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Microglia (MG), the principal neuroimmune sentinels in the brain, continu-

ously sense changes in their environment and respond to invading patho-

gens, toxins, and cellular debris, thereby affecting neuroinflammation.

Microbial pathogens produce small metabolites that influence neuroinflam-

mation, but the molecular mechanisms that determine whether pathogen-

derived small metabolites affect microglial activation of neuroinflammation

remain to be elucidated. We hypothesized that odorant receptors (ORs),

the largest subfamily of G protein-coupled receptors, are involved in micro-

glial activation by pathogen-derived small metabolites. We found that MG

express high levels of two mouse ORs, Olfr110 and Olfr111, which recog-

nize a pathogenic metabolite, 2-pentylfuran, secreted by Streptococ-

cus pneumoniae. These interactions activate MG to engage in chemotaxis,

cytokine production, phagocytosis, and reactive oxygen species generation.

These effects were mediated through the Gas–cyclic adenosine monophos-

phate–protein kinase A–extracellular signal-regulated kinase and Gbc–phos-
pholipase C–Ca2+ pathways. Taken together, our results reveal a novel

interplay between the pathogen-derived metabolite and ORs, which has

major implications for our understanding of microglial activation by

pathogen recognition.
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Introduction

Microglia (MG), the resident innate immune cells in

the central nervous system (CNS), play important roles

in coordinating the defense against infection by patho-

gens [1,2]. After infection, MG are rapidly activated in

a manner that depends on substances released from the

pathogen, resulting in morphological changes, chemo-

taxis, cytokine production, phagocytosis, and reactive

oxygen species (ROS) generation [3]. MG are activated

after the recognition of large pathogen-associated

molecular patterns [lipopolysaccharides (LPS), glycans,

flagellin, etc.] by their cognate pattern recognition

receptors (PRRs) [4]. For example, Streptococcus pneu-

moniae is the most common causative pathogen of

meningitis, and microglial activation characterizes

brain inflammatory responses following S. pneumoniae

infection [5,6]. Several large molecules, including pneu-

molysin [7,8], pneumococcal surface protein C [9], and

cell wall components, can induce microglial activation

[10]. However, it remains relatively unclear whether

small metabolites derived from pathogens can also

serve as molecular patterns capable of activating MG.

Odorant receptor (ORs) are the largest subfamily of

G protein-coupled receptors (GPCRs), accounting for

50% of GPCRs (388 ORs) in humans and 61% of

GPCRs (1037 ORs) in mice [11]. MG express diverse

GPCRs that sense both large and small molecules

[12,13]. Some GPCRs sense small metabolites and

affect microglial activation [14,15], but to date no ORs

have been shown to recognize pathogen-derived

metabolites in MG. ORs can detect small metabolites

in a variety of peripheral tissues, such as kidney, skin,

and pancreatic tissues beyond the nose [16–19]. For

example, recognition of a sandalwood odorant by

OR2AT4 promotes the proliferation of keratinocytes

in human skin, which induces wound healing [20].

Olfr78 also recognizes small-chain fatty acids in the

renal juxtaglomerular apparatus, which helps to regu-

late renin secretion and blood pressure [16]. Collec-

tively, these data are consistent with the idea that ORs

serve as receptors for metabolites in many tissues and

cell types. We hypothesized that small metabolites

from pathogens can activate MG via ORs in periph-

eral tissues, as well as in the CNS.

ORs expressed in nonolfactory tissues of the body

[17,18] are called ectopic ORs [21] or chemosensory

GPCRs [22]. They appear to have biological functions

beyond smell perception, similar to those of common

GPCRs. Several of these ectopic ORs have been

reported to be dysregulated in association with brain

disorders such as Alzheimer’s disease (AD), Parkin-

son’s disease, and schizophrenia [23], both in the

human diseases and in mouse models of these disor-

ders. For example, some ORs are abnormally regu-

lated in the dorsolateral prefrontal cortex of

schizophrenia patients [24], cerebral cortex of AD-as-

sociated Amyloid precursor protein/presenilin 1 (APP/

PS1) or familial Alzheimer’s disease (59 FAD) trans-

genic animal models [25,26], and mesencephalic

dopaminergic neurons associated with several neurode-

generative and psychiatric disorders [27]. Despite an

increased research focus on OR expression in normal

and pathological brains, little is known about the

ligands and pathophysiological roles of brain

ORs, and their molecular mechanisms remain to be

elucidated.

In this study, we sought to determine whether

small metabolites secreted by S. pneumoniae induce

microglial activation, and if so, which mediators are

involved. To address these questions, we investigated

whether small metabolites from S. pneumoniae culture

supernatants could induce microglial activation. Using

multiple approaches, including RNA-sequencing, OR–
metabolite screening, molecular modeling, and site-di-

rected mutagenesis, we specifically deorphanized two

microglial ORs, Olfr110 and its homologue Olfr111,

with 2-pentylfuran (2-PF) as a ligand. Intriguingly,

we detected 2-PF by LC-MS/MS in culture super-

natants of S. pneumoniae, which induce microglial

activation. Furthermore, we showed that the 2-PF–
Olfr110 interaction is specifically involved in micro-

glial activation in vitro and ex vivo. Finally, we

demonstrated that microglial activation evoked by 2-

PF–Olfr110 is mediated by a combination of the

Gas–cyclic adenosine monophosphate(cAMP)–protein
kinase A (PKA)–extracellular signal-regulated kinase

(ERK) and Gbc–phospholipase C (PLC)–Ca2+ path-

ways. Based on our observations, we conclude that

microglial Olfr110 and Olfr111 act as the receptors

for 2-PF, a small metabolite from S. pneumoniae,

enabling MG to sense pathogen infection and induce

microglial activation.
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Results

Secreted metabolites from S. pneumoniae induce

microglial activation

First, we investigated whether S. pneumoniae culture

supernatants (Sup) can activate both MG and astro-

cytes (AS) by measuring cytokine secretion. MG and

AS release pro- and anti-inflammatory cytokines after

infection [28]. Therefore, we sought to determine

which cell type was primarily responsible for the

increase in cytokine secretion after treatment of pri-

mary MG and AS with Sup. Surprisingly, mRNA

expression levels of all five cytokines (Tnf, Il6, Il1b,

Il10, and Il13) increased significantly (P < 0.001) in

Sup-treated MG, but not in Sup-treated AS (Fig. 1A).

We also observed dose-dependent increases in the

levels of cytokine proteins (TNF-a, IL6, and IL1b) in

primary MG (Fig. 1B). We also measured three other

features of microglial activation: chemotaxis, ROS

(O�
2 ) generation, and phagocytosis. All of these fea-

tures were significantly induced (P < 0.001) by Sup

injection (Fig. 1C–E). We then filtered the Sup

through Ultracel YM-3 membrane, treated primary

MG with the flow-through (FT), and analyzed micro-

glial activation. As with Sup, the FT significantly

(P < 0.001) induced chemotaxis, ROS generation, and

phagocytosis (Fig. 1F–H), suggesting that the FT con-

tained small molecules derived from S. pneumoniae

that induced microglial activation.

2-pentylfuran interacts with microglial Olfr110/

Olfr111

We next sought to determine which receptors recog-

nized the small-molecule ligands contained in the 3 kD

membrane FT. GPCRs can sense small molecules

[29,30]. ORs, the largest GPCR subfamily, are also

expressed in various nonolfactory tissues [17,18], where

they recognize small ligands. Hence, we hypothesized

that S. pneumoniae-released metabolites could bind to

ORs, thereby inducing microglial activation. To iden-

tify OR candidates, we performed mRNA sequencing

analysis of cultured mouse (C57BL/6J) primary MG.

We found that thirteen ORs (Olfr111, Olfr110,

Olfr482, Olfr99, Olfr132, Olfr115, Olfr77, Olfr543,

Olfr461, Olfr455, Olfr1420, Olfr1417, and Olfr57) were

expressed in these cells, with Olfr111 and Olfr110

expressed at the highest levels (Fig. 2A). We further

identified the candidates from a previously reported

gene expression dataset (GSE52564; [31]). According

to the previous data, seven ORs (Olfr110, Olfr111,

Olfr99, Olfr1029, Olfr433, Olfr222, and Olfr920) were

expressed in MG purified using fluorescence-activated

cell sorting (FACS), including Olfr110 and Olfr111

that are specifically expressed in purified MG relative

to other brain cell types [AS, Neu, oligodendrocyte

precursor cells (OPC), and endothelial cells (Endo)]

(Table 1). Together, these analyses yielded 17 OR can-

didates.

Many receptors recognizing pathogen-associated

molecular patterns are induced after pathogen infec-

tion in order to trigger effective immune responses

[32]. Hence, we investigated whether these 17 OR can-

didates were induced in primary MG after Sup treat-

ment using quantitative real-time polymerase chain

reaction (qRT-PCR). Sup treatment up-regulated

Olfr110 and Olfr111 to the greatest extent, followed by

Olfr920, Olfr1417, and Olfr99 (Fig. 2B). Next, we

investigated whether these five candidates could react

with small metabolites in Sup. For this purpose, we

selected 11 small S. pneumoniae-derived metabolites

reported in at least two independent studies (Table 2).

After transient transfection of the five OR candidates,

we confirmed their expression on the plasma mem-

brane (Fig. 2C). We then assessed their reactivity with

the 11 small metabolites in Hana3A cells using a luci-

ferase assay (Fig. 2D). Among the 11 metabolites, the

luciferase assay revealed that Olfr110 (EC50 = 120.1)

and Olfr111 (EC50 = 153.1) specifically reacted with 2-

PF (Fig. 2E; Table 3). By contrast, the other three

ORs only reacted with ethanol, which we considered

nonspecific because they also reacted with MOCK

(Fig. 2E). Collectively, these results suggest that 2-PF

could serve as a ligand for Olfr110 and Olfr111.

To further evaluate these 2-PF–OR interactions, we

characterized the molecular receptive range of Olfr110

or Olfr111 with respect to 2-PF. Specifically, we com-

pared the reactivity of nine structural analogues of 2-

PF with Olfr110 or Olfr111, again using the luciferase

assay. These analogues included furan, its derivatives

(methyl to heptyl and t-butyl groups on the C2 posi-

tion), and 2,3-dimethylfuran (Table 3). Five analogues

(2-PF, 2-butylfuran, 2-t-butylfuran, 2-hexylfuran, and

2-propylfuran) exhibited reactivity with Olfr110 and

Olfr111 (Fig. 3A-C). 2-PF was the most reactive, and

Olfr110 exhibited stronger (1.5-fold) reactivity with 2-

PF than Olfr111.

We then examined the key residues of Olfr110 for

binding to 2-PF by homology modeling of Olfr110

(Table 4) and docking analysis between Olfr110 and 2-

PF. Docking analysis predicted that the following

amino acids of Olfr110 were important for hydropho-

bic interactions with 2-PF: F102 and F104 in trans-

membrane domain 3, and Y252 and Y259 in

transmembrane domain 6 (Fig. 3D). Both F104 and
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Fig. 1. Secreted metabolites from S. pneumoniae induce microglial activation. (A) mRNA expression levels of pro-inflammatory (Tnf, Il6, and

Il1b) and anti-inflammatory cytokines (Il10 and Il13) measured in the primary MG and AS from mouse (C57BL6/N) at 2 h after Sup treatment

(n = 3/condition, P < 0.001 by one-way ANOVA with Tukey’s post hoc correction). (B) Protein levels of cytokines (TNF-⍺, IL6, and IL1b)

measured from primary MG at 24 h after treatment with Sup containing four different doses of S. pneumoniae (multiplicity of infection

[MOI] of 1, 10, 100, and 1000; n = 3/condition, *P < 0.05, **P < 0.01 and ***P < 0.001 by one-way ANOVA with Student’s t-test). (C)

Representative images showing migration of primary MG to Ctrl or Sup for 4 h. Images were generated using the Boyden chamber assay.

