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Hippocampal CysLT,;R knockdown or blockade
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Abstract

Evidence suggests that neuroinflammation is involved in depression and that the cysteinyl leukotriene receptor 1 (CysLT,R) plays a
potential pathophysiological role in several types of CNS disorders. Our previous study has shown that knockdown of hippocampal
CysLT,R in mice prevents the depressive-like phenotype and neuroinflammation induced by chronic mild stress (CMS). Here, we
examined the effects of hippocampal CysLT,R knockdown and CysLT,R blockade on LPS-induced depressive-like behavior in mice.
We found that injection of LPS (0.5 mg/kg, ip) caused marked increase in hippocampal CysLT,R expression, which was reversed by
pretreatment with fluoxetine (20 mg-kgl-d'1 for 7 d, ig). Knockdown of hippocampal CysLT,R or blockade of CysLT,R by pretreatment
with pranlukast (0.5 mg/kg, ip) significantly suppressed LPS-induced depressive behaviors, as evidenced by decreases in mouse
immobility time in the forced swimming test (FST) and tail suspension test (TST) and latency to feed in the novelty-suppressed feeding
(NSF) test. Moreover, both CysLT,R knockdown and CysLT,R blockade markedly prevented LPS-induced neuroinflammation, as shown
by the suppressed activation of microglia and NF-«kB signaling as well as the hippocampal levels of TNF-a and IL-13 in mice. Our results
suggest that CysLT;R may be involved in LPS-induced depressive-like behaviors and neuroinflammation, and that downregulation

of CysLT,R could be a novel and potential therapeutic strategy for the treatment of depression, at least partially due to its role in

neuroinflammation.
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Introduction

Depression, a common multi-causal psychiatric disorder and
a significant contributor to the social burden of disease, is
characterized by a lack of interest, enduring sadness, sleep
disturbances, poor concentration and suicidal tendencym. The
accepted monoamine-deficiency theory represents an impor-
tant aspect of depression pathophysiology. However, only
30% of depressive patients achieve full remission (Hamilton
rating score <7), and a considerable proportion of them fail to
respond to the antidepressants that are based on the mono-
aminergic system!
on the understandings of the pathophysiological mechanisms

. Therefore, developing new targets based

is urgently required for the study of novel antidepressants.
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Accumulating data have revealed that neuroinflammatory
responses play a vital role in the pathogenesis of depression.
Patients with depressive disorder display a marked rise in
pro-inflammatory mediators, such as IL-1, IL-6 and TNF-q, in
the serum and cerebrospinal fluid®, while administration of
antidepressants suppresses the elevation of these cytokines!* .
In addition, clinical observations show that cancer sufferers
treated with IL-2 and IFN-aq, a certain group of pro-inflamma-
tory cytokines, frequently develop major depressive symp-
toms, whereas withdrawal of such treatments can reverse the
behavioral effects'®. In rodents, depressive symptoms can be
induced by treatment with cytokines and cytokine-inducers,
such as lipopolysaccharide (LPS), and by chronic mild stress
(CMS) exposure!” ®. Consistently, anti-inflammatory drugs'”!
and antidepressants have been shown to suppress depressive
behaviors and alterations in the levels of pro-inflammatory
cytokines in response to LPS. These studies strongly suggest
that inflammation is associated with depressive symptoms.
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Cysteinyl leukotrienes (CysLTs), including leukotriene
C4, D4 and E4, are inflammatory eicosanoids generated by
the activation of the lipoxygenase pathway of arachidonic

acid metabolism!”

. They exert effects through cell surface
receptors, such as cysteinyl leukotriene receptor 1 (CysLT;R).
Leukotriene pathway modifiers, including 5-lipoxygenase
inhibitor (zileuton) and CysLT;R antagonists (montelukast,
zafirlukast, and pranlukast), have been used as anti-asthmatic
drugs™ ™. Recently, several studies on CysLT;R have focused
on its novel pathophysiological role in CNS disorders, such as
cognitive impairment™, cerebral ischemia”, brain trauma'®!
and experimental autoimmune encephalomyelitis!'”. We
recently reported that CysLT;R knockdown in the mouse hip-
pocampus prevented the CMS-induced depressive-like pheno-
type and neuroinflammation®. To further confirm the role of
CysLT,R in depression, we investigated whether hippocampal
CysLT;R knockdown or blockade repressed depressive-like
behaviors and neuroinflammatory responses in LPS-treated

mice.

