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%Zleamine 2,3-dioxygenase 1 (IDO1) is the first rate-limiting enzyme that metabo-
s tryptophan to the kynurenine pathway. Its activity is highly inducible by pro-
ammatory cytokines and correlates with the severity of major depressive disorder
DD). MicroRNAs (miRNAs) are involved in gene regulation and the development
of ropsychiatric disorders including MDD. However, the role of miRNAs in target-
ing in the pathophysiology of MDD is still unknown. In this study, we investi-
ted the role of novel miRNAs in the regulation of IDO1 activity and its effect on
polysaccharide (LPS)-induced depression-like behavior in mice. LPS up-regulated
miR-874-3p concomitantly with increase in IDO1 expression in the prefrontal cortex
(PFC), increase in i bility in the forced swimming test as depression-like behav-
jora ecrease inrgc;:motor activity as sickness behavior without motor dysfunc-
tion.ﬁ miR-874-3p increased in both neuron and microglia after LPS. lts mimic
nificantly suppressed LPS-induced IDO1 expression in the PFC. Infusion of IDO1
ibitar (1-methyl-I-tryptophan) and miR-874-3p into PFC prevented an increase in
mobility in the forced swimming test, but did not decrease in locomotor activity
induced by LPS. These results suggest that miR-874-3p may play an important role
in preventing the LPS-induced depression-like behavior through inhibition of IDO1
expression. This may also serve as a novel potential target molecule for the treatment

of MDD.
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Introduction

Major depressive di r (MDD) is a complex mood disorder in-
fluenced by various genetic and environmental factol affect
350 million people worldwide (Flint & Kendler, 2014;@

of the leading causes of morbidity, mortality, and burden of

care utilization (Benton et al., 2007 Murray & Lopez, 1996; e
etal., 2016). Althou y studies have tried to optimize the treat-
ment of MDD,aboum:)f patients do not respond to the curr
available treatments (Dwivedi, 2014; Fava & Davidson, 19?6].%
may be because of poor understanding of the pathophysiology of
MDD.

It is well established that the
inflammation and MDD. Multiple studies have shown that elevated
levels of pro-inflammatory cytokines—such as tumor necrosis fac-
tor (TNF}-w, interleukin (IL)-6, and IL-1p—are found in the blood
and mortern brain of patients with MDD (Maes et al., 1997;
Zou et al,, 2018), Furthermore, interferon (IFN)-u therapy has been

im a strong correlation between

shown to induce depressive symptoms in patients with hepatitis C
{Murakami et al.,, 2016)

Tryptophan (TRP)
precursor for the biosynthesis of the neurotransmitter sero-
tonin (Badawy, 2017). Diminishment of the serotonin pathway

an essential amino acid that acts as a

has been proposed as a pathophysiological mechanism of MDD
(Oxenkru 13), although the majority of available TRP is me-
tabotizedﬁugh the ky ine (KYN) pathway. Indoleamine-
2,3-dioxygenase 1 (IDO1) is one of the two enzymes (the other
is tryptophan 2,3-dioxygenase; TDO) metabolizing TRP through
the KYN path
cytokines (e.g., TNF-u, IL-1f, and IFN-a) and lipopolysaccharide

DO1 js induced by several pro-inflammatory

[LPS) (Fujigaki et al., 2017). Inflammatory conditions acceler-
ate the KYN pa . thus increasing the levels of neuroactive
metabolites like %mxykynur&nine (3-HK) and 3-hydroxy an-
thranilic 3-HAA) (Maes et al., 2011). These neuroactive me-
taboiitesﬂan important role in MDD pathophysiology (D r
et al., 2008; Fujigaki et al., 2017). Interestingly, increase inMi
activity has been positively correlated with scores for severe de-
pression (Brad t al., 2015). Reduced circulating TRP levels con-
comitant with las&-in KYN metabolites have been reported in
patients with MD jigaki et al., 2017; Savitz, 2017). In support
ml-mediated activation of the KYN pathway
by systemic LPS injection results in both anxiety and depres-
like behavior in mice (Salazar et al., 2012). More Emportﬁ,
e IDO1 inhibitor, 1-methyl-I-tryptophan (1-MT), reverses -
induced depression-like behavior (Lawson et al., 2013; O'Cannor,
et al, 2009). These data strongly suggest that IDO1 may be a use-
ful peutic target for MDD.

As a ort RNA molecules with an average of 22 nu-
cleotides thatg;laund in all eukaryotic cells (Bartel, 2004). They
are post-transcriptional regulators that bind to complementary
sequences on target mRMNA transcripts, usualiy@ting in trans-

of clinical studies,

lational repression or gene silencing. They thus play an important
rolein the regulation of target mRNA expression (Cai et al., 2009:

Schratt, 2009). MiRNAs araﬂéwhf expressed in neurons and mi-
croglia of the central nervous system (CNS) and modulate both
d immune functions (Brites & Fernandes, 2015). They
are also involved in the development of neur
including MDD (Dwivedi, 2014; Karthikeyan et al., 2016; Mouillet-
Richard et al., 2012; O'Connor et al., 2012). Recent preclinical
studies have demonstrated that miRNA could have therapeutic

neuron
chiatric disorders

potential for various CNS disorders, such as cognitive dysfunction
(Tang et al., 2019) and MDD (Deng et al., 2019). However, it re-
mains unclear whether the miRNAs inhibiting 1DO1 is useful ther-

api argets for MDD.

MS study, we aimed to identify n miRMNAs that inhibit
IDO1 activity and invesEa whether it ameliorates LPS=induced
depression-like behavior in mice.

2 | Materials and Methods

2.1 | Animals

Male C57BL/6J) mice (8 old; Research Resource ldentifiers,
RRID:IMSR_JAX:000664) were purchased from Japan SLC Inc.
(n = 214). Only maﬂllce were used to exclude any potential es-
trous cycle effects. This study was not pre-registered and no ran-
domization/blinding was performed. No exclusion criteria were
pre-determined, and no animals were excluded. Sample size foreach
experiment was determined based previous studies with the
relevant type of experiment (Miwa et al., 2011; Mouri et al,, 2018;
aer et al,, 2020), No sample size ¢
@e were housed in a plastic cage and maintained on a 12-hr lig
dark cycle (lights on at 8:00 a.m.) with food and water ad libitum.
experiments were carried out in accordance with the guidelines es-

ations were performed.

tablished by the Japanese Pharmacological Society and the Institute
for Experimental Animals at Fujita Health University. The protocols
were approved by the Ethics Committee of Animal Experiments at
the Institute for Experimental Animals at Fujita Health University
(Permit Number: AP16044),

2.2 | LPSinjection

LPS (ser

solved in

.coli 0127: B8, Cat# L3880; Sigma-Aldrich) was dis-
phate-buffered saline (PBES). The mice were intraperi-
toneally (i.p.) injected with LPS (0.5 mg/kg] 24 hr before behavioral
testi his dose was used according to previous publication shown
thatﬁ[ﬂ.s mg/kg; i.p.) induced depression-like behavior in the
forced swimming test (FST) (Yamawaki etal., 2018).

