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Microglia have diverse physiological and pathological functions. However, the transcriptional mecha-
nisms remain elusive. Here we sought new transcription factors relevant to microglial functions from the
microglial transcriptome of stressed mice and evaluated their roles in primary microglia. TLR2 and TLR4
agonists increased Rel, Atf3, and Cebpb and decreased Hhex in primary microglia as repeated social
defeat stress. Although Hhex was not studied in microglia, TLR2 and TLR4 agonists decreased Hhex, and
Hhex overexpression attenuated TLR4-increased expression of inflammation-related genes. These find-
ings suggest that Hhex negatively regulates inflammation-related genes in microglia and that TLR2/4
activation reduces Hhex, facilitating TLR4-mediated neuroinflammation.

© 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 immune cells in the brain.1 Historically, the roles of
microglia have been characterized in the pathology of brain injury
and neurological disorders accompanied by neuronal and glial
death.2 In these devastating conditions, microglia are activated by
cellular debris, secrete proinflammatory substances, and exacer-
bate neuronal damages. The discovery of microglial functions in
pain and dynamic microglial morphology in the resting state have
sparked the scrutiny of their physiological processes.3,4 Now it is
accepted that microglia play physiological roles in negatively and
positively regulating synaptic and neuronal activity. Alongside,
clinical studies with patient samples and basic studies with rodent
models suggestedmicroglia as an essential player for the pathology
of mental illnesses such as depression.5,6
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Despite diverse microglial functions in physiological and path-
ological processes, how microglia adapt their properties to each of
these functions remains elusive. Transcriptome analyses of micro-
glia revealed distinct gene expression profiles of neuropathic pain
and neurological disorders.7,8 Some of these studies identified
essential transcription factors in each disease context. However, the
current knowledge is still short of explaining the diversity of
microglial functions, especially in physiological conditions.

Repeated social defeat stress (R-SDS) that has been used to study
depression pathology increases the expression of histological
markers for microglial activation in the medial prefrontal cortex
(mPFC) and not in the nucleus accumbens (NAc).6 The innate im-
mune receptors Toll-like receptor (TLR) 2 and TLR4 mediate this
microglial activation, and TLR2/4 in mPFC microglia are essential
for the development of depression-related behavior. Here we
sought new transcription factors relevant to microglial functions
from the microglial transcriptome of socially defeated mice and
evaluated their roles in primary microglia.

To this aim, we first reanalyzed the previously published DNA
microarray data of microglia isolated from the mPFC and NAc of
wild-type and TLR2/4-deficient mice with or without R-SDS.6 We
extracted differentially expressed genes (DEGs) withmore than a 2-
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fold increase or decrease with R-SDS. We enriched transcription
factors with gene ontology terms and identified 17 transcription
factors in the DEGs (Fig. 1). Among these, we focused on the genes
differentially expressed between wild-type and TLR2/4-deficient
mice in the mPFC and/or NAc. Hmbox1 was excluded as its multi-
ple probes yielded inconsistent results. Thus, we chose 11 tran-
scription factors Tfdp2, Klf4, Rel, Atf3, Tsc22d3, Cebpb, Tgif1, Elk3,
Zkscan17, Hhex and Batf3 for further analyses. Consistent with
mPFC specificity in stress-induced microglial activation in histol-
ogy, several transcription factors preferentially increased (e.g.,
Tfbp2, Klf4, Cebpb) or decreased (e.g., Zkscan17, Batf3) in the mPFC.
Nonetheless, others increased (e.g., Tsc22d3) or decreased (e.g.,
Hhex) in both the mPFC and NAc microglia. These findings suggest
that TLR2/4 signaling is involved in both mPFC and NAc microglia.

TLR2/4 signaling induces the gene expression changes of these
transcription factors within the microglia (i.e., cell-autonomously)
or via some other cells (i.e., cell-non-autonomously). We used
primary microglia isolated from adult mouse brains to seek the
transcription factors whose expression was cell-autonomously
regulated by TLR2/4 signaling. TLR4 activates broader intracellular
Fig. 1. R-SDS alters the expression of transcription factors in microglia. (A) A heat map sh
isolated from the mPFC and NAc of wild-type mice (WT_R-SDS) and TLR2/4-deficient mice (
in microglia isolated from the mPFC or NAc of wild-type mice and TLR2/4-deficient mice
compared to the respective controls.
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signaling pathways than TLR2.9 Thus, we first examined the effects
of TLR4 stimulation by its ligand lipopolysaccharide (LPS) on the
expression of the above transcription factors.