Materials and methods

Mice

Male ICR mice (2 months old, 22-25 g) were supplied by the
Yangzhou University Medical Center (Yangzhou, China).
Mice were maintained under controlled laboratory conditions
(12:12 h light-dark schedule; 22+2 °C; humidity 40%-60%)
with available food and water. Mouse experimental protocols
were performed according to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and per-
mitted by the guidelines of the Institutional Animal Care and
Use Committee of China Pharmaceutical University.

Drugs and reagents

LPS (055:B5) was obtained from Sigma-Aldrich (St Louis,
MO, USA). Pranlukast (Pran) and fluoxetine (FLX) were from
Jiangsu Hengrui Medicine Co, Ltd (Lianyungang, Jiangsu,
China) and Eli Lilly Company (Indianapolis, USA), respec-
tively. Antibodies were from different companies: anti-NF-«xB
p65 was from Cell Signaling Technology, Inc (Massachusetts,
USA); anti-CysLT;R, anti-TNF-a and anti-IL-1p were from
Santa Cruz Biotechnology, Inc (Heidelberg, Germany); anti-f3-
actin, anti-Histone H3, anti-Ibal were from Wako Pure Chemi-
cal Industries, Ltd (Osaka, Japan); and secondary antibodies
were from Bioworld Technology Co Ltd (Minnesota, USA).
The nucleoprotein extraction kit and streptavidin-biotin com-
plex (SABC) immunohistochemistry kit were from Sangon Bio-
tech Co, Ltd (Shanghai, China) and Boster Biotechnology Co,
Ltd (Wuhan, China), respectively. All chemicals used were
of analytical grade and purchased from approved sources.
Drugs for ig treatment were dissolved in 0.5% sodium car-
boxymethyl cellulose solution (0.5% CMC-Na), and LPS for ip
injection was dissolved in PBS.

CysLT,R knockdown experiments

The lentivirus generation was performed according to the pre-

[18]

viously described protocol™. All surgeries were conducted
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under aseptic conditions. After mice were anesthetized with
trichloroacetaldehyde hydrate (350 mg/kg, ip), they were
immobilized on a stereotaxic apparatus. LV-CysLT;R-shRNA-
EGFP or LV-EGFP (8x10° TU/pL, 1 pL/site) was infused into
the dentate gyrus (DG) (AP, -3.0 mm, ML, £2.0 mm, DV, -1.9

mm)[19]

at a rate of 0.25 pL/min with a glass micropipette con-
nected to a micro-injection pump (CMA402 Suringo Pump).
Injectors were kept in place for 10 min after injection to mini-

mize backflow of the liquid.

Behavioral tests

Open field test

The open field test (OFT) was applied to assess the mouse
motor and behavioral changes. The arena was a rectangular
plastic chamber (50 cmx50 cm*40 cm) and was illuminated
by 450 lux fluorescent lights at the center (200 cm above
field). The test arena was divided into 144 squares, and the
36 squares in the center were referred to as inner squares and
the others as outer squares. The mouse was gently placed into
a corner square of the field for a 6-min period of recording.
Locomotor activity was measured by counting the number
of squares crossed with the paws (line crossings) during the
6-min session. The apparatus was then cleaned with 70% eth-
anol after each trial. The data were automatically calculated
using ANY-MAZE software.

Novelty-suppressed feeding
The novelty-suppressed feeding (NSF) test in mice was con-

ducted as described elsewhere!®”.

The test apparatus was
constructed of a 50 cmx50 cm*20 cm plastic box, illuminated
by a fluorescent light (450 lux). The floor was covered in saw-
dust with a single chow pellet on a circular white platform
at the center. After 24 h of food deprivation but not water
deprivation, mice were individually placed into the corner
and allowed a maximum of 6 min to begin feeding. Latency
to feed (defined as animals sitting on their haunches and food
held in forepaws while eating) was manually timed. As soon
as the animal began eating, it was transferred to an individual
home cage containing a pre-weighed single pellet of food, and
home cage food consumption (defined as the weight of food
consumed within 6 min) was recorded.