% | Behavioral tests

All behavioral tests were performed ?ween 10:00 a.m, and

6:00 p.m. To reduce the influence of the previous experiment, the
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sequence of behavioral te arranged in order of stress level
from low (open field testﬂﬂg&ld test [OFT]) to high (forced
swimming test: FST). The rotarod test performed separate
group of animals from the OFT and FST. Behavioral experiments
were carried out in a sound-attenuated and airregulated experi-
mental room, to which the mice were habituated for more than
2 hr.

ZPI Open-field test
il

OFT was performed as a inus report (Yamada et al., 2000) with
minor modifications. The open field consisted of a square area with
gray walls (42 x 42 x 40 cm) set in a dark, sound-attenuated room.
The floor of the gl was divided into nine identical squares with
a light (200 lux) ﬁiﬂn&d 100 cm above the center of the floor.
Each mouse was placed in one corner of the open field. The mice
were allowed to explore the environment freely for 5 minutes. The
time it took the mo move to @nother section Was reported as
its starting latencyLﬁma spent in the center of r zone and
the total distance traveled were measured using a nmemaze video

king system (Cat# 6000, Stoelting Co., Ltd.; RRID:SCR_014289).
% number of rearing ewents was also counted by images captured
on video.

2.?[ Forced swimming test

The FST was performed accord| the method outlined in previ-
ous report (Murai et al., 20_07].@: mouse placed in a trans-
parent glass cylinder (20 x 15 cm) that was filled with water to a
d by a
lamp placed above the apparatus (100 lux). The mouse was forced
to swim for & minutes. The duration of swimming was measured
using SCANET-40 (Cat# MV-40, MELQ Co., Ltd.). The immohil-
ity time was calculated in the last 5 min as follows: Immobility time
(s)= total time - swimming time.

depth of 13 em, at a temperature of 22 °C, and illumj

2.6 | Rotarod test

The rotarod test was performed according to the method out-
lined i vious report (lida et al., 1999) with minor modifica-
tions. ﬁ:)r functions of the mice were examined using
rotarod test (Cat# 47650; Muromachi Kikai Co., Ltd.). The
was performed by placing a mouse on a rotating treadmill drum
(3 cm diameter) with constant ill 1 ation of approximately
20 lux, and measuring how long the mouse was able to maintain
its balance on the treadmill. Four trials were conducted in which
the treadmill rotated at 12 rpm for a maximum of 120 seconds.
Each mouse's mean latency to fall was calculated and used in
subsequent analysis. To prevent experimental bias, a blinded ob-
server calculated the latency.

|ournal
r.

2.7 | Sample collection

The mice were deeply anesthetized with isoflurane (1 ml/ml; Cat#
095-06573; Wako Pure @hemical Co.) and transcardially perfused
with i Id PBS at 2, &, 12, and 24 hr after LPS injection. The
antireﬂw was quickly removed and chilled inice-cold saline. The
prefrolwortex (PFC) and hippocampus (HIP) were manually dis-
sected on ice-cold plates and then i
ice because these regions have been associated with the patho-
innon et al, 2009;
Treadway et al.,, 2015). Specifically, the enhanced inflammation,

iately frozen using dry
physiology and progression of MDD |

oxidative stress, and neurotransmitter disturbances (e.g., seroto-
nin, glutamate, gamma-aminobutyric acid) in PFC and HIP facilitate
the MDD progression and contri o further brain structural
decline as th mrase advances lMi'nes et al, 2018; Setiawan
et al,, 2015). Mmples were stored at =80°C until needed for
analysis.

2.8 | Quantitative real-time reverse transcription
PCR (qRT-PCR)

Total RNA was isolated using a NucleoSpin® RNA kit (Cat# U0955;
Takara) according to the manufacturer's instructions. All R
primers were purchased from Integrated DNA Tachnoiogies.ﬁt—
strand cDNA was synthesized using the ReverTra Ace gPCR RT
kit (Cat# FSQ-101; Toyobao). For quantitative PCR, SsoAdva ncﬂ
Universal Probes Supermix (Cat# 1725281, Bio-Rad) was used an
subjected to real-time PCR quantification using a Ste e Real-
Time PCR System (Cat# 4376357, Life Technologies). Quantitative
PCR analysis was performed using a StepOne analyzer (Cat#
4461357; Life Technologies; RRID:SCR_014281). The PCR reac-

imn program consisted of 40 cycles of 95°C for 30 seconds and
g“c for 1 minute. To discriminate specific amplification from
non-specific amplificatioameltlng curve analysis was performed
after each PCR reaction. f-actin was used as a housekeeping gene
to normalize all PCR data.

Quantitative PCR for miRNA was isolated using a NucleoSpin™
miRNA kit {Cat# U0971; Takara). All PCR primers were purchased
from Applied Biological Materials Inc.. First-strand cDNA was syn-
thesized using an miRNA cDNA synthesis kit (Applied Biological
Materials Inc.). For the quantitative PCR, SsoAdvanced ™ Universal
R"'g Green Supermix (Cat# 1725271; Bio-Rad) was used and then
subjected to real-time PCR quantificagimn using a StepOne™ Real-
Time PCR System (Life Technologies). The PCR cycle was as follows:
95°C for 10 min, 40 cycles of 95°C for 15 seconds, and 60°C for
1 minute. A melting curve analysis was performed at the end of each
experiment to verify that a single prod f primer pair was ampli-
fied. U6 small nuclear RNA (Ub snRNAL]gaj:used as a housekeeping
gene to normalize all PCR data.

Primers used in this study include: IDO1 ﬁ.PT.EB.Z?SAI?l?I,
IL-1p (Mm.PT.58.41616450), IL-6 (Mm.PT.58.10005566), TNF-u
(Mm.PT.58.12575861), p-actin (Mm.PT.39.2.22214843), Mmu-miR-
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203-3p (MPMO00983), Mmu-miR-384-3p (MPMO00461), Mmu-miR-
874-3p (MPM02237), Mmu-miR-381-3p (MPMO01286), U6 snRNA
(MPMO0002), and Universal 3' miRNA reverse primer (MPH00000).
Representative RT-PCR product bands are shown in Figure 51.

2.9 | Western blotting analysis
Western blotting wa
(Kunisawa et al.,, 2017). homogenized in an ice-cold
homogenization buffer (pH 7.4; mM Tris-HCI [pH 8.0] con-
taining 4 mM EGTA, 10 mM EDTA, 150 mM sodium dihydrogen
phosphate, and 1% protease inhibitor cocktail) (Cat# 162-26031;
Fujifilm Wako Pure Chemical @#g.) by sonication. After 15 minutes
of centrifugation at 15,300 g at 4°C, the protein concentration in

rformed as described previously

Issues

the supernatant was determined with Quick Start™ Bradford 1x
dye reagent (Cat# 5000205; Bio-Rad) and normalized to 2.0 pg/ulL.
Respemige protein samples were then electrophoresed on 10%
{w/v) -PAGE and subsequently transferred onto a 0.22 mm
PVD mbrane (Cat# GVWP04700; Millipore). The membranes

ﬂked with 5% skim milk in TBS 60 minutes at room
temperature (24°C) and probed with aﬁaw antibody at 4°C
overnight. Next, PVDF membranes were washed in TBST (three
times for 10 minutes) and incubated in the appropriate HRP-
conjugated secondary antibody for 2 hr at roo
The PVDF membranes were then washed again in

were

perature.
{3 times
for 10 minutes) and reacted with Immobilon Forte Western HRP
substrate (Cat# WBLUF0100; Millipore). Immunoreactive bands
were visuaj using ATTO LuminoGraphl (Cat# WSE-6100;
ATTO). Thegd intensities were a d using ImageJ software.
The primary antibodies used waregti—l[){)i (1:500; Ca
53978; Santa Cruz Biotechnology; RRID:AB_831071), mouse anti-
p-a :1000; Cat# A5441; Sigma-Aldrich, RRID:AB_4746744),
and mouse anti-TLR4 [1:1000; Cat# sc-293072; Santa Cruz
Biotechnology; {AB_10611320). The secondary antibodies
were diluted at 172000 for horseradish peroxidase-linked anti-
rat or anti-mouse IgG (Cat# NA935 and NA931; GE Healthcare,
RRID:AB_772207 and AB_772210).