Chemotaxis index represents counts of migrated MG (n = 3/condition, P < 0.001 by one-way ANOVA with Tukey’s post hoc correction).

Scale bar: 100 lm. (D) Accumulated amounts of O�
2 generated after treatment with Ctrl or Sup, measured at 1-min intervals for 25 min.

Data are means � SEM at each time point (n = 3/condition, P < 0.01 by one-way ANOVA with Tukey’s post hoc correction). (E) Distribution

of FITC-dextran intensities in primary MG, measured by FACS analysis after treatment with Ctrl or Sup. Phagocytosis index represents MFIs

(n = 5/condition, P < 0.01 by one-way ANOVA with Tukey’s post hoc correction). (F–H) Assays for chemotaxis (n = 3/condition, Scale bar:

100 lm). (F), ROS generation (n = 5/condition) (G), and phagocytosis (n = 5/condition) (H) after treatment with Ctrl, Sup, or FT. MFI

measured by FACS indicate estimated amounts of ROS generation and phagocytosis. Bar charts show mean � SEM (P < 0.001 by one-way

ANOVA with Student’s t-test).
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Fig. 2. Microglial Olfr110 and Olfr111 are deorphanized with 2-PF. (A) ORs expressed in primary MG, as determined by mRNA-seq data. (B)

Relative expression levels of ORs induced by Sup treatment. Expression levels were normalized against GAPDH. Data in A and B are

means � SEM (n = 3/condition, **P < 0.01 and ***P < 0.001 by one-way ANOVA with Student’s t-test). (C) Expression of ORs on the

plasma membrane of Hana3A cells. Images show immunofluorescence, representing expression of the indicated ORs. Scale bar: 40 lm. (D)

Schematic diagram illustrating the luciferase assay measuring reactivity of all possible metabolite–OR pairs in Hana3A cells. When a

metabolite interacts with an OR, accumulation of cAMP is induced, thereby inducing the expression of the luciferase reporter gene via PKA

and CREB. PKA, protein kinase A; cAMP response element. (E) Relative luciferase activities of Olfr110, Olfr111, Olfr920, Olfr1417, and

Olfr99 vs. concentration of the indicated substrates (Table 2) containing 2-PF. MOCK: empty vector.
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Y252 are important for odorant recognition by

MOR256-3 [29]. We tested this prediction by perform-

ing site-directed mutagenesis of one or more of the

four predicted residues (F102, F104, Y252, and Y259),

and then characterized the resultant mutants by luci-

ferase assays. Mutants with F104W mutations

(F104W, F102W/F104W, F104W/Y252F/Y259F, and

F102W/F104W/Y252F/Y259F) exhibited complete loss

of luciferase activity, suggesting that F104 is the most

critical residue for the interaction between 2-PF and

Olfr110 (Fig. 3E). Chemotaxis assays revealed that

after the addition of 2-PF, Olfr110-, or Olfr111-trans-

fected cells exhibited higher levels of migration in a

concentration-dependent manner (Fig. 3F). These data

suggest that the 2-PF–Olfr110 interaction can alter cel-

lular functions such as cell migration.

2-PF in S. pneumoniae culture supernatants

induces microglial activation

Next, we investigated whether 2-PF is present in Sup

by performing liquid chromatography–tandem mass

spectrometry (LC-MS/MS) analysis of synthetic 2-PF,

control media, and Sup. Using LC-MS/MS data

obtained from synthetic 2-PF, we identified a precur-

sor ion of 2-PF with a mass-to-charge ratio (m/z) of

153.091 (Fig. 4A,B). This precursor ion was observed

in Sup, but not in control media (Fig. 4C). We

observed the same MS/MS spectrum for the precursor

ions in both synthetic 2-PF and Sup, suggesting that

these precursor ions are identical (Fig. 4D). Next, we

added 0.1 or 10 mM 2-PF to Sup and compared the

intensities of the 2-PF precursor ion. The intensity was

about 100-fold higher for Sup treated with 10 mM 2-

PF than for Sup treated with 0.1 mM 2-PF (Fig. 4E),

suggesting that 2-PF was specifically present in Sup.

To determine whether 2-PF is responsible for the

microglial activation induced by Sup (Fig. 1), we

added 2-PF to Sup at 100, 300, and 500 lM and then

administered these samples to primary MG. Spiked

Sup significantly (P < 0.001) increased chemotaxis

(Fig. 4F), ROS generation (Fig. 4G), and phagocytosis

(Fig. 4H) in a concentration-dependent manner.

We next examined 2-PF-induced microglial activa-

tion in mouse brain. To this end, we first characterized

anti-Olfr110 antibody (Table 5) using Olfr110-,

Olfr111-, rat Olr1730-, or human OR5V1-transfected

Hana3A cells and primary MG (Fig. 5A–C). Immuno-

histochemistry (IHC) with anti-Olfr110 antibody in

CX3CR1-GFP transgenic mice, which express GFP in

MG, showed that Olfr110 expression largely over-

lapped with GFP-positive cells (Fig. 5D). IHC and

quantitative cell counting analysis showed strong

expression of Olfr110 in Iba-1-positive MG, but not in

glial fibrillary acidic protein (GFAP)-positive AS or

NeuN-positive neurons of the cerebral cortex

(Fig. 6A). In several brain regions, including cortex,

hippocampus, hypothalamus, and substantia nigra

(SN), Olfr110 was mostly expressed in Iba-1-positive

MG (Fig. 6B). Furthermore, using sequential analysis

followed by in situ hybridization for Olfr110 transcript

and IHC for Iba-1, we confirmed that Olfr110 and

Iba-1 were mainly colocalized to MG of the cerebral

cortex (Fig. 6C).

Furthermore, we investigated whether 2-PF could

alter ex vivo phagocytic activity of MG after 2-PF

incubation in brain slices from CX3CR1GFP/+ mice.

Time-lapse confocal microscopy imaging revealed that

the volume, protrusions, and phagocytic activity of

MG increased over time (Fig. 6D; Video S1). The

number of phagocytic cells significantly (P < 0.001)

increased, confirming increased phagocytosis

(Fig. 6D). Taken together, these data suggest that 2-

PF can induce microglial activation in the brain.

Olfr110 controls 2-PF-induced microglial

activation

We next investigated examined whether 2-PF-induced

microglial activation is mediated by Olfr110. For this

Table 1. Log2-fold changes of seven ORs in MG with respect to other cell types. For example, MG/AS represents log2-fold changes of the

seven ORs in MG vs AS. MO, myelinating oligodendrocytes; and NFO, newly formed oligodendrocytes. The seven ORs were sorted in

descending order of the sum of log2-fold changes in all comparisons.

ORs MG/AS MG/Endo MG/Neu MG/OPC MG/MO MG/NFO Sum

Olfr110 4.94 4.94 4.94 4.64 4.94 4.94 29.32

Olfr111 3.89 3.89 3.89 3.44 3.89 3.89 22.87

Olfr99 2.18 1.40 2.18 1.96 2.18 2.18 12.08

Olfr1029 1.13 1.13 1.13 1.13 1.13 1.13 6.79

Olfr433 0.51 0.51 0.51 0.51 0.51 0.51 3.06

Olfr222 0.49 0.49 0.49 0.49 0.49 0.49 2.94

Olfr920 0.14 -0.28 0.31 0.42 0.42 0.42 1.42
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purpose, we designed specific siRNAs against Olfr110

and Olfr111, a rescue vector that restores functional

Olfr110 expression. Among four siRNA candidates,

we selected siRNA #3, which effectively decreased

both mRNA and protein levels of Olfr110 in Hana3A

cells (Fig. 7A,B). After transfection into primary

MG, we observed a similar reduction in mRNA

levels of Olfr110 and Olfr111 without affecting the

levels of the other ORs, negative controls (Olfr920,

Olfr1417, and Olfr99; Fig. 7C) and in protein levels;

the rescue vector abolished this effect (Fig. 7D–F).
Using these siRNA #3 and rescue vector, we exam-

ined the effect of Olfr110 on 2-PF-induced microglial

activation. Olfr110 knockdown reduced the magni-

tude of 2-PF-induced increases in the mRNA levels

of inflammatory cytokines (Tnf, Il6, Il1b, and Il10) in

Table 2. Eleven small metabolites derived from S. pneumoniae. For each metabolite, the structure, metabolite name, and molecular weight

(M.W.) are shown along with references to studies in which the indicated metabolite was reported.

Structure Name M.W. Reference

Acetic acid 60.05 [75,76]

Acetone 58.08 [77,78]

2-aminoacetophenone 135.16 [77,78]

CH3SCH3 Dimethyl sulfide 62.43 [75,78]

CH3CH2OH Ethanol 46.07 [75,78]

Hexanal 100.16 [75,78]

H2S Hydrogen sulfide 34.08

[75,78]

Indole 117.15 [75,78]

Isopentanol = 3-methyl-1-butanol 88.15

[75,78]

2-PF 138.21 [75,78]

Trimethylamine 59.11 [75,78]
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primary MG, and the rescue vector abolished the

knockdown effect (Fig. 8A). We observed similar

knockdown and rescue effects at the protein level

(TNF-a and IL6) in MG culture supernatants

(Fig. 8B). The 2-PF-induced increase in ROS genera-

tion was reduced by the siRNAs, and this effect was

Table 3. Ten furan derivatives. For each derivative, the number of carbons at the C2 position of furan, derivative name, and structure is

shown, along with EC50 (half-maximal effective concentration), the concentration at which reactivity reached half of the maximum reactivity

in luciferase assays. N.R., no reactivity.

Number of carbons

in the C2 position of furan Name Structure

EC50 (µM)

Olfr110 Olfr111

0 Furan n.r. n.r.

1 2-methylfuran n.r. n.r.

1 2,3-dimethylfuran n.r. n.r.

2 2-ethylfuran n.r. n.r.

3 2-propylfuran 100.4 120.6

4 2-butylfuran 131.2 101

4 2-t-butylfuran 131.9 110

5 2-PF 120.1 153.1

6 2-hexylfuran 521.5 94.9

7 2-heptylfuran n.r. n.r.
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reversed by the rescue vector. Notably, ATP-induced

ROS generation mediated by the P2Y receptor was

not affected by the siRNA or rescue vector (Fig. 8C).

We observed similar 2-PF-induced effects on

phagocytosis and chemotaxis after Olfr110 knock-

down and rescue (Fig. 8D,E).

