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Knockdown and inhibition of hippocampal ==

GPR17 attenuates lipopolysaccharide-induced
cognitive impairment in mice

Yusheng Liang'?!, Xu kang'?!, Haiwang Zhang'?, Heng Xu'? and Xian Wu'*"

Abstract

Background Previously we reported that inhibition of GPR17 prevents amyloid 3 1-42 (AR, _4,)-induced cognitive
impairment in mice. However, the role of GPR17 on cognition is still largely unknown.

Methods Herein, we used a mouse model of cognitive impairment induced by lipopolysaccharide (LPS) to further
investigate the role of GPR17 in cognition and its potential mechanism. The mice were pretreated with GPR17 shRNA
lentivirus and cangrelor by microinjection into the dentate gyrus (DG) region of the hippocampus. After 21 days, LPS
(0.25 mg/kg, i.p.) was administered for 7 days. Animal behavioral tests as well as pathological and biochemical assays
were performed to evaluate the cognitive function in mice.

Results LPS exposure resulted in a significant increase in GPR17 expression at both protein and mRNA levels

in the hippocampus. Gene reduction and pharmacological blockade of GPR17 improved cognitive impairment

in both the Morris water maze and novel object recognition tests. Knockdown and inhibition of GPR17 inhibited AR
production, decreased the expression of NF-kB p65, increased CREB phosphorylation and elevated BDNF expression,
suppressed the accumulation of pro-inflammatory cytokines, inhibited Glial cells (microglia and astrocytes) activa-
tion, and increased Bcl-2, PSD-95, and SYN expression, reduced Bax expression as well as decreased caspase-3 activity
and TUNEL-positive cells in the hippocampus of LPS-treated mice. Notably, knockdown and inhibition of GPR17

not only provided protective effects against cholinergic dysfunction but also facilitated the regulation of oxidative
stress. In addition, cangrelor pretreatment can effectively inhibit the expression of inflammatory cytokines by sup-
pressing NF-kB/CREB/BDNF signaling in BV-2 cells stimulated by LPS. However, activation of hippocampal GPR17
with MDL-29951 induced cognitive impairment in normal mice.

Conclusions These observations indicate that GPR17 may possess a neuroprotective effect against LPS-induced cog-
nition deficits, and neuroinflammation by modulation of NF-kB/CREB/BDNF signaling in mice, indicating that GPR17
may be a promising new target for the prevention and treatment of AD.

Highlights

Exposure to LPS leads to an increase in GPR17 expression in the hippocampus.
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Knockdown and inhibition of GPR17 ameliorates cognitive impairment induced by LPS in mice.
Knockdown and inhibition of GPR17 protects against neuroinflammation induced by LPS in mice.
The central GPR17 may be a potential therapeutic target for the prevention and treatment of cognitive dysfunc-

tion.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease
characterized by a decline in cognitive function [1, 2].
Numerous studies have shown that neuroinflammation
is well-documented as part of the neuropathogenesis of
cognitive deficit [3, 4]. However, the precise pathophysi-
ology of neuroinflammation’s impact on cognition is still
not entirely understood.

Lipopolysaccharide (LPS) is an endotoxin derived from
bacteria that stimulates the immune system. Several
studies have shown that LPS injection increases the pro-
duction of amyloid B (Ap), promotes neuroinflammation
and oxidative stress, disrupts synaptic function, causes
neuronal death, and impairs spatial learning [5-7]. Fur-
thermore, the cognitive impairment induced by LPS may
be associated with the dysregulation of the cholinergic
system, as seen by a reduction in levels of acetylcholine
(Ach), a neurotransmitter involved in the processes of
memory and learning [8]. Therefore, LPS injection is an
extensively utilized paradigm for exploring the molecu-
lar of cognitive deficits. Evidence has also shown that
oxidative stress induced by LPS was involved in memory
impairment [9]. In addition, LPS induces the activation
of nuclear factor kappa B (NF-kB) and the production
of pro-inflammatory cytokines [10]. These inflammatory
cytokines can cause neuronal damage, leading to the pro-
gression of cognitive impairment. Microglia and astro-
cytes are two important cell types with immune activity
in the brain [11]. LPS activates inflammatory cells, such
as microglia and astrocytes cells in the brain, which can
exacerbate neuroinflammation [12, 13]. Microglia acti-
vation causes a malfunction in microglia clearance of
AP plaques as well as excessive formation [14]. There-
fore, inhibition of microglia and astrocytes activation
to reduce inflammatory factors is an essential strategy
for the treatment of neuroinflammation. In addition,
through activating caspase, LPS causes neuroinflamma-
tion-mediated neuronal death [15]. Caspase-3 has been
identified as an important apoptosis mediator in brain
cells [16]. Bax, a pro-apoptotic molecule, causes neu-
ronal cell death, whereas Bcl-2 has the opposite effect
[17]. Inhibition of the NF-kB pathway was found to
reduce neuroinflammation and apoptosis in response to
LPS [18, 19]. The study suggests that NF-«kB can directly
bind to the promoter region of BACE1l and enhance

the transcription of BACE1, which in turn leads to an
increase in AB production [20]. Neuroinflammation has
negative effects on synapses by dissolving or eliminating
synapses in hippocampal regions [21]. Numerous stud-
ies have shown that LPS impairs memory by modulat-
ing NF-kB-mediated brain-derived neurotrophic factor
(BDNF) expression and cAMP response element bind-
ing protein (CREB) phosphorylation [19, 22]. Therefore,
these findings suggest that blocking NF-«xB can be ben-
eficial in managing cognitive function by reducing neu-
roinflammation and apoptosis while improving synaptic
function.

G protein-coupled receptor 17 (GPR17) is an orphan
receptor that is widely expressed in the central nerv-
ous system (CNS) [23] and found in both neurons and
microglia cells [24]. Moreover, it has been reported that
GPR17 mediates microglia inflammation [25], and its
knockout can reduce microglia activation and neuronal
damage [26]. According to Zhao et al,, an increase in
GPR17 expression in neurons has been linked to greater
cell damage [27]. However, knockdown of GPR17 can
reduce cell injury induced by the agonist leukotriene D4
[26]. In addition, Harrington et al. reported that GPR17
expression is upregulated in several animal models of
demyelinating disease [28]. Recent evidence has demon-
strated that the blockade of GPR17 would be a promising
approach for treating inflammatory-associated diseases,
including multiple sclerosis, and brain and spinal cord
injury [29]. It has been also reported that GPR17 regu-
lates the NF-kB pathway, and inhibition of this pathway
can improve neuroinflammation, oxidative stress, and
synaptic dysfunction [30, 31]. Cangrelor, a GPR17 antag-
onist, has been shown to inhibit GPR17 signaling [25, 32,
33], and reduce pulmonary fibrosis by inhibiting GPR17-
mediated inflammation in mice [25]. To date, the effects
of GPR17 on LPS-induced cognitive deficits have not
been examined. Therefore, in this study, we investigated
the role and possible mechanism of GPR17 on cognitive
deficits induced by LPS in mice.