2.10 | Mouse tissue preparation

For histological analysis, mice were deeply anesthetized with iso-
flurane (1 ml/ml, o Pure Chemical Co.). Once reflex responses
had disappeared, e were transcardially perfused with 4% pra-
formaldehyde in phosphate-buffered saline (PBS). Brains were
post-fixed in 4% paraformaldehyde overnight at 4°C. The post
fixed tissues were cryoprotected overnight in PBS containing
20% sucrose, embedded in OCT compcﬂd (Cat# 45833; Sakura
Finetechnical Co.), and cut into 20 pm sections using a cryostat
{Cat# Leica CM3050, RRID:SCR_016844) for in situ hybridization
and immunohistochemistry.

211 | Insitu hybridization

Digoxigenin (DIG)-labeled single-stranded riboprobes for miR-
8?4— were purchased from QIAGEN (Cat# YDO0616271-BCG).
The protocol for in situ hybridization was previously described
(Kunisawa et al., 2018). Briefly, the 20 pm sections were treated
with proteinase K {40 pg/ml for 30 min at room temperature: Cat#
1073%93; Millipore) and hybridized overnight at 50°C with DIG-
labeled antisense riboprobes in a hybridization solution consisting
of 40% formamide, 20 mM Tris-HCI (pH 7.5), 600 mM NaCl, 1 mM
EDTA, 10% dextran sulfate, 200 pg/mlL yeast tRNA, 1x Denhardt's
solution, and 0.25% SDS. The sections were washed three times in
1x SSC (150 mM NaCl and 15 mM sodium citrate) containing 50%
formamide at 50°C, followed by 0.1 M maleic buffer (pH 7.5) con-
taining 0.1% Tween 20 and 0.15 M NaCl. The bound DIG-labeled
probe was detected by owernight incubation with anti-DIG antibody
conjugated with alkaline phosphatase (Cat# 11093274910; Roche).
The probe was developed in a solution containing 4-nitro-blue tetra-
zolium chloride (NBT; Cat# 11383213001; Roche) and 5-bromo-4-
chloro-3-indolyl phosphate (BCIP; Cat# 11383221001 ; Roche) in the
dark at room temperature.

212 | Immunohistochemistry

Immunofluorescence staining %rmed as described previ-
ously (Kunisawa et al., 2018). Cryosections were immunostained
with a mouse anti-1DO1 antibody (1:500; Cat# MABF850; Millipore),
mouse anti-PCNA antibody (1:1000; MS-106-P; Thermo;
RRID:AB_64275), mouse anti-GFAP antibody (1:1000; Cat#
SAB5201104; Sigma-Aldrich; RRID:AB_2827276), rabbit anti-NeuN
antibodgsia1000; Cat# ab177487; Abcam; RRID: AB_2532109), rab-
hit anti- antibody (1:500; Cat# 019-1974 aka Pure Chemical
Co.; RRID:AB_839504), and rat anti-F4/80 antibody (1:500; Cat#
ab6640; Abcam; RRID:AB_1140040). The coronal sections bet
142 and 210 mm from bregma (Paxinos & Franklin, 2004) were
heated in agmicrowave in 10 mM citrate buffer (pH 6.0)up to 90°C for
g:er washing with PBS containing 0.3% Triton-X [PBST),
sections were blocked with 5% fetal bovil erum (Cat# 174012,
Nichirei Biscience Inc.) in PBST for 2 hr and then incubated with pri-
mary antibodies in PBST at 4°C overnight. After washing with PBST,
the sections were incubated with secongimry antibodies (1:2000;
Alexa488-conjugated goat anti-mouse IgG and Alexa568-conjugated
goat anti-rabbit IgG; Cat# A28175 and 011: Molecular Probes;
RRID:AB_2536161 and AB_143157) and jdgechst 33342 (0.1 ug/ml;
Cat# 346-07951; Dojindo; RRID:KUO39) for 3 hr at room tempera-
ture. Sections were then rinsed with PBST, mounted and covered with
glass coverslips, and then visualized under a Zeiss LSM-710FSX 100
confocal laser microscope (Olympus; RRID:SCR_018063). The im-

5 minutes.

@histochemical controls were performed as described above
ept for the omission of the primary antibodies. No positive im-

munostained cells were found in any of the controls.
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gctions used for 3,3'-diaminobenzidine (DAB) staining were
blocl with 5% fetal bowine serum (Cat# 174012; Nichirei Biscience
Inc.) in PBST for 1 hr, then incubated with mouse anti-MeuMN an-
tibo 1:1000; Cat# ab177487; Millipore; RRID:AB_2532109)
and rabbit anti-lbal antibody (1: : Cat# 019-19741; Wako Pure
Chemical Co., RRID:AB_839504) at 4°C overnight. After washing
with PBST, the sections were incubated with secondary antibod-
ies (1:400; biotinylated goat anti-mouse IgG and biotinylated goat
anti-rabbit 1gG; Cat# RPN1001 and RP 4, Vector Laboratories,
RRID:AB_1062579 and AB_iOéZSG?]E hr at room tempera-
ture. The sections were then incubated with avidin-biotin complex
(ABC) solution (horseradish peroxidase-streptavidin-biotin complex,
Vectastain ABC kit; Cat# PK-6100; Vector Laboratories) for 1 hr at
room temperature. The HRP signals were detected by DAB solution
With 0:03% H,0,.

The number and density of cells positive for immunoreactivities
were analyzed using Image) software. The average of at least three
slices in each mouse was calculated in a 360 pm x 260 pm prelimbic
area of the PFC and used for statistical analysis.