We then sought to determine whether these Olfr110

knockdown and rescue effects occur in mouse brains. For

Olfr110
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Fig. 3. 2-PF interacts with microglial Olfr110. (A–C) Relative luciferase activities of Olfr110 (A) and Olfr111 (B) vs. concentration of the

indicated furan analogues (Table 3). (C) Circular map describing molecular receptive ranges of Olfr110 and Olfr111 for the 10 furan

analogues used in A and B. Analogues closer to the center are more reactive. (D) Structural model of the 2-PF–Olfr110 complex showing

four residues (F102, F104, Y252, and Y259) critical for the interaction between 2-PF and Olfr110. (E) Relative luciferase activities of wild-

type Olfr110 and nine Olfr110 mutants vs. concentration of 2-PF. (F) Representative images showing migration of Hana3A cells expressing

MOCK, Olfr110, or Olfr111 toward 2-PF. Image was generated by the Boyden chamber assay. Chemotaxis index representing counts of

migrated MG was measured after treatment with control solvent (NT) or 2-PF at concentrations of 10, 100, and 1000 lM. Counts are

displayed in the bar plot. Scale bar: 100 lm. Bar charts show mean � SEM (n = 3, **P < 0.01 and ***P < 0.001 by one-way ANOVA with

Tukey’s post hoc correction).

Table 4. Results of comparative homology modeling of Olfr110 and Olfr111 via SWISS-MODEL. Sequence identity is the percentage of

residues that matched exactly between two sequences. Sequence similarity is a measure estimated by SWISS-MODEL to approximate the

evolutionary distance between protein sequences. Coverage of the aligned regions of protein sequences is shown.

Odorant receptor Template protein data bank ID X-ray structure resolution (�A) Sequence identity (%) Sequence similarity Coverage

Olfr110 3VG9 2.70 19.93 0.29 0.87

Olfr111 3VG9 2.70 20.29 0.30 0.87
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Fig. 4. 2-PF is identified from S. pneumoniae culture supernatants. (A) MS spectra of synthetic 2-PF (top) and 2-PF dissolved in methanol

(bottom, 2-PF + CH3OH). The spectra show two precursor ions of 2-PF that correspond to 2-PF (m/z = 139.111) and its variant (m/

z = 153.091), respectively; the latter is in equilibrium with 2-PF. 2-PF is a small organic volatile molecule commonly used for MS analysis

after dissolution in CH3OH. According to the spectra, the variant was more abundant when 2-PF was dissolved in CH3OH. Because we

used 2-PF dissolved in CH3OH for all LC-MS/MS analyses, we primarily analyzed the variant for identification and quantification of 2-PF in

LC-MS/MS datasets. (B) Chromatogram of 2-PF + CH3OH showing that the variant of 2-PF with m/z = 153.091 was most abundant. This

observation supports the idea that the 2-PF variant is the most representative ion of 2-PF in 2-PF + CH3OH. (C) EICs for the precursor ion

of 2-PF (m/z = 153.091) obtained from LC-MS/MS datasets for synthetic 2-PF, Sup, and control media (Ctrl). (D) MS/MS spectra of 2-PF

precursor ions in synthetic 2-PF and Sup. Fragments of the 2-PF precursor ion are shown with their corresponding structures, as predicted

by the HMDB [68]. (E) EICs for 2-PF precursor ions in Sup after addition of 0.1 or 10 mM 2-PF. (F–H) Assays for chemotaxis (F), ROS

generation (G), and phagocytosis (H), measured after treatment with Sup supplemented with the indicated concentrations of 2-PF (0, 100,

300, and 500 lM) or with control media (Ctrl) and ATP (see text). All bar charts show mean � SEM (n = 5/condition, *P < 0.05 and

***P < 0.001 by one-way ANOVA with Tukey’s post hoc correction) (F–H).
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this purpose, we introduced the following combinations

into the cerebral cortex of CX3CR1GFP/+ mice by stereo-

tactic injection [33]: nontargeting siRNA + Mock +
siGLO (Ctrl), Olfr110 siRNA + Mock + siGLO

(siOlfr110), and Olfr110 siRNA + rescue vector + siGLO

(Rescue). Following each injection, we observed brain

slices to determine the frequency of transfected MG (yel-

low) relative to nontransfected MG (green) and trans-

fected nonmicroglia (red) (Fig. 8F). We then

microdissected a fluorescence-positive area from the sliced

brain and measured expression levels of Olfr110 using

qRT-PCR. Expression of Olfr110 was significantly

reduced (P < 0.001) after injection of the ‘siOlfr110’ com-

bination, and this effect was abolished by the injection of

the ‘Rescue’ combination (Fig. 8G). By contrast, we did

not observe these expression changes after injection of

Ctrl, a negative OR control. We did observe similar

knockdown and rescue effects on 2-PF-induced phagocy-

tosis in the CX3CR1GFP/+ cerebral cortex (Fig. 8H).

Taken together, these data suggest that Olfr110 controls

representative features of 2-PF-induced microglial activa-

tion (cytokine production, ROS generation, chemotaxis,

and phagocytosis) in vitro and ex vivo.

Olfr110-dependent 2-PF-induced microglial

activation is regulated by the Gas–cAMP–PKA–
ERK and Gbc–PLC–Ca

2+ pathways

To understand the molecular nature of Olfr110-medi-

ated microglial activation, we performed mRNA-seq

analysis of primary MG treated with Sup or 2-PF. From

the mRNA-seq data, we identified 1124 and 1438

differentially expressed genes (DEGs) in Sup- and 2-PF-

treated MG, respectively, relative to controls (Fig. 9A;

Table S1). A significant (P < 0.01) fraction of these

DEGs (253; 22.5% and 17.6% of 1124 and 1438 DEGs,

respectively) were shared between the Sup and 2-PF

samples. Among these 253 shared DEGs, 135 and 78

genes exhibited consistent up- and downregulation,

respectively, in both Sup- and 2-PF-treated MG,

whereas the remaining 40 genes changed in inconsistent

directions (Fig. 9B). We next examined cellular pro-

cesses associated with these overlapping up- and down-

regulated genes by performing enrichment analysis of

gene ontology biological processes (GOBPs). The upreg-

ulated genes were mainly associated with processes

related to microglial activation (Fig. 9C): cytokine secre-

tion (cytokine production and secretion), chemotaxis

(leukocyte migration and chemotaxis), ROS generation

(cellular response to ROS and ROS metabolic process),

and phagocytosis. These data suggest that both Sup-

and 2-PF-induced microglial activation by upregulating

genes involved in these processes, whereas the downreg-

ulated genes were associated largely with transcriptional

regulation (Fig. 9D). We conclude that binding of 2-PF

to Olfr110 activates downstream signaling pathways

that lead to upregulation of genes involved in microglial

activation. To understand downstream signaling, we

reconstructed a network model describing interactions

among signaling pathways associated with cytokine pro-

duction, chemotaxis, ROS generation, and phagocytosis

(Fig. 9E). The network model revealed that cAMP,

mitogen-activated protein kinase (MAPK), phospho-

inositide 3-kinases (PI3K), PLC, and Ca2+ signaling

Table 5. Antibodies used in this study.

Antibodies Source Identifier Working titer

Rabbit anti-Olfr110 Abcam ab177327 1 : 10 000

Goat anti-Iba1 Abcam ab5076 1 : 1000

Mouse anti-GFAP BD Biosciences 556330 1 : 1000

Mouse anti-rhodopsin Millipore MABN15 1 : 1000

Rabbit anti-CREB Cell Signaling Technology 9197 1 : 1000

Rabbit anti-phospho-CREB Cell Signaling Technology 9198 1 : 1000

Rabbit anti-ERK Santa Cruz sc094 1 : 1000

Mouse anti-phospho-ERK Santa Cruz sc7383 1 : 1000

Mouse anti-phospho-Akt Santa Cruz sc293125 1 : 500

Mouse anti-phospho-JNK Santa Cruz sc6254 1 : 500

Mouse anti-phospho-p38 Santa Cruz sc7973 1 : 1000

Rabbit anti-beta-actin Cell Signaling Technology 4967 1 : 10 000

Cy3 donkey anti-rabbit Jackson ImmunoResearch 711-165-152 1 : 1000

Cy3 donkey anti-mouse Jackson ImmunoResearch 715-165-150 1 : 1000

Alexa Fluor 488 donkey anti-mouse Jackson ImmunoResearch 715-545-150 1 : 1000

Alexa Fluor 488 donkey anti-goat Jackson ImmunoResearch 705-545-147 1 : 1000

Anti-rabbit IgG-HRP Jackson ImmunoResearch 711-035-152 1 : 100 000

Anti-mouse IgG-HRP Jackson ImmunoResearch 715-035-150 1 : 40 000
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pathways can upregulate genes involved in microglial

activation, consistent with previous findings [34].

Hence, we examined the effects of 2-PF on the signal-

ing pathways suggested by the network model. For the

cAMP signaling pathway, we measured cAMP levels in

primary MG after 2-PF treatment. The cAMP level in

MG was increased by 2-PF in a dose-dependent man-

ner, and this effect was blocked by an adenylyl cyclase

(AC) inhibitor (Fig. 10A). Olfr110 siRNA decreased this

2-PF-induced cAMP production, and this effect was

abolished by the rescue vector (Fig. 10B). To assess the

effect on Ca2+ signaling, we performed calcium imaging

after 2-PF treatment. Intracellular Ca2+ levels increased

after 2-PF treatment (Fig. 10C; Video S2). To evaluate

the MAPK and PI3K signaling pathways, we measured

the phosphorylation levels of ERK, p38, c-Jun N-termi-

nal kinase (JNK), and protein kinase B (Akt). We found

that the phosphorylation levels were elevated from 2 to

Fig. 5. Characterization of Olfr110 antibody. (A) NCBI BLAST alignment of protein sequences of Olfr110 homologues from mouse, rat, and

human by using the Constraint-based Multiple Alignment Tool (COBALT). Amino acid variations in various species are denoted in red.

Mouse Olfr110 (accession number: NP_666440, 317 aa); mouse Olfr111 (accession number: NP_001005485, 317 aa); rat Olr1730

(accession number: NP_001000279, 317 aa); Human OR5V1 (accession number: KP290163, 321 aa). (B) Representative images showing

that anti-Olfr110 antibody (anti-Olfr110) captures rhodopsin (Rho)-tagged Olfr110 homologues (Olfr110, Olfr111, Olr1730, and OR5V1) as

efficiently as the Rho antibody (anti-Rho). The Rho sequence tag was added to the N terminus of each Olfr110 homologue, and the

resultant constructs were used to transfect to Hana3A cells. Images were obtained after co-staining Hana3A cells expressing each Rho-

tagged Olfr110 homologue with anti-Olfr110 (red) and anti-Rho (green). Scale bar: 20 lm. (C) Representative images showing that

expression of Olfr110, measured by anti-Olfr110, correlates with expression of Iba-1 in primary MG (top panels), but not with GFAP in

primary AS (bottom panels). Scale bar: 10 lm. (D) Immunostaining analysis showing expression of Olfr110 (red) in GFP (+)MG (green) in

CX3CR1GFP/+ cerebral cortex. Left and right panels show low- and high-power images. Scale bar: 50 lm (left) and 20 lm (right).
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Fig. 6. Olfr110 is expressed in MG. (A) Co-immunostaining analysis showing expression of Olfr110 (red) and Iba-1 (green), a microglial

marker, in the cerebral cortex (left panels); expression of Olfr110 and GFAP (green), an astrocyte marker, in the hippocampus (middle

panels); and expression of Olfr110 and NeuN (green), a neuronal marker, in the cortex (right panels). DAPI was shown in blue. The area

denoted by the asterisk in the low-power images was magnified in the inset. Cells positive to Olfr110 or each marker protein and both

proteins were counted from five to seven independent areas with the size of 317.13 9 317.13 µm2 (n = 3 mice), and their percentages

were shown. Sg (+) and double (+) mean single (+) cells and double (+) cells, respectively. Results are the means � SEM of five to seven

independent areas (n = 15–21, P < 0.0001 by one-way ANOVA with Tukey’s post hoc correction). Scale bar: 40 or 50 lm for low-power

images and 10 lm for high-power images. (B) Representative images showing co-immunohistochemical staining of Olfr110 (green) with Iba-

1 (red), GFAP (red), or NeuN (red) in various brain regions: cortex, hippocampus, hypothalamus, and SN. The bottom panel shows a higher-

magnification image of the square in the top panel. Scale bars: 20 lm (top panel), 5 lm (bottom panel). (C) Expression pattern of Olfr110

mRNA and protein localization of Iba-1 in C57BL6/J mouse adult brain at 9 weeks. Sequential analysis followed by in situ hybridization (blue,

NBT/BCIP staining) for Olfr110 and IHC (brown, DAB staining) for Iba-1. (A’) Low-magnification image for Olfr110 expression and Iba-1

protein. (B’) High-magnification image of Olfr110 transcripts and Iba-1 labeling of MG. Black box in A’ indicates a high-magnification region.