Materials and methods

Animals

Male Institute of Cancer Research (ICR) mice (male,
6—8 weeks, 22-25 g) were obtained from the Center of
Laboratory Animals of Anhui Medical University. Female
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animals are usually not included, as the release of estro-
gen may confuse the results. All mice were housed in
groups of 3 to 5 per plastic cage and kept under stand-
ard conditions with sufficient food and water. The indoor
temperature was controlled at 22-25 °C, the humidity
was controlled at 40-50%, and the daily lighting time
was from 7:00 to 19:00, the light and darkness alternated
every 12 h about a week’s adjustment to the environment.
All experiments were approved by the experimental ani-
mal ethics committee of the Animal Experiment Center,
Anhui Medical University.

Drugs and reagents

Cangrelor was obtained from Cayman Chemical (Ann
Arbor, USA). MDL-29951 was from Med Chem Express.
LPS (Escherichia coli serotype 0111:B4) was from Sigma-
Aldrich (St. Louis, USA). Antibodies were from several
companies: anti-GPR17 was from Servicebio (Wuhan,
China); anti-APP, anti-BACE1, anti-BDNF, and anti-
CREB were from Abcam (Cambridge, USA); anti-NeuN,
anti-Ibal, anti-GFAP, anti-postsynaptic density protein
95 (PSD-95), anti-synaptophysin (SYN), and anti-p-
actin were from Cell Signaling Technology, Inc (Massa-
chusetts, USA). CD68 was from Proteintech (Wuhan,
China). Anti-NF-kB p65, anti-caspase-3, anti-Bcl-2, anti-
Bax were from Affinity Biosciences Co., Ltd (Jiangsu,
China). Anti-Histone H3 was from Bioworld Technology
Co., Ltd (Minneapolis, USA). Goat anti-rabbit or anti-
mouse IgG-HRP (Proteintech, China) was used as the
secondary antibody. The nucleoprotein extraction kit was
from Sangon Biotech Co., Ltd (Shanghai, China). Other
general agents are purchased from commercial suppliers.
The ChAT and Ach assay kits were purchased from Nan-
jing Jiancheng Bioengineering Institute (Nanjing, China).
The AchE assay kit was purchased from Solarbio (Beijing,
China).

LPS-induced cognitive impairment mouse model

We mainly referred to previous literature to induce ani-
mal models of cognitive impairment by LPS. All groups
except the control were intraperitoneal (i.p.) injection
of LPS (0.25 mg/kg) for 7 days with the control group
receiving i.p. injection of the same volume of physiologi-
cal saline [34]. After LPS administration, some animals
were subjected to behavioral testing, while others were
subjected to molecular biological testing.

Lentivirus-mediated knockdown experiment

Mice were randomly divided into three groups (n=12
mice/group): Vehicle+ Vehicle (Veh+Veh or con-
trol), LV-EGFP + Lipopolysaccharide (LV-EGFP+LPS),
LV-GPR17-shRNA-EGFP + Lipopolysaccharide (LV-
GPR17-shRNA-EGFP+LPS). The dura was exposed
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and a microinjection pump was used to bilaterally infuse
the LV-EGFP or LV-GPR17-shRNA-EGFP (1.0 ul/side
at an injecting rate of 0.20 ul/min) using the following
coordinates: 2.0 mm caudal to bregma, 1.5 mm from the
midline, and 2.0 mm below the dural surface [34]. After
21 days, the mice were given a systemic injection of LPS
(0.25 mg/kg, 0.1 ml/10 g of body weight) for 7 days, and
then subjected to behavioral tests followed by a series of
histopathological/biochemical tests (Fig. 2A).

The drug treatment experiment

The first part is a pharmacological antagonism experi-
ment. Mice were randomized into four groups (n=12
mice/group): Group I: Vehicle+ Vehicle (Veh+Veh or
control); Group II: vehicle plus LPS (Veh+LPS); Group
III: cangrelor 2.0 pg plus LPS (cangrelor 2.0 pg+LPS);
Group IV: cangrelor plus LPS (cangrelor 4.0 pug+LPS).
The second part is the pharmacological activation experi-
ment. Three groups were used (=12 mice/group):
Group I: Vehicle + Vehicle (Veh + Veh or control); Group
II: MDL-29951 plus vehicle (MDL-29951 2.0 ug+ Veh);
Group III: MDL-29951 2.0 pg plus LPS (MDL-29951
2.0 ug+LPS). LPS solution was prepared with 0.9%
NaCl saline, and the control group was intraperitoneally
injected with 10 ml/kg saline. A detailed schedule of
treatment and behavioral tests is shown in Figs. 3A and
8A. A cannula was surgically implanted into the hip-
pocampal DG region using the following coordinates:
2.0 mm caudal to bregma, 1.5 mm from the midline,
and 2.0 mm below the dural surface (RWD Life Science,
Shenzhen, China). We removed the dummy cannula and
inserted the internal infusion needles (O.D.: 0.21 mm;
RWD, Shenzhen, China) into the cannula guides. The
head of the cannula was connected to the PE tubes (O.D.:
0.50 mm). After 1 week of recovery, cangrelor or MDL-
29951 was infused into the hippocampal DG. The mice
were administered with cangrelor or MDL-29951 every
day for 3 weeks [34].

Lentivirus generation and microinjection

GPR17 was silenced by lentiviral shRNA-mediated
knockdown. We generated a lentiviral vector construct
expressing short hairpin RNA (shRNA) complementary
to the coding exon of the mice GPR17 gene and tagged it
with a fused enhanced green fluorescent protein (EGFP)
and named it LV-GPR17-shRNA-EGFP (viral titer,
3x10® TU/ml). There was also a non-silencing ShARNA
control (LV-shRNA-EGFP) created. The sequences for
scrambled control-shRNA and GPR17-shRNA were
5"-TTCTCCGAACGTGTCACGT-3" and 5'-CCGGAT
AGAGAAGCACCTCAA-3’, respectively  (Hanbio,
Shanghai, China). For the virus infusion, the animals were
anesthetized with isoflurane, and 2.0 ul control-shRNA
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(1.0 pl/side) or GPR17—shRNA—-EGFP (1.0 pl/side) were
injected into the hippocampus. Then, the animals were
returned to their home cages while being kept warm.
After 3 weeks of recovery, the mice were intraperitoneally
injected with LPS (0.25 mg/kg) or its vehicle for a week,
and 24 h after the last LPS administration, immunofluo-
rescence, Western blotting, and RT-PCR were used to
observe the transfection effect in some mice (n=4 mice/
group), and behavioral experiments were performed in
other animals (n =12 mice/group).

