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Microglia are crucial for tissue homeostasis and its disturbance. However, microglial heterogeneity and
its relationship with microglial activation in physiological conditions remain elusive. Using single-cell
RNA sequencing, we identified microglial subpopulations with distinct transcriptome signatures in the
resting brain. The distribution of two major, continuous subpopulations varied across brain regions,
especially between cerebral cortices and the hypothalamus. Lipopolysaccharide and chronic social defeat
stress, both of which involve the innate immune receptor TLR4, upregulate the marker genes of selective
microglial subpopulations. These findings suggest that microglial subpopulations contribute to the
heterogeneity of microglial transcriptome and responsiveness within and across brain regions.

© 2022 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Microglia are resident immune cells in the brain, playing crucial
roles for brain tissue homeostasis and damage.1 In the resting and
healthy brain, microglia continuously survey the brain parenchyma
and contribute to neural circuit development and plasticity. In
neurodegenerative and psychiatric conditions and aging, microglia
change their properties, affecting neural functions via the secretion
of proinflammatory mediators and phagocytic activity.2,3 Single-
cell RNA sequencing (scRNA-seq) revealed the heterogeneity of
microglial transcriptome in neurodegenerative conditions, and
identified a pathological microglial subtype named the disease-
associated microglia (DAM).4 scRNA-seq analysis also identified
minor subsets of microglia expressing interferon-response genes
and the chemokines CCL3/4, respectively, which increase with ag-
ing.5 However, the heterogeneity of the major remaining subset of
microglia has been suggested as microglial transcriptome in bulk
RNA-seq analysis varies across brain regions. Furthermore, envi-
ronmental stimuli such as chronic social defeat stress (CSDS) acti-
vate microglia without apparent neuronal loss, contributing to
behavioral abnormalities, via the innate immune receptors Toll-like
receptor 2 and 4 (TLR2/4).6 However, the microglial heterogeneity
in the resting brain and its relationship with stress-induced
microglial activation remain to be examined at the single-cell
resolution.
yashiki).
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In this study, we investigated the single-cell heterogeneity of
microglial transcriptome within and among brain regions in the
resting brain and its relationship with microglial activation by the
TLR4 ligand lipopolysaccharide (LPS) and CSDS. All animal experi-
ments were approved by the Institutional Animal Care and Use
Committee (P-200201-R6) and carried out according to the Kobe
University Animal Experimentation Regulations. To this aim, we
analyzed enhanced green fluorescent protein (EGFP)-expressing
immune cells, including microglia, in multiple brain regions of a
male CX3CR1-EGFP mouse (B6.129P2(Cg)-Cx3cr1tm1Litt/J, Jackson
Laboratory) at 9 weeks old using scRNA-seq with Chromium sys-
tem (10x Genomics) (Fig. 1A). The tissues of the prefrontal cortex
(PFC), orbitofrontal cortex (OFC), primary sensorimotor cortex
(M1S1), nucleus accumbens (NAc), hypothalamus (HYP), amygdala
(AMY), and hippocampus (HIP) were mechanically dissociated
without enzymatic reaction, as previously described.7 The samples
were kept on ice or at 4 �C, otherwise stated. We also analyzed
murine microglia-like N9 cells (a kind gift from Dr. Makoto Tsuda)
and human embryonic kidney (HEK) 293-like cells (AAV-293 cells,
Agilent) cultured in Dulbecco's Modified Eagle's Medium (D-MEM)
containing 5% and 10% fetal bovine serum (Thermo Fisher Scienti-
fic), respectively, and dispersed with l-trypsin at 37 �C for 1 min as
controls (Fig. 1A). The samples were labelled with distinct barcodes
(3’ CellPlex, 10x Genomics) for multiplexing at room temperature
for 5 min. Single-cell suspensions combined from multiple brain
regions were subjected to cell sorting with FACSAria-III (Beckton
Dickinson) to isolate EGFP-expressing cells. scRNA-seq analysis
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Fig. 1. Single-cell RNA-seq identifies transcriptome signatures of microglia in the resting brain.
(A) Experimental design. (B) UMAP plot showing the clusters of isolated microglia (2437 cells) from a male CX3CR1-EGFP mouse at 9 weeks old, N9 cells (302 cells), and HEK293-
like cells (1004 cells). (C) Heatmap of marker genes of the three cell types. (D) Violin boxplots showing single-cell distribution of Z-scores averaged for the signature gene ex-
pressions of microglia, CNS-associated macrophage, and neutrophil for the three cell types identified with scRNA-seq shown in (A). (E) Venn diagrams of the marker genes. (F)
Bubble chart showing GO terms enriched in the marker genes with the proportion of expressed genes (bubble size) and the adjusted P value of the enrichment (color).
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Fig. 2. Microglial subpopulations in the resting brain are differentially distributed across brain regions.
(A) UMAP plot showing the clusters of microglial subpopulations combined from multiple brain regions (C0 microglia, 1228 cells; C1 microglia, 1132 cells; C2 microglia, 22 cells; C3
microglia, 11 cells). (B) Bubble chart showing the marker genes of microglial subpopulations with the percentage of expressed genes (bubble size) and the averaged expression
(color). (C) UMAP plot showing single-cell expression of the indicated marker genes. (D) Bubble chart showing the gene sets enriched in the marker genes of microglial sub-
populations with the proportion of marker genes contributing to the gene set enrichment (bubble size) and the normalized enrichment score (NES) (color). (E) Enrichment plots
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with Seurat 48 resulted in the transcriptome data of EGFP-
expressing cells (2437 cells), N9 cells (302 cells), and HEK293-like
cells (1004 cells) after removing low-quality cells and doublets
(Fig. 1B). Cluster analysis with uniform manifold approximation
and projection (UMAP) segregated EGFP-expressing cells, N9 cells,
and HEK293-like cells, as expected (Fig. 1B and C). EGFP-expressing
cells abundantly expressed microglia-associated genes, but those
associated with central nervous system (CNS)-associated macro-
phages and neutrophils at negligible levels (Fig. 1D; see
Supplementary Table 1 for the cell type-specific genes). Thus, most
EGFP-expressing cells were microglia and designated as such. By
contrast, N9 cells showed lower expression of microglia-associated
genes and conventional microglia markers, Iba-1 and Cd11b.
Furthermore, marker genes of single-cell clusters of microglia
showed only a small overlap (50 genes) with those of N9 cells and
no overlap with those of HEK293-like cells (Fig. 1E). In Gene
Ontology (GO) enrichment analysis,9 the marker genes of microglia
enriched GO terms distinct from those of N9 cells and HEK293-like
cells (Fig. 1F), suggesting an unexpected difference between
microglia in the resting brain and microglia-like N9 cells.