2.13 | Surgery and intracranial injections
The surgery was performed as described previously (Mouri
l., 2012). An miR-negative control (miR-NC; Cat# A07001) and
mi '4-3p mimic (Cat# AD3001) were purchased from GenePharma
co. Mice were anesthetized with a mixture of anesthetic, muscle
relaxant, analgesic and sedative such as medetomidine (0.3 mg/
kg; Domitor®; Nippon Zenyaku Kogyo), butorphanol (5.0 mg/
kg: Vetarphale®; Meiji Seika Pharma), and midazolam (4.0 mg/kg;
Midazolam Sandoz®:wdoz] to minimize the pain and reversed
by atipamezole (0.15 mg/kg; Antisedan®; Nippon Zenyaku o)
after completed the surgery. Stainless steel guide cannulas (9.7 mm,
0.4 mm inner diameter, 0.5 mm outer diameter; Cat# AG-5; Eicom)
were bilaterally Impiantﬁto the PFC. The coordinates were
+1.7 mm anterior and + 0.5 teral from the bregma, at a depth
of 1.5 mm from the skull. The guide cal were fixed using dental
cement (Cat# 2043101%94; Shofu Inc.). To seal the top of the guide
cannula and prevent tissue entry into the cannula, a dummy cannula
(0.3 mm in diameter; Cat¥# AD-6; Eicom) was left in place throughout
the experiment. Three days after recovery from surgery, mice were
injected with sterile endotoxin-free PBS (0.5 ul/site) or 1-methyl-l-
tryptophan (1-MT: 1 pg/ulL, 0.5 pl/site; Cat# 447439; Sigma-Aldrich)
for 1-MT experiment, and miR-NC (100 nM, 0.5 uL/site), or miR-
874- imic {100 nM, 0.5 uL/site) for miR-mimic experiment bilat-
erally using a 27-gauge infusion needle (1.0 mm longer than the guide
cannulas; Cat# 80300; Plastics One) connected to a 10 yl Hamilton
microsyringe at a rate of 0.1 pl/min. After the injection, the needle
was left in place for an additional 3 min before withdrawal. It is known
that miRNA mimics have high stability in vivo and can be applied for
microinjection (Krutzfeldt et al.,, 2005; Rupaimoole & Slack, 2017).
The OFT and FST were performed 24 hr after the infusion.

2.14 | Measurement of KYN
metabolites

The KYN ﬁaboll ere measured as described previously
(Tashiro etal., 201?]@:‘”’, KYlaynurenicacid (KA), anthranilic
acid (AA), and 3-HAA, the PFC was weighed and homogenized
(1:3, w/v) in 10% perchlor| id (Cat# 162-00715; Fujifilm Wako
Pure Chemical Co). After mixing, the precipitated proteins were
removed by centrifugation (13,000 rpm, 15 min). Fifty microliters
of the resulting supernatant were subjected to high-performance
ligu omatography (HPLC: Cat# SPD-M30A; SHIMADZU) anal-
ysis. TRP. KYN, KA, AA, and 3-HAA were isocratically eluted from
a reverse phase column (TSKgel ODS-100V, 3 pm, 4.6 mm (ID) x
15 cm (L); Cat# 0021829 Tosoh Co.) Using a mobile phase contain-
ing 10 mM sodium acetate and 2% acetonitrile (pH adjusted to 4.5
with acetic acid) at a flow rate of 0.8 mL/min. TRP and KYN
detected by ultra-violet and spectrophotometric apparatus H:
[UV wavelength, 2B0 nmiglYN (UV wavelength, 365 nm); Cat#
SPD-M30A; SHIMADZU). , 3-HAA, and KA were detected by
a fluorescent detector (AA and 3-HAA [excitation wavelength:
320 nm, emission wavelength: 420 nm], KA [excitation wave-
length: 344 nm, emission wavelength: 404 nm): Cat# RF-20A;
SHIMADZU). 5

For 3-HK, the PFC as weighed and homogenized (1:3, w/v)
WU% perchloric acid (Fujifilm Wako Pure Chemical Co.). After
mixing, the precipitated proteins were removed by centrifugation
(13,000 rpm, 15 min). Twenty microliters of the resilting super-
natant was applied ta a C18 octadecylsilyl [ﬁS) silica-gel column
(2.1 mm % 150 mm; Cat# SC-50DS; Eicomn) using a mobile phase
consisting of 5% acetonitrile, 0.9% trimethylamine, 0.59% phos-
phoric acid, 0.27 mM EDTA, 8.9 mM sodiuim heptane s,m'\ic acid,
and a flow rate of 0.5 mL/min. 3-HK was detected by an electro-
chemically detector (oxidation potential: +0.55 V; Cat# ECD-300;
Eicom).

2.15 | Data analyses

All istical analyses were performed using GraphPad Prism 6
Software (GraphPad Software Inc.). Significance w sessed
using t tests, or in the case of multiple comparisons, an analysis
of variance (ANOVA) with repeate asures. The Tukey-Kramer
test was used for post hoc ana!ysem

An assessment of the normality of the data prior to the statisti-

en Fratios were significant.

cal comparisons has not been carried out; however, this type of
analysis was resistant to deviations from the assumptions of the
traditional ordinary-least-squares ANOVA, and are robust to outli-
ers, thus being insensitive to distributional assumptions (such as
normality) (Huber, 1996). Data were not assessed for normality, and
no test for outliers was ducted. The criterion for a significant
difference was p < .05 all statistical evaluations. All data are

expressed as mean + SEM.
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3.1 | LPS triggers the development of depression-
like and sickness behaviors

We induced acute depression-like symptom in mouse with intra-
peritoneal injection of LPS as described by Yamawaki et al. (2018).
Mice were subjected to behavioral tests to investigate whether
LPS-induced depression-like behavior 24 hr after injection. LPS sig-
Wiantly increased mouse immobility during the FST (Figure 1a;
udent's t test, t = 3. f= 18, **p < .01). Since LPS induces
sickness behaviar, such as a decrease in body weight and loco,
tor activity (Dantzer &t al., 2008), mice were weighed before @
24 hr afta 160 LPS injection. LPS significantly decreased body
weight in mice compared to mice in the PBS group (Figure 1b;

o—way ANOVA followed by Tukey's multiple comparison mtime
[F1,36) = 3.564, p = .0671], treatment [F(1,36) = 35.01, *"p < .01],
time x treatment [F(1,36) = 40.89, *"p < .01]). During the OFT, LPS
significantly de
test, t = 5.594,
haviors (Figure 1d;

d locomotor activity (Figure 1c; Student's t

. “'p < .01) and the number of rearing be-
ﬂent's t test, t = 4.373, df = 18, **p < .01).
LPS

udent's

However, there was no change in either index of anxi
group compared to PBS group: starting latency (Figure le;
ttest t = 0.6089, 8f = p = .55) or time spent in the center or

gdent's t test, center [t = 1.189, df = 18,
p = .25], corner [t = 0.3833, df = 18, p = .76]). A rotarod test was
performed to investigate whether these LPS-induced behavioral

corner zone (Figure 1f;

changes were because of motor dysfunction. There was no dif-
ference observed in the duration uﬁintained balance between
the LPS and PBS groups (Figure 1g; -way ANOVA followed by

(a) (B) 24 hr post-injection (e
—.300- 30+ i
- o [ PES
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m URE 1 LPS triggers the development of depressic@ nd sickness behavior. (a) The FST was performed 24 hr after LPS inj
(Student'sttest, **p < .01;n = 8-12 mice in each group). (b) Body weight was measured before and 24 hr after LPS injection (two-way ANOVA
followed by Tukey's mul‘tipie.corrﬂrison test, time [p > .05], treatment [**p < .01], time x treatment [**p < .01];n = 8-12 mice in each group).
(c-f) The OFT was performed 24 hr after LPS injection (n = 8-12 mice in each group). All dare analyzed with Student'sttest showing

distance traveled (c,"*p < .01), rearing counts (d, **p < .01), starting lcy le,p = .05), and time spent in the center and co
(f, center [p > .05], corner [p > .05];n = 8-12 mice in each group). (g) Rotarod test was performed 24 hr after LPS in

r of the zone
n (two-way ANOVA

followed by Tukey's multiple comparison test, session [**p < .01], treatment [p > .05], session x treatment [p > .05];n = 8-10 mice in each

group). All dataare expressed as mean + SEM
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Ekey's multiple comparison test, session [F(3,64) = 4.929,**p < .01],
treatment [F(1,64) = 0.04569, p = .8314], session x treatment
[F(3,64) = 0.5570, p = .6453]). These results suggest that acute LPS
injection induces depression-like behavior and sickness behavior in

mice without inducing anxiety or motor dysfunction.