Cell culture and drug treatment
BV-2 cells, a model of microglia, were maintained in
complete DMEM (containing 1% antibiotics and 10%
FBS). The cells were incubated in a humidified environ-
ment of 5% CO, at 37 °C. All experiments were carried
out the day after the cells were seeded in 96-well culture
plates. To stimulate an inflammatory response, the cul-
ture medium was replaced with fresh DMEM (includ-
ing 1% antibiotics), and 1 pg/ml of LPS was added in the
presence or absence of cangrelor (20, 40, and 80 pM).
After drug treatment, the protein is extracted for analysis.
BV-2 cells were transfected with GPR17 siRNA (Han-
bio, Shanghai, China) or control siRNA for the GPR17
knockdown experiment. In brief, 6 ul siRNA was com-
bined with 12 ul transfection reagents in 500 ul serum-
free medium for 30 min. When the transfection reagent
was added to a 60 mm petri dish, the cell fusion rate was
about 50%. After transfection, the cells were allowed to
grow for another 48 h. GPR17 knockdown efficiency was
determined by Western blot analysis.

CCK-8 cell viability assay and ELISA for inflammatory
cytokine secretion

To determine cell viability and cytokine secretion, cells
were plated in 96-well culture plates (5x10° cells/ml)
and were incubated with different concentrations of can-
grelor (20, 40, and 80 uM) and 1 pg/ml LPS for 24 h (for
ELISA) or 48 h (for viability assay). To assess cell viability,
10 pl CCK-8 solutions were added to each well and then
incubated at 37 °C for an additional 1 h. The absorbance
at 450 nm was determined using a microplate reader. For
the ELISA, the supernatant of BV-2 cells was collected
through centrifuging at 300 g for 10 min. The levels of
TNF-«, IL-1B, and IL-6 were measured via ELISA kits
(ABclonal) according to the manufacturer’s protocol.

Behavioral testing

Open field test (OFT)

Locomotor activity was investigated using published
approaches [35]. The experiment was conducted for 2
days. The first day of the adaptation phase and the second
day of the testing phase. The mice’s locomotor activity
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was recorded for 5 min in a locomotor monitoring device
(50 cm x50 cm X 35 cm). The open field was cleaned with
5% ethyl alcohol and allowed to dry between tests.

Morris water maze (MWM) test

The MWM test is one of the most widely used experi-
ments to study the behavioral neuroscience of spatial
learning and memory [36]. MWM test consisted of three
successive trials (visible-platform, hidden-platform, and
spatial probe trial). The MWM consisted of a large cir-
cular black pool (120-cm diameter, 60-cm height) filled
with water at 24+2 °C. The maze was divided into four
quadrants, and a clear platform was placed inside the
water (hidden 1 cm). A mounted flag (height, 5 cm) was
fixed to the platform throughout the visible platform
trial (days 1-2). Each mouse was subjected to four train-
ing sessions every day in both the visible platform and
the hidden platform (days 3-5). They had 90 s to seek
the platform, and if they did not find the platform within
90 s, they would be directed to it by the experimenter
and stay there for 10 s. In the probe test (day 6, without
the flag attached), the mice were allowed to swim in the
water tank for 90 s without the hidden-platform. The
trend of the mouse searching for the platform was meas-
ured by the time spent in the target quadrant, where the
platform was previously located. The number of cross-
ings on the target platform was recorded by video track-
ing equipment and processed by a computer equipped
with an analysis-management system.

Novel object recognition (NOR) test

NOR test is widely used to test memory, as described
previously [36]. Mice were placed in the center of the
open field chamber (50 cm x50 cm X 35 cm). Mice com-
pleted an acquisition session in which they were left in an
apparatus containing two similar objects. 24 h later, rec-
ognition memory was assessed and a different pair of dis-
similar objects (a familiar and a novel one, respectively)
were presented. Time spent exploring both objects was
recorded for 5 min.

Western blot analyses

Hippocampal tissue or BV-2 cells were homogenized in a
mixture of PMSF and RIPA lysis buffer (Beyotime Insti-
tute of Biotechnology, Shanghai, China) on ice. Super-
natant protein concentrations were determined after
centrifugation at 12,000 rpm for 5 min at 4 °C with a
BCA protein assay kit (Beyotime Institute of Biotechnol-
ogy, Shanghai, China). Protein samples (30-40 pg) were
added to the band, fractionated by 6-12% sodium dode-
cyl sulfate—polyacrylamide gels (SDS—PAGE), and trans-
ferred to polyvinylidene difluoride (PVDF) membrane
(0.22 pm; Millipore, Temecula, CA, USA). Subsequently,
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membranes were blocked in 5% non-fat milk for 2 h and
probed with primary antibodies overnight at 4 °C. The
primary antibodies used in this study were anti-GPR17
(1:300), anti-APP (1:500), anti-BACE1 (1:500), anti-Ibal
(1:1000), anti-GFAP (1:1000), anti-CD68 (1:1000), anti-
caspase-3 (1:1000), Bcl-2 (1:1000), Bax (1:500), anti-
BDNF (1:1000), and anti-B-actin (1:2000), respectively,
followed by incubation with horseradish peroxidase
(HRP)-conjugated goat anti-rabbit or goat anti-mouse
secondary antibody (1:8000, Proteintech, China) at room
temperature for 2 h. Nuclear proteins were extracted
using nucleoprotein extraction (Sangon Biotech, China).
The supernatant nuclear protein extract was submitted to
Western blot for assays of anti-NF-«kB p65 (1:1000), anti-
CREB (1:1000), and anti-Histone H3 (1:500). Finally, the
protein bands were visualized using an enhanced chemi-
luminescence kit (Millipore, Billerica, MA, USA). The
images were digitized from the membrane and the band
intensity was quantified using Image J software, version
2.0 (n=4 mice/group).