Black arrowheads in B’ indicate colocalization of Olfr110 and Iba1. Scale bars: (A’) 250 lm; (B’) 25 lm. (D) Representative time-lapse

confocal microscopy images showing volume (green) and protruding processes (arrow) of MG measured in cerebral cortex slices at five

different time points (1, 16, 25, 40, and 92 min) after treatment with Ctrl or 2-PF. Beads that were phagocytosed (arrowheads) or not

phagocytosed (red) are shown at each time point during the phagocytosis assay. MG with phagocytosed beads were counted in six

different locations in each of three independent mice after treatment with Ctrl or 2-PF. Counts are displayed in the bar plot. Scale bar:

10 lm. Bar charts show mean � SEM (n = 12–16, P < 0.001 by one-way ANOVA with Tukey’s post hoc correction).
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20 min after 2-PF treatment (Fig. 10D). Next, we used

specific inhibitors to examine the relative contributions

of these signaling pathways to microglial activation.

After pretreatment with AC (SQ22536), PKA (H-89),

ERK (PD98059), or PLC inhibitor (U73122), we mea-

sured protein levels of TNF-⍺ and IL6 following 2-PF

treatment. SQ22536 or H-89 dramatically decreased the

levels of both cytokines, whereas PD98059 and U73122

caused weaker reductions (Fig. 10E). U73122, but not

other inhibitors, completely (P < 0.001) inhibited ROS

generation (Fig. 10F). ROS generation was similarly

inhibited by gallein, an inhibitor of Gbc, which can acti-

vate PLC [35,36]. All inhibitors significantly (P < 0.05)

reduced phagocytic activity (Fig. 10G) and almost com-

pletely (P < 0.001) abolished chemotactic activity

(Fig. 10H). In addition, phosphorylation levels of

cAMP response element-binding protein (CREB) and

ERK were dramatically decreased by SQ22536 and

PD98059 (Fig. 10I). Based on these data, we propose

the following model: both the Gas–cAMP–PKA–ERK

and Gbc–PLC–Ca
2+ pathways regulate cytokine produc-

tion, chemotaxis, and phagocytosis, whereas the Gbc–
PLC–Ca2+ pathway is predominantly responsible for

ROS generation (Fig. 11).

Discussion

In this study, we demonstrated that Olfr110 and

Olfr111, which are primarily expressed in MG, recog-

nize a pathogenic metabolite, 2-PF, secreted by

S. pneumoniae. The 2-PF–Olfr110 interaction leads to

microglial activation, which in turn induces chemo-

taxis, cytokine production, phagocytosis through the

Gas–cAMP–PKA–ERK and Gbc–PLC–Ca
2+ pathways,

as well as ROS generation through the latter pathway.

Elucidating the molecular basis of this interaction is
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were used as negative controls (n = 3, ***P < 0.001 by one-way ANOVA with Student’s t-test). (D) Relative mRNA expression levels of

Olfr110 measured in primary MG transfected with nontargeting siRNA + Mock (siCtrl), Olfr110 siRNA + Mock (siOlfr110), or Olfr110

siRNA + rescue vector (Rescue) after 2-PF treatment (n = 3, ***P < 0.001 by two-way ANOVA with Tukey’s post hoc correction). (E)

Representative images showing expression of Olfr110 in primary MG under siCtrl, siOlfr110, and Rescue conditions. Olfr110 (red) was

costained with Iba-1 (green), a microglial marker, under each condition. Fluorescence intensity of Olfr110 in the image was quantified in

three different mice (n = 3, P < 0.001 by two-way ANOVA with Tukey’s post hoc correction). Scale bar: 20 lm. (F) Western blot with anti-

Olfr110 antibody showing the level of Olfr110 using the same conditions shown (E).
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important because pathogen-derived small metabolites

can serve as biomarkers for pathogen infections, and

because it provides novel insights into functions associ-

ated with neuroinflammation. In addition, greater

knowledge of these interactions could provide funda-

mental insight into the physiological and pathological

roles of ectopically expressed ORs.

Olfr110 mRNA is expressed in cerebral cortex of wild-

type mice and the APP/PS1 transgenic model of AD

[25], as well as in the hippocampus of a mouse model of

gestational ethanol exposure [37]. In this study, we found

that mouse Olfr110 and Olfr111 (human ortholog,

OR5V1; rat one, Olr1730; Fig. 5A,B) were predomi-

nantly expressed in MG in four different brain areas

(cortex, hippocampus, hypothalamus, and SN), but only

residually in other cell types in these areas (Fig. 6A,B).

CX3CR1-GFP transgenic mice, which express GFP in

MG, revealed that Olfr110 expression largely overlapped

with GFP-positive cells, as indicated by the large propor-

tion of yellow signals in Fig. 5D. These reproducible

observations were confirmed by sequential analysis in

which in situ hybridization for Olfr110 transcript was

followed by IHC for Iba-1 (Fig. 6C). Moreover, Zhang

et al.[31] showed that Olfr110 and Olfr111 are more

highly expressed in MG than in other brain cell types

(Table 1), and that among the ORs, Olfr110 and Olfr111

were predominantly expressed in MG. Also, Schaum

et al. [38] used single-cell RNA-sequencing to show that

Olfr110 and Olfr111 genes are predominantly expressed

in MG and that they are the most highly expressed ORs

in MG (https://tabula-muris.ds.czbiohub.org). Taken

together, all these data suggest that Olfr110 and Olfr111

are mainly expressed in MG, but only residually in astro-

cyte and neuron in the brain.

Our in vitro and ex vivo experiments demonstrated

that the 2-PF–Olfr110/Olfr111 induced microglial activa-

tion. However, for this reaction to occur under physio-

logical conditions, 2-PF must be produced and

transferred to the brain in the range of ten to hundreds

of micromolar. The physiological concentration of 2-PF

in the vicinity of its receptor is a critical issue. In this

study, we estimated the EC50 value of 2-PF for Olfr110

by treating Olfr110-transfected Hana3A cells with 2-PF

in vitro. However, the actual EC50 value of 2-PF for

Olfr110 and Olfr111 may be low in vivo. For example,

accessory proteins that promote effective targeting of

ORs to the plasma membrane in vivo can lower EC50

values [39] such that a small amount of 2-PF can stimu-

late Olfr110 and Olfr111. Moreover, 2-PF-derived meta-

bolic derivatives capable of stimulating Olfr110 at low

EC50 values may be generated under physiological condi-

tions in the brain, as previously described in nasal mucus

[40]. Furthermore, 2-PF may be present in complex with

an odorant-binding protein or lipocalin in vivo [41,42],

which can increase its solubility and thereby enable even

trace amounts of 2-PF to bind Olfr110/Olfr111.

Many ORs have been identified in nonchemosensory

tissues and cells of the body [17,18], and their functions

have been elucidated individually in vivo [16,43–45].

Although few studies have focused on OR expression in

the brain [23], the Ferrer group has consistently identi-

fied dysregulated ORs in neurodegenerative and neu-

ropsychiatric diseases of human and murine

[24,25,27,46]. In an AD-like APP/PS1 animal model,

Olfr110 expression was elevated at 3, 6, and 12 months

of age, indicating that augmented expression of ORs in

aged mice is not due to neuronal loss, but instead to a

regulated pathological response [25]. Consistent with

this, another study identified ORs in the cortex and hip-

pocampus of wild-type and 59 FAD mice and showed

that they were localized near amyloid plaques with age

[26]. In this study, we also identified Olfr110 and Olfr111

from MG and showed that they were predominantly

expressed in MG in various regions throughout the

brain. In addition, we identified 2-PF secreted from a

pathogen as a ligand for Olfr110 and Olfr111, and

demonstrated that the 2-PF–Olfr110/111 interaction

induced MG activation accompanied by cytokine pro-

duction, chemotaxis, phagocytosis, and ROS generation.

In summary, Olfr110 and Olfr111 expressed in MG

recognize invading pathogens by detecting secreted 2-

PF and then eliminate the pathogens through microglial

activities such as chemotaxis and phagocytosis; this is

the beneficial effect of OR expression in MG. However,

excessive levels of this metabolite can cause inflamma-

tion in the brain, accompanied by microglial hyperacti-

vation and pro-inflammatory cytokine secretion,

ultimately leading to pathological effects such as chronic

neuroinflammation. In previous studies [25,26], the

increasing expression of Olfr110 with age and the

expression of Olfr110 near the amyloid plaque in animal

models of neurodegenerative diseases were considered

to represent evidence of chronic neuroinflammation due

to hyperactivated MG overexpressing Olfr110. Further

studies are required to address this question in animal

models. From the standpoint of recent proposals for

targeting ORs with therapeutic drugs [22,47], Olfr110

represents a target, and 2-PF or its derivatives a candi-

date drug, for the treatment of neuroinflammation-re-

lated brain diseases.

Metabolites such as propane, butane, and 3-

methylbutanal derived from Staphylococcus aureus

serve as breath biomarkers to diagnose ventilation-asso-

ciated pneumonia [48]. Interestingly, 2-PF derived from

S. pneumoniae detected in the exhalations of patients

with cystic fibrosis could serve as a diagnostic
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biomarker for cystic fibrosis [49]. Beyond its utility as a

diagnostic biomarker, in this study we identified 2-PF

from S. pneumoniae culture supernatants (Fig. 4A-E)

and demonstrated its functional role in microglial acti-

vation. Specifically, we showed that 2-PF interacts with

Olfr110, a GPCR predominantly expressed in MG. This

interaction induces microglial activation, suggesting a

unique small metabolite-mediated pathogen–brain axis

associated with neuroinflammation. Conventional

PRRs involved in microglial activation are receptors for

pathogen-derived macromolecules, including cell wall

components, peptidoglycan, lipoteichoic acid, and flag-

ellin [10,50]. Our findings provide an alternative strategy

for pathogen recognition by MG that involves small

metabolite–OR interactions.