Forced swimming test

The forced swimming test (FST) was carried out using a pre-
viously described method®. Each animal was placed into a
transparent cylinder (25 cm in height, 12 cm in diameter), con-
taining 15 cm of water at 25+2°C. During the 6-min session,
immobility time (considered as mice floating motionless with
only small movement essential to keep the head above water)
throughout the last 4 min was recorded.

Tail suspension test
The tail suspension test (TST) was conducted using a previ-

ously described method™. Briefly, mice were permitted to
adapt to the testing environment for 1 h before testing. The

mouse was suspended upside-down for 6 min by its tail



with adhesive tape on the top of apparatus. The immobility
duration was recorded by ANY-MAZE software within the
last 4 min of the 6-min mission and statistically analyzed.

Western blot analysis

Mice were euthanized, and the hippocampus was quickly sep-
arated, minced and homogenized in 0.5 mL ice-cold RIPA buf-
fer [50 mmol/L Tris-HCI (pH 7.4), 1 mmol/L EDTA, 0.1% SDS,
150 nmol/L NaCl, 1% sodium deoxycholate, 1% Triton X-100]
containing 0.1% PMSF. The homogenate was centrifuged at
12000xg for 15 min at 4°C, and the supernatant was then col-
lected. Proteins were separated by SDS-10% polyacrylamide
gel electrophoresis and transferred to polyvinylidene fluoride
membranes. After blocking with 5% nonfat milk, membranes
were incubated with primary antibodies (anti-CysLT;R, 1:500;
anti-TNF-a, 1:800; anti-IL-1p, 1:600 and anti-p-actin, 1:5000)
overnight at 4°C. On the second day, membranes were
washed in Tris-buffered saline-Tween 20 (TBST) and incu-
bated for 2 h at room temperature with secondary antibod-
ies (1:8000) diluted in TBST. Imaging was performed using
enhanced chemiluminescence detection reagents and detected
with a gel imaging system (Tanon Science & Technology Co,
Ltd, Shanghai, China).

Nuclear extracts were performed using a nucleoprotein
extraction kit. Briefly, the mouse hippocampus was minced,
homogenized in ice-cold hypotonic buffer (containing 0.1%
DL-dithiothreitol, 0.5% phosphatase inhibitor and 1% phenyl-
methylsulfonyl fluoride) and then centrifuged at 3000xg for 5
min at 4°C. The precipitate was harvested and washed with
hypotonic buffer and centrifuged at 5000xg for 5 min at 4°C.
Finally, the precipitate was added to 0.2 mL lysis buffer (con-
taining 0.1% DL-dithiothreitol, 0.5% phosphatase inhibitor
and 1% phenylmethylsulfonyl fluoride), chilled for 20 min and
centrifuged at 15000xg for 10 min at 4°C. The supernatant
nuclear protein extract was then subjected to Western blot
assay for determination of NF-xB p65 (1:1000), and histone H3
(1:1000) was used as a loading control.

Immunohistochemistry

Immunohistochemistry staining was conducted using the
streptavidin-biotin complex (SABC) immunohistochemistry
kit in accordance with the manufacturer’s recommendations.
Mice were anesthetized and transcardially perfused with
PBS, followed by 4% formaldehyde. Samples were dissected,
post-fixed in 4% paraformaldehyde for 24 h at 4°C and then
cryoprotected in a 30% sucrose solution for an additional 24 h.
Samples were embedded into an optimal cutting temperature
compound (Tissue-Tek, Torrance, CA) and cryosectioned (30
pm). After washing with PBS (3x5 min), sections were blocked
with 0.3% Triton X-100 for 4 h at 60°C and then treated with
3% H,0, at room temperature for 30 min. After washing with
PBS (3x5 min), sections were blocked with 5% BSA for 30 min
and incubated in anti-Ibal (1:1000) primary antibody diluted
in 5% BSA overnight at 4°C. Sections were washed with PBS
(3%5 min), further incubated with biotinylated mouse anti-
rabbit IgG (40 min, 37°C) and then washed again (3x5 min).
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Sections were incubated with streptavidin-biotin complex
(20 min, 37°C) and washed with PBS (4x5 min). Diamino-
benzidine (DAB) was applied as the final chromogen for
protein detection. After gradient dehydration (70% ethanol,
5 min; 95% ethanol, 5 min; 100% ethanol, 5 min; xylene, 5
min), imaging (200x and 400x) was performed using a Nikon
DS-Fi2 camera connected to a Nikon Eclipse Ti microscope
and quantified using Image-Pro Plus software. The number
of microglia in the hippocampus was measured, followed by
the microglial-positive area to generate the ratio of microglial
staining to hippocampal area (% area occupied). The mean
values from 5 sections analyzed in each animal were used for
statistical analysis.