Extraction of nuclear protein

Nuclear extract was prepared using a nucleoprotein
extraction kit. Briefly, the mouse hippocampus was
chopped into small pieces, homogenized in ice-cold
hypotonic buffer containing 0.5% phosphatase inhibitor,
1% PMSE, and 0.1% DTT, and then centrifuged at 4 °C,
3000 g for 5 min. The precipitate was washed with hypo-
tonic buffer and centrifuged at 4 °C, 5000 g for 5 min.
Finally, 0.2 ml lysis buffer containing 0.5% phosphatase
inhibitor, 1% PMSEF, and 0.1% DTT were added into the
precipitate, chilled for 20 min, and centrifuged at 4 °C,
15,000 g for 10 min. The supernatant nuclear protein
extract was subjected to WB for assay of NF-xB p65,
p-CREB, and histone H3 was used as a loading control
(n=4 mice/group).

Real-time quantitative PCR (RT-PCR) analysis

GPR17 mRNA level in the mouse hippocampus was
assessed by RT-PCR. Mice were sacrificed after the
behavioral analysis, and the brains were rapidly removed.
The mRNA from the mouse hippocampus was iso-
lated and purified by standard techniques using Trizol
as per the manufacturer’s protocol (Invitrogen, USA).
The mRNA was reverse transcribed using Superscript 11
reverse transcriptase (Invitrogen, USA), and an aliquot
of the reaction was used in simultaneous PCR reactions.
A BioRad MyIQ real-time thermocycler was used to col-
lect the data. For PCR, SYBR green detection was used
according to the manufacturer’s protocol (Bio-Rad).
Amplicon identity was checked by restriction analysis.
The primer efficiency was determined from the slope
relation between the absolute copy number or RNA
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quantity and the cycle threshold using the BioRad soft-
ware. All primer pairs had a minimum of 90% efficiency.
Primers that amplify B-actin mRNA were used as a con-
trol to normalize the data. Primer sequences comprised:
B-actin  Forward: GGCTGTATTCCCCTCCATCG
Reverse: CCAGTTGGTAACAATGCCATGT; GPR17
Forward: CACCCTGTCAAGTCCCTCAAG Reverse:
GTGGGCTGACTAGCAGTGG. The data of real-time
PCR were analyzed using the value 2-DAC B-Actin was
used as an internal control (# =4 mice/group).

Determination of the cholinergic system, cytokines release,
and AB

Acetylcholine esterase (AChE) is a marker for the imbal-
ance in the cholinergic system and the loss of choliner-
gic neurons in the brain. The AChE activity was assessed
using an AChE ELISA kit. Briefly, take 50 pl of the super-
natant from the hippocampal tissue homogenate and mix
it with 3 ml of sodium phosphate buffer, 100 ul of the
acetylthiocholine iodide, and 100 pl of Ellman’s reagent.
Measure the change in absorbance by spectrophotometry
at 412 nm (Solarbio, China). Furthermore, acetylcho-
line (ACh) and choline acetyltransferase (ChAT) levels
in the hippocampus were evaluated by corresponding
kits according to the manufacturer’s protocol (Nanjing
Jiancheng Biological Engineering Institute, Nanjing,
China). The homogenate was centrifuged and the super-
natant was collected carefully and assayed by TNF-a,
IL-1P, and IL-6 ELISA kit (ABclonal) according to the
procedures supplied by the manufacturer. The level of AP
in the hippocampus was also determined using ELISA
kits (n=4 mice/group).

Immunofluorescence staining

The mouse brain tissue was post-fixed in the perfusion
solution for 4 h at 4 °C before being incubated in a 30%
sucrose solution for 24 h. The Tissue-Tek O.C.T. com-
pound (Sakura, Japan) was used to embed brain tissue,
which was consequently cut into 20-pm slices (Leica,
Germany). The brain slices were soaked in 3% H,O,
for 30 min, and permeabilized with 0.5% Triton X-100
for 10 min before being blocked with 5% bovine serum
albumin (BSA) for 1 h and incubated at 4 °C overnight
with anti-Ibal (1:200), and anti-GFAP (1:200) primary
antibody. Following washing, the sections were incu-
bated for 1 h at room temperature in the dark with Alexa
Fluor 488 donkey anti-rabbit IgG (1:200; Yeasen Biotech,
Shanghai, China) or Alexa Fluor 594 goat anti-mouse
IgG (1:200; Yeasen Biotech, Shanghai, China) second-
ary antibodies. The nuclei were shown by DAPI staining.
Photomicrographs were obtained by Leica microsystems
(Wetzlar, Germany) and quantified with the Image-Pro
Plus software. The number of microglia and astrocytes in
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the hippocampus was measured, followed by the micro-
glia and astrocytes-positive area to generate the ratio of
microglia and astrocytes staining to hippocampal area (%
area occupied). The average values of the four slices from
each animal were used for statistical analysis (n =4 mice/

group).

The terminal transferase biotinylated-dUTP nick end
labeling (TUNEL)-staining

TUNEL-staining was performed to label cells undergo-
ing apoptosis following the manufacturer’s instructions
(Solarbio, China). Briefly, the brain sections were incu-
bated in a permeabilization solution and then incubated
with a TUNEL reaction mixture. Finally, the sections
were incubated with TdT enzyme containing FITC-
labeled dUTP at 37 °C for 60 min in a humidified dark
chamber. After washing with PBS, the sections were
stained with DAPL. TUNEL™ cells were identified by the
co-localization of both the TUNEL signal and DAPI. The
apoptotic bodies were expressed as a percentage of the
total number of cells examined the percentage of apop-
totic cells in the brain sections. Nerve cell-specific immu-
nofluorescence staining marker NeuN was co-located
with the TUNEL-positive nucleus. The number of apop-
totic neural cells per view was counted using microscopy
atx 200 magnification (n =4 mice/group).

Statistical analysis

Statistical analyses were performed using SPSS v20.0
software. Data were assessed for normality and homo-
geneity of variance using Kolmogorov—Smirnov and
Bartlett’s tests, respectively. Results are expressed as
mean * standard error of the mean (SEM). Comparisons
between the two groups were made using Student’s ¢ test.
The behavioral data of escape latency from MWM were
analyzed using two-way analysis of variance (ANOVA)
and individual means were compared using post-hoc
Bonferroni’s multiple comparison test. All other data
were analyzed by a one-way ANOVA followed by Dun-
nett’s post-hoc analysis for multiple comparisons. All
graphs were made using Graph Pad Prism software (ver-
sion 7.0, Prism Software for PC, GraphPad). Values of
P<0.05 were considered statistically significant.