Materials and methods

Bacterial culture

Encapsulated serotype 2 S. pneumoniae strain D39 [8] was

cultured on THY agar plates: sterilized Todd–Hewitt media

containing 30 g�L�1 of Todd–Hewitt Broth (#249240; BD

Biosciences, Franklin Lakes, NJ, USA), 0.5% yeast extract

(#288620; BD Biosciences), and 1.5% agar. Subsequently,

the bacteria were transferred into THY broth (i.e., the same

medium lacking agar) and cultured in an incubator at 37 °C
for 24–48 h until OD550 reached 0.3, corresponding to a con-

centration of 108 colony-forming units per mL. The culture

supernatants (Sup) were separated by centrifugation at

4000 g at 4 °C for 10 min and then used in experiments. To

isolate the fraction containing small metabolites, Sup was fil-

tered through an Ultracel YM-3 membrane (3 kDa pore;

Millipore Corporation, Bedford, MA, USA).

Animals

Eight- to 10-week-old C57/BL6J or heterozygous

CX3CR1+/GFP mice [51] were used for ex vivo phagocytosis,

in situ hybridization, and IHC assays. CX3CR1+/GFP mice

were generated by cross-breeding C57/BL6J with

CX3CR1GFP/GFP. All mice were housed at room tempera-

ture under a 12-h light/dark cycle with access to sterile

food and water ad libitum. All animal procedures were con-

ducted according to the guidelines on the care and use of

laboratory animals, as approved by the Daegu Gyeongbuk

Institute of Science and Technology’s Institutional Animal

Care and Use Committee (DGIST-IACUC 19052304-00).

Culture of primary microglia and astrocytes

Primary MG or AS were obtained from the brain cortex of

E18.5 mouse (C57BL6/N; KOATECH, Pyeongtaek, Korea)

embryos and cultured as previously described with slight

modifications (DGIST-IACUC-19041202-02) [52,53].

Briefly, after dissection of the embryonic cortex, collected

brains were stored in ice-cold Hanks’ balanced salt solution

(#14170-112; Thermo Fisher Scientific, Waltham, MA,

USA) and digested with 0.25% trypsin (#15090-046;

Thermo Fisher Scientific) for 20 min at 37 °C. Cells were

suspended in plating medium supplemented with minimum

essential medium (#11095-080; Thermo Fisher Scientific),

Fig. 8. Olfr110 controls microglial activation induced by 2-PF. (A) Levels of mRNAs encoding inflammatory cytokines (Tnf, Il6, Il1b, and Il10)

after 2-PF treatment in primary MG transfected with nontargeting siRNA + Mock (siCtrl), siRNA against Olfr110 + Mock (siOlfr110), and

siRNA against Olfr110 + rescue vector (Rescue) (n = 3/condition, **P < 0.01 and *** P < 0.001 by two-way ANOVA with Tukey’s post hoc

correction). siRNA + Mock or rescue vector transfection was done at 24 h earlier than 2-PF treatment. (B) Protein levels of TNF-⍺ and IL6

in culture supernatants from primary MG after siRNA transfection followed by 2-PF treatment, as described in (A) (n = 3/condition,

P < 0.001 by two-way ANOVA with Tukey’s post hoc correction). U.D. means determined. (C) Accumulated amounts of O�
2 generated in

primary MG after siRNA transfection followed by 2-PF treatment (red). Measurements were performed at 1-min interval for 25 min. Total

amount at 25 min is displayed in the bar plot (n = 3/condition, **P < 0.01 and ***P < 0.001 by two-way ANOVA with Tukey’s post hoc

correction). Experiments were repeated after treatment with control solvent (NT; black) or positive control (ATP; blue). (D) Distribution of

FITC-dextran intensities in primary MG after siRNA transfection followed by treatment of 2-PF, NT, or ATP as described in (C), as

determined by FACS analysis. Phagocytosis index shows quantified MFIs (n = 5/condition, P < 0.001 by two-way ANOVA with Tukey’s

post hoc correction). (E) Representative images showing migrated primary MG measured under three different concentrations (10, 100, and

1000 lM) of 2-PF. Chemotaxis index represents quantified counts of migrated MG (n = 3/condition, P < 0.001 by two-way ANOVA with

Tukey’s post hoc correction). Scale bar: 100 lm. (F) Representative brain slice image showing transfected MG (yellow), nonmicroglia (red,

siGLO), and nontransfected MG (green) in CX3CR1GFP/+ cerebral cortex after the stereotactic injection. The area denoted by the asterisk in

the whole brain was magnified in the inset. Scale bar: 1 mm. (G) mRNA expression levels of Olfr110 or Ctrl, a negative OR control,

measured in the microdissected asterisked area (F) by qRT-PCR (n = 3/condition, P < 0.001 by two-way ANOVA with Tukey’s post hoc

correction) after injection of nontargeting siRNA + Mock + siGLO (Ctrl); Olfr110 siRNA + Mock + siGLO (siOlfr110); or Olfr110

siRNA + rescue vector + siGLO (Rescue). (H) Representative images showing distributions of beads in the three types of cells (top panels;

see legend in F) in CX3CR1GFP/+ cerebral cortex under siCtrl, siOlfr110, and Rescue conditions. Bottom panel shows transfected MG

(yellow lines) with beads (white dots). Scale bar: 20 lm. MG enclosing beads, representing engulfing MG, were counted in six different

locations in three independent mice under each of the three conditions. Counts are displayed in the bar plot (n = 3/condition, P < 0.001 by

two-way ANOVA with Tukey’s post hoc correction). All bar charts show mean � SEM.
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10% FBS (#SH30919.03; Hyclone, S. Logan, UT, USA),

2 mM L-glutamine (#25030-081; Thermo Fisher Scientific),

0.04% glucose (#G7021; Sigma-Aldrich, St Louis, MO,

USA), and 1% penicillin/streptomycin (#15140-122;

Thermo Fisher Scientific), and the suspension was filtered

through a 40-lm strainer (#352340; Thermo Fisher
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Scientific) by a process of trituration; the product of this

manipulation was retained as the FT fraction. Mixed glial

cells were plated at a density of 1.2 9 107 cells in T75

flasks precoated with poly-D-lysine (#P7280; Sigma-

Aldrich). After 2 h, the plating medium was replaced with

a mixed glial cell growth medium: Dulbecco’s modified

eagle medium (DMEM; #SH30243.01; Hyclone) supple-

mented with 10% FBS and 1% penicillin/streptomycin.

The resultant mixed glial cells were incubated with growth

medium, which was replaced every 3 days for 2 weeks. For

isolation of primary MG from mixed glial cells, the cells

were shaken for 2 h at 150 r.p.m. at 37 °C to allow MG to

detach from the astrocyte monolayer within the flasks. The

supernatant containing the floating MG was collected and

centrifuged at 1300 g for 5 min at room temperature. The

resulting cell pellet was resuspended in MG culture med-

ium. After the MG -containing supernatant was removed,

the flasks were shaken at 160 r.p.m. for 1 day in a shaking

incubator to completely remove primary MG. AS were

then detached by digestion with 0.25% trypsin, collected,

replated in a T75 flask, and incubated for 4 days. The pur-

ity of primary MG or AS was assessed by qRT-PCR and

immunocytochemistry to detect marker genes and proteins

(Iba-1 and Gfap), respectively.

RNA extraction and quantitative real-time PCR

analysis (qRT-PCR)

Total RNA was extracted from primary MG, primary

AS, or Hana3A cell using a MagNA Lyser (Roche Molec-

ular Diagnostics, Pleasanton, CA, USA) with TRIzol

reagent (#15596-026; Invitrogen, Carlsbad, CA, USA).

Contaminating DNA was depleted with Riboclear plus

(#313-150; GeneAll, Seoul, Korea). Two micrograms of

RNA were reverse-transcribed into cDNA using the Pri-

meScriptTM First-Strand cDNA Synthesis kit (#6110;

Takara Bio Inc., Kusatsu, Japan). Using the resultant

cDNA, qRT-PCR was performed with LightCycler� 480

SYBR Green I Master on a LightCycler� 96 Real-Time

PCR system (Roche Molecular Diagnostics). The relative

expression levels of target mRNAs were calculated using

the 2�DDCt method [54]. The primers used are summarized

in Table 6 [55,56].

Cytokine ELISA assay

The levels of TNF-⍺, IL6, and IL1b secreted from primary

MG were determined by ELISA 24 h after treatment with Sup

or 2-PF. The ELISA kits were purchased from BD Biosciences

(#DY410 for TNF-⍺; #DY406 for IL6; #DY401 for IL1b).

Measurement of superoxide (O�
2 ) levels

Superoxide (O�
2 ) levels were measured by cytochrome c reduc-

tion assay on a VersaMax microplate reader (Molecular

Devices, San Jose, CA, USA) as previously described [57] with

modifications. Primary MG (1.0 9 105 cells/well in 96-well

plates) were stimulated with 2-PF, Sup, or 10 lM ATP in the

presence of cytochrome c (50 µM; #C2037; Sigma-Aldrich)

and cytochalasin B (5 µM; #C66762; Sigma-Aldrich). The

ROS level was calculated based on the change in light absorp-

tion at 550 nm over 25 min, measured at 1-min intervals.

Chemotaxis

Chemotaxis was measured using a multi-well Boyden cham-

ber as previously described [58]. Briefly, polycarbonate fil-

ters (8 lm pore; #101-8; NeuroProbe, Gaithersburg, MD,

USA) were coated with 10 mg�mL�1 fibronectin (Sigma-

Aldrich) in PBS for 2 h. A dry-coated filter was installed in

a Boyden chamber in which the bottom wells were filled

with serum-free DMEM containing 2-PF or Sup at the

aforementioned concentrations. MG or Hana3A cells trans-

fected with the OR construct were suspended in serum-free

DMEM, placed in the top wells, and incubated at 37 °C
for 4 (MG) or 8 h (Hana3A). Cells that migrated to the

bottom side were fixed with 4% PFA and stained with

hematoxylin for 10 min. Migrated cells were counted under

a light microscope in five randomly chosen high-power

fields (2009) using a scored eyepiece. Chemotaxis index

Fig. 9. Signaling pathways underlying Olfr110-dependent 2-PF-induced microglial activation. (A) Relationship between DEGs from

comparisons of Sup-treated vs. control MG (Sup) and 2-PF-treated vs. control MG (2-PF). Numbers of DEGs from the corresponding

comparisons are indicated in parentheses. (B) Heat map showing log2-fold changes of up- (red) and downregulated (green) genes in the two

comparisons. Hierarchical clustering to generate the dendrogram was performed based on log2-fold changes in individual samples. Numbers

of up- and downregulated genes are indicated. Color bar shows the gradient of log2-fold changes. (C) GOBPs enriched among upregulated

genes in Sup and 2-PF-treated MG. Enrichment P-values for GOBPs are shown as –log10(P-value). Dotted line indicates the cutoff for

enrichment P-value (P = 0.05). (D) GOBPs enriched among downregulated genes in Sup and 2-PF-treated MG. Enrichment P-values for