Statistical analysis

The data are presented as the mean+SEM, and significant dif-
ferences were analyzed using a one-way ANOVA followed by
Scheffe’s post hoc test for inter-group comparisons. The data
normality was calculated by Kolmogorov-Smirnov test using
SPSS software, version 20.0. P<0.05 was considered to be sta-
tistically significant.

Experimental setup

Experiment 1

Effect of hippocampal CysLT;R knockdown on LPS-induced
depressive-like behaviors and the neuroinflammatory
response in mice. LV-CysLT,;R-shRNA-EGFP or LV-EGFP was
bilaterally injected into the DG of the mouse hippocampus to
chronically inhibit CysLT;R expression. EGFP-positive cells
in the DG were observed on the 6th d after infection. On the
7th d, mice were treated with saline or LPS (0.5 mg/kg, ip).
Behavioral tests (OFT, NSF, FST, and TST) were performed in
turn at 24 h after the LPS challenge. In the meantime, the hip-
pocampal CysLT;R, NF-xB p65, TNF-a, and IL-13 were deter-
mined using Western blot assay, and Ibal was analyzed using
immunohistochemistry staining.

Experiment 2

Effect of pranlukast on LPS-induced depressive-like behav-
iors and the inflammatory response. Four groups of mice
were pre-treated with saline or pranlukast (0.3 or 0.6 mg/kg,
ig) and, 30 min later, with LPS (0.5 mg/kg, ip). On the sec-
ond day, mice were subjected to behavioral tests 30 min after
administration with pranlukast, and hippocampal CysLT;R,
NF-xB p65, TNF-a, IL-1pB, and Ibal were determined.

Results

Hippocampal CysLT,R expression was up-regulated by LPS
exposure in mice and reversed by FLX

Inflammation challenge by LPS administration has long been
applied to induce depressive-like and anxiety-like behaviors

in animal models® %!,

Accordingly, we explored whether
LPS exposure changed CysLT;R expression in the mouse hip-
pocampus using a Western blot assay. Surprisingly, periph-
eral injection of LPS significantly increased the expression of

CysLTR in the mouse hippocampus (F, 1,=11.384, P=0.003;

Acta Pharmacologica Sinica
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Figure 1. Hippocampal CysLT;R expression is up-regulated in LPS-treated mice and reversed by FLX and that knockdown of hippocampal CysLT,R
prevents LPS-induced CysLT,R alternation. (A, B) Mice were pre-treated with FLX (20 mg/kg, ig) once daily for 7 consecutive days. On the 7th day, mice
were injected with LPS (0.5 mg/kg, ip) or PBS. After 24 h, hippocampal expression of CysLT,R was detected by Western blot and quantified as the ratio
(in percentage) of Veh+Veh group. (C) Representative DG area with LV-CysLT,R-shRNA-EGFP transfection. Original magnifications are 100x (Scale
bar=150 ym) and 300x% (Scale bar=50 uym). (D, E) Shown are CysLT,R expressions in mouse hippocampus and quantification of CysLT,R as the ratio (in
percentage) of Veh+Veh group after CysLT,R knockdown. Data shown are expressed as mean+SEM. n=4. "P<0.05, ""P<0.01 vs Veh+LPS.

Figure 1A, 1B). To further examine the effect of antidepres-
sants on the LPS-induced increase in CysLT;R, mice were pre-
treated with FLX (20 mg/kg, ig) once daily for 7 consecutive
days. On the 7th day, LPS (0.5 mg/kg, ip) or PBS was injected
30 min after drug administration. Hippocampal CysLT;R
expression was determined 24 h after LPS exposure. As
shown in Figure 1A, the LPS-induced increase in the mouse
hippocampal CysLT,R level was reversed by FLX treatment
(P=0.005; Figure 1A, 1B), while treatment with FLX alone did
not affect the expression of CysLT;R in the mouse hippocam-
pus (Veh+Veh vs Veh+FLX: P=0.864; Figure 1A, 1B). These
results suggested that CysLT,;R might be involved in LPS-
induced depressive-like alterations.

