stages. In contrast, male microglia
did not show the stepwise transition or intermediate middle-aged
stage during the aging process. We then dissected the transcriptional
dynamics by single-cell RNA sequencing (scCRNA-seq) and assessed
genome-wide chromatin accessibility by assay for transposase-
accessible chromatin using sequencing (ATAC-seq) across young,
middle-aged and aged stages in female mice to dissect the molecular
mechanisms regulating microglial aging. As surveillance immune
cellsin the CNS, microglia are sensitive to the microenvironment. To
understand how microglia respond to their milieu, we analyzed the
transcriptional and epigenetic alterations upon lipopolysaccharide
(LPS) challenge at all three stages of female microglia. We further
investigated the potential communication of microglia with other
brain cells at different ages.

Whenresearchers study a specific aged cell type, what they actu-
ally obtain is the summation of all cell types. Different aged cell types
influence each other, and the phenotype of aspecific cell is shaped by
other cell types. Similarly, when studying the contribution of a particu-
lar aged cell to aspecific function, it is practically the summation of all
aged cell types. Microglia and their milieu are tightly related. When a
microglial cell ages, other brain cells also advance inage*. Itis difficult
todissect the functions of aged microglia excluding the contributions
from other aged brain cells. Microglia are long-lived myeloid cells with
arelatively low turnover rate****, Colony-stimulating factor 1 recep-
tor (CSFIR) is exclusively expressed in myeloid cells of the brain. The
inhibition of CSFIR by PLX5622 ablates the majority of brain microglia
without directly affecting other non-myeloid cells. Once the CSFIR
inhibitionis removed, residual microgliarapidly repopulate the whole
brain by proliferation®. After three-round depletion-repopulation
(3xDR), each microglial cell has proliferated 20+ times. 3xDR shortened
the telomere length of microglia, similar to aged microglia***’. Because
the cumulative number of microglial divisions is around 20 cycles
in the 2-month-old mouse*®, each microglial cell proliferates about

40times, close to the Hayflick limit. Our results reveal that 3xDR micro-
glia exhibit an aged (or aged-like) phenotype in the non-aged brain.
3xDRthus allows researchersto decode the independent functions of
aged-like microglia, excluding contributions from other aged cells. By
using 3xDR, we revealed that aged-like microglia per se contribute to
cognitive decline and myelinimpairment.

In summary, this study aims to achieve a deep understanding of
age-related changesin microglia, decipher the molecular mechanism
underlying microglial cell aging and correlate microglial behaviors with
brain aging. To disseminate our data to the community, we generated
an interactive website for searching the data (http://www.microglia-
tlas.com).

Results

Characteristics of age-dependent genes in microglia across
the adultlifespan

Toobtain deep insightsinto how microgliareact during the aging pro-
cess, we profiled microglial transcriptomes via bulk RNA sequencing
(RNA-seq) onfluorescence-activated cell sorting (FACS)-isolated micro-
glia (CD11b* CD45"") throughout the adult lifespan of C57BL/6) mice
(3-, 6-,9-,12-,14-,16- and 24-month-old for females; 3-, 6-,9-,12-, 16-,
19- and 24-month-old for males) (Fig. 1a and Supplementary Fig. 1a).
Biological replicates for RNA-seq were highly correlated in the same
age (Supplementary Fig. 1b; R > 0.9 for both sexes, Pearson’s correla-
tion). Bulk RNA-seq results were validated via quantitative polymerase
chainreaction (QPCR) (Supplementary Fig. 1c). Our results revealed
that the gene profiles of microglia from the female brain gradually
changed during the aging process (Fig. 1b), indicating a progressive
aging. Principal component analysis (PCA) further showed that female
microgliacan generally be divided into three groups: young (3-month-
old), intermediate middle-aged (6-,9-,12- and 14-month-old) and aged
(16- and 24-month-old) (Fig. 1d). Unexpectedly, microglia from male
mice did not show astepwise transition during the aging process or an
intermediate middle-aged stage. Instead, male microglia displayed a
young phenotype before 9-month-old. Thereafter, they precipitously
switched to an aged phenotype after 12-month-old (Fig. 1c,e). Thus,
female and male microglia exhibited different aging trajectories in
the brain. Notably, we analyzed seven timepoints in each sex. Six out
of seventimepoints areidentical (3-, 6-,9-,12-,16- and 24-month-old),
and one timepoint in each sex is missing (19-month-old in female and
14-month-old in male). The missing timepoints are not in the stage
transition. The potential influence from the discrepant timepoints is
minimal in this study.

Previous studies revealed sex differences in microglial function,
resultingin divergent transcriptome features and consequencesin neu-
rological disorders***°, We next compared the transcriptomes between
females and males at all matched ages (Extended Data Fig. 1a—c). At
all examined ages, female and male microglia exhibited sex differ-
ences (Extended DataFig.1a-c). Hundreds of genes were differentially
expressed between female and male microglia at each age (Extended
DataFig.1b,c), 14 of which (/l1b, Cd300lf, Ccr1, Lilr4b, Eif2s3y, Hp, Plek,
Lilrb4a, Cdkeé, Srgn, Samsn, Ifitm2, Tsc22d3 and Sesnl) were robustly
differentially expressed between the two sexes across most ages
(atleast four out of six ages). Gene Ontology (GO) annotation further
showed that the sexual divergence was mainly reflected in biological
processes, includingimmune process regulation, cytokine-mediated
signaling pathway, ossification, ROS metabolism and phagocytosis
(Extended DataFig.1d). The sex differences may be partially attributed
to the sex hormone regulation®.

Some differentially expressed genes (DEGs) were positively or
negatively correlated with age, including the positively correlated Ax!
(female) and Cd74 (male) and negatively correlated Hspal3 (female)
and Ccl24 (male) in the mouse brain (Fig. 1f). We named them age-
dependent microglia (ADEM) genes. We identified 57 and 14 ADEM
genes positively correlated with age (P-ADEM genes) in female and male
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Fig.1| Transcriptional profiling by bulk RNA-seq to investigate the sex-
dependent microglial aging process and ADEM gene set. a, Scheme of
timepoints for microglia bulk RNA-seq analysis. Microglia were collected by
FACS from C57BL/6) female and male mouse brains. b,c, Heat maps of microglial
DEGs during the aging process in female (b) and male (¢) mice. Cells are colored
according to the z-score, and stages are separated by gap. d,e, PCA plots of
microglial phenotypes during the aging process in female (d) and male (e) mice.
f, Scatter plot showing linear regression of representative genes correlated
with the aging process. Gray shading represents the 95% confidence interval,
and Pearson’s correlation coefficients and Pvalues are shown. g,h, Heat maps
of ADEM genes during the aging process in female (g) and male (h) mice. Cells
are colored according to the z-score, and stages are separated by gap. i, Top 10
significantly enriched BPs of ADEM genes annotated by GO (g < 0.05). j, Top

LXR/RXR activation [
FXR/RXR activation [

— T T
0O 2 4 6 8 10

-log (P value) Spp1 Cd74 Cst7

10 significantly enriched canonical pathways of ADEM genes annotated by IPA
(g<0.05).k, Venn diagram revealing 21 genes overlapping between the ADEM
and DAM gene sets. Genes in both ADEM and DAM gene sets are listed below.

1, Scatter plot showing linear regression of log,FC of overlapping genes between
ADEM and DAM gene sets, revealing that they are positively correlated. Gray
shading represents the 95% confidence interval, and Pearson’s correlation
coefficientand Pvalue are shown at the bottom. m, Venn plot revealing that
only three genes are overlapping between ADEM and ARM gene sets. Genesin
both ADEM and ARM gene sets are listed below. n =2-6 mice for each group.

BP, biological process; F, female; FO3_1, 3-month-old female, biological replicate
1;MO03_1, 3-month-old male, biological replicate 1,and so on in a similar fashion;
M, male; MO, months old; Dim, dimension.
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Fig. 2| Characteristics of microglial cell aging by scRNA-seq. a, Scheme of
microglial scRNA-seq from young (3 MO), middle-aged (14 MO) and aged

(24 MO) female mice. b, tSNE plots of young (3 MO), middle-aged (14 MO)

and aged (24 MO) microglia. Cells are divided into 17 clusters (CO-C16) by
unsupervised classification, and cells are colored according to age (upper
panel) and cluster (lower panel). ¢, Cell proportion of three ages in each cluster
identifies young-dominant, middle-aged-dominant and aged-dominant
clusters; clusters and age distributions are shown inb. d, Violin plots showing

the expression levels of 14 microglial homeostasis-associated genes and
inflammatory-related genes in each cluster. e, Pseudotime trajectories of
microglia from three ages. Microglia at distinct time states show distinct
trajectories. f, Heat map showing the expression levels of ADEM genes,

which are correlated with pseudotime. n =5 mice for each group. In total,

4,207 young (3 MO0), 3,272 middled-aged (14 MO) and 2,497 aged (24 MO)
microgliaare harvested. FO3, 3-month-old female, and so on inasimilar fashion;
MO, monthsold.

mice, respectively (Fig.1g,h). P-ADEM genesinclude those participating
in the interferon (IFN) signaling pathway (Ifitm3, Ifi204, Cxcl16, Xaf1,
Gasé6 and Tgtp2), lipid metabolism (Lpl, Apod and SppI), phagocytosis
(Axl, Spp1, Cst7 and Fcgr3a), defense responses (Tnf, Il1rn, Ccl6 and
Ccl12),ROS production (Cybb and Hp) and antigen presentation (H2-D1,
H2-Q7,Cd74, Tapl and H2-K1) (Fig.1g,h and Supplementary Table1). We
also identified 16 and 4 ADEM genes that were negatively correlated
with age (N-ADEM genes) in female and male mice, respectively, includ-
ing microglial marker genes (Fcrls and /l[4ra), chemokine suppression
and productiongenes (Socs3, Tlr7 and ll4ra), endoplasmic-reticulum-
associated protein degradation (ERAD)-associated genes (Hspal3) and
irontransportationgenes (Fthl and Hfe) (Fig.1g-h and Supplementary

Table 1). GO analysis revealed that the functions of ADEM genes were
involved inleukocyte migration, chemokine production, IFN signaling,
defense response, adaptive immune activation and innate immune
activation (Fig. 1i and Supplementary Table 1). Ingenuity pathway
analysis (IPA) further showed that the pathways related to LXR/RXR,
FXR/RXR activation, a-tocopherol degradation, iron transport and
iron homeostasis were enriched in ADEM genes (Fig. 1j and Supple-
mentary Table 1), suggesting that aging may influence lipid and iron
metabolism. Previous observations have indeed demonstrated that
aging causes lipid and iron accumulation in microglia®-*2. The func-
tions of ADEM genes are consistent with DEGs found in aged mouse
and human microglia®>*. Interestingly, most of male ADEM genes

Nature Aging | Volume 3 | October 2023 | 1288-1311

1291


http://www.nature.com/nataging

Resource

https://doi.org/10.1038/s43587-023-00479-x

exhibited similar up-regulation and down-regulation trends with step-
wise transitions in female microglia (Supplementary Fig. 2a), although
the trends were not as prominent as the trends of female ADEM in
female microglia (Fig. 1g). In contrast, most of female ADEM genes in
male microglia presented a precipitous switch between young and
aged stages (Supplementary Fig. 2b). The results double confirmed
the gradual transition of female microglia and the precipitous switch
of male microglia during the aging process.

To further decipher the characteristics of ADEM genes, we com-
pared ADEM genes to the gene sets of disease-associated micro-
glia (DAM)* and activated response microglia (ARM)**. Among 85
ADEM genes, 21 genes overlapped with DAM genes (Fig. 1k). The
fold changes (FCs) of overlapping genes in the ADEM and DAM sub-
sets displayed a positive correlation (Fig. 11). In contrast, only three
ADEM genes (Cd74, Cst7 and SppI) were included in the ARM gene set
(Fig. Im), indicating that microglial aging is not simply equivalent to
cell reactivity. The results indicate that ADEM genes are more likely
to be linked to neurodegeneration, rather than microglial reactivity,
suggesting active roles of microglia in neurological disorders of the
aged brain.

Characteristics of microglial cell aging in female mice at
single-cell resolution

To dissect how microglial cells age at single-cell resolution, we used
10x Genomics-based scRNA-seq to map the microglial transcriptome
(Fig. 2a). Because only female microglia showed the stepwise aging pro-
cess, whereas male microglia did not exhibit the progressive transition
andintermediate middle-aged stage, the longitudinal analyses hereaf-
ter (including scRNA-seq and ATAC-seq) were primarily conducted in
female mice to better display the aging process with the middle-aged
microglia. We acquired 11,934 CD11b* CD45' cells from female brains
in the young (3-month-old), middle-aged (14-month-old) and aged
(24-month-old) stages with similar sequencing depth (Supplementary
Fig.3a). After the removal of low-quality reads, doublets and putatively
dead cells (Supplementary Fig. 3b), cells were divided into five clouds
(I-V) (Supplementary Fig. 3¢). Based on brain cell markers, clouds
I-V were annotated as microglia (87.02%), granulocytes (4.26%),
T/natural killer (NK) cells (3.18%), macrophages/monocytes (5.14%)
and astrocytes/oligodendrocytes (OLs) (0.40%) (Supplementary
Fig.3c,d). Thus, a total of 9,976 microglia from cloud | were obtained
for subsequent analysis, including 4,207 young (3-month-old), 3,272
middled-aged (14-month-old) and 2,497 aged (24-month-old) microglia
(Fig.2band Supplementary Fig. 3e). The scRNA-seq datawere validated
with bulk RNA-seq, immunostaining and RNAscope (Supplementary
Figs.4and5).

Based on unsupervised classification, microglia from three ages
were divided into 17 clusters (CO-C16) (Fig. 2b and Supplementary
Fig. 3e). Young microglia were predominantly located in C8, Cl11, C4,
C10, C9, C3 and CO. Aged microglia were predominantly located in
Cl14, C6, C16, C2, C15, C12 and C7. In contrast, microglia from middle-
aged brains were mainly distributed in C13, C1 and C5 (Fig. 2b,c and
Supplementary Figs. 3e and 7). The microglial homeostasis genes
P2ry12, Tmem119, Cx3crl, Cst3and Fcris were expressed in all microglia,
but they were highly enriched in young-dominant clusters (Fig. 2d).

In contrast, Cd74, Ccl3, Il1b, Lpl, Cst7, Cybb, Axl, Spp1 and Apoe, genes
associated with neuroinflammation or diseases, were significantly
up-regulated in the aged-dominant clusters (Fig. 2d). These results
indicate that microgliaundergo age-dependent alterations, switching
from a homeostatic to a more inflammatory or diseased state during
the aging process.