GOBPs are shown as –log10(P-value). Dotted line indicates the cutoff of the enrichment P-value (P = 0.05). (E) Network model describing

signaling pathways associated with processes related to microglial activation (chemotaxis, ROS generation, cytokine production, and

phagocytosis). Magenta nodes represent genes upregulated by both Sup and 2-PF, whereas orange nodes represent genes upregulated

only by 2-PF. Arrows and suppression symbols denote activation and inhibition, respectively, in signaling cascades. Dotted arrows indicate

indirect activation (i.e., through intermediate molecules) between nodes connected by the arrows. Plasma membrane is indicated by two

thick lines. Nodes are arranged based on information in the Kyoto Encyclopedia of Genes and Genomes pathway database.
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Fig. 10. Olfr110-dependent 2-PF-induced microglial activation is regulated by Gas–cAMP–PKA–ERK and Gbc–PLC–Ca
2+ pathways. (A) cAMP

production measured in primary MG after treatment of different concentrations (0, 100, and 500 lM) of 2-PF with or without pre-incubation of

SQ22536 (AC inhibitor). Bar charts show mean � SEM (n = 3/condition, **P < 0.01 and ***P < 0.001 by two-way ANOVA with Tukey’s

post hoc correction). Forskolin, an AC activator, was used as a positive control. (B) cAMP production measured in primary MG after treatment

with the same concentrations of 2-PF under siCtrl, siOlfr110, and Rescue conditions (see legend in Fig. 8A). Bar charts show mean � SEM

(n = 3/condition, *P < 0.05, **P < 0.01, and ***P < 0.001 by two-way ANOVA with Tukey’s post hoc correction). (C) Representative images

showing increased amounts of intracellular calcium in primary MG after treatment of 100 lM 2-PF. Colors represent high (red) and low (green,

baseline) concentrations of calcium, as determined by fura-2AM calcium imaging. ATP was used as a positive control before and after treatment

with 2-PF. Y-axis shows fluorescence ratio (F340/F380 nm), and x-axis shows time (see scale bar). (D) Levels of phosphorylated ERK (pERK), p38

(pp38), JNK (pJNK), and Akt (pAkt) were measured in primary MG by western blot analysis at 0, 2, 5, 10, 20, and 30 min after treatment of 2-PF.

LPS was used as a positive control and b-actin as a loading control. (E) Levels of TNF-⍺ and IL6 secreted from primary MG after treatment with 2-

PF with or without pre-incubation with AC (SQ: SQ22536), PKA (H89), ERK (PD: pd98059), or phospholipase C (U73122) inhibitor.

(n = 3/condition, *P < 0.05 and ***P < 0.001 by one-way ANOVAwith Tukey’s post hoc correction). (F–H) ROS generation (F), phagocytosis (G),

and chemotaxis activity (H) measured as described in (E). For details, see the legend of Fig. 1D–F. Representative images of migrated primary MG

are also shown in (H). Bar charts show means � SEM (n = 5, **P < 0.01 and ***P < 0.001 by one-way ANOVA with Tukey’s post hoc

correction). Scale bar: 100 lm. (I) Amounts of ERK, phosphor-ERK (pERK), CREB, and phosphor-CREB (pCREB) measured in primary MG by

western blot analysis after treatment with 2-PF and pre-incubation with SQ22536 or PD98059.

3860 The FEBS Journal 287 (2020) 3841–3870 ª 2020 Federation of European Biochemical Societies

Microglial odorant receptor, Olfr110 and Olfr111 N. Lee et al.



was defined as the migrated cell number normalized against

that in the untreated group.

Phagocytosis assay

Primary MG were seeded in 24-well plates (5 9 105 cells/

well) and incubated for 24 h. Cells were preincubated with

2-PF or Sup for 30 min, incubated with fluorescein isothio-

cyanate (FITC)-dextran (1 mg�mL�1, 20 mg�mL�1 in PBS

as stock; #FD70S; Sigma-Aldrich) in serum-free DMEM at

37 °C for 30 min, and washed with PBS at 4 °C. Cells were
detached by digestion with 0.25% trypsin (#15090-046;

Thermo Fisher Scientific) in PBS, and detached cells were

analyzed on a FACS AccuriTM C6 flow cytometer (BD Bio-

sciences). Mean fluorescence intensity (MFI) was calculated

by integrating the fluorescence histograms for cells under

each condition using the BD AccuriTM C6 software. Phago-

cytosis index was defined as MFI in the sample, normalized

against MFI in the untreated group.

Measurement of ROS levels

Reactive oxygen species levels were measured using 20,70-
dichlorodihydrofluorescein diacetate (DCF-DA, #D6883;

Sigma-Aldrich) as previously described [59] with minor

modifications. Briefly, primary MG were seeded in 24-well

plates (5.0 9 105 cells/well) for 24 h and then treated with

10 lM DCF-DA at 37 °C for 30 min in the presence or

absence of 2-PF (or Sup). The cells in each well were ana-

lyzed by a FACS AccuriTM C6 flow cytometer, and MFI

was determined as described above.
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siRNA

Cytokine production
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Gallein
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Fig. 11. Molecular mechanism for Olfr110-

dependent 2-PF-induced microglial

activation. Binding of 2-PF to Olfr110

promotes the conversion of G proteins from

their guanosine diphosphate bound forms to

their active guanosine triphosphate-bound

forms (Gas). Activated Gas then activates AC

to produce cAMP, which in turn activates

PKA, CREB, and ERK. On the other hand,

dissociated Gbc activates PLC-b and then

IP3, which in turn increases the level of

intracellular calcium. The activated Gas–

cAMP–PKA–ERK and Gbc–PLC–Ca
2+

pathways regulate cytokine production,

chemotaxis, and phagocytosis, whereas the

Gbc–PLC–Ca
2+ pathway is predominantly

responsible for the regulation of ROS

generation. Inhibitors or siRNAs used to

infer the contribution of individual signaling

pathways are indicated in red.

Table 6. Primer pairs used in this study.

Primer Sequence

Olfr110 F GTGTTGCACACGGTTTTGAC
R AAGGATGACGCACAGGAAAG

Olfr111 F ACACCGTTCTGACCTTCCAC
R AGGAAAGGATGATGCACAGG

Olfr920 F TGATGGGGTTTTCTGGTGCT
R TGACATAGGTGCTGGTGCAG

Olfr1417 F TCCTGCAGTATGGATGTGGA
R CACCACCTTCCTCAAAGCAT

Olfr99 F TGTGGACTGGAGATGGATCA
R TGAGTAGCGCAGTGGATGAC

Tnf F ACTGAACTTCGGGGTGATCG
R GTTTGCTACGACGTGGGCTA

Il6 F AGACAAAGCCAGAGTCCTTCA
R GTTTGCTACGACGTGGGCTA

Il1b F AATGCCACCTTTTGACAGTGAT
R CCTGCCTGAAGCTCTTGTTG

Il10 F ACTTGGGTTGCCAAGCCTTAT
R AGGGTCTTCAGCTTCTCACC

Il13 F CAACCCCCAGCTAGTTGTCA
R CGTTGCTGTGAGGACGTTTG

GAPDH F GGAGAGTGTTTCCTCGTCCC
R ATGAAGGGGTCGTTGATGGC
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Odorant receptor (OR) construct cloning and

surface localization

Full-length ORs from mouse, rat, or human genomic DNA

were amplified using the appropriate primers. The resultant

cDNAs were digested with restriction enzymes, and the

products were ligated to generate OR constructs with the

restriction sites in mammalian expressing vector PME18S

containing N-terminal Lucy, FLAG, and Rho tags, as pre-

viously described [60,61]. All OR constructs were confirmed

by sequencing. These constructs were then transfected into

Hana3A cells with receptor-transporting protein 1S

(RTP1S), and their localization in the plasma membrane

was confirmed as previously described [62,63]. Transient

transfection of ORs into Hana3A cells was performed with

Lipofectamine 2000 (#11668-019; Thermo Fisher Scientific).

Briefly, the transfected cells were grown on 22-mm cover-

slips (#0101050; Paul Marienfeld, Am W€ollerspfad, Ger-

many) coated with poly-D-lysine (10 lg�mL�1; #P7280;

Sigma-Aldrich). They were then washed with PBS and

cooled on ice for 30 min to block endocytosis. Next, after

washing in ice-cold PBS, the cells were fixed for 2 min in

ice-cold methanol : acetone (v/v = 1 : 1) (methanol: Merck,

#106009; acetone: Sigma-Aldrich, #179124). The cells were

then incubated with 5% normal horse serum (#008-000-

121; Jackson ImmunoResearch, W. Grove, PA, USA) in

PBS for 1 h at room temperature. The sample was then

incubated overnight at 4 °C with antirhodopsin or rabbit

anti-Olfr110. After washing with PBS, Cy3-conjugated don-

key anti-mouse antibody, Alexa488-conjugated donkey

anti-mouse, or Cy3-conjugated donkey anti-rabbit was

added and incubated for 1 h at RT in PBS containing 5%

normal horse serum. The antibodies used are summarized

in Table 5. Cells were mounted with Vectashield fluorescent

mounting medium containing 40,6-diamidino-2-phenylindole

(DAPI) (#H-1200; Vector Laboratories, Burlingame, CA,

USA). Heterologous OR expression was analyzed on an

LSM700 confocal laser scanning microscope, and image

data were processed using the ZEN software (Zeiss, Oberko-

chen, Germany).

Luciferase assay

The Dual-Glo luciferase assay system (#E2940; Promega,

Madison, WI, USA) was used for OR ligand screening as

previously described [61]. Briefly, Hana3A cells were seeded

in white polystyrene 96-well plates (#353296; BD Bio-

sciences) 1 day before transfection. In each well, pCRELuc

(#219076; Agilent Technologies, Santa Clara, CA, USA),

pRL-SV40 (#E2231; Promega), RTP1S, and OR (or Mock)

vectors were transfected for 24 h using Lipofectamine 2000

(#11668-019; Thermo Fisher Scientific). Transfected cells

were stimulated at 37 °C for 4 h with various concentra-

tions of odorants diluted in CD293 medium (#11913-019;

Thermo Fisher Scientific). The activity of firefly luciferase

was normalized against that of Renilla luciferase. Lumines-

cence was measured on a SpectraMax L microplate reader

(Molecular Devices).

Homology modeling

Comparative homology modeling of mouse odorant recep-

tors (ORs) Olfr110 and Olfr111, including template search,

sequence alignment, model building, temple selection, and

model quality estimation, was conducted using the Web-

based homology modeling tool SWISS-MODEL. The

amino acid sequences of Olfr110 and Olfr111 were first

obtained from National Center for Biotechnology Informa-

tion (NCBI) Protein Basic Local Alignment Search Tool

(BLAST) using the UniprotKB/Swiss-Prot database. Tem-

plate searches for Olfr110 and Olfr111 with BLAST and

HHblits were then performed against the SWISS-MODEL

Template Library. A total of 179 and 186 templates were

found for Olfr110 and Olfr111, respectively. The X-ray crys-

tal structure of human adenosine A2A receptor [resolution:

2.7 �A, protein data bank (PDB) ID: 3VG9] was selected as

the template structure for building the homology models of

Olfr110 and Olfr111, based on both sequence identity and

similarity. The 3D homology model structure built with the

template alignment was generated using PROMOD (Ver 3.70,

Swiss model server, Basel, Switzerland). The QMEAN scor-

ing function was utilized for global and per-residue model

quality assessment of the generated models. The final 3D

model structures of Olfr110 and Olfr111 were downloaded

from the SWISS-MODEL website. The results of compara-

tive homology modeling of Olfr110 and Olfr111 were sub-

mitted to Protein Model DataBase (PMDB) with PMDB id,

PM0082389, and are summarized in Table 4.