We then generated a lentiviral vector tagged with EGFP
that selectively knocked down CysLT;R, namely LV-CysLT;R-
shRNA-EGFP. We also generated a lentiviral vector express-
ing EGFP (LV-EGFP) alone as a control. LV-CysLT;R-shRNA-
EGFP or LV-EGFP was microinfused into the mouse DG by
stereotaxic injection. On the 6th day after transfection, the
DG region displayed numerous EGFP-positive cells (Figure
1C). One week after infusion, mice were treated with a single
LPS administration and then subjected to Western blot assay.
Quantification of Western blot showed that infusion of LV-
CysLT;R-shRNA-EGFP but not LV-EGFP significantly sup-
pressed the LPS-induced increase in CysLT;R expression in
the mouse hippocampus (F3 1,=30.01, Veh+Veh vs Veh+LPS:
P=0.0013; Veh+LPS vs LV-EGFP+LPS: P=0.747; Veh+LPS vs
LV-CysLT;R-shRNA-EGFP+LPS: P<0.001; Figure 1D, 1E).
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Hippocampal CysLT,R knockdown or blockade ameliorated LPS-
induced depressive behaviors

To evaluate the role of CysLT,R in depressive behaviors in
response to LPS exposure, mice treated with lentivirus infu-
sion were subjected to behavior tests. We found that LPS-
treated mice displayed a significant increase in the immobility
time in the FST (F3,40=10.86, P=0.001; Figure 2A) and TST
(F(s, 10=5.688, P=0.014; Figure 2B). Hippocampal CysLT,R
knockdown prevented the LPS-induced prolongation of the
immobility time in the FST (P=0.003; Figure 2A) and TST
(P=0.011; Figure 2B). The NSF test was performed to assess
the effect of CysLT;R knockdown on anxiety-like behaviors
in LPS-treated mice. Compared to LPS-treated mice, LV-
CysLT;R-shRNA-EGFP microinjection inhibited the LPS-
induced latency to feed (F3, 4=6.276, P=0.043; Figure 2C), but
no difference was observed in the home cage consumption
index (Fg, 40=0.097; P=0.999; Figure 2D). The line crossings in
the OFT were indistinguishable from all groups (F, 1,=0.272;
P=0.997; Figure 2E), indicating that our findings were not con-
founded by a difference in locomotor activity. Taken together,
hippocampal CysLT;R knockdown can significantly prevent
LPS-induced depressive behaviors.

To further verify the effects of CysLT;R in regulating depres-
sive-like behaviors, we then explored the antidepressive effect
of pranlukast, a CysLT;R antagonist, in mice exposed to LPS.
Pranlukast administration (0.3 or 0.6 mg/kg, ig) completely
blocked the LPS-induced prolongation of the immobility time
in the TST (F 3, 40=5.124; P=0.014 for Pran 0.3 mg/kg; P=0.01 for
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Figure 2. Hippocampal CysLT,R knockdown prevents LPS-induced depressive-like behaviors. (A, B) Immobility time in the FST and TST, (C) latency to
feed and (D) home cage consumption index in the NSF test, and (E) line crossings in the OFT in lentiviruse-treated mice, following a single injection of

LPS after one week. Data shown are expressed as mean+SEM. n=11. "P<0.05, "P<0.01 vs Veh+LPS.

Pran 0.6 mg/kg; Figure 3A). In the NSF test, pranlukast nota-
bly reduced the latency to feed compared to that in the LPS-
treated mice [F 4,=5.992; P=0.013 for Pran 0.3 mg/kg; P=0.002
for Pran 0.6 mg/kg; Figure 3B] without changing the home
cage consumption index of the mice (F 4=0.118; P=0.981 for
Pran 0.3 mg/kg; P=0.995 for Pran 0.6 mg/kg; Figure 3C). No
effect of pranlukast administration on locomotor activity was
observed (F s 40=0.373; P=0.986 for Pran 0.3 mg/kg; P=0.989
for Pran 0.6 mg/kg; Figure 3D). Therefore, CysLT;R blockade
by pranlukast may ameliorate LPS-induced depressive behav-
iors.