To precisely depict the development of ADEM genes during aging,
we mapped signature scores of ADEM genes at single-cell resolution.
Signature scores of both P-ADEM and N-ADEM genes were strongly
correlated with age (Supplementary Fig. 7a,b). We further used
pseudotime analysis to better visualize the transcriptional dynamics of
theagingtrajectory. Three age-dominant branches were identified, and
CO0, Cl1and C2 were located at the key hub of the age dynamics transi-
tion (Fig. 2e). Notably, we found that the pseudo-temporal expression
of most ADEM genes coincided with the up- or down-regulation trend
(Fig. 2f), confirming that ADEM genes reliably represent core charac-
teristics of microglial cell aging. Next, we projected ADEM-related GO
biological functions on individual microglia, including the response
to IFN, chemokine secretion and lipid localization (Supplementary
Fig. 7c). ADEM genes associated with lipid metabolism were mainly
enriched in aged microglia (Supplementary Fig. 7c), suggesting the
dysfunction of lipid metabolismin the late lifespan. The transcriptional
characteristics may explain previous observations of lipid metabolism
deficits in aged microglia®*"*,

The chromatinlandscape reveals the epigenetic regulation of
ADEM genes

Genetranscriptionis regulated by the chromatinlandscape, including
chromatin structure, DNA and histone modifications™°. Accessible
chromatin regions allow for the selective binding of regulatory ele-
ments, whichis crucial toregulate gene expressionin cell-type-specific
or context-specific manners®’. To explore potential mechanisms gov-
erningthe transcriptional dynamics of microgliaacross the lifespan, we
mapped the chromatin accessibility of female microglia in the young
(3-month-old), middle-aged (14-month-old) and aged (24-month-old)
stages (Fig. 3a) by ATAC-seq. ATAC peaks were aligned to gene regula-
tory regions throughout the whole genome. Peaks in microglia were
mainly enriched *1 kilobase (kb) around the transcription start site
(TSS), primarily in the promoter region. The overall peak distribution
ingene regulatory regions was similar among the three ages (Extended
DataFig.2a). Previously, it was demonstrated that chromatin epigenetic
features are relatively stable over time in microglia before the aged
state®. Inline with this, we observed a similar distribution of ATAC peaks
within flanking regions identified in young and middle-aged microglia.
Nonetheless, the number of ATAC peaks in aged microgliawasincreased
(Fig. 3b), suggesting that microglia can respond to the aging state at
the epigenetic level. Next, we asked whether ADEM gene expression
isregulated by chromatin openness around promoter regions. To this
end, we analyzed peak distributions in ADEM gene promoter regions.
ADEM genes exhibited differential chromatin accessibility in different
ages (Fig. 3¢,d, Extended Data Fig. 2b and Supplementary Table 2). In
general, the chromatin accessibility of P-ADEM genes increased when
microgliabecame aged, whereas that of N-ADEM genes decreased
(Extended Data Fig. 2b).

Fig.3|Chromatinlandscapes identified by ATAC-seq unveil epigenetic
features of microglia during the aging process. a, Scheme of microglial
ATAC-seq from young (3 MO), middle-aged (14 MO) and aged (24 MO) mice.

b, ATAC peaks around the TSS (-1 kb to 1kb) of microglia at three ages. Data are
presented as mean = s.d., heat map showing enrichment of normalized ATAC-
seq reads within +1 kb of TSS in microglia at different stages. ¢, Representative
genome browser views showing ATAC peaks of Axl, Cd74, Cst7, Spp1 and Fthl.
The numbers in brackets indicate the minimum and maximum values of the
yaxis. Ref, reference genome view of mm10. d, Heat map of differentially
accessible chromatin promoter regions of ADEM genes. Cells are colored

accordingto the z-score, and rows are hierarchically clustered. e,f, Heat map

of differentially accessible TF motifs to all genes (e) and ADEM genes (f).
Cellsare colored according to the z-score, and rows are hierarchically clustered.
g, Sequence logos of selected ADEM gene-associated TF motifs. h,i, Line chart
showing the peak counts of the TF-encoding genes Cebpb (up-regulated with
age) and Mef2c (down-regulated with age). j k, Line chart showing the binding
activities of CEBP (j) and MEF2C (k) to all genes and ADEM genes. Data are
presented as mean +s.d. n = 2 ATAC-seq tests for each group. Microglia from2-3
mice were pooled together for each ATAC-seq test. MO, months old.
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Transcription factors (TFs) are critical determinants of both
transcriptional and epigenetic landscape alterations®’. We annotated
peaks to identify potential TFs accounting for the differential gene
expression observed during the aging process. We first identified all
differential chromatin bindingsites of TFs and observed numerous TFs
that displayed significantly higher activity in aged microglia (Fig. 3e).
Next, we examined how TFs potentially govern the expression of ADEM
genes during aging. We identified 50 TFs with significant enrichment
in ADEM-accessible peaks across three ages, including key myeloid TFs
(PU.1and IRF8)®,immediate early response TFs (FOS, JUNB and cJUN)**,
IFN pathway TFs (IRF1, IRF2 and IRF3)®, CEBP family members (CEBP
and CEBPg)*® and ETS family members (MEF2A and MEF2C) (P< 0.05;
Fig. 3f,g and Supplementary Table 2). Some of these TF peak counts
were gradually up-regulated when microgliaadvancedinage, such as
those of Cebpb, Spil (encoding PU.1), Etv4, Junb, IrfI and Irf8 (Fig. 3h
and Extended Data Fig. 2¢). In contrast, some of the peak counts were
gradually down-regulated, including those of Mef2c, EIfS, Elf1, Cebp3,
Mef2a.3and Mef2d (Fig.3i and Extended Data Fig. 2d). We then assessed
TF binding activities corresponding to ADEM peaks by using chrom-
VARY, Although the binding activities of both CEBP@3 and MEF2C toward
total genes displayed an age-dependentincreasing trend, the binding
activities of CEBPp and MEF2C toward ADEM genes were enhanced and
reduced, respectively (Fig.3j k). Theresultsindicate that TFs selectively
regulate gene expressioninanorchestrated manner. A previous study
showed that Cebpb was up-regulated in aged healthy brains and aged
AD brains®®. CEBPf in microglia has been demonstrated to drive pro-
inflammatory and neurodegeneration-related gene programs®*®’, In
contrast, MEF2C activity isimplicated in enhancing cognitive function
and conferring resilience to neurodegeneration’. The expression of
MEF2C in microglia is down-regulated during brain aging ina type |
interferon (IFN-1)-dependent manner. MEF2C limits the microglial
inflammatory response toimmune challenge. The loss of MEF2C results
in, or is associated with, microglial priming”".

Taken together, our results indicate that chromatin accessibility
and TF binding activity are responsible for regulating ADEM gene
expression throughout the microglial lifespan. Accordingly, TFinduc-
tionmay act as akey regulator of the ADEM gene dynamics throughout
the microglial lifespan.

Aged microglia display acompromised molecular reaction to
systemic LPS challenge

Previous work suggests that aged microglia are primed and respond
inanexaggerated manner to asecond stimulus’”. However, whether
the microglial transcriptomes of aged animals exhibit stronger altera-
tions in response to inflammatory challenge remains unknown. To
address this question, we treated young (3-month-old), middle-aged
(14-month-old) and aged (24-month-old) female mice with LPS or PBS.
Animals were euthanized 2 h after administration (Fig. 4a). scRNA-seq
and bulk RNA-seq were used to investigate how microgliareactto LPS
challenge. Both scRNA-seq and bulk RNA-seq revealed that microglia
of different ages responded differentially to LPS challenge. LPS-treated

groups were primarily included in neighboring clouds rather than
clustered with PBS-treated groups of the same age (Fig. 4b,c). Based
on unsupervised classification, microglia from scRNA-seq data were
divided into 19 clusters (cO-c18) (Fig. 4b). In the LPS-treated group
(c1,¢2,c5-c7,c10and c13-¢18), most clusters were composed of cells of
the same age. Interestingly, c13—c16 consisted of cells of all three ages
after LPS challenge (Fig. 4b). We found that IFN signaling activation-
associated genes (Iffitm1, Ifitm6 and /[r2) were highly expressedin c13-c16
(Fig. 4d). Genes associated with IFN pathways (/[1B, Ifitm2, Ccl5, Ccl7,
Ccl3,Ccl4, Ccl12, Ifi205 and Il1rn) were enriched in c13-¢16, indicating
that these subsets of microglia were highly conserved across different
ages and showed a strong response to LPS stimulation (Fig. 4d,e and
Supplementary Table 3). Next, we asked whether ‘primed’ aged micro-
glia display a stronger response to LPS challenge. We used bulk RNA-
seq to compare LPS-treated and PBS-treated microglia at three ages
(Fig.4f). Weidentified 2,435 DEGs at 3 months of age, whereas the num-
ber reduced to 1,507 at 24 months of age (Fig. 4f and Supplementary
Table 3). Upon LPS administration, 219 and 54 DEGs in young microglia
were annotated to the cytokine production and phagocytosis catego-
ries, respectively (Fig. 4g,h and Supplementary Table 3). In contrast,
only 143 and 39 genes in aged microglia were differentially expressed
upon LPS challenge (Fig.4g,h and Supplementary Table 3). Theresults
indicate that aged microglia, which are considered primed, do not
exhibit amore exaggerated response to LPS challenge. Similar results
were also observed at the middle-aged stage (Fig. 4g,h). Therefore,
aged and middle-aged microglia respond to LPS in a weaker/compro-
mised manner.

Previous studies reported that LPS induces an exaggerated neu-
roinflammatory response in aged mice’>**°, To further test whether
aged microgliarespond to LPS in an exaggerated manner, we evaluated
the expression of several well-documented inflammation-related genes
in microglia. We first analyzed Myd88, which controls the release of
inflammatory factors. Although LPS significantly increased microglial
Myd88 levels at the young and middle-aged stages, it did not induce
Myd88 up-regulation at the aged stage (Fig. 4i). Next, we observed
some key inflammatory mediators that are associated with neuro-
toxicity, including /[1b (ref. 81), 116 (ref. 82) and Tnf****. Il1b expression
was significantly up-regulated after LPS challenge at all ages (Fig. 4i).
However, LPS did not induce Tnf up-regulation in aged microglia
(Fig. 4i). Notably, under homeostasis (PBS-treated groups), middle-
aged microgliadisplayed higher /l6 and Tnflevels than young microglia,
whereas expression levels were reduced in aged microglia (Fig. 4i).
Next, we analyzed the microglial expression of IFNy response genes
(Ccl5, S100a8, S100a9 and Cxcl13), which were previously showed
to display age-dependent up-regulation in brain tissue induced by
an IL-1B, TNFa and IL12 mixture™. However, we failed to observe age-
related up-regulation after LPS treatment (Fig. 4i). A previous study
showed that SI0O0A8 and S1I00A9 form the calprotectin heterocom-
plex, which is recruited by LPS-challenged TLR4 and subsequently
induces deleterious pro-inflammatory cytokine release®. When
we knocked down either S100a8 or S100a9 in primary microglia,

Fig.4|scRNA-seq and bulk RNA-seq reveal that microgliarespond to

LPS challenge in an age-dependent manner. a, Scheme of LPS and PBS
administration and timepoints for scRNA-seq and bulk RNA-seq. b, tSNE plots
of scRNA-seq display different responses of young (3 MO), middle-aged (14 MO)
and aged (24 MO) microglia to LPS challenge. Cells are colored according to the
group (left) and unsupervised clusters (right) separately. ¢, PCA plots of bulk
RNA-seq display different responses of young, middle-aged and aged microglia
to LPS challenge. n =3-5mice for each group. d, Violin plots show the expression
levels of Ifitm1, Ifitmé, lr2, I11B, Ifitm2, Ccl5, Ccl7, Ccl3, Ccl4, Ccli2, Ifi205 and ll1rn
grouped by clusters; these genes are enriched in c13-c16. e, Top 10 significant
BPs annotated by GO and IPA of c13-c16 enriched genes (g < 0.05). f, Volcano
plots of LPS-challenged microglia versus PBS-treated controls at 3 months,

14 months and 24 months of age. Red and blue represent significant DEGs

(P<0.05,log,FC>1, QL F-tests). g, Heat maps of cytokine production and
phagocytosis-related DEGs of LPS-challenged microglia versus PBS-treated
control at 3 months, 14 months and 24 months of age. h, Bar plot showing the
DEG numbers of cytokine production-related and phagocytosis-related genes
(asshowning).i, FPKM of MydS88, Il1b, Il6, Tnf, Ccl5, S100a8, S100a9 and Cxcl13.
Data are presented as mean + s.d. Two-tailedindependent t-test.n=5,4,3,3,5
and 3 mice for young (PBS), middle-aged (PBS), aged (PBS), young (LPS), middle-
aged (LPS) and aged (LPS), respectively. Two-tailed independent t-test.n =5
mice for each group of b, dand e. In total, 3,539 young (3 MO), 4,149 middle-aged
(14 MO) and 4,313 aged (24 MO) microglia after LPS challenge were harvested in
eachgroup of b, d and e. BP: biological process; BW, body weight; FO3_LPS, LPS-
challenged 3-month-old females, and so on in a similar fashion; MO, months old;
Dim, dimension.

Nature Aging | Volume 3 | October 2023 | 1288-1311

1294


http://www.nature.com/nataging

Resource

https://doi.org/10.1038/s43587-023-00479-x

PBS (vehicle) or
LPS (0.5 mg per kg BW)

PBS (vehicle) or
LPS (0.5 mg per kg BW)

PBS (vehicle) or
LPS (0.5 mg per kg BW)

-
| | | -
Female 3 MO 14 MO 24 MO
(young) (middle-aged) (aged)
b ec0 © F24.pBS 3 A F03_PBS
: 512 FO3_PBS 5 -+ F14_PBS
.o F03.PE > F24_PBS
2 FO3 PBS 24_PBS 2 ® FO3_LPS
: e F03_PBS 4 FRARS-S W F14.LPS
6 o APBST w0 HF24LPS
o F03_PBS 1 Ked\s.2
® o8 7551 Fo3.LPS 2
: 5190 F14.peS 4 o
®cn
® cl2
®ci3 9
®cl4 [}
®cl5 =]
N ® cl6 <
% [ ] c]g 2 +F14_PBS_6
ec 3 Flalpsi1 ®
e a _LPS_
tSNE1 tSNE 1 Dim 1(17.3%)
d ffitm6 GO BP (c13-c16)
I R SR R E B B IR Y
‘ 12 Positive regulation of cytokine production _
T S O Cytokine-mediated signaling pathway [
$ * A ‘ Ifitm1 Positive regulation of defense response [
Lo ] e b b PO Y 205 552%?25?;11’;22 ]
, * + ‘ ‘ ’ ‘ ’ + Cxcl2 Myeloid leukocyte migration [
J——‘——‘— J——L—L -1 2 ? ’ b Regulation of innate immune response _
b R S S 2D OO Response o FNy
A " ~ ‘¥‘ cels5 Cellular response to biotic stimulus _
_‘__I__l__‘__‘_é__‘ - , ‘ ! el Response to IFN-3 |y
J__I_J__A__k____ﬂ_fité’ > > 2,* o 10 20 30 40
11 ] ete>ddoROOHPM Counts

P O R N N P 2 2 g 2 st o o e
PSS o o It S S G
PENUT YYS . 2 e 20000 G
P RNY TYS & e o 2 e g e gl
Voot Pr++t4+a>oFT oo

e>dbdbboPPTrobeeodoe
bttt rottaedeaPIN

S100a9

9 Cytokine production

IPA (c13-¢16)

Role of hypercytokinemia/hyperchemokinemia
P \l(n the patﬁ{ogyepnesis orpin uenza
Neuroinflammation signaling pathway

LXR/RXR activation

TREM1 signaling

Activation of IRF by cytosolic

pattern recognition receptors

eof 0 signaling
Role of pattern recognition receptors
In recoge\ition ofebaaeria ang viﬁlses

crosstalkbgtupen sepaiccol

Death receptor signaling
Toll-like receptor signaling

Phagocytosis

o

5 10
~log (P value)

@

=

WO 2410 EIe)
FBS _(PS_ PBS LPS  _PBS LIPS

) MO
FBS _(PS_ PBS LIPS

N R I S AR S USRI IR R I S
f LPS vs PBS (3 MO) LPS vs PBS (14 MO) LPS vs PBS (24 MO)
100 | © Upregulated (1,206) ® Upregulated (503) ® Upregulated (961) s S
® Downregulated (1,229) ® Downregulated (663) 6 ® Downregulated (546)
1a
1a Acord
-
75 7 e Saa3 ) .‘/.
. ¥
o un " gt P saa3
2 3 Veam1 .
_8’ 5.0 F
! cd200r, Tnfa
. oL
25r Tnfa
ot 0
. | . . \ . . . | . .
-5 0 5 10 -5 10
log, FC
.
1
150 P=0.005
] P<0.001 2
@ == [
> =
= s
s s
s g
é o
[
3MO 14 MO 24 MO 3Mo 14 MO 24 MO
300 P=0.421 10,000 3,000 ¢
10 P<0.001 ° § 8,000 E
8 S S 2,000 -
= 6,000 =
“ %) %)
o “— .
s O 4,000 °
i = = 1,000
o < I~
w a 2,000 a
& [