To generate primary microglia, we transcardially perfused adult
C57BL/6N female mice of 8e10 weeks old with phosphate-buffered
saline (PBS) under deep anesthesia with sodium pentobarbital
(200 mg/kg intraperitoneally). For dissociating cells, the brains
with the olfactory bulbs and cerebellum removed were incubated
in Hank's balanced salt solution containing papain (Worthington)
and DNase I (Worthington) at 37 �C for 30 min. After myelin
removal with 30% Percoll discontinuous gradient centrifugation,
microglia were incubated with magnetic beads bound to anti-
CD11b antibodies (Miltenyi Biotech) and isolated with Auto
MACS-Pro. The isolated microglia were cultured in DMEM/F12
containing 10% FBS, 10 ng/ml M-CSF, and 50 ng/ml TGF-b1.10 On the
4th day after the beginning of culture, 100 ng/ml LPS (Sigma-
eAldrich) or 10 ng/ml LTA (Invivogen) was added to the medium,
and microglia were harvested 6 h later (Fig. 2A). PBS or water was
used as a vehicle for LPS or LTA, respectively. Total RNAwas purified
from harvested microglia and used for cDNA synthesis and real-
owing R-SDS-induced changes in the expression of transcription factors in microglia
TLR2/4-DKO_R-SDS). (B) The expression levels of the transcription factors shown in (A)
with or without R-SDS (R-SDS or control, respectively). *P < 0.05 for unpaired t-test



Fig. 2. LTA and LPS increase Rel, Atf3, and Cebpb and decrease Hhex in primary microglia. (A) An experimental schedule. (B, C) LPS- and LTA-induced changes in the expression of
transcripton factors normalized to that of b-actin in primary microglia. (D) Lentiviral vectors for overexpressing Hhex fused to HA at its N- or C-terminus with EGFP (HA-Hhex and
Hhex-HA, respectively) or EGFP alone (control). Note that Hhex is composed of transrepression domain, homeodomain and transactivation domain. (E) The expression levels of
Hhex in primary microglia with or without Hhex overexpression. Data are shown as mean ± SEM of at least two independent experiments. The number of samples is shown below
each bar. **P < 0.01, ***P < 0.001 for unpaired t-test (B and C). **P < 0.01 for Tukey's multiple comparison test (E).
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Fig. 3. Hhex overexpression attenuates LPS-induced increase in TNFa, IL-1b, IL-6, Ccl3, Cxcl10, and iNos in primary microglia. LTA- or LPS-induced changes (A and B, respectively) in
inflammation-related genes with (HA-Hhex and Hhex-HA) or without (control) Hhex overexpression are shown. Data are shown as mean ± SEM of at least two independent
experiments. The number of samples is shown below each bar. *P < 0.05, **P < 0.01, ***P < 0.001 for Tukey's multiple comparison test.
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time PCR analysis with conventional methods, as previously
described.6 The sequences of primers used in this study are listed in
Supplementary material 1. The expression level of each gene was
normalized to that of b-actin.

Among the 11 transcription factors chosen above, we could not
detect Tsc22d3. Among the 10 that remained, LPS increased Rel,
Atf3, and Cebpb and decreased Hhex with statistical significance
(Fig. 2B). These changes were in the same direction as those
induced by R-SDS (Fig. 1). Then we examined the effects of TLR2
activation by its ligand lipoteichoic acid (LTA) on the expression of
these 4 transcription factors in primary microglia. LTA induced the
same changes as well (Fig. 2C).