Results

GPR17 is upregulated in the mouse brain after LPS
exposure

Since GPR17 is associated with inflammation, we first
investigated whether exposure to LPS, an inflamma-
tion inducer, can change the expression of GPR17 in the
mouse brain. We detected the protein and mRNA levels
of GPR17 in the hippocampus, cortex, hypothalamus,
and ventral tegmental area (VTA) of the LPS-treated
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mice. Our results showed that LPS treatment induced
a significant upregulation of GPR17 protein in the hip-
pocampus (193.21% + 16.67%), cortex (154.65% + 7.14%),
and hypothalamus (142.07% + 8.80%) compared with the
control group. However, there was no significant change
of GPR17 protein in the VTA (hippocampus: t(6) = 4.90,
P < 0.01; cortex: t(6) = 4.75, P < 0.01; hypothalamus: t(6)
= 2.74, P < 0.05; VTA: t(6) = 1.60, P > 0.05; Fig. 1B). The
RT-PCR results further indicated that the mRNA levels
of GPR17 was significantly increased in the hippocam-
pus and cortex of the LPS-treated mice compared with
the control group, but not in the hypothalamus and VTA
(hippocampus: t(6) = 5.31, P < 0.01; cortex: t(6) = 3.22, P
< 0.05; hypothalamus: t(6) = 2.32, P > 0.05; VTA: t(6) =
1.09, P > 0.05; Fig. 1C). The DG, a subregion of the hip-
pocampus, is thought to be an important brain region
for learning and memory. Immunofluorescence results
showed that LPS treatment also induced obvious upregu-
lation of GPR17 in the hippocampal DG region (Fig. 1D).
Therefore, we chose the hippocampal DG as the target
region to further investigate the role of GPR17 in cogni-
tive impairment induced by LPS in mice.

Knockdown of hippocampal GPR17 prevents LPS-induced
cognitive impairment in mice
To verify the role of GPR17 in LPS-induced cognitive
dysfunction, we constructed a lentivirus vector carrying
GPR17 with EGFP, named LV-GPR17-shRNA-EGFP.
To produce a stable knockdown of the hippocampal
GPR17, the mice were intrahippocampally injected with
LV-GPR17-shRNA-EGFP. On week 4, the EGFP" cells
were observed under a fluorescence microscope. Numer-
ous of EGFP™ cells were found expressed throughout the
hippocampal DG (Fig. 2B). In addition, we also found
that EGFP* cells were expressed on microglia (Addi-
tional file 1: Fig. S1). Next, we investigated whether the
protein and mRNA levels of GPR17 were altered in the
hippocampus of LPS-treated mice. Western blotting
analysis revealed a significant increase of GPR17 protein
in the hippocampus of LPS-treated mice (F [2, 9] =17.96,
P<0.01; Fig. 2C, and D). The RT-PCR results also showed
that the expression of the GPR17 gene was upregulated
after LPS exposure (F [2, 9]=24.65, P<0.0I; Fig. 2E).
These results indicate that LPS treatment induces a uni-
form increase in hippocampal GPR17 expression. How-
ever, LV-GPR17-shRNA-EGFP microinjection into the
DG region of the hippocampus significantly decreased
the mRNA and protein levels of GPR17 in the DG region
of the hippocampus compared with the LV-EGFP lenti-
virus pretreatment group, indicating the effectiveness of
this lentivirus (Fig. 2D, and E).

To investigate the role of GPR17 in cognitive dysfunc-
tion induced by LPS, we performed several behavioral
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Liang et al. Journal of Neuroinflammation (2023) 20:271

tests in mice. Before the MWM and NOR tests, general
behavioral performance was assessed by the open field
test. As shown in Fig. 2F, G, one-way ANOVA showed
no significant difference in the distance of movement
among different groups (F [2, 33] =0.80, P> 0.05, Fig. 2G),
suggesting that the impaired performance in behavioral
tests among the groups were not due to the differences
in spontaneous locomotor activity. Repeated adminis-
tration of LPS in mice for 7 days causes memory decline
as observed by different behavioral studies. Herein, we
employed to test the memory retention ability in the mice
under experiment through MWM and NOR tests. Dur-
ing the visible platform training of the MWM test, no sig-
nificant difference in escape latency was observed among
all the groups, suggesting no visual or physical disability
in the animals (Fig. 2I). During the non-visible platform
training (days 3-5), the escape latency was significantly
increased in the LPS (only)-treated group compared to
the control group, while the escape latency was signifi-
cantly reduced in the LV-GPR17-shRNA-EGEFP-treated
group (Fig. 2I). On day 6 of the MWM test, during the
probe trial, the percentage of the total time spent in the
target quadrant and the number of platform crossings
were considered to evaluate memory retention in the ani-
mals. Time spent in the target quadrant (1 trial/mouse, F
[2, 33]=20.56, P<0.01, Fig. 2]) and the number of plat-
form crossings (1 trial/mouse, F [2, 33]=22.56, P<0.01,
Fig. 2K) were significantly less in the LV-EGFP+LPS
group compared with the Veh+Veh group, suggesting
memory impairment in the LPS-treated mice. However,
LV-GPR17-shRNA-EGFP-treated mice spent more time
in the target quadrant (P<0.01; Fig. 2]), and crossed the
platform position more frequently (P<0.0I, Fig. 2K)
than the LPS-treated mice. No significant difference was
noted in the swimming speed between the three groups
(F [2, 33]=0.09, P> 0.05, Fig. 2L).

To supplement the results observed in the MWM task,
we also carried out the NOR test. The NOR test was used
to assess the recognition memory in our study. Due to

(See figure on next page.)
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the innate preference for novelty, if the mice recognized
the familiar objects they had seen in the environment,
they would spend more time exploring the new object. A
significantly decreased recognition index was observed in
mice in the LPS group compared with the control group
(F [2, 33]=5.29, P<0.01, Fig. 2N), while it was increased
in the GPR17-shRNA +LPS group (P<0.01, Fig. 2N). In
addition, GPR17 knockdown in normal mice had no sig-
nificant effect on their learning and memory (Additional
file 1: Fig. S2). Taken together, these results suggest that
the knockdown of GPR17 ameliorates LPS-induced spa-
tial and learning impairment in mice.

Inhibition of GPR17 with cangrelor attenuates cognitive
impairment induced by LPS in mice

To further verify the role of GPR17 in the regulation of
cognitive impairment induced by LPS, we subsequently
explored the effects of cangrelor, a GPR17 antagonist, in
mice exposed to LPS. Consistent with previous findings,
our results showed that hippocampal GPR17 expression
was also significantly increased after LPS exposure. Inter-
estingly, cangrelor pretreatment reduced the expression
of GPR17 protein (F [3, 12]=29.33, P<0.01, Fig. 3B, and
C), but did not affect mRNA levels in the hippocampus
(F [3, 12] =33.43, P<0.01, Fig. 3D).