Hippocampal CysLT,R knockdown or blockade inhibited LPS-
induced activation of the NF-kB pathway and production of pro-
inflammatory cytokines

CysLT;R has been reported to be implicated in neuroinflam-
mation by regulating the NF-kB signaling pathway®?", and
LPS exposure activates NF-xB signaling by inducing the
nuclear translocation of p65™. To explore whether CysLT,R
is involved in LPS-activated NF-«B signaling, the hippocam-
pal level of NF-xB p65 in the nuclear fraction was detected
by Western blot analysis. As shown in Figure 4A, the LPS
challenge exerted a significant increase in the nuclear level of
NF-xB p65 in the mouse hippocampus, which was prevented
by pretreatment with LV-CysLT,;R-shRNA-EGFP (F 1,=6.938;
Veh+Veh vs Veh+LPS: P=0.008; Veh+LPS vs LV-EGFP+LPS:

P=0.978; Veh+Veh vs LV-CysLT;R-shRNA-EGFP+LPS:
P=0.028; Figure 4A, 4B).

To determine the effect of CysLT;R downregulation on
LPS-induced pro-inflammatory cytokine production in the
mouse hippocampus, we examined the expression of TNF-a
and IL-1p by Western blot assay. We found that LPS-treated
mice exhibited marked increases in hippocampal TNF-a
(F,12=10.849; P=0.013; Figure 4C, 4D) and IL-1p (F;3 12=9.807;
P=0.007; Figure 4E, 4F), which were significantly suppressed
by LV-CysLT;R-shRNA-EGFP microinjection (P=0.048 for
TNF-a; P=0.009 for IL-1p; Figure 4C-4F). These findings
revealed that CysLT;R knockdown in the hippocampus pre-
vented LPS-induced activation of the NF-xB pathway and
overproduction of pro-inflammatory cytokines.

To further confirm the effect of CysLT;R in mediating the
neuroinflammation process in depression, we investigated the
anti-inflammatory effect of pranlukast in LPS-treated mice.
Consistently, LPS treatment activated the NF-xB pathway in
the mouse hippocampus, as demonstrated by an increase in
nuclear p65. Interestingly, administration of pranlukast (0.3
or 0.6 mg/kg) not only blocked LPS activation of the NF-«xB
pathway (Fg 12=8.338; P=0.045 for Pran 0.3 mg/kg; P=0.006 for
Pran 0.6 mg/kg; Figure 5A, B) but also suppressed the increase
of TNF-a (F, 12=4.836; P=0.107 for Pran 0.3 mg/kg; P=0.017
for Pran 0.6 mg/kg; Figure 5C, 5D) and IL-1B (Fg 12=9.949;
P=0.039 for Pran 0.3 mg/kg; P=0.011 for Pran 0.6 mg/kg;

Acta Pharmacologica Sinica
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Figure 3. Blockade of CysLT,R by Pran ameliorates LPS-induced depressive-like behaviors. (A) Immobility time in the TST and (B) latency to feed and
(C) home cage consumption index in the NSF test and (D) line crossings in the OFT were examined at 30 min after drug treatments. Data shown are
expressed as mean+SEM. n=11. "P<0.05, ""P<0.01 vs LPS+Veh.
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Figure 4. Hippocampal CysLT,R knockdown inhibits LPS-activated NF-kB signaling and production of pro-inflammatory cytokines. (A, B) Nuclear extracts
were prepared from hippocampus, and nuclear NF-kB p65 and histone H3 as loading control were examined by Western blot using respective antibodies
(1:1000). (C, D) TNF-a and (E, F) IL-1B and B-actin as loading control were examined by Western blot by respective antibodies, and quantification of
TNF-at and IL-1f were presented as the ratio (in percentage) of Veh+Veh group. Data shown are expressed as mean+SEM. n=4. "P<0.05, “"P<0.01 vs
Veh+LPS.
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Figure 5. Blockade of CysLT,R suppresses LPS-activated NF-kB pathway and expression of pro-inflammatory cytokines. (A, B) NF-kB p65 and histone
H3 as loading control were determined by Western blot using respective antibodies (1:1000). (C, D) TNF-ac and (E, F) IL-1 and B-actin as loading control
were examined by Western blot by respective antibodies, and quantification of TNF-a and IL-13 were presented as the ratio (in percentage) of Veh+Veh
group. Data shown are expressed as mean+SEM. n=4. "P<0.05, “"P<0.01 vs LPS+Veh.