3.2 | LPS up-regulates IDO1 expression in the PFC,
but not in the HIP

IDO1 is essential for LPS-Enduced%ﬁl jon-like behavior in mice
{O'Connor, et al., 2009). The increase in pro-inflammatory cytokines
¥l e brain contributes to IDO1 up-regulation (Jo et al,, 2015). The
increased expression of pro-inflammatory cytokines such as ILAp
and TNF-w in the PFC and HIP were observed after LPS injection

—
o
—

IDO1i-sctin relative to cantrol)

(a)

02 [} 12
L}
vV

sampiing sampling  sampling

B oo Mo R ow

—
=

FIGURE 2 LPSup-regulates IDO1 expression in

IDO1 were measured in the PFC (b) and HIP (c) at 2, &, 12, and 24 hr after LPS injection by gRT-
FC [**p < .01], HIP [**p < .01]:n = 7-10 mice in each Fp]. (d, &) The protein levels of IDO1 were measured in the
Wi

multiple comparison te

PFC (d) and HIP (e} at 2, &, 12, and 24 hr after LPS iniecty western blotting

DO 1 mRNA in PFC

umber of IDO1NEUN
prekithvn el (18 )

Neurochemistry VA |
(Figures 52a,b,d e; Student's t test, IL-1p in PFC [t = 11.32, df = 18,
**n < .01], TNF-a in PFC [t = 9.363, df = 18, "p < .01], IL-1p in HIP
[t = 13.96, df = 18, *p < .01], TNF-a in HIP [t = 15.24, df = 18,
**p < 01]), but that of IL-6 was significantly decreased only in
the PFC by gqRT-PCR (Figures S2c f; Student's t test, IL-6 in PFC
[t=2.752 df =18,’p < .05], IL-6 InHIP [t = 1.356, df = 18,p = .19]).
To further investigate whether LPS-induced depres ke behawv-
jor is related to up-regulation of IDO1 in the brain.mxpression
of IDO1 mRMNA and protein was examined jn the mouse PFC and
HIP by gRT-PCR an estern blotting, respectively. Tissue samples
were collected at 2.@12. and 24 hr after LPS injection (Figure
The mRMNA level of IDO1 was up-regulated ina: PFC between ;ﬁ
and 24 hr after LPS injection (Figure 2b; two-way ANOVA followed
ukey's multiple comparison test, F(3,55) = 15.34, **p < .01).
ﬁi mRMNA levels in the HIP were up-regulated only & hr after LPS

(c)

100 1 mAMNA in HIF

DO -actin {redative to contral)

100 1 protein In HIP

D PBS

wo-way ANOVA followed by Tukey's

PFC, but not in the HIP. (a) Experimentaé?urse. (b, cl | he mRMNA levels of

o-way ANOVA followed by Tukey's multiple comparison

test, PFC [*"p < .01], HIP [p > .05];n = 7-10 mice in each group). Data are normalized to the expression levels in the PBS p. {f) Schematic
illustration showing the PFC section that was included in this analysis [Reded lines). (g, h) Representative images of ble staining with
anti-1DO1 (green) and anti-NeuN (g, red) or anti-lbal (h, red)in the PFC 24 hr after LPS injection, Scale bar: 100 pm. (i) IDO1 signal intensity
and (j) NeuN-positive cells measured in the PFC (Student'sttest, IDO1 signal intensity [*p < .05], NeuN-positive cells [p > .05];n =4-5
mice in each group). (k) The number of IDO1/MNeuN double-positive cells was guantified in the PFC (Student'sttest,p > .05;n = 4-5 mice

in each group). (1) IDO1 signal intensity and (m) Ibalfve cells were measured in the PFC (Student'sttest, IDO1 ['p < .05], Ibal-positive
cells [** 1];n = 4-5 mice in each group). (n) The number of IDO1/lbal do positive cells was quantified in the PFC (Student'sttest,

*p < 05;n = 4-5 mice in each group). The data are expressed as mean + SEM. Cg, cingulate cortex; PrL, prelimbic cortex; IL, infralimbic
cortex
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FIGURE 3 LPS transiently Encreasesmexpression of miR-874-3p in the PFC, and its over-expression down-regulates IDO1 protein level.
(a) Predicted regulatory miRMNAs to IDO1. The left middle panel represents the intersection of the three databases. The numbers in the panel
indicate candidate miRNAs in each base. Four miRNAs that have a high probability ﬁgu[ating IDO1 expression are shown in the right
box. (b) Se ce alignment of the miR-203-3p, miR-384-3p, '4-3p, and miR-381-3p base-pairing site in the 3' UTR of IDO1 m

in mice. [c—ﬁa expression Is of miR-203-3p (c), miR-384-3p [d), and miR-874-3p (e) of the PFC were analyzed by gRT-PCR at 2, 6, 12,
and 24 hr after LPS injec tion (two-way ANOVA followed by Tukey's multiple comparison test, miR-203-3p [p > .05], miR-384-3p [p > @
miR-874-3p [**p < .01];n = 5-8 mice in each group). (f) Representative images ofin situhybridization for miR-874-3p (blue) inthe PFC & hr
after LPS injection. Scale bar: 100 pm. (g) Double staining byin situhybridization for miR-874-3p (blue) and immunostaining with anti-NeuN
[brown]ti—lbai {brown) in the PFC 6 hr after LPS injection. Arrowheads indicate double-positive cells for both miR-874-3p and NeulN

or Ibal. Scale bar: 50 pm. (h) The percentagsﬂqiﬁ—ﬁ?qv-@p-positive cells expressing neuron or microglia marker was quantified in the PFC
(Student'sttest, NeuN [**p < .01], Ibal [*p < 05];n = 3 mice in e roup). (i) The experimental time course. (j) The prdfilin level of IDO1
were examined in the PFC 24 hr after LPS injection followed by mik-874-3p mimic microinjection by western blottingﬂowway AN
followed by Tukey's multiple comparison test, treatment [p > .05], microinjection [p > .05], treatment with microinjection [**p < .01in= 6-7
mice in each group). The data are expressed as mean + SEM. NC, miR-negative control

injection (Figure 2c; twcry ANOVA followed by Tukey's multiple

parison test, F(3,49) = 5.197, *"p < .01). Moreover, the IDO1
protein level in PFC was up-regulated 24 hr after LPS injection
(Figure 2d; two—%y ANOVA followed by Tukey's multiple compari-
son test, F(3,49) = 3.880, *“p < .01). However, the IDO1 protein level
inthe HIP was the same at all timepoints for the LPS and PBS groups