The effects of cangrelor on LPS-induced cognitive defi-
cits in mice were evaluated by behavioral tests. Similar
to the virus administration experiment, there were no
significant differences in the total distance of the four
groups in the OFT (F [3, 44]=0.18 P>0.05, Fig. 3F). This
result indicated that cangrelor did not affect the sponta-
neous locomotor activity in mice. As shown in Fig. 3H,
mice in each group exhibited similar escape latency in
the visible-platform variant (days 1-2) of the MWM test
(Fig. 3H). Then, we tested the mice in the spatial hidden-
platform variant (days 3-5). The results showed that the
escape latency in the LPS group was significantly longer
than that in the control group on days 4 and 5 after LPS
injection, which was reversed by cangrelor pretreatment,

Fig. 2 Hippocampal GPR17 knockdown prevents LPS-induced cognitive impairment in mice. A Experimental procedure for the test schedule.
LV-EGFP or LV-GPR17-shRNA-EGFP were microinfused into bilateral DG regions of the hippocampus of mice, followed by LPS (0.25 mg/kg, i.p.)

or its vehicle was administered 7 days after the viral infusions 3 weeks, and then, the OFT, MWM, and NORT tests were conducted in mice. B
Imaging of green fluorescent protein expression in the hippocampus after 4 weeks of viral vector injection. Scale bar=100 um. C Representative
immunoreactive bands of GPR17 protein in the hippocampus. 3-Actin was used as an internal control, and relative protein levels were quantified

by densitometry analysis using Image J software. Quantification of GPR17 protein (D) and mRNA (E) levels in the hippocampus was shown, n=4
mice/group. Scale bar, 100 um. F Schematic diagram of experimental apparatus and the heat map of mouse movement in the OFT. G Total distance
in the OFT. H Representative trajectories of mice from each experimental group in the probe trial. I During the 2-day visible platform test, there were
no differences in the escape latency among all groups in the MWM test. Escape latency was changed on the hidden platform during the 3-day
acquisition trials. J Time spent in the target quadrant during the probe trial test. K Number of platform crossings during the probe trial test. L
Swimming speed among all groups during probe testing on day 6. M Schematic diagram of experimental apparatus of the NORT. N Discrimination
index of the NORT. Values shown are expressed as mean + SEM; n=12 mice/group. *P<0.05, **P<0.01 versus Veh +LPS
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suggesting that cangrelor ameliorated the spatial learning
deficits induced by LPS in mice (Fig. 3H). During the spa-
tial probe test phase (on day 6), mice in the LPS group
showed a shorter time spent in the target quadrant (F [3,
44]=27.55, P<0.01, Fig. 3I), and fewer platform cross-
ings (F [3, 44]=11.79, P<0.01, Fig. 3]) compared to the
control group, indicating poorer memory for the former
platform location. However, pretreatment with cangrelor
significantly increased both the percentage of time spent
in the target quadrant and the number of platform loca-
tion crossings compared to the Veh+LPS group (Fig. 31,
). In addition, no significant difference was noted in
the swimming speed between the four groups (F [3,
44]=1.36, P> 0.05, Fig. 3K).

The NOR test was used to determine the time spent on
the novel object compared to the familiar object. The DI
was calculated as mentioned earlier and shown in Fig. 3L
reveals that the group that received LPS alone showed
negative DI values, indicating non-spatial memory
impairment, where the mice spent more time exploring
the familiar object than the novel object (F [3, 44] =12.71,
P<0.01, Fig. 3L). Notably, pretreatment with cangrelor
showed a significant increase in DI compared with the
Veh+LPS group (Fig. 3L). In addition, pharmacological
inhibition of GPR17 in normal mice had no significant
effect on their learning and memory (Additional file 1:
Fig. S3). These data suggest that inhibition of GPR17 with
cangrelor improves LPS-induced memory impairment in
mice.

Knockdown and inhibition of hippocampal GPR17 inhibit
the production of amyloidogenesis and oxidative response
in LPS-treated mice

Amyloidogenesis represents one of the keys in the
pathogenesis of AD. To investigate whether the hip-
pocampal GPR17 influenced amyloidogenesis inhi-
bition in the mouse brain, we performed Western
blotting. As shown in Fig. 4A-C and H-]J, LV-GPR17-
shRNA and cangrelor pretreatment inhibited the
expression of APP (LV-GPR17-shRNA: F [2, 9] =29.29,
P<0.01, Fig. 4A, and B; cangrelor: F [3, 12]=15.6,

(See figure on next page.)
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P<0.01, Fig. 4H, and I), and BACEl1 (LV-GPR17-
shRNA: F [2, 9] =38.48, P<0.01, Fig. 4A, and C; can-
grelor: F [3, 12] =32.03, P<0.01, Fig. 4H, and ]) in the
hippocampus. In addition, LV-GPR17-shRNA and
cangrelor pretreatment also significantly attenuated
increased Ap level in the hippocampus of LPS-treated
mice (LV-GPR17-shRNA: F [2, 9]=21.86, P<0.01,
Fig. 4D; cangrelor: F [3, 12] =24.41, P<0.01, Fig. 4K).
Learning and memory impairments have been linked
to AD, and cholinergic dysfunction is thought to con-
tribute to the onset of AD [37]. Therefore, the effects of
GPR17 on the balance of the cholinergic system were
analyzed in mice. As expected, LV-GPR17-shRNA
and cangrelor pretreatment restored the balance of
the cholinergic system by suppressing AChE activity
(LV-GPR17-shRNA: F [2, 9]=22.1, P<0.01, Fig. 4E;
cangrelor: F [3, 12] =19.66, P<0.01, Fig. 4L) and elevat-
ing ChAT activity (LV-GPR17-shRNA: F [2, 9] =21.8,
P<0.01, Fig. 4F; cangrelor: F [3, 12]=27.41, P<0.01,
Fig. 4M) as well as ACh level in the hippocampus (LV-
GPR17-shRNA: F [2, 9] =15.85, P<0.01, Fig. 4G; can-
grelor: F [3, 12] =10.56, P<0.01, Fig. 4N).