3 MO

14 MO

24 MO

3MO

14 MO 24 MO

FPKM of Tnf

14 MO

24 MO

FPKM of Cxcl13

3 MO

14 MO 24 MO

150

100

250

200

Number of DEGs (LPS vs PBS)
a o @

o o o o
|
I
|
|

Cytokine Phagocytosis
production

P=0.004 . PBS

. LPS

P<0.001

3 MO 14 MO 24 MO

P=0.547

3 MO

14 MO 24 MO

Nature Aging | Volume 3 | October 2023 | 1288-1311

1295


http://www.nature.com/nataging

Resource https://doi.org/10.1038/s43587-023-00479-x
a PBS (vehicle) or PBS (vehicle) or PBS (vehicle) or
LPS (mg per kg BW) LPS (mg per kg BW) LPS (mg per kg BW)
| | l >
| | | -
3 MO 14 MO 24 MO
Female (young) (middle-aged) (aged)
b 3 MO (LPS) 14 MO (LPS) 24 MO (LPS) High c d
[ ][ ][ ] FO3 PBS AL 3 MO LPS vs 3 MO PBS 24 MO PBS vs 3 MO PBS
60 g _PBS_A1 Down (334) iUp (2,048) Pown (78} iUp (514)
20 8 ! ! ! !
@
20 @,
0 5 40
-10 -05 TSS 05 10-1.0 -05 TSS 05 10-1.0 -05 TSS 05 1.0 =z F14_LPS_A2= &
. g
Low x \2 T 20+
: =) F14_LPS A
o)
s = 1~ A FO3_PBS
L ~ FOS[PS B ~+ F14.PBS o o] i
: g FO3_LPS_A1 sf Eg?{jgg T : T T T ; T ; T
o = F14_1PS -2 0 2 2 1 0 1 2
; o
Dim 1(73.7%) F24.1ps log, fold change log, fold change
e Differential chromatin accessibility feature distribution
s B | |
LPS vs PBS | Promoter (<1 kﬁ))
2 S B I
LPS vs PBS e
24 MO u WSIhexon
LPS vs PBS R miron”
- 24 MO PBS  ennanaam (< 300)
I | ! | | | vs 3 MO PBS M Distal intergenic
TSS TSS TSS TSS TSS TSS I T J T !
o 25 50 75 100
Percentage (%)
f st intron g
 [[0-901 [0-50] [0-65] [0-120] [0-90]
o0 24 MO vs 3 MO (LPS) 24 MO vs 14 MO (LPS) 14 MO vs 3 MO (LPS)
co A b ey A .
g (] Down Up 15 -4 Down 1Up Down 1Up
2= o 2 56 115 10.0 7 m
@ A e A e o . A i
c 7.5 1 |
Sw
=N L 101
Sl - L,Aﬂ I Y ™S .‘. ,,‘A._..,LA, . L.‘ o
£Q & 5.0 o
Y Y W Y W Y W 3
2 NN Y T W o ea P _8’ < .
8 LS B
2. —a. Al A el “
5222 5 N R R ¥ ¥
<
b ISP W' ORI RO VUl SOV ISR YO | 01 ‘ oL | ‘ | ‘ ‘
«— I n -1 o 1 -1 0 1 -1 o 1
153
-2 llirn Vmp1 Aff1 Bachi Map2k3os log; fold change log, fold change log; fold change

Fig. 5| ATAC-seq reveals the divergence of chromatin modifications between
microglial aging and reactivity to LPS challenge. a, Scheme of LPS and PBS
administration and timepoints for ATAC-seq. b, ATAC peaks around the TSSs
(-1kb to1kb) of LPS-challenged microglia at three ages. Data are presented as
mean +s.d., heat map showing enrichment of normalized ATAC-seq reads within
+1kb of TSSs in microglia at different stages. ¢, PCA plot showing that microglia
of different ages exhibit distinct chromatin modifications in response to LPS
challenge. d, Volcano plots of differentially accessible peaks upon LPS challenge
(3MO LPS versus 3 MO PBS) and age-related change (24 MO PBS versus 3MO
PBS), revealing divergent chromatin modifications between LPS challenge

and the aging process (P < 0.05, log,FC > 1, QL F-tests). e, Bar plots showing the
distribution of differential peaks in gene encoding and regulatory element
regions. f, Representative genome browser views showing ATAC peaks of /lIrn,
Vmpl, Aff1, Bachl and Map2k3os. The numbers in brackets indicate the minimum
and maximum values of the y axis. Ref, reference genome view, mm10. g, Volcano
plots of differential accessible peaks of LPS-challenged microglia across different
ages reveal conserved epigenetic modifications across different ages. n = 2 ATAC-
seq tests for each group. Microglia from 2-3 mice were pooled together for each
ATAC-seq test (P < 0.05,log,FC > 1, QL F-tests). BW, body weight; MO, months old;
UTR, untranslated region; Dim, dimension.

the LPS-induced immune response was reduced, as seven of 13 and
eight of 13 immune-related genes were significantly down-regulated
upon S100a8 and S100a9 knock-down, respectively (Extended Data
Fig.3). The down-regulation of SI00a8and S100a9, thus, can partially
explained the weakened cytokine production observed inaged micro-
glia. Therefore, despite their primed state, aged microglia exhibit a
compromised immune response upon systemic challenge.

Microgliashow diverse alterations in their chromatin
landscapes in response to aging and LPS challenge

Microglia undergo a mild and chronic reactive response in aged
brains®®’, whereas LPS-induced reactivity is firm and transient””*5,
Tofurther decode differences between these two processes, we exam-
ined the epigenetic modulation in LPS-administered and PBS-admin-
istered microglia at young, middle-aged and aged stages (Fig. 5a,b).

PCA results showed that both LPS challenge and the aging process
induced substantial alterations in chromatin modifications, although
the effect of LPS was more pronounced (Fig. 5¢). In LPS-administered
microglia, 44,353 peaks were identified and aligned to genomic loci.
There were 2,382 differentially accessible peaks (DAPs) between LPS-
administered and PBS-administered microglia at 3 months of age. In
contrast, only 592 DAPs were identified between 24-month-old and
3-month-old microglia (Fig.5d and Supplementary Table 4). Moreover,
we examined the annotation of DAPs with ChlPseeker annotatePeak.
DAPs found in LPS-treated versus PBS-treated microglia were primarily
locatedinthefirstintron (Fig. 5e,f).In contrast, aging modulated DAPs,
such that they predominately accumulated around promoter regions
(Figs. 5e and 3c and Extended Data Fig. 2a). Interestingly, only a small
number of chromatin accessibilities in LPS-challenged microgliawere
detected across different ages (Fig. 5g), indicating conserved epigenetic
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modifications upon LPS challenge across different ages. Therefore,
these results indicate that aging and systemic inflammation induce
distinct chromatin modulations.

Microglial crosstalk with astrocytes and endothelial cellsin
theagedbrain
Different cell types in the brain cross talk and orchestrate®. The
dysregulation of cell-cell communication is one of the hallmarks of
aging’°. As resident immune cells, microglia surveil and respond to
microenvironmental alterations. However, how microglia affect their
microenvironment and interact with other cellsin the aged brain are not
fully understood. To better understand how aging impacts on micro-
gliaand other brain cells, we predicted the intercellular signaling and
cell-cell communication. Brain cells from young (3-month-old) and
aged (24-month-old) mice were harvested for scRNA-seq (Extended
Data Fig. 4a). After removing low-quality cells and red blood cells, we
finally acquired 9,088 cells for subsequent analysis (Extended Data
Fig.4band Supplementary Fig. 8). We identified 15 distinct cell popula-
tionsaccordingto cell-type-specific gene signatures*’ (Extended Data
Fig.4c,d and Supplementary Fig. 8). Two astrocyte populations were
identified (Extended Data Fig. 4c,g and Supplementary Fig. 8). Apoe,
Slcia2, Gjal, Mfge8 and Slcolcl were highly expressed in Astrocytel,
whereas S1I008, Aqp4, Sox9,Aldhl1l1 and Gfap were relatively enriched
inAstrocyte 2 (Extended DataFig. 4e), consistent with previous obser-
vations”’. Notably, the major cell types collected by our method were
microglia, astrocytes and endothelial cells (ECs) (Extended Data
Fig.4c,fand Supplementary Fig. 8a,b); therefore, we investigated the
overlapping DEGs in these cell types. Ttr, Cripl, Ly6a, Mgp, B2m, Tspo
and Vcamlwere up-regulatedin most cell types (Extended Data Fig. 4g
and Supplementary Table 5). Ttrwas prominently up-regulated inaged
brains. TTRisatransporter of vitamin A and thyroxine. A previous study
demonstrated that TTRis neuroprotective after brain injury®>. Onthe
other hand, TTRis also arisk factor for the formation of amyloid fibrils
in familialamyloid polyneuropathy®, implying that the high expression
of Ttrcontributes to neurodegeneration in the aged brain. In addition,
we identified the most common biological functions enrichedineach
cell population, which include the ‘response to interferon signaling’,
‘protein synthesis’, ‘response to stress’and ‘regulation of cell apoptosis
and cell cycle’ (Extended Data Fig. 4h and Supplementary Table 5).
Previous studies showed aging-driven deterioration of brain
structures and functions, particularly in the BBB***, Dysfunction or
breakdown of the BBB resultsin the entry of neurotoxic factors, leading
toneuroinflammation®. Thus, we highlighted the cellular interactions
between microglia and BBB components, including astrocytes and
ECs. Thegene profiles of astrocytes and ECs underwent evident altera-
tions in the aged brain (Extended Data Fig. 4f,g and Supplementary
Fig. 9). Genes associated with antigen presentation (B2m, Cd74 and
Hla-a), oxidative stress (Alpl, Fos, Hsp90abl and Jun), glycolysis and
hypoxiaresponse (Aldoa, Pkm, Tpl1, Ednl and Ldha) and neuroinflam-
mation signaling (Vcaml, cd200 and Vmf) were up-regulated in aged

ECs (Supplementary Fig. 9aand Supplementary Table 6), indicating the
involvement of ECsin the overallinflammatory state during brain aging.
In aged astrocytes, the levels of major histocompatibility complex
(MHC) class I/l1 genes (B2m, H2-D1, Cd74 and MHCII genes involved in
adaptive immunoregulation) and the complement cascade gene C4b
were markedly elevated (Supplementary Fig. 9b and Supplementary
Table 6). However, Occludin, Claudins and Cx4, whichencode key BBB
component proteins’”’%, did not show significant alterations dur-
ing the aging process (Supplementary Table 6). Thus, BBB dysfunc-
tion might not be driven by intrinsic cellular changes but, rather, by
the inflammatory microenvironment or the recruitment of immune
cells to the gliovascular unit, which increase susceptibility to age-
related disorders.

To further compare the altered cell signaling during the aging
process, we additionally applied CellPhoneDB and CellChat’* ' to
predict the cell-cell interaction. By CellPhoneDB, we identified 29
age-dependent ligand-receptor interactions (defined as in a specific
cell-cellinteraction, P<0.01in a certain age, and P> 0.01in the other
age) (Extended Data Fig. 5a). TNF, TGF-3, PDGF and VEGF signaling
pathways were differentially involved in microglia during the aging
process (Extended Data Fig. 5a). In addition, we identified 13 significant
transmitter-receiver interactions by CellChat, four of which were dif-
ferentially involved between different ages (Extended Data Fig. 5b).

Forced microglial turnover induced by 3xDR accelerates
microglial cell aging

We administered male mice a PLX5622-formulated diet for 14 d to
deplete brain microglia, followed by control diet (CD) for 21d for
repopulation (Extended Data Fig. 6a). After three rounds of deple-
tion-repopulation, each microglia proliferated at least log,(190.2/
0.1304) +log,(221.2/1.821) + log,(247.9/3.211) = 23.71times on average
(Extended Data Fig. 6b,c). To ensure that microglia reached a steady
state, we extended the analysis for another 14 d after the third round
of depletion-repopulation to allow microglia to fully recover (Fig. 6a).
Aging leads to telomere shortening*®*. The telomere length of 3xDR
microglia displayed asimilar shortened trend (Fig. 6b). 1XDR microglia
(aka repopulated microglia) display similar morphology, transcrip-
tome profile and function to naive microglia**°** In contrast,
gene characteristics of 3xDR microgliawere distinct from CD-treated
control (Fig. 6¢). 3xDR microglia exhibited higher P~-ADEM and lower
N-ADEM gene signature scores (Fig. 6d). Inline with this, 3XDR micro-
glia exhibited a similar trend upon LPS challenge as LPS-challenged
aged microglia (Fig. 6e), indicating an aged-like phenotype. A total of
545 genes were differentially expressed, among which 206 were up-
regulated, including genes involved in DAM (Apoe, Axl, Spp1, Ms4a7
and Vcam1I),immune activation (Lyz2, Tspo, Ill1b, 1110, Cst7, Ifi203, Ifitm3
and Ifitmé6) and ROS production (Gsrand PrdxS5).In contrast, 339 genes
were down-regulated, suchas genesinvolved in microglial homeostasis
(P2ry12, Klk8, Tmem119, Hexb, Salll and Cx3crI) and phagocytosis/
phagosome maturation (Mertk and Ctsf) (Fig. 6f, Extended DataFig. 7a,b

Fig. 6| 3xDR microglia exhibit an aged-like phenotype. a, Scheme of 3xDR
and timepoints for experiments. b, 3xDR shortens the microglial telomere.n=7
mice for each group. Two-tailed independent t-test. ¢, 3xDR microglia (1,313
cells) exhibited transcriptional characteristics distinct from control mice (2,180
cells). n=5mice for each group. d, 3xDR microglia display higher P-ADEM and
lower N-ADEM gene signature scores. €, 3XDR versus control microglia FC (QPCR)
exhibited a similar trend to LPS challenge as aged versus young microglia FC
(bulk RNA-seq). n =4 (3xDR and control) and 3 (3-month-old and 24-month-old;
datafrom Fig. 4) mice. Linear regression. f, tSNE plots show the expression levels
of microglial activation-associated and homeostasis-associated genes. g, 3xDR
microglia exhibit a phenotype resembling that of aged microglia. h, 3xDR and
24-month-old microglia exhibit higher pseudotime value than 3-month-old and
14-month-old microglia. One-way ANOVA with Bonferroni’s post hoctest.n=5
mice for each group. Intotal, 4,207 young, 3,272 middled-aged, 2,497 aged and