Figure 5E, 5F) induced by LPS, which further confirmed the
role of CysLT;R in mediating LPS-induced neuroinflammatory
responses.

Hippocampal CysLT,R knockdown or blockade prevented LPS-
induced microglial activation

The depressive-like behavioral effects of LPS are believed
to be related to microglial activation, causing an increase in
the number of activated microglia as well as morphological
changes, including shorter, thicker processes and size enlarge-
ment™). Immunohistochemical detection of brain sections
revealed a marked increase in the number of Ibal-positive cells
in the mouse hippocampus after LPS challenge (F, ,5=8.988;
P=0.004; Figure 6A, 6B), indicating a massive activation of
microglia. Pre-treatment with LV-CysLT;R-shRNA-EGFP
significantly prevented the increase in Ibal-positive cells
(P=0.009; Figure 6A, 6B). In addition, treatment with pran-
lukast (0.3 or 0.6 mg/kg) also notably decreased the number
of Ibal-positive cells (F4, 25=7.174; LPS+Veh vs LPS+Pran (0.3
mg/kg): P=0.011; LPS+Veh vs LPS+Pran (0.6 mg/kg): P=0.004;
Figure 6C, 6D).

Discussion

Increasing evidence indicates a close link between neuroin-
flammation and depression, which is manifested by elevated
levels of pro-inflammatory cytokines and chemokines in
(2932 We previously identified
CysLT;R signaling as a novel pro-inflammatory pathway in

the central nervous system

mice and suggested it as a potential therapeutic target for

depression™. Here, we demonstrated that a single injection

of LPS (0.5 mg/kg, ip) produced depressive-like behaviors
accompanied by neuroinflammation. Both knockdown and
pharmacological blockade of CysLT;R inhibited LPS-induced
depressive behaviors. Moreover, these treatments also sup-
pressed LPS-activated conformational changes of microglia
and pro-inflammatory cytokine production in the mouse
hippocampus, suggesting that the antidepressive effect of
CysLT,;R downregulation is accompanied by reduced neuroin-
flammation.

Numerous reports have supported a strong association
between LPS exposure and depression, and acute administra-
tion of LPS has been frequently used to model inflammation-
81 A single injection of LPS in
animals induces sickness behaviors®, characterized by sleep
disturbances, lethargy, decreased food intake and increased
sensitivity to pain, some of which are similar to depressive

associated depressive disorder

symptoms in humans. Generally, peripheral administration
of low-dose LPS is a well-established model for studying
the behavioral responses that are accompanied by the acute
activation of the peripheral immune system™). The ensuing
depressive-like behaviors peak at 24 h post-treatment™!, with-
out the confounding effect of sickness™!. Therefore, depres-
sive behaviors were tested at 24 h after LPS exposure in the
current study. As previously reported, the LPS dosage of 0.5
mg/ kg ¥ was selected for its ability to successfully induce
depressive-like behaviors and neurochemical alterations in
mice.