To explore the antioxidant potential of LV-GPR17-
shRNA and cangrelor against LPS-induced oxida-
tive stress, we measured the levels of malondialdehyde
(MDA) and superoxide dismutase (SOD) in the hip-
pocampus. SOD is the main antioxidant enzyme in tis-
sues, and MDA is the marker of lipid peroxidation. As
shown in Fig. 40-R, the MDA level in the hippocam-
pus of LPS-treated mice was significantly higher than
the control group (LV-GPR17-shRNA: F [2, 9]=28.72,
P<0.01, Fig. 40; cangrelor: F [3, 12]=27.6, P<0.01,
Fig. 4Q). However, the SOD level in LPS-treated mice
was greatly reduced compared to the control group both
in the hippocampus (LV-GPR17-shRNA: F [2, 9] =32.26,
P<0.01, Fig. 4P; cangrelor: F [3, 12]=35.74, P<0.01,
Fig. 4R). LV-GPR17-shRNA and cangrelor pretreatment
could decrease the level of MDA compared to the LPS-
treated group and could increase the level of SOD in the
hippocampus. Taken together, the above results sug-
gest that the knockdown and inhibition of hippocampal

Fig. 3 Inhibition of GPR17 with cangrelor attenuates cognitive impairment induced by LPS in mice. Cangrelor was microinfused into bilateral

DG regions of the hippocampus of mice for 21 days, followed by LPS (0.25 mg/kg, i.p.) or its vehicle was administered for 7 days, and then,

the OFT, MWM, and NORT tests were conducted in mice. A Schematic representation of the drug treatment experiment design. B Representative
immunoreactive bands of GPR17 protein in the hippocampus. GPR17 protein (C) and mRNA levels (D) in the hippocampus. 3-Actin was used

as an internal control, n=4 mice/group. E Representative heat map of mouse movement in the OFT. F Total distance in the OFT was shown.

G Representative trajectories of mice from each experimental group in the probe trial. H During the 2-day visible platform test, there were

no differences in the escape latency among all groups. Escape latency was changed on the hidden platform during the 3-day acquisition trials. |
The percentage of total time spent in the target quadrant during the probe trial. J Number of platform crossings during the probe trial test on day
6. K Average swimming speed among all groups in the 6 day tests. L Discrimination index was determined by performing the following calculation:
(EB—EA)/(EB+EA). Values shown are expressed as mean = SEM; n=12 mice/group. *P<0.05, ** P<0.01 versus Veh +LPS
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GPR17 inhibits the production of amyloidogenesis and
oxidative response in LPS-treated mice.

Knockdown and inhibition of hippocampal GPR17 inhibits
neuroinflammation induced by LPS in mice
Neuroinflammation mediated by glial activation and
inflammatory cytokine release plays an important role
in the progression of neurodegenerative diseases [38].
Neuroinflammation, characterized by overactivation of
glial cells, plays an important role in cognitive impair-
ment. LPS is a powerful inflammation-inducing agent.
To explore whether LPS-induced neuroinflammation in
mice, the expression of Ibal and GFAP, markers of micro-
glia and astrocytes in the brain, through immunofluores-
cence and Western blot assay, respectively. The results
showed that LPS caused obvious microglia activation in
the mouse hippocampal DG region (LV-GPR17-shRNA:
F [2, 9]=412, P<0.01, Fig. 5A, and C; Cangrelor: F [3,
12]=26.45, P<0.01, Fig. 5B, and D). Similarly, LPS also
caused obvious astrocytes activation in the hippocampus
(LV-GPR17-shRNA: F [2, 9] =23.51, P<0.01, Fig. 5K, and
M; cangrelor: F [3, 12]=24.9, P<0.01, Fig. 5L, and N),
which were reduced by LV-GPR17-shRNA and cangre-
lor pretreatment. Consistent with the immunofluores-
cence results, western blotting results also showed that
LPS significantly upregulated the expression of microglia
and astrocytes levels in the hippocampus of LPS-treated
mice, and these increases were significantly downregu-
lated by LV-GPR17-shRNA and cangrelor pretreatment
(LV-GPR17-shRNA-EGFP: F [2, 9]=11.61, P<0.01 for
the microglia cells, Fig. 5G; F [2, 9]=10.36, P<0.01 for
the astrocytes cells, Fig. 5Q; cangrelor: F [3, 12]=14.3,
P<0.01 for the microglia cells, Fig. 5H; F [3, 12]=11.19,
P<0.01 for the astrocytes cells, Fig. 5R). We also detected
the expression of glial cells in other regions of the hip-
pocampus. The results showed that LPS also significantly
activated microglia and astrocytes in the CAl and CA3
regions of the hippocampus, but GPR17 knockdown
had no significant effect on their expression (Additional
file 1: Fig. S4). To confirm whether the enhanced density
of microglia induced by LPS administration represents a
population of activated microglia, we performed western

(See figure on next page.)

Page 12 of 26

blot analysis on the expression of CD68, a lysosomal
protein that is often used as a marker for active phago-
cytosis of microglia cells. Strikingly, CD68 expression
was also significantly increased in the hippocampus, fol-
lowing the LPS injection, despite increases in microglia
numbers. However, LV-GPR17-shRNA-EGFP and can-
grelor pretreatment significantly inhibited LPS-induced
expression of CD68 in the hippocampus of mice (LV-
GPR17-shRNA-EGFP: F [2, 9]=10.28, P<0.01, Fig. 5;
cangrelor: F [3, 12] =15.08, P<0.01, Fig. 5]). Nest, we also
detected the levels of pro-inflammatory cytokines in the
hippocampus by ELISA. One-way ANOVA revealed that
the levels of TNF-a, IL-1f, and IL-6 were much higher in
the LPS group compared with the control group, which
was significantly suppressed by LV-GPR17—-shRNA (LV-
GPR17-shRNA-EGFP: F [2, 9] =24.69, P<0.01 for TNF-
a, Fig. 5S; F [2, 9] =23.67, P<0.01 for IL-1p, Fig. 5T; F [2,
9]=24.9, P<0.01 for IL-6; Fig. 5U) and cangrelor pre-
treatment (Cangrelor: F [3, 12] =23.41, P<0.01 for TNF-
a, Fig. 5V; F [3, 12]=30.59, P<0.01 for IL-1p, Fig. 5W; F
[3, 12] =25.33, P<0.01 for IL-6, Fig. 5X). Our results sug-
gested that knockdown and inhibition of hippocampal
GPR17 ameliorate the learning and memory ability by
reducing LPS-induced neuroinflammation in mice.