1,313 3xDR microglia (g,h). i, Only five genes are overlapping between 3xDR
DEGs and ARM gene set. j-1, 3xDR microglia exhibit a distinct morphology

to control microglia. 3xDR microglia display a larger cell body than control
microglia. n =8 mice for controland 9 mice for 3xDR, 100 cells from cortex and
hippocampus for each group. Each dot represents an average result in one mouse
(I). Two-tailed independent ¢-test. m, Top 10 significantly enriched canonical
pathways of 3xDR versus control microglial DEGs annotated by IPA (q < 0.05).
n,0,3xDR versus control microglia FC are positively correlated with ADEM (n)
and DAM (o) gene sets. Gray shading represents the 95% confidence interval,
and Pearson’s correlation coefficients and Pvalues are shown at the bottom.
P.q, Representative confocal image shows that OPN and AXL are up-regulated in
3xDR microglia. n =10 mice for each group. Two-tailed independent ¢-test. Data
are presented as mean +s.d. BW, body weight; Ctrl, control; MO, months old;
NxDR, N-round depletion-repopulation; PLX5622, PLX5622-formulated diet.
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and Supplementary Table 7). Theresultsindicate that 3xDR microgliain
the 6-month-old brainlose their homeostatic state and exhibit adamp-
ened phagocytic capacity. We further replotted the male 3xDR micro-
glia with cells from young, middle-aged and aged female mice. 3xDR

microgliawere mainly located in the proximal cloud of aged microglia
and exhibit a higher pseudotime score than young and middle-aged
microglia (Fig. 6g,h). When plotted with LPS-treated and PBS-treated
microglia, 3xDR microglia primarily located close to PBS-treated
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microglia (Extended Data Fig. 7c). In addition, only five 3xDR DEGs
were included in the ARM gene set (Fig. 6i). These results confirmed
that 3xDR microglia do not exhibit an LPS-induced reactive state. Onthe
other hand, 3xDR microgliaexhibited aless ramified morphology with
less complicated processes and enlarged cell bodies (Fig. 6j,1), indicat-
ing anaged-like state'®. Several enriched pathways were identified by
IPA, including glucocorticoid receptor signaling, IL-10 signaling, IL12
andIL17asignaling, NO and ROS production, PKRinIFNinduction, LXR
and RXR activation and the NRF2-mediated oxidative stress response
(Fig. 6m and Supplementary Table 7). Next, we compared the DEGs
of 3xDR microglia to ADEM genes and found a positive correlation
(Fig. 6n), echoing the aged-like phenotype of 3xDR microglia. Similar
to aged microglia, we identified a positive correlation between 3xDR
microgliaand DAM genes (Fig. 60), suggesting potential associations
withbraindisorders. The aged-like state of 3xDR microglia was further
confirmed by theimmunostaining of OPN (encoded by SppI) and AXL
(Fig. 6p,q). Notably, 44 metabolism-related biological processes were
enriched in 3xDR microglial DEGs (Supplementary Fig. 10), suggest-
ing that the metabolism status of microglia was influenced by 3xDR.
To confirm whether the repopulated cells in 3xDR are microglia, we
used microglia-specific mice, TMEM119-GFP and P2Y12-CreER-GFP
(Extended Data Fig. 8a), in which only microglia expressed GFP reporter,
whereas border-associated macrophages (BAMs) or infiltrating mye-
loid cells do not*'°*'%7, In both 3xDR TMEM119-GFP and P2Y12-CreER-
GFP animals, almost all IBAT" cells in the brain parenchyma were GFP*
(Extended DataFig. 8b), confirming the microglial identity of repopu-
lated cellsin the 3xDR brain. Notably, some comparisons were between
male 3xDR and female young/mid-aged/aged microglia (Fig. 6g,h and
Extended DataFig. 7c). To further confirm the aged-like phenotype of
male 3xDR microglia, we compared some age-related scores from bulk
RNA-seq data between female and male microglia. Female and male
microglia at both young and aged stages showed similar ADEM signa-
ture and pseudotime scores (Supplementary Fig. 11). Albeit we com-
pared the pseudotime score and replotted the ¢-distributed stochastic
neighbor embedding (tSNE) between male 3xDR and female young/
mid-aged/aged microglia, the similar age-related scores between sexes
infer the aged-like characteristics of male 3xDR microglia. Collectively,
forced proliferation by 3xDR switches microgliato an aged-like pheno-
type, even though the microglia are in anon-aged brain.

We next asked whether aged-like 3xDR microglia exhibit a senes-
cent phenotype. Molecular markers for microglial senescence are
currently not well defined. Amorphology-based senescence index was
used to evaluate the microglial state, by which aged microglia exhibit
ahigher senescence index'. The senescence index of 3xDR microglia
was 3.6-fold that of normal microglia (Extended DataFig. 7d). Addition-
ally, we compared cytoplasmic [3-galactosidase (3-gal), a widely used
marker of cell senescence, between control and 3xDR microglia. How-
ever, we did not observe 3-gal elevation in 3xDR microglia (Extended
Data Fig. 7e). The conflicting results, although the ‘senescence index’
does not technically distinguish senescence and aging, thus complicate
the landscape of the microglial senescence state. To fully elucidate
whether aged-like 3xDR microglia exhibit a senescent phenotype,
we compared aseries of widely accepted senescence genes*10810910111,
We found that these senescence genes were not correlated with DEGs of
3xDR microglia (Extended Data Fig. 7f).In addition, 3xDR microglia did
not exhibit a different gene signature score of senescence-associated
secretory phenotype (SASP)">'" from control microglia (Extended Data
Fig.7g). Converging results thusindicate that aged-like 3xDR microglia
did not exhibit a senescent phenotype.

Consequently, forced turnover by 3xDR converts microglia into
an aged-like but non-senescent state.

Accelerated microglial cell aging dampens cognitive functions
Microglia are essential for cognitive functions"*'”, and aging dampens
cognitive functions. However, the contribution of aged microglia to

cognitive declines remains elusive, partially because of difficulties in
dissecting the contribution of aged microglia from other aged brain
cells. Here, we established an accelerated microglial aging model by
3xDR. Because CSF1R is specifically expressed in microglia and mac-
rophages, other brain cells are not directly influenced by 3xDR. The
aged-like 3xDR microglia thus reside in a non-aged microenviron-
ment, allowing to dissect the contribution of aged-like microglia per
se without the influence of aged microenvironment. We thus used
3xDR to investigate the contribution of aged-like microglia to cogni-
tive functions.

The 3xDR procedure did not affect the body weight of the mice
(Extended Data Fig. 9a). The open field test revealed that the gen-
eral motor ability and anxiety level were also not influenced by 3xDR
(Extended DataFig. 9b).In addition, the social preference test showed
that 3xDR-treated mice did not exhibit social deficits (Extended Data
Fig.9c). We then asked whether 3xDR influences learning and memory
(Fig. 7a). To this end, we first performed the novel object recognition
(NOR) to test the recognition memory of young (3-month-old), aged
(22.5-month-old), 3xDR and age-matched control mice. Young and
control mice spent more time on exploring the novel objectin Stage Ill.
Incontrast, both aged and 3xDR mice did not preferentially explore the
novel object (Fig. 7b). Second, we used the Y maze to assess the spatial
working memory. Although the arm entry times were unchanged,
both correctalternation and the alternation rate decreased after 3xDR
treatment (Fig. 7c), indicating deficits in spatial working memory.
Third, we used the Morris water maze to evaluate spatial long-term
memory. Although the moving velocity was unchanged, 3xDR mice
spent more time on finding the platformin the training phase and less
time in the target quadrant in the probe test phase (Fig. 7d). Results
fromthe NOR, Y maze and Morris water maze tests demonstrate that
3xDR leads to cognitive declines in learning and memory. Therefore,
accelerated microglial aging mediated by forced turnover directly
dampens learning and memory, indicating the vital role of microglia
in cognitive functions.

Next, we investigated the potential mechanism by which the aging
of 3xDR microgliadampens learning and memory. We examined neu-
rogenesisin the hippocampus and did notidentify a significant differ-
ence of Ki67* DCX' cellsin the dentate gyrus or mature neuronsin CAl
(Extended DataFig.10a,b). Recent studies demonstrated that myelina-
tion in the adult brain contributes to spatial memory*>"¢, Hence, we
examined myelinbasic protein (MBP) in the brain cortex. Inlayers I-lII,
the MBP intensity was significantly reduced in 3XxDR mice (Fig. 7e).
In contrast, the number of oligodendrocyte precursor cells (OPCs)
was not changed in the cortex (Extended Data Fig. 10c). Microglia are
capable of modulating OPC/OL differentiation"”"®, Therefore, our
resultsindicate that aged microglia may lose the capacity to facilitate
OPC/OL differentiation. The reduction of myelination in turn impairs
learning and memory.

3xDR-induced microglial aging influences the cell-cell
interaction

To further characterize the influence on aged microgliato other brain
cells, we compared the transcriptome between 3xDR and age-matched
control brains at single-cell resolution (Fig. 8a). We identified 16 cell
types (18 populations) in control and 3xDR brains* (Fig. 8b,c). Control
microglia (MicrogliaI) and 3xDR microglia (Microglia II) located in
distinct clouds (Fig. 8b).In contrast, other cell types did not show such
aseparation (Fig. 8b), further echoing that microglia are the major cell
type directly influenced by 3xDR.

Our results indicate that 3xDR microglia dampen cognitive
function via the myelination reduction. In line with this, the myeli-
nation signaling pathway was enriched in mature neurons by IPA
(-log,,P = 3.14). We thus investigated how 3xDR microglia influence
OPCs and OLs by predicting the cell-cell crosstalk. We identified 60
ligand-receptor interactions differentially detected in 3xDR mice by
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Fig.7|3xDRleads to cognitive decline and myelination impairment in non-
aged mice. a, Scheme of the 3xDR mice preparation and behavior tests. b, NOR
reveals that 3xDR induces cognitive decline in recognition memory, resembling
the phenotype of aged mice. Left, the paradigm of NOR; right, the mouse
exploration time to two objects.n=12,10,11and 11 mice for young, aged, control
and 3xDR groups, respectively. ¢, Y maze reveals that 3xDR induces cognitive
declineinspatial learning. Left, representative trajectory heat map in the Y
maze; middle and right, the statistical results of control and 3xDR mice.n =10
mice for each group. d, Morris water maze reveals that 3xDR induces cognitive

declinein spatial learning. Left, representative swimming route of control and
3xDR mice in the Morris water maze; right, latency in the training phase, the
number of times the mice passed across the platform and the time in the target
quadrantin the probe trial. n =10 and 11 mice for control and 3xDR, respectively.
e, Representative confocal images of MBP in the cortex and quantification

of average MBP expression in control and 3xDR mouse brains. 3xDR impairs
myelinationin the cortex.n =9 and 8 mice for control and 3xDR, respectively.
Data are presented as mean +s.d. Two-tailed independent ¢-test. Ctrl, control;
OFT, open field test.

CellPhoneDB (Fig. 8d).JAM2-JAM3, C5AR1-RPS19, TNF-DAGland TNF-
NOTCHI signaling pathways are associated with OL maturation and
myelination. These pathways were enriched in the control but not the
3xDR brain (Fig. 8d), suggesting a dampened myelination support of

aged-like 3xDR microglia. Moreover, we identified 42 significant trans-
mitter-receiver interactions by CellChat, 16 of which were differentially
involved between control and 3xDR (Fig. 8e). For the microgliaand OPC
interaction, App-Cd74, Igf1-Igflr and Gas6-Mertk were differentially
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identified (Fig. 8e). For the microglia and OL interaction, App—Cd74,
Igf1-Igflrand Gas6-Tyro3were differentially identified (Fig. 8e). These
molecule-moleculeinteractionsare critical for cell survival, prolifera-
tion, differentiation and phagocytosis. The results provide clues for
investigating how aged microglia regulate myelination.

Insummary, our study systematically dissected the aging process
of brain microglia. In addition, we developed an accelerated micro-
glial turnover model, 3xDR. By this model, we are able to study the
contribution of aged-like microglia in non-aged brain. Our results
indicated that aged-like microglia per se contribute to cognitive decline
(Supplementary Fig.12).

Discussion

In this study, we examined the mouse brain transcriptome in various
adulthood stages by bulk RNA-seq. Based on this high-temporal-resolu-
tion microglial atlas, weidentified ADEM genes that were continuously
up-regulated or down-regulated during the aging process. The bio-
logical functions of ADEM genes are involved in cellular lipid and iron
aggregation, pro-inflammatory cytokine and chemokine production
and immune activation, which echoes previously identified deleteri-
ous roles of aged microglia. Increasing evidence indicates that aged
microglia may exhibit pathological phenotypes during neurodegen-
eration"’. We, therefore, compared ADEM and DAM genes and found
21 overlapping genes. Among these genes, Axl, Sppl, Cst7, Fthi, Cybb,
Lpl, Cd74 and H2-D1 are well documented in both healthy aging and
disease states"’"*'. These findings confirmed that ADEM genes were
highly correlated with the etiology of neurodegenerative disorders.
Furthermore, the integrative analysis of the microglial transcriptome
and chromatin accessibility revealed that ADEM gene expression fol-
lowed a stepwise chromatin opening pattern around the promoter
region duringthe aging process. Inaddition, we found that CEBPf3 and
MEF2C in ADEM-accessible peaks exhibited aging-dependent activa-
tion. CEBP3 and MEF2C regulate microglial homeostasis and reactiv-
ity®*¢8707 suggesting that they are potential key meditators of ADEM
genes. Interestingly, we found a sex-specific microglial aging pattern.
Whereas female microglia gradually aged in a stepwise manner, male
microglia ‘suddenly’ became aged. The differencesin the aging process
may explain the sex differences in microglia**'>>'»,

Incontrast to the previous notion that aged microgliamay display
an exaggerated inflammatory response to LPS stimulation™'*, our
results revealed that aged microglia in female mice exhibited attenu-
atedimmunereactivity upon systemic LPS challenge. As professional
phagocytes in the brain, microglia respond to tissue damage and
invading pathogens. The impaired migration and phagocytosis of
aged microglia in pathological conditions cause the accumulation of
cytotoxic molecules and prolonged neuroinflammation”*?, This could
partially explain why aged brains are more vulnerable to neurological
disorders. In our study, we harvested the brain tissue 2 h after LPS
administration. Although previous studies from our and other groups
showed that microglia are able to robustly respond to LPS challenge
atthe 2-h timepoint*7”*% microglial reactivity might not reach a peak
at this time. Therefore, when interpretating our results, it should be
considered that the attenuated response might reflect the relatively
early response upon LPS challenge.

The chromatin accessibility regulates gene expressions®>®%, We
found that chromatin accessibility around promoter regions was criti-
calforregulating the dynamics of ADEM genes. Both natural aging and
LPS challenge induced overt modifications of chromatin structure,
leading to microglial reactivity and driving the expression of genes
enrichedin the inflammation pathway, such as IFN signaling pathway®.
However, the chromatin modification patterns induced by aging and
acuteimmune stimulation were distinct. LPS challenge led to arobust
changeintheaccessibility of the firstintron, whereas aging effects were
mainly located in promoter regions (<1 kb). Our results suggest dis-
tinct mechanisms underlying gene regulationin these two conditions.

They also support the notion that natural aging and acute immune
challenge resultin distinct microglial phenotypes'*®.

Dysregulation of cell-cell communication is a hallmark of
aging®*”°. However, how aging influences the microglial crosstalk to
other cellsis not fully understood. We identified potential age-depend-
ent cell-cell interactions and found that TNF, TGF-$3, PDGF and VEGF
signaling pathways were differentially involved in microglial crosstalk
to astrocytes and ECs during the aging process. These pathways play
critical roles in regulating immune response, cell proliferation and
survival®?’"*! Several genes associated with neuroinflammation and
oxidative stress were significantly up-regulated in aged ECs, indicat-
ing their roles in the overall inflammatory state of the aged brain. In
aged astrocytes, genes involved in adaptive immunoregulation and
the complement cascade were markedly elevated. Notably, Occludin,
Claudins and Cx4, the key BBB component genes’”’, inastrocytes were
not significantly altered during the aging process. The mechanism of
BBB dysfunction in aged brain remains elusive. Some evidence sug-
gests that it might be due to the dysfunction of ECs and astrocytes’*®.
Our study suggests that the compromised BBB in the aged brain can
be attributed to the inflammatory microenvironment and cell-cell
crosstalk alteration.

The causality of aged microglia to brain functionis poorly under-
stood, because it is difficult to exclude complicated contributions
from other aged non-microglial cell types. Hence, it is important to
develop a model with aged microglia in the non-aged brain. CSF1R is
exclusively expressed in brain microglia/macrophages andis necessary
for microglial survival®?, The inhibition of CSFIR selectively depletes
99% of brain microglia without directly affecting other cell types. When
CSF1Rinhibitionisremoved, residual microglia rapidly proliferate and
recover to anormal density**>'°>'** Thus, the depletion-repopulation
approachaccelerates microglial turnover. Through forced microglial
turnover, 3xDR drives microglia to proliferate 23.71timesin arelatively
short period and shortens the telomere. We thus used 3xDR to establish
anaccelerated microglial turnover model without directly influencing
other non-myeloid cells in the brain, generating aged-like microgliain
anon-aged milieu.