Receptor–ligand molecular docking

The 2D structures of the ligands were created by CHEMDRAW

(ver. 11.0.1, PerkinElmer, Waltham, MA, USA) and trans-

ferred to CHEM3D PRO (ver. 11.0.1, PerkinElmer) to generate

3D structures. Ligand preparation and optimization were per-

formed by the ‘Sanitize’ protocol (default) in SYBYL-X 2.1.1

(Tripos Inc., St. Louis, MO, USA) to clean up the 3D ligands

by filling valences and removing duplicates. Homology mod-

els of Olfr110 and Olfr111 (template structure PDB ID:

3VG9) were then generated using the SWISS-MODEL

homology modeling tool. The structure preparation tool in

SYBYL-X 2.1.1 was used for protein preparation. Bumped

side chains of amino acid residues were fixed, and all hydrogen

atoms were added using the TRIPOS force field. Protein mini-

mization was then performed by the POWELL method [64]

with the following setup: The initial optimization set was

changed to ‘None’ from the default setting SIMPLEX; the ter-

mination gradient was set to 0.5 kcal/(mol*�A); and the maxi-

mum iteration was set to 1000 times. Next, the entire docking

process with prepared proteins and ligands was performed
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using the Surflex-Dock GeomX module in SYBYL-X 2.1.1.

The docking site was guided by the Surflex-Dock ‘protomol’,

an idealized representation of a ligand that presents all poten-

tial interactions with binding site residues. The protomol was

defined by selecting the largest receptor cavity from ‘Multi-

channel surface’ mode in SYBYL-X 2.1.1. Two protomol gen-

eration factors, Bloat and Threshold, were set to 0.5 (�A) and

0, respectively. The maximum number of generated poses was

set to 20. The minimum RMSD between the final poses was

set to 0.05. Other docking parameters of Surflex-dockGeomX

were set to the default values.

Site-directed mutagenesis

Site-directed mutants of the Olfr110 vector were generated

as described in a previous study using Pfu Ultra High-Fide-

lity DNA polymerase (#600380; Agilent Technologies) [61].

All mutant vectors (F102W; F104W; Y252F; Y259F;

F102W/F104W; Y252F/Y259F; F102W/Y252F/Y259F;

F104W/Y252F/Y259F; F102W/F104W/Y252F/Y259F)

were verified by both forward and reverse sequencing

(Macrogen, Seoul, Korea).

Sample preparation

Synthetic 2-PF solution (purity > 98%) was purchased from

Sigma-Aldrich. An equal volume of absolute (99.9%) metha-

nol was added to the original solution. Both the original 2-PF

solution (2-PF) and the solution to which methanol was added

(2-PF + CH3OH) were analyzed by direct infusion MS

(Fig. 4A). For LC-MS/MS analysis of synthetic 2-PF, the 2-

PF + CH3OH solution was used (Fig. 4A,B). For LC-MS/MS

analysis of Sup and THY media (Ctrl), Sup or Ctrl (1 mL)

was filtered through an Ultracel YM-3 membrane with a pore

size of 3 kD (Millipore Corporation) to remove proteins. Five

hundred microliters of the FT was mixed with an equal vol-

ume of methanol. The resultant sample was sonicated for

10 min and centrifuged at 14 000 g at 4 °C for 20 min [65].

The Sup was analyzed by LC-MS/MS (Fig. 4C,D). In addi-

tion, 2-PF was added to Sup at a concentration of 0.1 or

10 mM, and the resultant sample was acidified with 0.1% tri-

fluoroacetic acid and analyzed by LC-MS/MS (Fig. 4E).

Direct infusion with Heated Electrospray

Ionization (HESI) source

2-PF and 2-PF + CH3OH samples were injected at a flow

rate of 20 lL�min�1 using a 500-lL gas-tight syringe into

the HESI source, and then measured for 8 min by the sin-

gle-ion monitoring method on a Q-Exactive Hybrid Quad-

rupole-Orbitrap mass spectrometer (Thermo Fisher

Scientific). The capillary voltage was set at 3.5 kV (positive

mode), and the temperature of the desolvation capillary

was set to 250 °C. The full mass spectrum was monitored

for the mass range between 50 and 750 Thompsons (Th) at

a resolution of 70 000 (at m/z 200). Maximum ion injection

time was 100 ms, with an automatic gain control value of

1 9 106. The isolation window was set to m/z = 1.0 [66].

LC-MS/MS analysis

A Thermo EASY-nLC 1000 (Thermo Fisher Scientific)

equipped with an analytical column (Thermo Fisher Scien-

tific, Easy-Column, 75 lm 9 50 cm), and a trap column

(75 lm 9 2 cm) was used for LC separation with the follow-

ing parameters: injection volume = 10 lL; operation temper-

ature of the analytical columns = 50 °C; flow rate = 300

nL�min�1; mobile phase A = 0.1% formic acid; and mobile

phase B = 0.1% formic acid and 2% water in acetonitrile.

For LC separation, the following gradient was used: from

2% to 40% solvent B over 36 min, from 40% to 80% solvent

B over 6 min, and from 80% to 2% solvent B over 6 min.

The eluted samples from LC were analyzed on a Q-Exac-

tiveTM hybrid quadrupole-Orbitrap mass spectrometer

(Thermo Fisher Scientific) equipped with a nanoelectrospray

source. The capillary voltage was set to 3.5 kV (positive

mode), and the temperature of the desolvation capillary was

set to 250 °C. The Q-Exactive was operated in data-depen-

dent mode, with survey scans acquired for the mass range

between 50 and 750 Th at a resolution of 70 000 (at m/z 200).

Up to the top 10 most abundant ions from the survey scan

were selected with an isolation window of m/z = 1.0, and the

ions were fragmented by higher-energy collisional dissocia-

tion with the normalized collision energies of 25 and exclu-

sion duration of 10 s. MS/MS scans were acquired at a

resolution of 17 500. Maximum ion injection times were 100

and 50 ms for full MS and MS/MS scans, respectively [67].

The automated gain control target value was set to 1.0 9 106

and 1.0 9 105 for full MS and MS/MS scans, respectively.

Extracted ion chromatogram (EIC) and MS/MS

spectra

From each raw MS dataset containing full MS and MS/

MS scans, the extracted ion chromatogram (EIC) for the 2-

PF precursor ion with m/z = 153.091 Da was generated by

extracting the chromatographic peaks within a tolerance of

2 p.p.m. For each fragmented peak (m/zf) in MS/MS spec-

tra of the 2-PF precursor ion, the candidate structure was

obtained as that assigned to the corresponding fragmented

peak with m/zf minus the mass of CH3 in the predicted

MS/MS spectrum of 2-PF reported in the human metabo-

lome database (HMDB) [68].

Immunofluorescence staining

For immunofluorescence staining, mouse primary MG

were seeded on 22-mm coverslips (#0101050; Paul
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Marienfeld) coated with poly-D-lysine (10 lg�mL�1;

#P7280; Sigma-Aldrich) and incubated under standard

conditions for 48 h. Cells were washed in PBS, fixed in

4% paraformaldehyde (#6148; Sigma-Aldrich) in PBS for

5 min, and blocked at room temperature for 1 h with PBS

containing 4% normal horse serum (#008-000-121; Jackson

ImmunoResearch) and 0.1% TWEEN� 20 (#P9416;

Sigma-Aldrich). The cells were then incubated in blocking

buffer at 4 °C overnight with primary antibodies (Table 5):

Olfr110, Iba-1, and GFAP. Samples were then incubated

at room temperature for 1 h in PBS containing 0.1%

TWEEN� 20 (#P9416; Sigma-Aldrich) and secondary anti-

body: Cy3-conjugated donkey anti-rabbit, Alexa Fluor

488-conjugated donkey anti-goat, or Alexa Fluor 488-con-

jugated donkey anti-mouse. Cells were mounted with Vec-

tashield fluorescent mounting medium, including DAPI

(#H-1200; Vector Laboratories). Images were obtained

using an LSM700 confocal laser scanning microscope and

the ZEN software (Zeiss).

Immunohistochemistry

Mice were anesthetized with 400 mg ketamine per kg of

body weight and transcardially perfused with PBS, fol-

lowed by fixation with 4% paraformaldehyde (PFA;

#6148; Sigma-Aldrich) in PBS. Brains were transferred into

4% PFA at 4 °C for 4 h, transferred to 30% sucrose in

PBS for 1 day, cryo-preserved with O.C.T. compound

(#4583; Scigen, Paramount, CA, USA), and sliced at a

thickness of 30 µm using a cryotome (#HM 550; Thermo

Fisher Scientific). Brain slices were placed on the slides,

which were then blocked for 30 min in 2% normal donkey

serum (#005-000-121; Jackson ImmunoResearch) in 0.3%

PBST (1X PBS/0.3% Triton X-100) and incubated with

primary antibodies (1 : 10 000 rabbit anti-Olfr110;

1 : 1000 goat anti-Iba-1; 1 : 1000 mouse anti-GFAP) in

blocking buffer at 4 °C overnight. Slides were then incu-

bated with secondary antibodies: Cy3-conjugated donkey

anti-rabbit, Alexa Fluor 488-conjugated donkey anti-

mouse, or Alexa Fluor 488-conjugated donkey anti-goat in

PBST. Stained slices were mounted with Vectashield fluo-

rescent mounting medium containing DAPI (#H-1200;

Vector Laboratories). Immunostained images were

obtained using an LSM700 confocal laser scanning micro-

scope. Quantitative cell counting was performed as previ-

ously described [19].

Ex vivo phagocytosis analysis

The brain from a 9-week-old male CX3CR1GFP/+ mouse

was sliced at a thickness of 150 µm on a vibratome

(VT1200; Leica, Wetzlar, Germany) in ice-cold oxygenated

artificial cerebrospinal fluid (aCSF; 120 mM NaCl, 25 mM

NaHCO3, 1.25 mM NaH2PO4, 5 mM KCl, 1 mM CaCl2,

1 mM MgSO4, and 305 mOsm with glucose, pH 7.4). To

remove cellular debris, sliced brains were incubated in oxy-

genated aCSF at 37 °C for 2 h in the perfusion chamber,

and then incubated with fresh aCSF (500 µl) containing

9.10 9 107 microspheres (360/407 mm; #17458; Poly-

sciences, Warrington, PA, USA) and covered with a cus-

tomized nylon grid. Before incubation, 500 µM 2-PF was

added to fresh aCSF. Time-lapse movie clips were acquired

at 1-min intervals for 92 min on a confocal microscope.

Phagocytic beads and phagocytic MG were counted in the

resultant images.

Knockdown and rescue experiments

Mouse primary MG were seeded in 6-well plates 1 day

before transfection. Primary MG were then transfected for

24 h with Olfr110 siRNA (#LQ-064350-01-0002; set of four

ON-TARGET plus Mouse Olfr110 siRNAs: #1: CCU

GUAAUUUAUACGCUAA; #2: CGUUAAGGUACU

CAUUUAU; #3: CUGAAUGAAUUGCAGUAUU; #4:

GAUUGAUCUCAGUGCUGUA; Dharmacon, Lafayette,

CO, USA) or 100 nM nontarget siRNA (UGGUUUA-

CAUGUCGACUAA, Thermo Fisher Scientific) in Opti-

MEM (#11058021; Thermo Fisher Scientific) using Lipofec-

tamine RNAiMAX (#13778150; Thermo Fisher Scientific).