(Figure 2e; two—y ANOVA followed by Tukey's multiple compari-
son test, F(3,48) = 0.1675, p = .9178). To confirm this result, the lo-
calization of IDO1 was determined by double immunostaining with
IDO1 and NeuN (neuronal marker) or lbal (microglia marker) in the
PFC (Figure 2f-h). Quantification data showed that IDO1 intensity
was significantly higher in the IDO1/NeuN-stained samples in the
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roup (Figure 2i; Student's t test, t = 3.023, df = 6, "p < 05).
@iff&r&nces e observed in the number of MeuN-positive
cells (Figure 2j; Student’s t test, t = 0.5335, df = 6, p = .6129) or
IDO1/NeulN-double-positive cells between the LPS and PBS groups
(Figure 2k; Student's t test, t = 1.964, df = 6, p = .0972). Similarly,
the intensity of IDO1 was highgmgin the IDO1/Ibal-stained sam-
ples in the LPS-group (Figure 2I; Student's ¢ test, t =3 df =7,
‘p = .05). The numbers of Ibal-positive cells (Figure Zm:mdent'st
test, t= 4. df=7,**p < .01} and IDO1/Ibal-double-positive cells
{Figure 2n; Student'sttest, t = 2.716 df = 7, *p < .05) were also signif-
ification of Ibal and PCNA
(proliferation cell marker)-double-pos cells was significantly
higher i the LPS-group (Figure S3a,d; Student's t test, t = 18.51,
df =7, **p < .01). Co-localization of LPS-induced Ibal-positive cells
with GFAP (astrocyte marker) and F4/80 (macrophage marker)-posi-

icantly increased in the LPS group.

tive cells was not observed (Figure 53b,c). This suggested that these
Ibal-positive cells reflect the microglial proliferation rather than the
migration of macrophages and other cell types. These results pro-
posed that LPS-induced depression-like behavior is likely related to
up-regulation of IDO1 in both the neurons and microglia of the PFC.

3.3 | LPStransiently increasesma expression of
miR-874-3p in the PFC, and its over-expression down-
regulates IDO1 protein level

MIRNAs regulate protein expression by targeting mRNA and may
serve as a potenti apeutic target (O'Connor et al., 2012). Toin-
vestigate whether miRN As are involved in the regulation of IDO1 ex-
pression, e databases were employed to determine the candidate
miRNAs.ﬂ)talof 85 potential regulatory miRNAs were predicted
from the miRmap, 65 from T, Scan, and four from the microRNA.
org database. Four miRNAsﬁ&ﬂaﬁp, miR-384-3p, miR-874-3p,
and miR-381-8p) were chosen for their high exact probability by
Venn diagram analysis (Figure 3a). The interactions of IDO1 mR|
at the 3' UTR are shown in Figure 3b. gRT-PCR was performed fo
confirm which miRNAs are important for LPS-induced up-regulation
of IDO1 in the PFC. Among the miRNAs, miR g#l-3p was not de-
tectable in either the LPS or PBS groups. Theression levels of
miR-203-3p and miR-384-3p did not differ at timepoint between
the LPS and PBS groups (Figures 3c,d; two-way ANOVA followed
by Tukey's multiple comparison test, miR-203-3p [F(3,37) = 0.735,
378], miR-384-3p [F(3,46) = 0.6642, p = .5783]). Importantly,
prressbn level of miR-874-3p was gignificantly up-regulated
6 hr after LPS injection (Figure 3e; two-way ANOVA followed by
Tukey's multiple comparison test, F[3,40) = 10.30, **p < 01). The
increase in miR-874-3p expression after LPS injection was further
confirmed by in situ hybridization (Figure 3f). The increase in miR-
874-3p was observed in both MeuN- and Ibal-positive cells after LPS
injection by double labeling of miR-874-3p and NeuN or Ibal by in
hybridization and immunostaining, respectively (Figures 3g.h;
Student's t test, NeuN [t = 9, df =4, *"p < 01], Ibal [t = 4.594,
df =4, *p < .05]). Altogether, miR-874-3p may play an important role

in duced up-regulation of IDO1 i PFC. To further confirm
itsmmhe regulation of IDO1 lew[sm were injected with LPS
(0.5 mg/kg) and then immediately infused miR-NC or 74-3p
mimicinto the PFC (Figure 3iand Figure S4a). MiR-874-3p prevented
the increase in IDO1 mRMA and protein levels in the PFC 24 hr after
LPS injection as seen by q@#-PCR and western blotting, respec-
tively (Figure 53] and S4b; two-way ANOVA followed by Tukey's
multiple comparison test, IDO1 mRNA (treatment [F{1,26) = 28.33,
**p < .01], microinjection [F(1,26) = 8.624, **p < .01], treatment
with microinjection [F(1,26) = 4.474, *p < 05]; ID rotein (treat-
ment [F(1,21) = 1.445 p = .2427], microinjectbn{ﬁ:‘{i] = 2.664,

176], treatment with microinjection [F(1,21) = 8.067, **p < .01]).
%k& receptor 4 (TLR4) is known as an LPS receptar and induces
pro-inflammatory cytokines (De Paola et al,, 2012). To exangss the
potential off-target effects of miR-874-3p, we measured the expres-
sion of ‘Im and pro-inflammatory cytokines. MiR-874-3p failed
to affect pression of TLR4, IL-1f, TNF-u, and IL-6 in the PFC
(Figure Ssm\uay ANOVA followed by Tukey's multiple compari-
son test, TLR4 (treatment [F(1,28) = 0.1314, p = .7197], microinjec-
tion [F(1,28) = 0.8784, p = .3566], treatment with microinjection
[F(1,28) = 0.3011, p = .3f@mM), IL-1p (treatment [F(1,26) = 1812,
“*p < .01], microinjection 28] = 0.2110, p = .6498], treatment
with njection [Fl1,26) = 6915 ‘p < .05]), TNF-a (treat-
ment [F{1.26) = 31.06, **p < 01], microinjection [F(1,26) = 2.847,
p = .1035], trea t with microinjection [F(1,26) = 0.0000677,
p=.99 IL-6 Mmem [F(1,28) = 0.06351, p = .8030], microin-
jection Mm} =0.1989, p = .6593], treatment with microinjection
[F{1,26) = 2.806, p = .1059]). These results suggest that miR-874-3p
regulates IDO1 protein levels after LPS injection.

3.4 | Microinjection of 1-MT or miR-874-3p mimic
into the PFC improves LPS-induced depression-
like behavior

It has been suggeste at miRNAs are novel targets of thera-
peutic strategies for %ression—like behavior in animal models
(Deng et al., 2019; Lopizzo et al., 2019; O'Connor et al., 2012).
Therefore, we speculated that the inhibitio IDO1 in the PFC by
miR-874-3p mimic might have a preventivagect S-induced
depression-like behavior in mice. First, we infusedﬁl‘.a patent
IDO1 antagonist, into the PFC of the LPS group and subjected the
mouse to OFT and FST 24 hr after th
Intra-PFC infusion of 1-MT prevented increase in immobility
inthe FST of the LPS group (Figure 4b; two-way ANOVA followed
by Tukey's multiple comparison test, treatment [F(1,35) = 3.429,
p = .0725], microinjection [F(1,35) = 7.136, p = .0114], treat
ment with microinjection [F{1,35) = 4.415, *p < .05]). However,
1-MT failegmto prevent the decrease in distance traveled
(Figure 4c; go-wa\; ANOVA followed by Tukey's multiple com-
parison test, treatment [F(1,35) = 15.26, **p < .01], microinjec-
tion [F(1,35) = 1.137, p = .2935], treatment with microinjection
[F{1,35) = 0.04056, "p < .05]) and number of rearing behaviors in

S injection (Figure 4a).
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FIGURE 4 Microinjectioﬁl—MT or miR-874-3p mimic into the PFC improves LPS-induced depression-like behavior. (a) T

microinjection time course.