3xDR givesrise to aged-like phenotypes with morphological and
transcriptional alterations in microglia. We found that 3xDR dampened
learning and memory. Neuronal loss and neurogenesis deficits are
undetected in 3xDR mice. Instead, the presence of aged-like microglia
resultedin asignificant reductionin myelin. Myelination s critical for
cognitive functions®>", Microglia facilitate myelination by phago-
cytosing excessive/apoptotic oligodendrocytes, myelin debris and
dysfunctional myelin membranes. Previous studies demonstrated that
the CX3CL1-CX3CR1 pathway and the TAM receptor tyrosine kinase
MERTK mediate the microglial phagocytosis of myelin and oligoden-
drocytes™*'*, Our scRNA-seq data showed that Cx3crl and Mertk were
down-regulated in aged-like 3xDR microglia. Dysregulated microglia
phagocytosis may, thus,impede the OPC/OL differentiation, resulting
in impaired myelination and cognitive decline. Therefore, converg-
ing evidences from the 3xDR model indicate that aged (or aged-like)
microglia per se canimpair cognitive function.

Notably, although non-myeloid brain cells are not directly influ-
enced, they may be indirectly affected to some extent. For instance,
astrocytes phagocytose the debris of dead microglia. During this pro-
cess, astrocytes display a non-canonical reactivation phenotype'®. The
astrocytic phagocytosis of microglial debrisis a physiological process
during microglial turnover. The indirect influence of CSF1R inhibition
toastrocytes might be natural. Inaddition, after microgliarepopulate
the wholebrain, astrocyte reactivation markers resume to the homeo-
static situation**'%%, indicating that the indirect influence is transient.
Future studies should investigate the potential influence of 3xDR to
non-myeloid brain cells. Additionally, some studies suggested the
non-microglial effects of CSFR1inhibition'®, albeit controversially™”.
Theinfluence to BAMs should be considered.
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Asthe CNSimmune cells, microglia are sensitive to the microenvi-
ronment. First, arecent study indicated that the enzymatic digestion
at37 °C mayresultinex vivoreactivation and affect the transcriptome.
The influence can be minimized by either a Dounce homogenization
at 4 °C or a cocktail of transcriptional and translational inhibitors™,
The potential ex vivo reactivation should be taken into considera-
tion. Second, most of mice in this study were deeply anesthetized by a
cocktail of ketamine and xylazine before being euthanized. One study
suggested aninhibitory effect of ketamine to the LPS-induced micro-
glial reactivation™, The mRNA transcription usually takes 15-60 min
to the peak°'*2, The potential influence to the RNA-seq takes place
after 15-60 min of ketamine administration. In contrast, animals were
quickly euthanized by transcardial perfusion right after being deeply
anesthetized (typically less than 5 min). The influence from ketamine
would, thus, be minimal. Third, microglia exhibit heterogeneity in
different brain regions'*™*, putatively due to their divergent local
microenvironment. More detailed investigations focusing on regional
differences of microglial aging should be conducted in future studies.

Methods

Animals

C57BL/6) mice were either purchased from SPF Biotechnology Co.,
Ltd. or donated by Zhihui Huang at Hangzhou Normal University.
P2Y12-CreER-GFP mice (P2ry12-p2A-CreER-p2A-EGFP) (ref. 107)
were donated by Jiyun Peng at Nanchang University. TMEM119-GFP
mice (C57BL/6-Tmem119em2(EGFP)Gfng/J, stock 31823) (ref. 106)
were purchased from The Jackson Laboratory. All mice were housed
in the Animal Facility at the Department of Laboratory Animal Sci-
ence at Fudan University or the Shenzhen Institute of Advanced
Technology, Chinese Academy of Sciences, under a 12-h light/dark
cycle with food and water ad libitum. All animal experiments were
conducted in accordance with the guidelines of the Institutional Ani-
mal Care and Use Committee of the Department of Laboratory Animal
Science at Fudan University (202009001S, 202110005S and 2021JS-
ITBR-002) and the Institutional Animal Care and Use Committee at
the Shenzhen Institute of Advanced Technology, Chinese Academy of
Sciences (SIAT-IACUC-190312-YGS-PB-A0576-01).

Drug administration
To pharmacologically ablate brain microglia, mice were administered a
PLX5622 (SYSE Bio, JP-2112)-formulated AIN-76A diet (1.2 g PLX5622 per
kilogram of diet, formulated by SYSE Bio) ad libitum**>1°>*¢_Control
mice were fed with an AIN-76A CD. Because the microglial ablation
efficiency by CSFIR inhibition is relatively lower in female mice'*’, we
used male mice for this experiment.

To systemically challenge microglia, mice were treated with LPS
(0.5 mg/kg body weight, Sigma-Aldrich, P4391) in PBS (treatment
group) or PBS (vehicle control group) by intraperitoneal injection.
Then, the mice were euthanized 2 h after administration.

Brain tissue preparations

Mice were deeply anesthetized with a mixture of ketamine hydrochlo-
ride (100 mg/kg body weight) and xylazine (10 mg/kgbody weight) by
intraperitoneal injection. For histological experiments, animals were
sequentially transcardially perfused with 0.01 M PBS and 4% paraform-
aldehyde (PFA) (Sigma-Aldrich, 441244) in 0.01 M PBS. Brains were
then carefully harvested and post-fixed in4% PFAin 0.01 M PBS at 4 °C
overnight. For brain cell isolation, mice were transcardially perfused
with 0.01 M PBS. Thereafter, the brain wasimmediately collected and
excised onice for subsequent procedures.

Immunohistochemistry and image acquisition

After fixation, brains were dehydrated in 30% sucrose in 0.01 M PBS
at4 °Cfor3-5d.Then, brains were embedded in optimal cutting tem-
perature compound (OCT) (Tissue-Tek). Brain samples were stored at

-80 °C before cryosectioning. Tissue specimens including regions of
interest were sectioned at a thickness of 30 um or 15 um with a Leica
CM1950 cryostat, according to specific purposes.

After rinsing with 0.01 M PBS for three changes, brain sections
were blocked and permeabilized with 4% normal donkey serum (NDS,
Jackson ImmunoResearch, 017-000-121, lot: 153474) in 0.01 M PBS
containing 0.3% Triton X-100 (PBST, Sigma-Aldrich, T8787) for about
2 hours at room temperature. Next, brain sections were incubated
with primary antibodies with 1% NDS in PBST at 4 °C overnight. After
washing primary antibodies using PBST, brain sections were stained
with fluorescent dye-conjugated secondary antibodies with DAPI
(1:1,000, Sigma-Aldrich, D9542) in 1% NDS in PBST at room tempera-
ture for 2 h. Thereafter, the samples were well rinsed three times
before mounting with antifade mounting medium (Southern Biotech,
Fluoromount-G, 0100-01).

The primary antibodies used in this study included rabbit anti-IBA1
(1:500, Wako, cat: 019-19741, lot: CAJ3125,SKM6526 and LEQ2171); goat
anti-IBA1(1:500, Abcam, cat: ab5076, lot: GR3381291-3 and GR3365012-
2); goat anti-osteopontin/OPN (1:500, R&D Systems, cat: AF808,
lot: BDO0720111); goat anti-AXL (1:200, R&D Systems, cat: AF854,
lot: CTC0220081); rabbit anti- galactosidase (1:2,000, Invitrogen,
cat: A-11132, lot: 2304273); rabbit anti-Ki67 (1:250, Invitrogen, cat:
MAS-14520, lot: VB2941291 and VE3003591); rat anti-Ki67 (1:1,000,
Invitrogen, cat: 14-5698-82, lot: 2496198); rabbit anti-DCX (1:200,
Abcam, cat: ab18723, lot: GR3274138-3); rabbit anti-PDGFRa (1:500,
Cell Signaling Technology, cat: 3164S, lot: 02/2020-6); rabbit anti-NeuN
(1:500, Abcam, cat: ab177487, lot: GR3275122-6); and rabbit anti-MBP
(1:500, Abcam, cat: ab218011, lot: GR3299139-18) (Supplementary
Table 8). All primary antibodies were diluted in1% NDS in PBST.

The secondary antibodies used in this study included AF647
donkey anti-goat (Jackson ImmunoResearch, cat: 705-605-003, lot:
147708); AF488 donkey anti-chicken (Jackson ImmunoResearch,
cat: 703-545-155, lot: 147805); AF488 donkey anti-mouse (Jackson
ImmunoResearch, cat: 715-545-150, lot: 146643); AF488 donkey anti-
goat (Jackson ImmunoResearch, cat: 705-545-003, lot: 145270); and
Cy3 donkey anti-rabbit (Jackson ImmunoResearch, cat: 711-165-152,
lot: 145020) (Supplementary Table 8). All secondary antibodies were
dilutedin 1% NDS in PBST.

Confocal images were acquired by using a Nikon AIR-MP confo-
cal microscope with a solid-state laser. Lasers with wavelengths of
405 nm, 555 nmand 633 nm were used to excite the fluorophores. Plan-
apochromat x60 (oil) and x40 objectives were used. z- stacked focal
planes were acquired and maximally projected with Fiji. The brightness
and contrast of the image were adjusted with Fijiif necessary.

Preparation of single-cell suspension

For brain single-cell suspension (except for 3xDR versus control
groups), brains without the cerebellum were minced into pieces and
then dissociated in 8 U ml™ papain lysis buffer containing 125 U ml™
DNase I at 37 °C for 20 min with mild shaking. This process was termi-
nated by adding10% ovomucoid to the L15 culture medium. Thereafter,
cell clusters wereremoved by filtering through a 70-pum nylon strainer
(Falcon). Myelinand cell debris were removed through density gradient
centrifugation in 37% Percol (Solarbio Life Science). Next, brain cells
were thoroughly rinsed with EDTA-free FACS buffer (0.5% BSAin DPBS)
before FACS and library preparation.

For single-cell suspension of 3xDR versus control groups, single-
cell suspensions were prepared following the previous description
with minor modifications'. In brief, brains without cerebellum and
olfactory bulb from 3xDR and control mice were harvested and cut
into 1-mm-thick sections using stainless steel brain matrices. Next,
brainslides were incubated in 95% O, and 5% CO, bathed choline chlo-
ride solution (92 mM choline chloride, 2.5 mM KCl, 1.2 mM NaH,PO,,
30 mM NaHCO;, 20 mM HEPES, 25 mM glucose, 5 mM sodium ascor-
bate, 2 mM thiourea, 3 mM sodium pyruvate, 10 mM MgSO,-7H,0,
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0.5 mM CaC,,-2H,0,12 mM N-acetyl-L-cysteine) with 10 pM NBQX and
50 pM APV and 2% FBS (Gibco, 16140071) for about 30 min. After that,
brain slides were digested in 20 U ml™ papain and 100 U ml™ DNase |
(Worthington, IK003176) for 30 min at 37 °C, followed by incubation
with 1 mg ml™ protease (Sigma-Aldrich, P5147) and 1 mg ml™ dispase
(Worthington, LS02104) at 25 °C for 30 min with shaking. Next, brain
slides were further tittered using a 1-ml pipette. Single-cell suspen-
sions were then collected and filtered through 40-pum cell strainers
(Falcon). The cell debris was removed by 30% Percoll (Millipore, P1644)
incholine chloride solution. Finally, cells were resuspended in choline
chloride solution for further experiments. Approximately 10 cells were
obtained from each brain. Approximately 24,000 cells for each mouse
were loaded for 10x Genomics library preparation.

FACS

Cells from young, middle-aged and aged mice were sorted by FACS
as previously described*-*. In brief, the mixed brain cells were resus-
pended in FACS buffer. Then, mixed cells were stained with antibodies
against CD11b (1:100, clone M1/70, BD Pharmingen, 557657) and CD45
(1:100, clone 30-F11, BD Pharmingen, 553080) in FACS buffer for 30 min
onice (Supplementary Table 8). Dead cells were labeled with 7-AAD
(1:80,BD Pharmingen, 559925). Then, CD11b* CD45"" 7-AAD™ microglia
were collected by FACSAriallll cell sorting (BD Biosciences). For brain
cell scRNA-seq (except for 3xDR versus control groups), 7-AAD” brain
cells were collected. Harvested cells were then used for scRNA-seq,
bulk RNA-seq and ATAC-seq.

Magnetic-activated cell sorting

Mice were deeply anesthetized by isoflurane (open-drop) and perfused
by cold normal saline (MeilunBio, MAO083). Then, the mouse brain
was quickly harvested and minced on ice. After that, the mouse brain
was dissociated by papain (8 U/ml) and DNasel (125 U mI™) for 30 min
at 37 °C using gentleMAC Octo Dissociator with Heaters (Miltenyi
Biotec, 130-096-427), followed by termination with trypsin inhibitor
(1.5 mg/ml) in DMEM (Gibco, 14190144). Next, myelin and cell debris
were removed from the single-cell suspension by Percoll density gra-
dient centrifugation (30% v/v). Cell pellets were then resuspended
in DPBS (Gibco, C11995500BT) containing 0.5% BSA (Beyotime,
ST-025-5g) with 10% magnetic microbeads conjugated anti-mouse
CD11b antibody (Miltenyi Biotec, 130-049-601) and incubated at 4 °C
for 30 min. The cells were then washed and resuspended in DPBS con-
taining 0.5% BSA. Microglia were enriched by flowing cell suspension
through the LS column (Miltenyi Biotec, 130-042-401) attached to a
QuadroMACS separator (Miltenyi Biotec, 130-091-051). After that,
the column was washed twice by 5 ml of DPBS containing 0.5% BSA.
Then, detained cells in the column were flushed out by 5 ml of DPBS
containing 0.5% BSA. The enrichment process was repeated twice to
obtain CD11b" cells of higher purity. The purified cells were then used
for DNA or RNA extractionimmediately.

RNA extractionand qPCR

Total RNA fromisolated microgliawas extracted with the RNAeasy Mini
Kit (Qiagen, 74104) and FastPure Cell/Tissue Total RNA Isolation Kit V2
(Vazyme, RC112-01). Then, the total RNA was reverse transcribed into
cDNAwith the RT reagent kit (Takara, RR037), following the manufac-
turer’s instructions. qPCR was carried out using a one-step TB Green
PrimeScript RT-PCRKit (Takara, RRO86) ona LightCycler 96 detection
system (Roche). Gapdh was used as the internal control. The primers
used in this study are listed in Supplementary Table 9.

DNA extraction and telomere length measurement

Total DNA from isolated microglia was extracted by FastPure Blood/
Cell/Tissue/Bacteria DNA Isolation Mini Kit (Vazyme, DC112), follow-
ing the manufacturer’sinstructions. The telomere length was assessed
using Absolute Mouse Telomere Length Quantification qPCR Kit

(ScienCell, M8918), according to the manufacturer’s protocol. Each
PCR test contained about 2 ng of genomic DNA template. The tel-
omere length was then calculated as reference telomere length x 2~

((tharget sampletelomere Cq reference sample telomere) - (C qtarget samplesingle copy reference

149
queference sample single copy reference)) .