Studies have shown that Rel, Atf3, and Cebpb are crucial for
microglial responses.11 By contrast, Hhex is a Homeobox tran-
scription factor essential for the development of the forebrain, liver,
and thyroid gland12 and regulating hematopoiesis and vasculo-
genesis.13,14 However, Hhex mRNA is abundant in the mPFC and
NAc microglia of the adult brain, compared with conventional
microglial genes such as Aif1 (i.e., Iba-1), P2ry12, and Rel (i.e., NF-kB
p65) (Supplementary Fig.1A). Hhex expression is highly enriched in
microglia and endothelial cells (Supplementary Fig. 1B and C). To
examine its role in microglia, we overexpressed Hhex in primary
microglia with lentiviral vectors and counteracted LTA/LPS-induced
Hhex reduction. Since Hhex has transrepression and trans-
activation domains at its N- and C-termini, respectively (Fig. 2D),
we generated the lentiviral vectors to express Hhex fused to the HA
tag at either terminus. Mouse Hhex cDNA was subcloned into the
plasmid pLV-PGK-GFP to obtain pLV-PGK-Hhex-HA and pLV-PGK-
HA-Hhex (Fig. 2D). These plasmids were used to generate lenti-
viral vectors, as previously reported.6 Three x 104 microglia were
plated per well on a 96-well plate and infected with the lentiviral
vectors at theMOI of 100. The lentiviral vectors were removed from
the culture medium one day later, andmicroglia were incubated for
three more days before we added LPS or LTA or their vehicles. Both
lentiviruses expressing Hhex successfully increased Hhex in pri-
mary microgia (Fig. 2E).

We previously reported that R-SDS increases many proin-
flammatory genes in mPFC microglia.6 We examined the effect of
LTA and LPS on the expression of several of these genes. LTA and LPS
consistently increased TNFa, IL-1a, IL-1b, IL-6, Ccl3, Ccl4, Cxcl10,
and inducible nitric oxide synthase (iNOS). Hhex overexpression
attenuated LPS-induced increase in most of these genes, such as
TNFa, IL-1b, IL-6, Ccl3, Cxcl10, and iNos, regardless of HA fused to
the N- or C-terminus of Hhex (Fig. 3). Notably, Hhex overexpression
caused different effects upon LTA stimulation. The effects were
marginal, and Cxcl10 and IL-1a expression was even stimulated by
Hhex fused to HA at its C-terminus, although this effect was absent
with HA at its N-terminus. These findings suggest that Hhex
negatively regulates inflammation-related genes in microglia and
that TLR2/4 activation reduces Hhex expression, facilitating TLR4-
mediated neuroinflammation.

In this study, we explored a novel strategy for identifying new
transcription factors by looking into themicroglial transcriptome of
stressed mice and evaluating their functions in primary microglia,
leading to identifying the anti-inflammatory transcription factor
Hhex in microglia. Hhex is constitutively expressed in microglia
and reduced upon TLR2/4 stimulation to promote inflammatory
responses. These properties could make Hhex uniquely serve as a
homeostatic inflammation regulator. However, this proposed Hhex
function remains tested with its microglia-specific knockout mice.
In addition, the mechanism of Hhex's effects is unclear. Generally,
multiple transcription factors form a macromolecular complex for
transcriptional activation or repression. Rel, Atf3, and Cebpb
increased in both TLR2/4-stimulated primary microglia and TLR2/
170
4-activated microglia in the brain of stressed mice. These tran-
scription factors reportedly mediate or augment inflammatory re-
sponses to TLR2/4 stimulation. Hhex could suppress their actions,
possibly via direct interactions. Also, the Groucho/TLE corepressor
could be involved in the Hhex functions as it is recruited to the N-
terminal domain of Hhex for transcriptional repression.15 Whereas
TLR2 and TLR4 stimulation increased overlapping proinflammatory
genes, Hhex overexpression only reduced it with TLR4 stimulation.
Thus, Hhex could act on these TLR4-specific, TRIF-dependent
signaling pathways. By contrast, Hhex could amplify TLR2-
stimulated Cxcl10 and IL-1a expression, when its C-terminal
transactivation domain was altered conformationally, for example,
with adjacent HA. To elucidate the roles and actions of Hhex,
genome-wide analyses with chromatin-immunoprecipitation
sequencing in various neuroinflammatory conditions, including
chronic stress, are necessary.
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