-MT
he FST was performed 24 hr after LPS injection followed by 1-MT microinjection into the PFCEO—

way ANOVA followed by Tukey's multiple comparison test, treatment [p > .05], microinjection [p > .05], treatment with microinjection
[*p <@EN:n = 7-13 mice in each group). (c-d) The OFT was performed 24 hr after LPS injection followed by 1-MT microinjection into
PFC (two-way ANOVA followed by Tukey's mle comparison test showing distance traveled (c) (treatment [**p < .01], microinjection

[p > .05], treatment with microinjacm [*p < 05in=7-13 mice ineach group) and rearing (d) (treatment [**p < .01], microinjection [p = .05],
treatment with microinjection [p > .05];n = 7-13 mice in each group). (e) The miR-874-3p micrfifljection time course. (f) The FST was
performed 24 hr after LPS injection followed by miR-874-3p mimic microinjection in the PFC &o—way ANOVA followed by Tukey's multiple
comparison test, treatment [*p < .05], microinjection [*p < .05 atment with microinjection [*p < 05;n = mice in each group). (g-h)
The OFT was performed 24 hr after LPS injection followed by mik-874-3p mimic microinjection into the PFCﬁ-\Nay ANOVA followed by
Tukey's multiple comparison test showing distance traveled (g) (treatment [**p < .01], microinjection [p > 05], treatment with microf§lstion
[p = 05]:n = 6-10 mice each) and rearing (h) (treatment [**p < .01], microinjection [*p < .05], treatment with microinjection [p = .05];n = 6-10
mice in each group). The data are expressed as mean + SEM. 1-MT, 1-methyl-I-tryptophan; NC, miR-negative control

the OFT (Figure 4d; two-way ANOVA followed by Tukey's multiple

m-BMvap ifithe PFC of the LPS group (Figure 3j). In asimilar way,
comparison test, treatment [F(1,35) = 64.95, **p < .01], microin- e

miR-874-3p mimic was infused into the PFC of the LPS group

jection [F(1,35) = 3.230, p = .0809], treatment with microinjec-
tion [FI1,35) = 0.0002297, p = .9880]). In a separaﬁeriment,

the increase in IDO1 level was inhibited by over ssion of

and P ducted OFT and FST 24 hr later (Figure 4e). Interestingly,
the Increase in immobility in the FST of the LPS group was also
prevented by the miR-874-3p mimic infusion (Figure 4f; two-way
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OVA followed by Tukey's multiple compa test, treat
ment [F(1,34) = 6.246, "p < .05], microinjectionﬁ?ﬂl} = 7146,
B < .05], treatment with microinjection [F(1,34) = 4.176,
*p < .05]). In contrast, similar to the results of 1-MT, the miR-
874-3p mimic infusion failg®h to prevent the decrease in the dis-
tance traveled (Figure 4g;Eo—way ANOVA followed by Tukey's
multiple comparison test, treatment [F{1,32) = 33.22, *"p < .01],
microinjection [F{1,32) = 0.004486, p = .9470], treatment with
microinjection [F(1,32) = 19, p = .7401]) and number of rear-
E&way ANOVA followed by Tukey's
50.80, **p < .01], mi-
croinjection [F(1,32) = 4.879, *p < .05], treatment wi icroin-
jection [F(1,32) = 0.0005185, p = .9820] in the OFT.#
no difference observed in the time spent of the center or cor-
ner . after 1-MT and miR-874-3p mimic infusion (Figure S6;
two-way ANOVA followed by Tukey's multiple comparison test,
center wi MT (treatment [F(1,35) = 1.994, p = .1668], micro-
injection ﬂ:ﬁ] = 6.214, *p < 05], treatment x microinjection
[F(1,35) = 0.0003981, p = .9842]), corner with 1-MT (treatment
[F(1,32) = 2.597, p = .1169], microinjection [F(1,32) = 0.3040,
p = .5852], = 0.6193,
p = .4371], center with miR-873-3p (treatment 32) = 1.295,
= .2635], microinjection [F(1,32) = 0.5918, p = .5918], treat-
ment = microinjection [F(1,32) = 0.08%959, p = .7664]), corner
with miR-873-3p (treatment [F(1,35) = 1.721, p = .1981], micro-
injection [F{1,35) = 3.445, p = .0719], treatment x microinjection
[F(1,35) = 0.01696, p = .8971]). Collectively, these data su t
that microinjection of miR-874-3p into the PFC prevantsm
induced depression-like behavior, but not sickness behavior,

ing behaviors (Figure 4h;
multiple comparison, treatment [F(1,32) =

ere was

treatment x microinjection [F(

through suppression of IDO1 activity.

3.5 | Microinjection of miR-874-3p mimic into the
PFC improves the levels of 3-HAA

IDO1-mediated activation of KYN pathway is related to ssive-
like symptoms in mice (0'Connor, et al., 2009). To further investy

the effects of miR-874-3p on the KYN pathway, we infused anm
B74-3p mimic into the PFC of th group and measured the con-
centrations of KYN metabolites LKYN, 3-HK, KA, 3-HAA, and
AA; Figure 5a) in the PFC by HPLC. Among the KYN metabolites, KA
was not detectablein eithert S or LPS groups. Compared to the
PBS group, the levels of KYNHK, and 3-HAA but not TRPo

were significantly increased in the LPS group (Figure 5b-f; two-way
ANOVA followed by Tukey's multiple comparison test, TRP (treat-
ment [F(1,28) = 9573, **p < .01], microinjection [F{1,28) = 0.6610,
p = .4231], treatment with microinjection [F(1,28) = 2.298,
p = .1407]), KYN (treatment [F(1,28) = 70.45, **p < .01], microin-
jection [F(1,28) = 0.2079, p = .6519], treatment with microinjection

[F(1,28) = 0.6644, p = .4214]), 3-HK (treatment [F(1,28) = 112.0,
“*p < .01], microinjection [F(1,28) = 01279, p = .7233], tment
with microinjection [F(1,28) = 1.128, p = .2973], 3-HAA (treatment

[F(1,28) =121.9, **p < .01], microinjection [F(1,28) = 22.87, *'p < .01],

treatment with microinjection [F(1,28) = 28.59, **p < .01], AA (treat-
ment [F(1,28) = 10.22, *"p < .01], microinjection [F(1,28) = 0.2287,
p = .6362], treatment with microinjection [F1,28) = 0.2287,
p = .6362])). The miR-874-3p mimic potently reduced 3-HAA levels
(Figure 5e), whereas KYN and
to miR-NC group (Figure 5c,d
cial effect of miR-874-3p on -induced depression-like behavior
may be associated with reduced 3-HAA levels.