Primary microglia culture and Lipofectamine transfection for
gene knock-down
Primary microgliawereisolated and cultured as previously described™”.
Inbrief,amixed glial cell culture was prepared from neonatal C57BL/6)
mice and maintained for 10-21 d in DMEM containing 10 ml of 10% FBS
(Gibco,10100147) and 1% antibiotic-antimycotic (Gibco, 15240062) in
aT75 flask. Microglia were collected by gentle shaking as the floating
cells over the mixed glial cell culture. Then, primary microglia were
transferred to a six-well plate for siRNA transfection experiments.
For siRNA transfection, primary microglia were pre-cultured to
about 60% confluencein each six-well plate. Before siRNA transfection,
primary microglia were cultured in DMEM without FBS for 4 h. Then,
50 nMSilencing S100a8, S100a9 or negative control siRNA was trans-
fected by 5 pl of Lipofectamine RNAIMAX (Thermo Fisher Scientific,
13778075), according to the manufacturer’s protocol. siRNA oligonu-
cleotides targeting mouse S100a8 and S100a9 were synthesized by
OBiO Technology.

Openfield test

The open field test was carried out as previously described™. In brief,
mice were habituated in the behavior room in the presence of back-
ground white noise for at least 30 min before the behavior test. Indi-
vidualmice were thenplacedinanopenfield arena (35 cm x 35 cm)bya
blinded experimenter and allowed to freely explore the box for 20 min.
Thetotal distance, velocity and time spentin the center (center of the
arena, 22 cm x 22 cm) were quantified using video tracking software
(TopScan, CleverSys). All mice were handled gently to avoid stress in
the experiment. Male mice were used in this behavior test.

Y maze spontaneous test

The Y maze spontaneous testis abehavior test for measuring spatial
working memory. This test was carried out in a Y-shaped maze
composed of three arms (45 cm x 15 cm x 15 cm) at 120 °C angles
from each other. The Y maze was placed 1 m above the ground. The
movement of mice was recorded by an overhead camera. During
the training process, the animal was introduced into one arm of the
Y maze (start arm) and allowed to freely explore one of the other
arms for 8 min (training arm). The behavior was analyzed by using
EthoVision11.5.1022 (Noldus). All mice were gently handled to avoid
stress in the experiment. Correct alternation on Y maze is defined
asthe animal visited three consecutive arms clockwise or counter-
clockwise. Correct alternation rate was calculated by dividing the
number of alternations by the number of possible alternations:
correct alternation rate = tumberof correctalternation 34 97 Male mice were

. . . number of total arm entry—2
used in this behavior test.

Three-chamber social test

A three-chamber social test was conducted to assess social behavior
and social interaction. This test included two sessions: a sociability
session and a social novelty session. In the sociability session, mice
were habituated to the testingroom for at least 1 hbefore the behavior
tasks. A subject mouse was introduced into the middle chamber for
habituation for 5 min. Next, a stranger mouse (Stranger 1) was placed
inthe wire cage in one side chamber of the test apparatus. Onthe other
side, there was asimilar wire cage without amouse. The subject mouse
was allowed to freely explore all three chambers over a 5-min ses-
sion. Inthe social novelty session, anovel stranger mouse (Stranger 2)
was placed in the wire cage of the empty chamber while the familiar
mouse (stranger 1) stayed in the previous chamber. The subject animal
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was allowed to explore for a 5-min session again. The time the subject
mouse spentineachchamber and the time spent sniffing at each wire
cage were analyzed by EthoVision 11.5.1022 (Noldus). All mice were
gently handled to avoid stress in the experiment. Male mice were used
inthis behavior test.

Morris water maze test

The Morris water maze test was performed to measure spatial learning
as previously described™. In brief,amouse was placed ina circular tank
(1-m diameter) filled with opaque water. During the training period, the
mouse was given the task of swimming to avisible platformlocated in
the northwest quadrant of the tank. At the beginning of each trial, the
mouse was placed in the water facing the wall of the tank in one of the
four quadrants. Eachmouse was allowed to find the platforminaperiod
of 60 s. If the mouse was unable to find the platform within 60 s, it was
guided and allowed to remain on the platform for 10 s. Each mouse
was subjected to four trials every day with a15-mininterval during the
training period. Onday 6, the probe test was examined. The mouse was
placed in the tank and allowed to find the hidden platform beneath
the opaque water of the target quadrant. All swimming activities of
the mouse were recorded by a video camera. The latency to reach the
platform over four trials for each training day, the time spent in the
target quadrant and the number of times the hidden platform was
crossed were analyzed by using EthoVision 11.5.1022 (Noldus). All
experiments were performed with gentle mouse handling to avoid
stress in the experiment. Male mice were used in this behavior test.

NOR test

The experiment was performed as previously described with minor
modifications'. In brief, a 35-cm x 35-cm open field box was used as
the experimental apparatus. Before the behavioral test, mice were
habituated inthe behavior roominthe presence of background white
noise for atleast 30 min. At day 1, amouse was habituated to the appa-
ratus for free exploration for 20 min (pre-training, also as open field
test). At day 2, the mouse was allowed to freely explore the apparatus
with two identical objects for 5 min (stage I) and then was put back to
the homecage. After a 5-min interval, the test mouse was placed into
the arena again for 5 min (stage II). Then, the mouse was put back to
the homecage for 10 min. For the test phase (stage IlI), one of the two
objectsinthe openfield box was replaced by anew object. The mouse
explored the open field with one familiar object and one novel object
for 3 min. Times spent in each object were analyzed by EthoVision
11.5.1022 (Noldus). All mice were gently handled to avoid stress in the
experiment. Male mice were used in this behavior test.

Analysis of bulk RNA-seq data
RNA-seq data were filtered with SOAPnuke 1.5.2 by removing reads
containing sequencing adapters, reads with a low-quality base ratio
(base quality <5) greater than 20% and reads with an unknown base
(‘N’base) ratio 5%, as previously described”*. Thereafter, clean reads
were obtained and stored in FASTQ format. The cleanreads were then
mapped to the reference genome mm10 using HISAT2 2.0.4. Bowtie2
2.2.5wasapplied toalignthe clean reads to the mouse reference coding
gene set. Gene expression levels were determined with RSEM 1.2.12.
Downstream data analysis and visualization were performed with
RStudio 3.6.3. Batch effect correction of all samples (including female
and male samples) was conducted using the ComBat_seq functionin
SVA 3.35.2. Genes with an average expression level of fewer than 10
fragments per kilobase of transcript per million mapped reads (FPKM)
were excluded from further analysis. Correlation among samples
was calculated by the cor function. PCA was based on a library size-
normalized count matrix using the prcomp function, and the results
were visualized using the fviz_pca_ind function of factoextra1.0.7.
DEG analysis was performed using EdgeR 3.28.1 by using quasi-
likelihood (QL) F-tests. Genes with P < 0.05 and |log,FC| > log,1.5 were

determined to show statically significant differences in two-group
comparison, whereas genes with an adjusted P< 0.05 and at least
one |log,FC| > log,1.5 were determined to show statically significant
differences in comparisons of more than two groups. GO analysis
was performed using the enrichGO function of the clusterProfiler
3.14.3 package, where categories with a false discovery rate (FDR) < 0.05
were considered significantly enriched; categories were simplified
using the ‘simplify’ function witha cutoffvalue = 0.7, and visualization
was performed using the dotplot and emapplot functions in cluster-
Profiler 3.14.3. DEGs were also subjected to IPA for functional analysis
using the Ingenuity Knowledge Base (Qiagen Bioinformatics). The FC
and FDR values of each gene were used to perform the core analysis,
and pathways enriched with an adjusted P < 0.05 were considered
significantly enriched. Venn diagrams, heat maps and volcano plots
were visualized by using VennDiagram 1.6.20, pheatmap 1.0.12 and
EnhancedVolcano 1.4.0, respectively.

Toidentify ADEM genes, we examined the average gene expression
levels of each geneinfemales and males across their lifespanand com-
pared the relative gene expression levels between neighboring time-
points. DEGs that were continuously up-regulated or down-regulated
inat least five adjacent groups were defined as ADEM genes.

Analysis of scRNA-seq data

Sample demultiplexing, barcode processing and single-cell 3’ gene
countingwere carried out with Cell Ranger2.0.10r5.0.0 (10x Genomics).
The 10-bp transcripts/unique molecular identifier (UMI) tags were
extracted from the reads. Cell Ranger mkfastq with bcl2fastq 2.0.1
was applied to demultiplex raw base call files from the sequencer into
sample-specific FASTQ files. Additionally, Cell Ranger-compatible
references were produced based on both genome sequences and tran-
scriptome GTF files by using Cell Ranger ‘ref”. These FASTQ files were
aligned to the reference genome mm10 with Cell Rranger ‘count’ by
using STAR 2.5.3. Aligned reads were then filtered for valid cell barcodes
and UMiIs to generate filtered gene-barcode matrices.

Next, gene-barcode matrices were analyzed with Seurat 3.2.0.
For quality control, low-quality cells (detected >4,000 genes,
<200 genes and >5% mitochondrial genes) were discarded. Filtered
data were further normalized by the NormalizeData function and
scaled by ScaleData. For scRNA-seq, data from female microglia
were analyzed by using RunPCA with VariableFeatures, and the top
20 principal components (PCs) of the datasets were used for clustering
and tSNE/uniform manifold approximation and projection (UMAP)
visualization. For microglial transcriptome analysis, clusters with high
expression of $100a4, Cd79b, Nkg7, 5100a9 and Camp were regarded
as non-microglia clusters and excluded from microglial single-cell
analysis. DEGs among groups of cells were identified using FindAll-
Markers or FindMarkers with parameters of min.pct = 0.1 and thresh.
use = 0.25 (Wilcoxon rank-sum test). Genes with a [log,FC| > 0.25 and
P<0.05wereincluded and defined as DEGs. These DEGs were further
used for GO and IPA analyses as described above.

For ADEM gene signature score analysis, up-regulated and down-
regulated ADEM DEGs with gene signatures were used to determine
module scores by AddModuleScore and visualized by FeaturePlot
and VinPlot.

For scRNA-seq of PBS-treated and LPS-treated microglia, the top
40 PCs were used for clustering and t-SNE/UMAP visualization. For
brain cell scRNA-seq data, the top 50 PCs were used for clustering and
t-SNE/UMAP visualization. For the scRNA-seq of forced microglial
turnover, the top 30 PCs were used for clustering and t-SNE/UMAP
visualization. DEG analyses were performed as described above.

To identify different brain cell types, we used multiple cell-type-
specific or enriched marker genes as previously described*. In brief,
these genesincluded, but were notlimited to, P2ry12, Tmem119, Hexb
and Aif1 for microglia; SI00b, Slcla2 and Aldhl1lI for astrocytes; Nkg7
for NK cells; Tubb3 and Dcx for neurons; Vtn for pericytes; Abcg2 for
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ECs; Acta2 for vascular smooth muscle cells; Ttr for choroid plexus
epithelial cells; Alas2 for red blood cells; Slc47al for age-associated B
cells (ABCs); S100a9 for neutrophils; Pdgfra for OPCs; Mbp, Mag and
Mogfor oligodendrocytes; Plac8and Ccr2for monocytes; and Ccdc153
for ependymocytes.

Analysis of cell-cell interactions
CellPhoneDB version 2.0 was used to assess putative interactions of
microglia—astrocyte and microglia-EC following the standard work-
flow’>'°°, The input files were generated from the Seurat object. For
3-month and 24-month data, the statistical analysis of CellPhoneDB was
runindividually inthe normal mode with default parameters. Dot plots
and heat maps were generated by dot_plot and heatmap_plot functions.
CellChat was used to predict the cell-cell communication
with default recommended parameters following the ‘Comparison
analysis of multiple datasets using CellChat’ tutorial'®. CellChat
objects were generated from the Seurat object. Then, the data were
pre-processed by subsetData, identifyOverExpressedGenes and
identifyOverExpressedInteractions functions with default param-
eters. Communication probability and communication network were
computed by computeCommunProb function. Then, comparelnter-
actions was used for comparing the interaction strength between
different ages/groups. Up-regulated and down-regulated signaling
ligand-receptor pairs were identified by comparing communication
probabilities with the netVisual_bubble function. The CellChatDB
mouse was used for analysis.

Pseudotime trajectory

Pseudotime trajectory analysis was conducted by Monocle 3 (0.2.2)
(refs. 155,156). After the construction of the CDS object, cells with
microglial identity were stored for further analysis. UMAP was then
applied for dimensional reduction using reduce_dimensionin Monocle
3 with parameter reduction_mothod = ‘UMAP’. Pseudotime informa-
tion and trajectory were generated by learn_graph and order_cells.
root_cells was selected according to thereal-time situation. Cells were
assigned a specific pseudotime value based on their projection on
the UMAP graph in the learn_graph function. Then, the results were
visualized using the plot_cells and plot_genes_in_pseudotime func-
tions of Monocle 3.

Analysis of ATAC-seq data

For ATAC-seq, we pooled microglia from five mice into two libraries
(2-3miceforeachlibrary). The paired-end adapter reads were trimmed
using Cutadapt2.8 with the parameters cutadapt-j0-m20-q20.Reads
were then aligned to the reference mouse genome mm10 using Bowtie2
2.4.1 with parameters bowtie2 -p 8 -X 1000-dovetail-very-sensitive.
The duplicate reads were excluded using the samtools markdup com-
mand. Reads aligned to the mitochondrial genome and reads aligned
to ENCOD blacklisted regions were filtered by Genrich with the default
parameters. Then, the remaining read peaks were determined using
Genrich. Heat maps of coverage at TSSs were generated using com-
puteMatrix with the parameters computeMatrix reference-point-
referencePoint TSS -b 1000 -a1000 -R and plotHeatmap functions in
deepTools 3.5.1. Peaks of interest were visualized with make_tracks_file
and pygenometracks. Chromatin location information was obtained
by using IGV 2.8.0, with the reference genome mm10.

Next, the ATAC-seq peak count matrix was calculated by using
Rsubread 2.0.1. Differentially accessible regions were identified by
DESeq2. These datawere then analyzed and visualized with 1IGV 2.8.0.
Differentially accessible chromatin regions were further used for
location annotation analysis. In brief, the differential open chroma-
tin regions were annotated using annotatePeak with the parameters
TxDb =TxDb.Mmusculus.UCSC.mm10.knownGene and annoDb = ‘org.
Mm.eg.db’ in ChIPseeker 1.22.1. The results were then visualized by
using plotAnnoBar.

For TF motifidentification, ADEM genes and DEGs between sam-
ples were used as inputs by HOMER findMotifsGenome.pl with the
default parameters. Correlation analysis of TFs and genes was per-
formed using the aforementioned method. Heat maps and volcano
plots were generated by pheatmap1.0.12 and EnhancedVolcano 1.4.0,
respectively.chromVAR1.8.0 and chromVARmotifs 0.2.0 were used to
quantify TF activity in n = 332 motifs from the HOMER database. The
input fragment count matrix was generated by Rsubread 2.0.1. Devia-
tionvalues were thengenerated by computeDeviations and visualized
inGraphPad Prism 8.

Microglial morphology analysis

For microglial morphology analysis, microglia from cortex and hip-
pocampus were visualized by IBA1 and imaged with a Nikon AIR-MP
confocal microscope and then subjected to Sholl analysis as previously
described™"™". In brief, z-stack confocal images of microglia were trans-
formed to 8-bit binary and skeletonized images. Next, skeletonized
images were quantified with the Sholl analysis tool of Fiji. Concentric
circles were drawn with center on the soma, beginning at 5-pm radius
andincreasing by 5 um for each cycle. The number of intersections for
each branch and each increasing circle was calculated. About 10-12
microglia were analyzed for each mouse, 100 microglia in total. The
microglial senescence index was used to estimate microglial senes-
cence in previous studies'®. This index was calculated as the ratio of
the microglial density to the morphological complexity (the areaunder
the curve of Sholl analysis). Forimmunoreactivity quantification,
pixels of target protein or RNA fluorescent signals were normalized
and calculated by Fiji***. Statistics and graphics were generated using
Prism 8.3.0 and R 3.6.1. The unpaired ¢-test was used to compare data
betweentwo groups. Dataare presented as mean+s.d. unless otherwise
stated. Statistical significance was set as P < 0.05.