The efficiency of siRNA delivery to primary MG was con-

firmed using siGLO Red oligonucleotide duplex (#D-

001630-02-05; Thermo Fisher Scientific). The siRNA #3

rescue vector for Olfr110 containing several silent muta-

tions (5’-CUCAACGAGCUGCAAUACC-3’) was gener-

ated by site-directed mutagenesis as described above and

then transfected for 24 h for Olfr110 knockdown. For res-

cue experiments, the rescue vector was transfected for 24 h

using Lipofectamine LTX (#15338100; Thermo Fisher Sci-

entific) into cells previously transfected with nontarget or

siRNA #3.

Ex vivo knockdown and rescue experiments

Nine-week-old male CX3CR1GFP/+ mice were anesthetized

with ketamine. A small hole (~1 mm in diameter) was

drilled into the skull, and a unilateral stereotaxic injection

was performed to access the brain (bregma � 0.11 mm,

1 mm left from longitudinal fissure). Then, 0.5 lL siRNA

(665 ng) and 0.5 lL siGLO Red oligonucleotide duplex

(133 ng, #D-001630-02-05; Thermo Fisher Scientific) were

combined and injected into the cerebral cortex in the pres-

ence of Mock vector (knockdown) or rescue vector (recov-

ery) using Lipofectamine RNAiMAX. The stereotaxic

injection was performed using a Hamilton syringe and infu-

sion pump at a rate of 0.5 lL�min�1. At 48 h after injec-

tion, ex vivo imaging analysis was performed as previously

described with slight modifications [33]. Delivery of siRNA

and construct was confirmed by monitoring red
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fluorescence from the siGLO Red oligonucleotide duplex.

We also confirmed the efficiency of transfection by per-

forming qRT-PCR of microdissected tissues at the injection

site.

mRNA sequencing and data analysis

After treatment with vehicle (Control), Sup (MOI 100), or

2-PF (100 lM) for 2 h, total RNA was isolated from

2 9 106 cells of primary MG using the RNeasy mini Kit

(74104; Qiagen, Hilden, Germany) and quantified using the

Qubit RNA HS assay kit (Q32852; Thermo Fisher Scien-

tific). The RNA integrity number of each sample was mea-

sured using the Agilent Technologies 2100 BioAnalyzer;

RINs for all the samples were larger than 8.5, which is suit-

able for mRNA sequencing. Full-length cDNA was gener-

ated using the SMARTer-Seq v4 Ultra-Low Input RNA

Kit for sequencing (#634888; Clontech, Mountain View,

CA, USA). First-strand cDNA synthesis was initiated by

adding 1 lL 3’ SMART CDS primer II A to 10 ng total

RNA and incubating at 72 °C for 3 min. Second strands

were synthesized by adding SMARTer-seq v4 oligo and

SMARTScribe reverse transcriptase, and the reaction was

incubated at 42 °C for 90 min, followed by inactivation at

70 °C for 10 min. Double-stranded cDNA was amplified

by PCR for 8 cycles and then purified using Agencourt

AMPure beads (A63881; Beckman). mRNA-seq libraries

were generated using the Nextera XT DNA library prepa-

ration kit (Illumina; FC-131-1024). cDNA was subjected to

tagmentation (simultaneous fragmentation and tagging with

sequencing adapters) and amplified by PCR using Index

Primers from the Nextera XT DNA Index Kit (FC-131-

1001; Illumina, San Diego, CA, USA). After PCR, the

DNA library was purified using AMPure beads and quality

was assessed using an Agilent 2100 Bioanalyzer. DNA

libraries from individual samples were quantified using the

KAPA Library Quantification kit (KK4854; KAPA Biosys-

tems, Wilmington, MA, USA) and then pooled. All

libraries were sequenced on an Illumina Hiseq2500 instru-

ment to generate dual-indexed 100-bp paired reads, yielding

an average of 58 million reads for each sample. After

acquisition of read sequences for each sample, we checked

the quality of raw sequences by FastQC (Babraham Bioin-

formatics) and trimmed the adapter sequences (TruSeqTM

index adapter with the option ‘-a AGATCGGAAGAGCA-

CACGTCTGAACTCCAGTCAC’, and the reverse comple-

ment of TruSeqTM universal adapters with the option ‘-a

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTA

GATCTCGGTGGTCGCCGTATCATT’) using the cutadapt

software. The remaining reads were then aligned to the

mouse reference genome (GRCm38) using TopHat [69]

with default parameters. We then assembled the aligned

reads to annotated genes and calculated the fragments per

kilobase per million mapped reads (FPKMs) using

Cufflinks [70].

Identification of differentially expressed genes

On average, 58 million reads were acquired from each sam-

ple, and 89.9% of the reads were aligned to the mouse refer-

ence genome. Genes with FPKM> 1 in at least one sample

were considered to be expressed, as previously described

[71]. After adding 1 to the FPKM values for the individual

samples, we applied quantile normalization [72] to the log2-

converted FPKM values. Based on the normalized values,

we performed the following comparisons to identify DEGs

using an integrative statistical test reported previously [73]:

Sup-treated samples vs. Control (Sup) and 2-PF-treated

samples vs. Control (2-PF). For each gene, Student’s t-test

was performed to obtain a T-value. An empirical null distri-

bution of the T-value was generated by performing random

sampling experiments 1000 times and applying Gaussian

kernel density estimation to T-values resulting from random

sampling experiments. For each gene, the adjusted P -value

for the observed T-value was calculated using the empirical

distribution by the two-tailed test. DEGs were identified as

the genes with an adjusted P-value < 0.05 and absolute

log2-median-ratio greater than a cutoff (log2-fold

change = 0.41 and 0.54 for Sup vs. Controls and 2-PF vs.

Controls, respectively). The cutoff was determined as the

average of the 5th and 95th percentile values in the distribu-

tion of log2-fold changes obtained from the random sam-

pling experiments described above. Enrichment analysis of

GOBPs was performed using the DAVID software [74].

cAMP ELISA

Primary MG were seeded in 48-well plates (2 9 105 cells/

well) and treated for 30 min with vehicle, 30 lM forskolin

(#F3917; Sigma-Aldrich), or 2-PF (10, 100, or 500 lM). To
confirm the effect of inhibitor, the cells were pretreated

with 1 mM SQ22536 (#17318-31-9; Calbiochem, San Diego,

CA, USA) for 30 min. The cells were then lysed by incuba-

tion for 10 min in 0.1 M HCl containing 1% Triton X-100,

and the lysate was centrifuged at 600 9 g for 2 min. The

resultant supernatants were analyzed using the cAMP

ELISA kit (Enzo Life Science, Farmingdale, NY, USA).

Optical density at 405 nm was measured on a VersaMax

microplate reader (Molecular Devices).

Calcium imaging

Twenty-four hours after freshly isolated MG were seeded on

18-mm round microscope cover glasses (#0111580; Paul

Marienfeld) coated with poly-D-lysine, the cells were incu-

bated in a superfusion chamber for 30 min with 4 lM Fura-2/

AM (#F1221; Thermo Fisher Scientific) in Ringer’s solution

(115 mM NaCl, 2.5 mM KCl, 1 mM CaCl2, 1.5 mM MgCl2,

4.5 mM HEPES, pH 7.4) filtered through a membrane

(0.22 lm pore size). After incubation with Ca2+ dye, the

chamber was placed on the stage of an inverted microscope
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(Eclipse Ti, Nikon, Tokyo, Japan) and washed with Ringer’s

solution for 20 min prior to 2-PF treatment. Ringer’s solution

was perfused at a flow rate of 12 mL�min�1. First, the MG

were treated with 300 µM ATP (#A2383; Sigma-Aldrich) for

5 s. After washing for 5 min, the cells were treated with

100 µM 2-PF. This step was conducted sequentially for two

different concentrations of 2-PF (300 and 1000 lM). Finally,
the cells were again treated with 300 lM ATP for 5 s. Emitted

fluorescence was recorded every 2 s using a CCD camera

(Andor Technology, Belfast, UK). Pseudocolor images were

generated from fractional fluorescence changes (DF/F, D
[Ca2+]i), which represent changes in the level of intracellular

calcium. For movie clips, pseudocolor intensity was restricted

to the maximum 1.5 � 0.1 AU (arbitrary linear units) and a

minimum of 0.4 � 0.1 AU. The representative Ca2+ peak was

selected after analysis of more than 160 cells.

Western blot

Cells were prepared using the T-PER� reagent (#78510;

Thermo Fisher Scientific) with protease inhibitors (#04-693-

116-001; Roche Molecular Diagnostics) and then lysed using

MagNA Lyser (Roche Molecular Diagnostics). Total protein

extract was quantified by Bradford assay. Samples were

resolved by 7.5% SDS/PAGE or on 4–20% gradient Mini-

PROTEAN TGX Precast Gels (#456-1064; Bio-Rad Labora-

tories, Hercules, CA, USA) and then blotted onto nitrocellu-

lose membranes (#10600002; GE Healthcare, Chicago, IL,

USA). The membranes were blocked for 1 h in 5% nonfat

dry milk and TBST, 0.1% TWEEN� 20 (#P9416; Sigma-

Aldrich), and Tris-buffered saline, and then incubated at

4 °C overnight with primary antibodies (Table 5): Immunore-

active protein bands were detected using SuperSignalTM West

Pico Chemiluminescent Substrate (#34080; Thermo Fisher

Scientific) or SuperSignalTM West Femto Maximum Sensitiv-

ity Substrate (#34095; Thermo Fisher Scientific).

Chemicals and inhibitors

Chemicals were purchased from Sigma-Aldrich except as

noted. Acetic acid (#695092), acetone (#W332607), 2-

aminoacetophenone (#W390607), dimethyl sulfide (#471577),

ethanol (#E7023), hexanal (#115606), hydrogen sulfide

(#742546), indole (#W259306), isopentanol (#320021), 2-PF

(#W331708), trimethylamine (#W324108), furan (#185922), 2-

methylfuran (#M46846), 2,3-dimethylfuran (#428469), 2-ethyl-

furan (#W367303), 2-propylfuran (#P1488; Tokyo Chemical

Industry, Tokyo, Japan), 2-butylfuran (#CDS001204), 2-t-

butylfuran (#386278), 2-hexylfuran (#H26698; Alfa Aesar,

Ward Hill, MA, USA), and 2-heptylfuran (#A10604; Alfa

Aesar) were diluted in DMSO (#D2650). ATP (#A2383) was

diluted in distilled water, and LPS (#L2630) was diluted in

DMSO. Inhibitors of AC, PKA, ERK, Gbc, and PLC-b were

diluted with DMSO and used at the following concentrations:

50 lM for PD98059 (#PHZ1164; Thermo Fisher Scientific),

300 lM for SQ22536 (#568500; Calbiochem), 5 lM for U73122

(#662035; Calbiochem), 10 lM for H-89 (#tlrl-h89; InvivoGen,

San Diego, CA, USA), and 10 lM for gallein (#371709; Cal-

biochem). Cells were pretreated with each inhibitor for 1 h

prior to experiments.

Statistical analyses

All data are shown as means � SEM. Statistical signifi-

cance was determined by unpaired Student’s t-test for com-

parisons of repeated measurements and their respective

control values. Analyses were performed in the PRISM 5

Software (GraphPad Software, San Diego, CA, USA).
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