K remained unchanged compared
e results suggest that the benefi-

4 | Discussion

|n His study, we showed that LPS-induced depression-like behav-
in IDO1 expression in the PFC. Our data
confirmed that IDO1 is an important regulator of depression-like

ior was related to inc
behavior jmeluced by LPS, since pharmacological inhibition of IDO1
by 1-MT protected mice from LPS-induced depression-like behav-
jor. Furthermore, microinjection of miR-874-3p into the PFC also
reversed depression-like behavior through a decreas 01 pro-
nature of
the acute inflammatory stimulus that caused inflammation-induced

tein levels. The limitation of our study is be of

depression. LPS-induced depression-like behavior recapitulates the
main features of inflammation-induced depres ut lacks the
chronicity that is characteristic of MDD. In fact, the expression of

miR-874-3p was changed in the mice exposed to chronic social de-

feated stress (unpublished data). Although further validat ing

other depression models is needed, this is the first report to provide

new insight for miRNA-874-3p as a potential therapeutic target for

MDD.

In a previous study, mice igjemted with LPS were originally de-
veloped as an animal model forﬁness behavior characterized
decrease in body weight, food intake, and exploratory activity.@
behavior resulted from the production of pro-inflammatory cyto-
kines in the periphery and brain (Dantzer et al., 2008).
that the direct inhibition of IDO1 in the PFC suppressed the increase
in immobility in the FST, but not the decrease in open-field activity,
in the LPS grou se data suggest that IDO1 selectively related
to inflammation-in depression-like behavior, but not anxiety
or sickness behavior! finding is consistent with ious study
that showed a different pathogenesis of sickness and depression-like
behavior after LPS injection (O'Connor, et al., 2009).

Previous reports have indicated that change in miRNA levels in
the may significantly contribute to the development of depres-
sionEnimai models (Deng et al., 2019; Lo lacono et al., 2019; Lou
etal., 20 sing Venn diagram analysis from three databases, we
Edentifiemzoaap. miR-384-3p, miR-874-3p, and miR-381-
the regulator of IDO1 expression at the 3' UTR. Among themm
B74-3p was significa

ound

p-regulated after LPS injection. However,
there are no reports
of MDD. In same cancers, miK-874-3p can act as a tumor suppres-
sor (Han et al 6). Importantly, other studies have indicated that

of miR-874-3p in the pathogenesis

up-regulated mik-874-3p increases proliferation and suppresses

apoptosis of neurons by inhibiting an apoptotic pathway in cerebral
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ischemia models (Jiang et al., IDO1 is elevated in mice with ce-
rebral ischemia and corre!atemincraased risk of death (Jackman
et al., 2011). IDO1-deri YN metabolites can promote apoptosis
in some types of cells ma and in viva (Morita et al., 2001). We
found that IDO1 was gulated in the PFC after LPS injection.
Microinjection of miR-8/4-8p into the PFC down-regulates LPS-
induced IDO1 expression and prevents the LPS-ini increase in
immobility in the FST. These results suggest thatﬁﬁ?‘lﬁp also
exerted protective roles against LPS-induced depression-like behav-
iar ppressing an apoptotic pathway via IDO1 inhibition.
@waii krnown that LPS-induced inflammatory response in the
CNS is, nd on TLR4 (Singhal & Baune, 2017; Walter et al., 2007).
TLR4 gxpressed in both microglia and neuron (De Paola
et al., 2012) and j
the cells (Leitner

ed in the proliferation and differentiation of
al., 2019; Rolls &t al.,, 2007). We demonstrated
that an increase in lbal-positive cells after LPS injection reflects the
microglial proliferation rather than the migration of macrophage and
other cell types. Our results suggest that the microglial proliferation
was increased because of TLR4 activation in the LPS-treated mice.
Furthermore, we found that IDO1 and miR-874-3p express not only
in microglia but also in neuron after LPS injection. Although the pre-
r, itis possible that IDO1,
localized to the neurons, contributes to development of depres-
sion-like b@mvior. Further studies on IDO1 deficiency in a specific
cellsubset will provide im portant insights into the role of IDO1in the
pathogenesis of MDD.

cise molecular mechanisms are not yi

During inflammation, IDO1 and TDO are the major enzymes
that metabolizes TRP in the KYN pathway (Fujigaki et al., 2017).
The increase in 1D nzymatic activity is correlated with inflam-
mation-associated (gpression (Dantzer et al, 2008; Murakami
yﬁ 2016). We demonstrated that microinjection of 1-MT into PFC
could partially reverse LPS-indugmiadepressive-like states in mice.
The behavioral effects of 1-MT could not be explained by the in-
hibition 6f the TDO &s 1-MT een shown to specifically act on
IDO1 (O'Connor, et al., 2009). These findings suggest that 1DO1 ac-
tivation is an important feature of depressive-like states induced by
inflammatory processes. Preclinical, in vitro, and postmortem data

demonstrated that elevation of KYM metabolites levels is also
Eciated with neuronal damage and/or suppression of neurogene-
sis (Fischer et al., 2015). We demonstrated that LPS disturbed KYN
metabolites in th C. LPS did not affect the TRP and AA levels;
meanwhile, KYN,ﬁK. and 3-HAA were increased in LSP-injected
mice. Of note, miR-874-3p strongly inhibits LP, uced 3-HAA,
whereas no difference was abserved in KYN and 3-HK levels. It has
beegnizad that 3-HAA generates the potent oxidative spe-
cies superoxide (O, ), hydroxyl radical (HO') and hydrogen peroxide
(H,0,), which frequently contribute to incre apoptosis (Smith
et al., 2009). In line with these data, S—HAA%md neuronal cell
death with apoptotic features following generation of ROSin primary
neurons (Stone & Darlington, 2002). Recent studi ve identified
neuronal apoptosis and reduced volume of frontal Cortex in patients
with MDD (L sen et al, 2001; McKernan et al., 2009; Shelton
et al., 2011). ough additional experiments were necessary to

changes, 3-HAA may be responsible for LPS-induced depression-like

behavior, Aside from IDO, these data suggested that other rate lim-
iting enzy r downstream KYN metabolites were also responsi-
ble for LP:ﬁced depression-like behavior. In fact, LPS increased
the expression of kynrenine-3-monooxy-genase (KMO), and IDO1
was observed in the rats after systemic administration (Connor
etal., 2008).

In summary, our data indicated two findings. First, LPS-induced
depression-like behavior is related to an increase in IDO1 expres-
sion in the PFC. Second, IDO1 inhibition by miR-874-3p or IDO1
antagonist via igéms-PFC infusions can reverse depression-like be-
havior in mice.@ data implicate IDO1 in the PFC as an import-

omponent of LPS-induced depression-like behavior. Moreover,
mik-874-3p exerted antidepressant-like effect down-regu-
lating IDO1 in the PFC. These findings suggest that miR-874-3p
may suppress the pathophysiology of MDD by inhibiting IDO1 ex-
pression. The beneficial effects of miR-874-3p were might be the
consequence of suppressed LPS-gumimced 3-HAA levels. Our study
provides the firstinsight into miRﬁSp asa novel potential thera-
peutic target for MDD.
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