Microglial density analysis

For microglial density analysis, IBA1* microglia were imaged by an
Olympus VS200 microscope. In brief, microglia numbers were quan-
tified in a hemisphere of coronal brain section (typically at bregma
-1.22 mmto -2.18 mm). The cell density is the cell number divided by
the hemisphere area.

Statistics and reproducibility

The statistical approaches are indicated in the figure legends. No
statistical methods were used to pre-determine sample sizes, but
our sample sizes are similar to those reported in previous publica-
tions*4583102107146.157 Mice were not randomized for the age-related
experiments because mice of different ages were acquired for experi-
ment. For the LPS challenge and 3xDR-related experiments, block
randomization was performed on cages of mice such that an approxi-
mate number of mice per cage were assigned to each experimental
group. Data distribution was assumed to be normal, but this was not
formally tested. Collection and analysis of bulk RNA-seq, sSCRNA-seq
and ATAC-seq data were not performed blinded to the conditions of
the experiments. Collection of behavior experiment data was blinded
except for the old mice, because old mice look different than younger
mice. No data were excluded from the analyses.

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from
the corresponding author within 3 months upon reasonable request.
Bulk RNA-seq data are available in the Gene Expression Omnibus
(GEO) with accession code GSE208386. scRNA-seq data of the micro-
glia of 3-month-old, 14-month-old and 24-month-old PBS-treated
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and LPS-treated mice are available in the GEO with accession code
GSE207932.scRNA-seq dataof control and 3xDR microglia are available
in the GEO with accession code GSE207948. scRNA-seq data of brain
cells of 3-month-old and 24-month-old mice are available in the GEO
with accession code GSE208292. scRNA-seq data of control and 3xDR
brain cells are available in the GEO with accession code GSE226286.
ATAC-seqdataareavailablein the GEO with accession code GSE208346.
Processed data are available in Supplementary Tables1-7. The source
data of statistical results are provided with this paper. To disseminate
these data to the community, we generated an interactive website for
searching the data (http:/www.microgliatlas.com).
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Extended Data Fig. 1| Sex differences in the microglial transcriptome at each transcriptome changes at each age. Red points indicate DEGs. Log,FC > Log,1.5,
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Extended Data Fig. 2| Chromatin modifications in the microglial aging

process. (a) Percentages of differential chromatin accessibility in gene coding
and regulatory elements at 3 ages. (b) Chromatin accessibility of ADEM genes
ateachage. Standardized values were calculated according to peak counts of

the promoter region. (c-d) Encoding counts of genes encoding ADEM-enriched
transcription factors at each age. Data are presented as mean + SD. N =2 ATAC-seq
tests for each group. Microglia from 2 to 3 mice were pooled together for each
ATAC-seq test. MO: month-old; ADEM: age-dependent microglia.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| $100a8 or $100a9 knock-down down-regulates the
LPS-induced immune response. (a) Scheme of Lipofectamine transfection and
LPS challenge to primary microglia. (b) qPCRreveals that siSI00a8 transfection
by Lipofectamine transfection successfully knocks down S100a8. Consequently,
7 out of 13 immune-related genes were down-reregulated upon LPS challenge. In
the negative control group: S100a8 (N =5), Ccl3(N=3), Ccl4 (N=3),Ccl5(N=3),
CclI2(N=3),Cd14 (N=3), CxclI3(N=3), Ifitm2 (N=5), Ifitm3 (N=3),l[1b (N=3), Il6
(N=5),Myd88 (N=3),Socs3 (N =4) and Tnf(N =3).In the siSI00a8 group: S100a8
(N=6),Ccl3(N=6),Ccl4(N=6),Ccl5(N=6),Ccli2(N=6),Cd14(N=6),CxclI3
(N=6),Ifitm2(N=9), Ifitm3 (N=6), Il1b (N=6), 16 (N=9), Myd88 (N = 6), Socs3
(N=9)and Tnf(N=6). Where “N” corresponds to the number of biological

replicates. (c) qPCRreveals that siS100a9 transfection by Lipofectamine
transfection successfully knocks down S100a9. Consequently, 8 out of 13
immune-related genes were down-reregulated upon LPS challenge. In the
negative control group: S100a9 (N=6), Ccl3(N=6), Ccl4 (N=6),Ccl5(N=6),
Ccl12(N=6),Cd14 (N=5), CxclI3 (N=6), Ifitm2 (N =6), Ifitm3 (N =6),/l1b (N=6),
116 (N=6), Myd88 (N=6),Socs3 (N =6) and Tnf (N = 6).In the siSI00a9 group:
$100a9 (N=6),Ccl3(N=6),Ccl4(N=6),Ccl5(N=6),CclI2(N=6),CdI4(N=6),
Cxcli3(N=6), Ifitm2 (N=6),Ifitm3 (N=6),Il1b (N=6),1l6 (N=6), Myd88 (N=5),
Socs3(N=6)and Tnf(N=6). Where “N” corresponds to the number of biological
replicates. Data are presented as mean + SD. Two-tailed independent t test.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | scRNA-seq characterizes the microglial cross talk with
astrocytes and endothelial cells in the aged brain. (a) Scheme of brain scRNA-
seq from young (3 MO) and aged (24 MO) mice. N = 5mice for each group.

(b-¢) tSNE plots 0f 4,326 3 MO and 2,762 24 MO brain cells. Cells are colored
according to age (b) and cell type (c) separately. (d) Dot plot showing the
expression levels of well-known representative cell-type-enriched marker genes
across all15 cell types (16 populations) (see details in Methods). (e) Dot plot
showing the expression levels of two astrocyte subtype marker genes. Gjal,
Mfge8, Apoe, Slcla2 and Slcolcl were relatively enriched in Astrocyte 1, while
S$100p, Sox9, Gfap and Aldh1l1 were highly expressed in Astrocyte 2. (f) Strip
chart displaying 24 MO vs. 3 MO fold-changes in gene expression levelsin each
cell population. Colored dots indicate significantly up- or down-regulated

(P<0.05,log,FC >0.25) genes in aged cells compared to young cells. Non-
parametric Wilcoxon rank sum test. (g) Heat maps of 24-month-old vs. 3-month-
old DEGs (significantly up- or down-regulated (P < 0.05, log,FC > 0.25) inno less
than 2 populations) in Astrocyte 1 cells, Astrocyte 2 cells, EC and microglia.

(h) Top significantly enriched biological processes of DEGs (significantly up- or
down-regulated (P < 0.05, log,FC > 0.25) annotated by GO (Q < 0.05) in Astrocyte1,
Astrocyte 2, EC and microglia. The accumulative hypergeometric test is used for
statistical analysis with false discovery rate (FDR) correction. MO: month-old;
GO: Gene Ontology; BP: biological process; EC: endothelial cell; VSMC: vascular
smooth muscle cell; OL: oligodendrocyte; OPC: oligodendrocyte precursor cell;
ABC: arachnoid barrier cell; NSC: neural stem cell; CPC: choroid plexus epithelial
cell; NK: natural killer cell.
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Extended DataFig. 5| Predicted molecule-molecule interactions among microglia, astrocytes and ECs in young and aged mice. (a) Age-dependent ligand-
receptor interactions predicted by CellPhoneDB. One-sided permutation test. (b) Significant age-dependent molecule-molecule interactions predicted by CellChat.
MO: month-old; EC: endothelial cell. One-sided permutation test.
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Extended Data Fig. 6 | Each microglial cell proliferates several times by repopulation. Data are represented as the mean + SD. N=6 (1xDPL, 2xDPL, 3xDPL,
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cell. (c) Statistics of IBA1" cell number in each round of microglial depletion-
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Extended Data Fig. 7 | Despite the increased morphology-based senescence
index, 3xDR microgliado not display a senescent state at the transcriptional
level. (a) Volcano plots of DEGs in 3xDR vs. control microglial transcriptomes
(log, FC>0.25, adjusted P value < 0.05). Non-parametric Wilcoxon rank sum
test. (b) Top 10 significantly enriched biological processes (Q <0.05) in 3xDR
vs.control microglia. The orange bar represents up-regulated gene-enriched
pathways; the blue bar represents down-regulated gene-enriched pathways.

(c) UMAP plot of LPS-treated, PBS-treated and 3xDR microglia, revealing that
3xDR microglia do not exhibit a reactive phenotype. (d) Senescence index of
microgliain the control and forced turnover groups, calculated as the area of
IBA1 (mm?) divided by the area under the curve (AUC). Data are represented as

0.25
0.00

Ctrl .

the mean = SD. N =8 and 7 mice for control and 3xDR, respectively. Two-tailed
independent t test. (e) Quantification of 3-gal levels in cortical and hippocampal
microglia.IBAlarea, 3-gal area or 3-gal” microglia are not changed in 3xDR mice.
Dataare presented as mean + SD. N =9 mice for each group, 60 cells in total. Two-
tailed independent t test. (f) Scatter plot showing the correlation between well-
known senescence genes and the 3xDR microglial phenotype, indicating that
well-defined senescence genes are not correlated with 3xDR microglia. Pearson
correlation. (g) 3xDR and control microglia exhibit similar SASP gene signature
scores. PLX5622: PLX5622-formulated diet; CD: control diet; Ctrl: control; 3xDR:
3-round depletion-repopulation; FC: fold change; SASP: senescence-associated
secretory phenotype; FOV: field of view; AU: arbitrary unit.
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Extended Data Fig. 8 | 3xDRIBA1" brain parenchymal cells are microglia TMEM119-GFP and P2Y12-CreER-GFP mice. N =4 mice for TMEM119-GFPand N =8
instead of BAMs or infiltrating myeloid cells. (a) Scheme of the 3xDR forced for P2Y12-CreER-GFP mice. Data are presented as mean + SD. PLX5622: PLX5622-
microglial turnover model. (b) Almost all IBAT" cells are GFP* microglia in 3xDR formulated diet; CD: control diet; NxDR: N-round depletion-repopulation.
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Extended Data Fig. 9 | 3xDR does not increase anxiety level or social deficit.
(a) 3xDR does not influence the body weight of mice. N =5 mice for each group.

Multiple t test. (b) Open field test reveals that the total distance and time

spent in the center zone were comparable among young (3-month-old), aged
(21-month-old), control and 3xDR mice, indicating that 3xDR does not increase
anxiety-like behavior.N=12,22,11 and 11 for young, aged, control and 3xDR mice,

respectively. One-way ANOVA. (c) Three-chamber test shows that sniff times
inthe sociability stage and social novelty stage are not changed in 3xDR mice,
indicating that 3xDR does not exhibit the social deficit. N=8 for control mice and
7 for 3xDR mice. Two-tailed independent t test. Data are presented as mean + SD.
Ctrl: control; 3xDR: 3-round depletion-repopulation.
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Extended Data Fig.10 | 3xDR does not influence the adult neurogenesis, of CAL.N=8and 7 mice for control and 3xDR, respectively. (c) 3xDR does not
neuron number or OPC density. (a) Quantification of Ki67* DCX" cell numbers influence the OPC density. N =8 and 7 mice for control and 3xDR, respectively.
inmicrogliain the dentate gyrus. 3xDR does not influence adult neurogenesis Data are presented as mean + SD. Two-tailed independent t test. Ctrl: control;
inthe dentate gyrus.N =7 and 6 mice for control and 3xDR, respectively. 3xDR:3-round depletion-repopulation.

(b) NeuN quantification in CAL. 3xDR does not influence the NeuN thickness
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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|Z| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|Z| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  scRNA-seq data was collected on lllumina HiSeq 4000 and Illumina HiSeq 6000. Bulk RNA-seq and ATAC-seq data was collected on
BGISEQ-500.

Data analysis 1. Fiji 2.9.2 for immunostaining data analysis.
2. EthoVision 11.5.1022 for behavior experiments.
3.R 3.6.1, HISAT2 2.0.4, Cutadapt 2.8, Bowtie2 2.2.5, RSEM 1.2.12, SOAPnuke 1.5.2, SVA 3.35.2, factoextra 1.0.7, EdgeR 3.28.1, clusterProfiler
3.14.3, HOMER 4.10.0, VennDiagram 1.6.20, pheatmap 1.0.12, EnhancedVolcano 1.4.0, Cell Ranger 2.0.1 or 5.0.0, STAR 2.5.3, Seurat 3.2.0,
CellPhoneDB v.2.0, CellChat 1.6.0., Monocle 3 (0.2.2), IGV 2.8.0, Rsubread 2.0.1, ChiIPseeker 1.22.1 for sequencing data analysis.
4. Prism 8.3.0 for statistic analysis.
5. FlowJo 10.4 for FACS data analyses.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Bulk RNA-seq data are available in the Gene Expression Omnibus (GEO) with accession code GSE208386 (reviewer token: idifcyskzbczrop). scRNA-seq data of the
microglia of 3-month-old, 14-month-old and 24-month-old PBS- and LPS-treated mice are available in GEO with accession code GSE207932 (reviewer token:
gpkvmcuupdezvkn). scRNA-seq data of control and 3xDR microglia are available in GEO with accession code GSE207948 (reviewer token: qvypsiemplwrtcv). scRNA-
seq data of brain cells at 3- and 24-month-old are available in GEO with accession code GSE208292 (reviewer token: wtejowywijtapben). scRNA-seq data of control
and 3xDR brain cells are available in GEO with accession code GSE226286 (reviewer token: mxmxmkymbhyrfgn). ATAC-seq data are available in GEO with accession
code GSE208346 (reviewer token: orgrsywwijxgrxel). Processed data are available in Supplementary Tables 1-7. To disseminate these data to the community, we
generated an interactive website for searching the data (http://www.microgliatlas.com).
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For bulk RNA-seq, there are 2 biological replicates in FO6_MO and M12_MO group, 3 replicates in FO9_MO and F24_MO group, 4 replicates in
FO3_MO, F12_MO, M03_MO, M06_MO,M09_MO, M16_MO and M24_MO, 5 replicates in F14_MO, F16_MO and M19_MO. For scRNA-seq
(except for 3xDR vs control brain cells), each group contains 5 biological replicates (mice). For scRNA-seq of 3xDR vs control brain cells, each
group contains 2(3xDR) to 3(Control) biological replicates (mice). For ATAC-seq, we pooled microglia from 5 mice into 2 libraries (2 to 3 mice
for each library).

For telomere length measurement, there are 7 mice for each group. For sholl analysis, 8 and 9 mice were analyzed in control and 3xDR group
respectively. For senescence index calculation, 8 and 7 mice were measured for control and 3xDR, respectively.

For AXL immunohistochemistry experiments, there are 9 mice used in Ctrl and 3xDR group. For OPN immunostaining, there are 10 mice used
in Ctrl and 3xDR group. For MBP immunostaining, there are 9 mice used in Ctrl and 8 used in 3xDR group. For f-gal immunohistochemistry
experiments, there are 9 mice used in Ctrl and 3xDR group. For IBA1 immunostaining,4 Tmem119-GFP mice and 8 P2Y12-CreER-GFP mice
were measured. For Ki67 and DCX co-immunostaining, N = 7 and 6 mice for control and 3xDR. For NeuN and Pdgfra immunostaining, N = 8
and 7 mice for control and 3xDR group. For CD74 immunostaining, 35 cells in FO3 and 49 cells in F24 group were measured. For RNAscope
experiment of Sppl gene, 29 cells in FO3 and 31 cells in F24 group were measured. For microglia density analysis in 3xDR process, N =6
(1xDPL, 2xDPL, 3xDPL, 1xDR and 2xDR) to 7 mice (3xDR) for each group.