Then we examined the transcriptome heterogeneity of
microglia combined from multiple brain regions. Subclustering
with UMAP revealed four microglial subpopulations annotated as
C0, C1, C2, and C3 microglia with distinctive marker genes, after
the clustering resolution was adjusted (Fig. 2A, B, and 2C). C0 and
C1 microglia were two continuous subpopulations that covered
most microglia in the resting brain in combination, whereas C2
and C3 microglia were minor subpopulations (Fig. 2A and B). We
performed gene set enrichment analysis (GSEA)10 for the genes
with detectable expression ranked according to the enrichment in
each subpopulation (Fig. 2D and E and Supplementary Table 2). C0
microglia enriched the expression of genes associated with
mitochondrial respiration represented by GO terms such as “ATP
synthesis coupled electron transport.” Highly ranked genes
include those encoding Complexes I, III, IV, and V in electron
transport chain, suggesting that C0 microglia have increased
electron transport activity. C1 microglia enriched the expression
of genes associated with mRNA processing represented by GO
terms such as “regulation of mRNA metabolic process.” Highly
ranked genes include those encoding spliceosome and RNA-
binding proteins regulating RNA stability, suggesting that C1
microglia show altered mRNA slicing and degradation. C2 micro-
glia enriched the expression of genes associated with interferon
response represented by GO terms such as “Response to interferon
gamma,” including signature genes of interferon response
microglia (e.g., Ifit3, Ifitm3, Rtp4).5 C3 microglia enriched the
expression of genes associated with chemokine response repre-
sented by GO terms such as “Regulation of lymphocyte chemo-
taxis,” including signature genes of Ccl3/Ccl4-enriched microglia
(e.g., Ccl3, Ccl4, Atf3).5 The expression of genes associated with
chemokine response were also enriched in C2 microglia as Ccl2
and Ccl12 were expressed in both C2 and C3 microglia. These
findings show that the resting brain has distinct microglial sub-
populations with different biological functions defined by sepa-
rate signature genes. Microglia isolated from respective brain
regions showed distinct transcriptome profiles, and the pro-
portions of microglial subpopulations varied across brain regions
(Fig. 2F and G). Microglia from the primary sensorimotor cortex
(M1S1), prefrontal cortex (PFC), orbitofrontal cortex (OFC), and
showing the profile of the running enrichment score and the positions of gene set members
Density plots showing the UMAP-projected distribution of microglia isolated from respectiv
prefrontal cortex (PFC), 145 cells in the orbitofrontal cortex (OFC), 118 cells in the amygdala (A
529 cells in the hypothalamus (HYP)). (G) Bar plots of the proportions of microglial subpopu
figure legend, the reader is referred to the Web version of this article.)
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amygdala (AMY) enriched C0 microglia, and microglia from the
hypothalamus (HYP) C1 microglia. Microglia from the nucleus
accumbens (NAc) and hippocampus (HIP) contained C0 and C1
microglia of intermediate proportions. C2 microglia were
distributed in all the brain regions. C3 microglia were only found
in PFC and HIP, although the samples were too few to conclude
their distribution. These findings suggest that the difference of
microglial subpopulations contributes to brain region specificity
of microglial transcriptome.