Intriguingly, basal hippocampal expression of CysLT;R was
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Figure 6. Ibal immunohistochemistry. Mice were sacrificed and brain sections were immunohistochemically stained for the microglial marker Iba1l.
(A, C) Representative microphotographs show Ibal immuno-stained microglia of the mouse hippocampus. (B, D) The number of Ibal antibody-stained
microglia was normalized in the corresponding same area, as the ratio (in percentage) of the Veh+Veh are shown. Original magnifications are 200x (Scale
bar=150 ym) and 400x% (Scale bar=50 um). Data shown are expressed as mean+SEM. n=6. "P<0.05, “'P<0.01 vs LPS+Veh.
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pretty weak, but LPS administration resulted in a marked
increase in CysLT R expression, which was reversed by the
antidepressant FLX. These results suggested that CysLT;R
might be involved in the depressive-like alterations induced
by LPS. We also found that infusion of LV-CysLT,;R-shRNA-
EGFP into the DG of the hippocampus downregulated hip-
pocampal CysLT;R expression and produced a marked anti-
depressive effect in the behavioral tests, as demonstrated by
suppressing the LPS-induced increase in immobility time in
the FST and TST, without changing the locomotor activity of
the mice. A similar effect was observed in mice treated with
the CysLT;R antagonist pranlukast. In addition, depression
often co-exists with anxiety, as seen by the frequent intermix-
ture of symptoms of depression and anxiety in humans. We
therefore performed the NSF test, which applied the conflict
between the mice’s drive to eat and fear in a new paradigm, to
test anxiety behavior. LV-CysLT;R-shRNA-EGFP or pranlu-
kast treatment significantly suppressed anxiety-like behaviors
in depressive-like mice, characterized by inhibiting the LPS-
induced increase in the latency to feed, without affecting the
home cage consumption index. Taken together, CysLT;R
knockdown or blockade showed a potential antidepressant
effect.

It has been widely reported that the expression of inflam-
matory cytokines in the periphery and the brain of depressive
patients is altered, which contributes to depressive symptoms,
and antidepressants can suppress these effects of inflamma-
tory cytokines®™. Among these cytokines, TNF-a and IL-1B,
induced by injury, infection and psychological stress, are two
important inflammatory markers involved in the etiology and

treatment of depression!® > I

and have been implicated in
depressive-like behaviors in rodent models. Interestingly, the
hippocampus, as one of the depression-related limbic brain
structures, displays high levels of receptors for these inflam-
matory mediators. One possible signaling cascade for mediat-
ing the expression of TNF-a and IL-1f is the NF-xB pathway.
The NF-xB signaling pathway is known to regulate the expres-
sion of cytokines, chemokines, chemokine enzymes, adhe-
sion molecules and pro- and anti-apoptotic genes involved in
immunity and inflammation. Activation of NF-xB signaling
might be a central event in pro-inflammatory signal trans-
duction, and suppression of NF-xB activation can inhibit the
expression of various genes"*?, including IL-1p, IL-6, TNF-a,
and COX-2. We thus speculate that the anti-inflammatory
effect of CysLT,;R downregulation might be mediated by the
NF-xB pathway. The pathophysiological role of CysLT;R, a
high-affinity G protein-coupled receptor, is well documented
in several inflammatory conditions. CysLT;R-mediated sig-
naling is related to the NF-xB pathway in some peripheral
cells™ **I Recently, the CysLT;R-mediated NF-«kB pathway

was also observed in neurons??.

Consistently, our study
showed that knockdown or blockade of hippocampal CysLT;R
inhibited not only LPS-induced CysLT;R expression but also
NF-xB signaling and expression of pro-inflammatory cyto-
kines (TNF-a and IL-1p) in the mouse hippocampus.

Microglia, as key cellular elements of the acute neuroinflam-
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matory response, are the main source of pro-inflammatory

mediators in the mouse brain/®!.

Peripheral treatment with
LPS promotes the neuroinflammatory response through
microglial activation and overproduction of inflammatory
cytokines!®.
exposure in the current study, which could be prevented by
CysLT;R knockdown or blockade. It has been reported that

CysLT;R expression was predominantly observed in microg-

Notably, microglia were activated after LPS

lia, astrocytes and some oligodendroglial cells*!, and inhibi-
tion of NF-kB transcriptional activity in the microglial nucleus
suppresses pro-inflammatory cytokine expression”” *. There-
fore, we speculate that LPS-induced neuroinflammation could
be involved in microglia activation via CysLT;R-mediated
NF-xB signaling.

In summary, our study indicated that downregulation of
hippocampal CysLT;R by genetic transfection or pharmaco-
logical antagonism displayed an antidepressive effect in LPS-
treated mice. The effects were at least partially mediated by
reducing LPS-induced microglial activation and the following
production of pro-inflammatory cytokines via the NF-xB path-
way. Our findings provide new insight into the mechanism of
depression and highlight CysLT;R as a novel and promising
target for the prevention or treatment of depression.
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