For primary microglia siS100a8 knockdown experiment, in the negative control group, N=5, 3,3, 3, 3, 3, 3,5, 3, 3, 5, 3, 4 and 3 biological
replicates for S$100a8, Ccl3, Ccl4, Ccl5, Ccl12, Cd14, Cxcl13, Ifitm2, Ifitm3, II1b, 116, Myd88, Socs3 and Tnf, respectively, in the siS100a8 group,
N=6,6,6,6,6,6,6,9,6,6,9, 6,9 and 6 biological replicates for S100a8, Ccl3, Ccl4, Ccl5, Ccl12, Cd14, Cxcl13, Ifitm2, Ifitm3, lI1b, 116, Myd88,
Socs3 and Tnf, respectively. For primary microglia siS100a9 knockdown experiment, in the negative control group, N=5, 3,3, 3,3, 3, 3,5, 3, 3,
5, 3, 4 and 3 biological replicates for S100a8, Ccl3, Ccl4, Ccl5, Ccl12, Cd14, Cxcl13, Ifitm2, Ifitm3, II1b, 16, Myd88, Socs3 and Tnf, respectively,
in the siS100a8 group, N=6, 6, 6,6, 6,6,6,9,6, 6,9, 6, 9 and 6 biological replicates for S100a8, Ccl3, Ccl4, Ccl5, Ccl12, Cd14, Cxcl13, Ifitm2,
Ifitm3, Il1b, 116, Myd88, Socs3 and Tnf, respectively.

For OF and NOR test, N =12, 10, 11 and 11 mice for young, aged, control and 3xDR groups, respectively. For Y maze test, N = 10 mice for each
group. For Morris water maze, N =10 and 11 mice for control and 3xDR, respectively. For Three-chamber test, N = 8 for control mice and 7
for 3xDR mice.

=
Q)
o
=
)
©
le)
=
o
=
D)
©
o
=
=)
Q
wm
(=
=
=
Q
=
<




The detailed sample size is listed in each figure legend.
The statistical approaches were indicated in figure legends. No statistical methods were used to pre-determine sample sizes but our sample
sizes are similar to those reported in previous publications1-7. Data distribution was assumed to be normal but this was not formally tested.
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Data exclusions | Exclusion criteria for experimental data points were sickness or death of animals during the experimental period. Or low quality sequencing
results were excluded. No outliers were excluded in this manuscript.

Replication For each in vivo experimental condition, at least at least 5 animals were used per conditions. All attempts at replication were successful
expect for the failures due to sickness and death of animals or technical faults during the experimental period. Or low quality sequencing
results were excluded.

Randomization  Mice were randomized from each group if possible.

Blinding Behavioral examinations and sequencing experiments were conducted blind. Sequencing data analysis were not performed blind to the
conditions of the experiments. Because there were no needs to be blinded for the sequencing data analyses.
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Materials & experimental systems Methods
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Antibodies

Antibodies used The primary antibodies used in this study included rabbit anti-IBA1 (1:500, Wako, cat: 019-19741, lot: CAJ3125, SKM6526 and
LEQ2171), goat anti-IBA1 (1:500, Abcam, cat: Ab5076, lot: GR3381291-3 and GR3365012-2), goat anti-Osteopontin/OPN (1:500, R&D
system, cat: AF808, lot: BDO0720111), goat anti-AXL (1:200, R&D system, cat: AF854, lot: CTC0220081), rabbit anti-beta
galactosidase (1:2000, Invitrogen, cat: A-11132, lot: 2304273), rabbit anti-Ki67 (1:250, Invitrogen, cat: MA5-14520, lot: VB2941291,
VE3003591), rat anti-Ki67 (1:1000, Invitrogen, cat: 14-5698-82, lot: 2496198), rabbit anti-DCX (1:200, Abcam, cat: ab18723, lot:
GR3274138-3), rabbit anti-PDGFRa (1:500, Cell Signaling, cat: 3164S, lot: 02/2020-6), rabbit anti-NeuN (1:500, Abcam, cat: ab177487,
lot: GR3275122-6), and rabbit anti-MBP (1:500, Abcam, cat: ab218011, lot: GR3299139-18) (Supplementary Table 8).

The secondary antibodies used in this study included AF647 donkey anti-goat (Jackson ImmunoResearch, cat: 705-605-003,
lot:147708), AF488 donkey anti-chicken (Jackson ImmunoResearch, cat: 703-545-155, lot:147805), AF488 donkey anti-mouse
(Jackson ImmunoResearch, cat: 715-545-150, lot:146643), AF488 donkey anti-goat (Jackson ImmunoResearch, cat: 705-545-003,
lot:145270), and Cy3 donkey anti-rabbit (Jackson ImmunoResearch, cat: 711-165-152, lot:145020) (Supplementary Table 8).

Validation The validation data of each antibody are listed in the websites of corresponding manufactures.
For primary antibody:
rabbit anti-IBA1 (1:500, Wako, cat: 019-19741, lot: CAJ3125, SKM6526 and LEQ2171) has been validated for use in IF and IHC, as
stated on the product page and has been referenced in at lesat 8 papers (https://labchem-wako.fujifilm.com/us/product/detail/

W01W0101-1974.html).

goat anti-IBA1 (1:500, Abcam, cat: Ab5076, lot: GR3381291-3 and GR3365012-2) has been validated for use in IHC-P, WB, as stated




on the product page and has been referenced in 1145 papers (https://www.abcam.com/products/primary-antibodies/ibal-antibody-
ab5076.html).

goat anti-Osteopontin/OPN (1:500, R&D system, cat: AF808, lot: BDO0720111) has been validated for use in IHC, WB and ICC, as
stated on the product page and has been referenced in 120 papers (https://www.rndsystems.com/cn/products/mouse-osteopontin-
opn-antibody_af808).

goat anti-AXL (1:200, R&D system, cat: AF854, lot: CTC0220081) has been validated for use in IHC, WB, as stated on the product page
and has been referenced in 24 papers(https://www.rndsystems.com/cn/products/mouse-axl-antibody_af854).

rabbit anti-beta galactosidase (1:2000, Invitrogen, cat: A-11132, lot: 2304273) has been validated for use in IHC, WB, ICC/IF, ELISA,
ChlP, as stated on the product page and has been referenced in 95 papers (https://www.thermofisher.cn/cn/zh/antibody/product/
beta-Galactosidase-Antibody-Polyclonal/A-11132).

rabbit anti-Ki67 (1:250, Invitrogen, cat: MA5-14520, lot: VB2941291, VE3003591) has been validated for use in IHC, WB, ICC/IF, Flow,
FN, as stated on the product page and has been referenced in 742 papers (https://www.thermofisher.cn/cn/zh/antibody/product/
Ki-67-Antibody-clone-SP6-Recombinant-Monoclonal/MA5-14520).

rat anti-Ki67 (1:1000, Invitrogen, cat: 14-5698-82, lot: 2496198) has been validated for use in IHC, WB, ICC/IF, Flow, FN, as stated on
the product page and has been referenced in 305 papers (https://www.thermofisher.cn/cn/zh/antibody/product/Ki-67-Antibody-
clone-SolA15-Monoclonal/14-5698-82).

rabbit anti-DCX (1:200, Abcam, cat: ab18723, lot: GR3274138-3) has been validated for use in WB, IHC-FoFr, ICC/IF, IHC-Fr, IHC-P, as
stated on the product page and has been referenced in 400 papers (https://www.abcam.com/products/primary-antibodies/
doublecortin-antibody-ab18723.html).

rabbit anti-PDGFRa (1:500, Cell Signaling, cat: 3164S, lot: 02/2020-6) has been validated for use in WB, ICC/IF, IP, as stated on the
product page and has been referenced in 127 papers (https://www.cellsignal.com/products/primary-antibodies/pdgf-receptor-a-
antibody/3164).

rabbit anti-NeuN (1:500, Abcam, cat: ab177487, lot: GR3275122-6) has been validated for use in WB, ICC/IF, Flow Cyt, as stated on
the product page and has been referenced in 695 papers (https://www.abcam.com/products/primary-antibodies/neun-antibody-
eprl2763-neuronal-marker-ab177487.html).

rabbit anti-MBP (1:500, Abcam, cat: ab218011, lot: GR3299139-18) has been validated for use in WB, IHC-P, IHC-Fr, as stated on the
product page and has been referenced in 18 papers (https://www.abcam.com/products/primary-antibodies/myelin-basic-protein-
antibody-epr21188-ab218011.html).

For secondary antibody:
AF647 donkey anti-goat (Jackson ImmunoResearch, cat: 705-605-003, lot:147708)has been validated as stated on the product page
and has been referenced in 52 papers (https://www.jacksonimmuno.com/catalog/products/705-605-003).

AF488 donkey anti-chicken (Jackson ImmunoResearch, cat: 703-545-155, lot:147805) has been validated as stated on the product
page and has been referenced in 816 papers (https://www.jacksonimmuno.com/catalog/products/703-545-155).

AF488 donkey anti-mouse (Jackson ImmunoResearch, cat: 715-545-150, lot:146643) has been validated as stated on the product
page and has been referenced in 605 papers (https://www.jacksonimmuno.com/catalog/products/715-545-150).

AF488 donkey anti-goat (Jackson ImmunoResearch, cat: 705-545-003, lot:145270)has been validated as stated on the product page
and has been referenced in 137 papers (https://www.jacksonimmuno.com/catalog/products/705-545-003).

Cy3 donkey anti-rabbit (Jackson ImmunoResearch, cat: 711-165-152, lot:145020) has been validated as stated on the product page
and has been referenced in 1702 papers (https://www.jacksonimmuno.com/catalog/products/711-165-152).

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

C57BL/6J mice were either purchased from SPF (Beijing) Biotechnology Co., Ltd or donated by Prof. Zhihui Huang at Hangzhou
Normal University. P2Y12-CreER-GFP mice (P2ry12-p2A-CreER-p2A-EGFP) were donated by Prof. Jiyun Peng at Nanchang University,
histological analysis were performed at 4 month old. TMEM119-GFP mice (C57BL/6-Tmem119em2(EGFP)Gfng/J, Stock #: 31823) was
purchased from Jackson Lab, histological analysis were performed at 4-month-old. All mice were housed in the Animal Facility at
Department of Laboratory Animal Science at Fudan University or Shenzhen Institute of Advanced Technology at Chinese Academy of
Sciences under a 12-hour light/dark cycle with food and water ad libitum, room temperature was maintained at 21-25 degree
centigrade, humidity was maintained at 40%-65% .

This study did not involve wild animals.
The animal sex was described in the text and/or figure legend.
This study did not involve field-collected samples.

All animal experiments were conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee of
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Ethics oversight Department of Laboratory Animal Science at Fudan University (2020090015, 202110005S and 2021JS-ITBR-002) and Institutional
Animal Care and Use Committee at Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences (SIAT-IACUC-190312-
YGS-PB-A0576-01).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:
|Z The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|Z All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation For the brain cell scRNA-seq, brains without cerebellum were minced into pieces and then dissociated in 8 U/mL papain lysis
buffer containing 125 U/mL DNase | at 37 °C for 20 minutes with mild shaking. This process was then terminated by adding a
10% ovomucoid in L15 culture medium. After that, cell clusters were removed by filtering through a 70 um nylon strainer
(Falcon). Myelin and cell debris were removed through the density gradient centrifugation in 37% Percol (Solarbio Life
Science). Next, brain cells were thoroughly rinsed by EDTA-free FACS buffer (0.5% BSA in DPBS) before library preparation.

Microglia from young, middle-aged and old mice were sorted by FACS as we previously described28,74. Briefly, the mixed
brain cells were resuspended by FACS buffer. Then, mixed cells were stained with antibodies against CD11b (1:100, clone
M1/70, BD Pharmingen, cat: 557657) and CD45 (1:100, clone 30-F11, BD Pharmingen, cat: 553080) in FACS buffer for 30 min
in ice. Dead cells were labeled by 7-AAD (1:80, BD Pharmingen, cat: 559925). Then, CD11b+ CD45low 7-ADD- microglia were

collected by FACSAria Il cell sorted (BD Biosciences). Harvested cells were then used for scRNA-seq, bulk RNA-seq and ATAC-
seq.

Instrument FACSAria Ill cell sorted (BD Biosciences)
Software Cell sorter was controlled by Summit. FACS data were analyzed by FlowJo 10.4.
Cell population abundance After removal the doublelets and cell debris by FSC/SSC, CD11b+ CD45low 7-AAD- cells were sorted for subsequent analysis.

Gating strategy After removal the doublelets and cell debris by FSC/SSC, CD11b+ CD45low 7-AAD- cells were sorted for subsequent analysis.

|Z Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

=
Q)
S
=
=
D
1)
(@)
=
o
-
-
D
©
(@]
=
=)
(@]
wm
(=
3
3
Q
z
=




	Transcriptional and epigenetic decoding of the microglial aging process

	Results

	Characteristics of age-dependent genes in microglia across the adult lifespan

	Characteristics of microglial cell aging in female mice at single-cell resolution

	The chromatin landscape reveals the epigenetic regulation of ADEM genes

	Aged microglia display a compromised molecular reaction to systemic LPS challenge

	Microglia show diverse alterations in their chromatin landscapes in response to aging and LPS challenge

	Microglial crosstalk with astrocytes and endothelial cells in the aged brain

	Forced microglial turnover induced by 3xDR accelerates microglial cell aging

	Accelerated microglial cell aging dampens cognitive functions

	3xDR-induced microglial aging influences the cell–cell interaction


	Discussion

	Methods

	Animals

	Drug administration

	Brain tissue preparations

	Immunohistochemistry and image acquisition

	Preparation of single-cell suspension

	FACS

	Magnetic-activated cell sorting

	RNA extraction and qPCR

	DNA extraction and telomere length measurement

	Primary microglia culture and Lipofectamine transfection for gene knock-down

	Open field test

	Y maze spontaneous test

	Three-chamber social test

	Morris water maze test

	NOR test

	Analysis of bulk RNA-seq data

	Analysis of scRNA-seq data

	Analysis of cell–cell interactions

	Pseudotime trajectory

	Analysis of ATAC-seq data

	Microglial morphology analysis

	Microglial density analysis

	Statistics and reproducibility

	Reporting summary


	Acknowledgements

	Fig. 1 Transcriptional profiling by bulk RNA-seq to investigate the sex-dependent microglial aging process and ADEM gene set.
	Fig. 2 Characteristics of microglial cell aging by scRNA-seq.
	Fig. 3 Chromatin landscapes identified by ATAC-seq unveil epigenetic features of microglia during the aging process.
	Fig. 4 scRNA-seq and bulk RNA-seq reveal that microglia respond to LPS challenge in an age-dependent manner.
	Fig. 5 ATAC-seq reveals the divergence of chromatin modifications between microglial aging and reactivity to LPS challenge.
	Fig. 6 3xDR microglia exhibit an aged-like phenotype.
	Fig. 7 3xDR leads to cognitive decline and myelination impairment in non-aged mice.
	Fig. 8 scRNA-seq characterizes the microglial crosstalk with OPCs and OLs in control and 3xDR brains.
	Extended Data Fig. 1 Sex differences in the microglial transcriptome at each age.
	Extended Data Fig. 2 Chromatin modifications in the microglial aging process.
	Extended Data Fig. 3 S100a8 or S100a9 knock-down down-regulates the LPS-induced immune response.
	Extended Data Fig. 4 scRNA-seq characterizes the microglial cross talk with astrocytes and endothelial cells in the aged brain.
	Extended Data Fig. 5 Predicted molecule-molecule interactions among microglia, astrocytes and ECs in young and aged mice.
	Extended Data Fig. 6 Each microglial cell proliferates several times by 3xDR.
	Extended Data Fig. 7 Despite the increased morphology-based senescence index, 3xDR microglia do not display a senescent state at the transcriptional level.
	Extended Data Fig. 8 3xDR IBA1+ brain parenchymal cells are microglia instead of BAMs or infiltrating myeloid cells.
	Extended Data Fig. 9 3xDR does not increase anxiety level or social deficit.
	Extended Data Fig. 10 3xDR does not influence the adult neurogenesis, neuron number or OPC density.