To seek microglial subpopulations activated by LPS and CSDS,
we examined whether these stimuli would alter the expression of
marker genes of respective microglial subpopulations. To isolate
the effects of LPS on microglia from those on non-microglial cells,
we generated primary microglia from female C57BL/6 N mice at
8e10 weeks old as previously described,11 treated these cells with
or without LPS at 100 ng/ml (purified from E. coli 055:B5, Sigma-
Aldrich) for 4 h, purified total RNA with RNAdvance Cell (Beck-
man Coulter), and performed bulk RNA-seq analysis with SMART-
Seq v4 (#634889, Takara Bio), Nextera XT (Illumina), and HiSeq X
(Illumina). We converted the expression levels on Log2 scale to Z-
scores within the variability of all detected genes. We used primary
microglia because they expressed distinct microglial signature
called ‘sensome’12 such as Tlr2/4 for sensing endogenous ligands
and microbes as highly as microglia isolated from the brain and
more than N9 cells (Fig. 3A and B). LPS increased the expression of
C2 marker genes (Fig. 3C). The expression of C3 marker genes also
tended to be increased. In addition, we analyzed CSDS-induced
expression changes of microglial subpopulation marker genes
with previously published DNA microarray data (here PFC and NAc
data combined) of male wild-type and TLR2/4 double knockout
mice (TLR2/4-DKO) at 8e14weeks old at the time of analysis.6 CSDS
increased the expression of C1 and C3 marker genes in wild-type
microglia, and the expression of C1, but not C3, marker genes was
increased in TLR2/4-DKO microglia (Fig. 3D). Thus, LPS and CSDS
increased the expression of distinct (C2 marker genes for LPS and
C1 marker genes for CSDS), but overlapping (C3 marker genes for
both), signature genes of microglial subpopulations. The marker
genes contributing to LPS- and CSDS-induced changes were also
identified (Supplementary Table 3).

In this study, using scRNA-seq analyses, we identified four
microglial subpopulationswith distinct transcriptome signatures in
the resting brain. These subpopulations include two novel sub-
populations expressing the marker genes associated with electron
transport activity (C0 microglia) and mRNA slicing and degradation
(C1 microglia), respectively, besides previously reported minor
subpopulations. The proportions of these microglial sub-
populations varied across brain regions, especially between cere-
bral cortices (C0 dominant) and the hypothalamus (C1 dominant).
Our findings suggest that LPS and CSDS stimulate distinct micro-
glial subpopulations, C2 and C1 microglia, respectively. Consis-
tently, the effect of CSDS on C1marker geneswas independent from
TLR2/4. Notably, C2 marker genes upregulated by the TLR4 ligand
LPS were unaffected by CSDS, which activates microglia via TLR2/4.
Thus, the effects of TLR4 signaling depend on the conditions sur-
rounding microglia. Since CSDS upregulates marker genes of C1
microglia enriched in the hypothalamus with high blood-brain
barrier (BBB) permeability,13 CSDS-induced BBB impairment could
be involved in microglial activation.14 The roles of the microglial
subpopulations identified here in various conditions, including
on the rank-ordered list for the indicated GO terms and microglia subpopulations. (F)
e brain regions (444 cells in the primary sensorimotor cortex (M1S1), 430 cells in the
MY), 145 cells in the nucleus accumbens (NAc), 582 cells in the hippocampus (HIP), and
lations in respective brain regions. (For interpretation of the references to color in this



Fig. 3. LPS and CSDS increase the expression of marker genes of distinct microglial subpopulations.
(A, B) Heatmap (A) and box-whisker plot (B) showing Z-scores of gene expression of sensome genes (66 genes) in N9 cells, isolated microglia, and primary microglia. ****P < 0.0001
for Bonferroni's multiple comparisons test. (C, D) Box-whisker plots showing Z-scores of gene expression of the marker genes of microglial subpopulations in primary microglia
with vehicle or LPS (averaged from 3 to 4 wells, respectively) (C) and in microglia isolated from PFC and NAc of wild-type (WT) and TLR2/4-DKO mice without or with CSDS (Naïve
or CSDS, respectively) (averaged from 3 to 4 mice for each group) (D). The analyses include 35 genes for C0, 8 genes for C1, 15 genes for C2, and 26 genes for C3 in (C) and 27 genes
for C0, 6 genes for C1, 11 genes for C2, and 23 genes for C3 in (D). The gene numbers in (D) are fewer than those in (C), because some genes detected by RNA-seq are not included in
the DNA microarray data. P values shown in the graphs were calculated by paired t-test (C) and by Bonferroni's post hoc test following two-way ANOVA (D), respectively.
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stress and neuroinflammation, and their mechanisms remain to be
investigated.
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