Knockdown and inhibition of hippocampal GPR17
ameliorated synaptic impairment and neuron apoptosis

in LPS-treated mice

LPS-induced decrease in synaptic protein levels may
contribute to the impairment of synaptic plasticity and
the learning and memory decline observed in behavio-
ral tests, suggesting impairments of synaptic plasticity
may be responsible for LPS-induced memory deficits.
The synapse-associated proteins, especially postsynaptic
PSD-95 and presynaptic SYN promote synaptic plastic-
ity. In this study, the levels of presynaptic PSD-95 (LV-
GPR17-shRNA: F [2, 9]=17.82, P<0.01, Fig. 6A, and
B; cangrelor: F [3, 12]=12.13, P<0.01, Fig. 6F, and G)
and SYN (LV-GPR17-shRNA: F [2, 9]=10.86, P<0.01,
Fig. 6A, and C; cangrelor: F [3, 12] =7.45, P<0.01, Fig. 6F,
and H) decreased in the hippocampus of mice after the
mice were treated with LPS. Meaningfully, in our study,

Fig. 4 Knockdown and inhibition of hippocampal GPR17 inhibits the production of amyloidogenesis and oxidative response in LPS-treated mice.
A Representative protein bands of APP and BACET in the hippocampus of lentivirus groups were shown. 3-Actin was used as an internal control,
and relative protein levels were quantified by densitometry analysis using Image J software. Quantification of the changes of APP (B) and BACE1 (C)
protein in the hippocampus were presented as the ratio (in percentage) of the Veh +Veh group. D Levels of AR in the brain. E AchE activity, F ChAT
activity, and levels of Ach G in the mouse brain. H Representative images of APP and BACET in the hippocampus of cangrelor groups were shown.
Quantification of APP (I) and BACE1 (J) were presented as the ratio (in percentage) of the Veh +Veh group. K Levels of AR in the brain. L AchE
activity, M ChAT activity, and levels of Ach N in the mouse brain. The levels of MDA (0) and SOD (P) in the hippocampus of lentivirus groups were
shown. The levels of MDA (Q) and SOD (R) in the hippocampus of cangrelor groups were shown. Data shown are expressed as mean +SEM; n=4

mice/group. *P<0.05, ** P<0.01 versus Veh + LPS
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Fig. 4 (Seelegend on previous page.)

knockdown and pharmacological blockade of GPR17
prevented the LPS-induced reduction of PSD-95 and
SYN in the hippocampus of mice. These results suggested

that knockdown and pharmacological blockade of GPR17
protected against the reduction of synaptic-associated
protein in LPS-treated mice.
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The anti-apoptotic effects of LV-GPR17-shRNA and
cangrelor were investigated by detecting apoptotic-
related proteins in the hippocampus. The results showed
that the expression of active caspase-3 was induced by
LPS but was decreased by LV-GPR17-shRNA and can-
grelor pretreatment (LV-GPR17-shRNA: F [2, 9] =17.29,
P<0.01, Fig. 6A, D; cangrelor: F [3, 12]=18.39, P<0.01,
Fig. 6F, I). To assess whether the balance of hippocam-
pal proapoptotic protein Bax and anti-apoptotic pro-
tein Bcl-2 was affected by LPS, the expression of Bax
and Bcl-2 proteins was measured using western blot
analysis. Our results showed that the expression of Bcl-2
protein was significantly decreased in the LPS-treated
mice, while LV-GPR17-shRNA and cangrelor pretreat-
ment were able to restore its expression comparable to
the Veh+Veh group. In addition, the Bax expression
was significantly less than that of Veh+LPS group, and
the ratio of Bcl-2/Bax was markedly increased by LV-
GPR17-shRNA and cangrelor pretreatment (LV-GPR17-
shRNA: F [2,9] =15.2, P<0.01, Fig. 6A, E; cangrelor: F [3,
12]=8.12, P<0.01, Fig. 6F, J).

To further observe the effects of LV-GPR17-shRNA
and cangrelor on LPS-induced hippocampal neural cells,
a TUNEL assay was performed analysis. We found that
LPS injection increased TUNEL-positive cells (apoptosis)
as compared with the control group in the hippocam-
pal DG region (LV-GPR17-shRNA: F [2, 9]=15.52,
P<0.01, Fig. 6K, L; cangrelor: F [3, 12]=16.76, P<0.01,
Fig. 6M, N). Consistent with the above findings, LV-
GPR17-shRNA and cangrelor pretreatment significantly
attenuated LPS-induced neural cell apoptosis in the hip-
pocampal DG region. We further assessed the cell death
by co-localizing TUNEL-positive nuclei with the cell-spe-
cific marker NeuN. As demonstrated in Additional file 1:
Fig. S5, TUNEL-positive nuclei were co-localized with
NeuN. Pretreatment with LV-GPR17-shRNA and can-
grelor significantly attenuated the LPS-induced increase
of TUNELT-NeUN"-positive cells in the hippocampal
DG region (LV-GPR17-shRNA: F [2, 9]=15.80, P<0.01,

(See figure on next page.)
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Fig. S5A, C; cangrelor: F [3, 12]=10.96, P<0.01, Addi-
tional file 1: Fig. S5B, D). These data suggested that
knockdown and inhibition of hippocampal GPR17 might
ameliorate the learning and memory ability by reducing
LPS-induced hippocampal neuron apoptosis in mice.

Knockdown and inhibition of hippocampal GPR17
suppresses LPS-activated NF-kB—CREB/BDNF signaling
pathway in mice
GPR17 has been reported to be implicated in neuroin-
flammation by regulating the NF-kB signaling pathway,
and LPS exposure activates NF-«kB signaling by induc-
ing the nuclear translocation of p65. To explore whether
GPR17 is involved in LPS-activated NF-kB signaling,
the hippocampal level of NF-kB p65 in the nuclear frac-
tion was detected by Western blot analysis. As NF-xB
p65 is a crucial transcription factor for the regulation of
a wide range of genes, including the pro-inflammatory
cytokines, then, we checked the nuclear expression of
NF-«B p65 in the hippocampus. The level of NF-kB p65
was significantly higher in the LPS group than that in the
Veh+Veh group (LV-GPR17-shRNA: F [2, 9]=16.21,
P<0.01, Fig. 7A, and B; cangrelor: F [3,12]=8.12, P<0.01,
Fig. 7E, and F). However, shRNA-mediated knockdown
and pharmacological blockade of GPR17 inhibited such
nuclear translocation of NF-«xB p65 (Fig. 7B, and F), sug-
gesting inhibition of the nuclear translocation of NF-«B
is a critical mechanism by GPR17 mediates its inhibitory
effect on the pro-inflammatory cytokines. These results
suggest that knockdown and pharmacological blockade
of GPR17 inhibited LPS-induced neuroinflammation in
the hippocampus via inhibition of NF-kB signaling. This
data suggests that inhibition of the nuclear transloca-
tion of NF-kB p65 may be a critical mechanism by which
LV-GPR17-shRNA and cangrelor mediate its protective
effect against LPS-induced neuroinflammation and apop-
tosis in mice.

As shown in Fig. 7C, G, the levels of p-CREB in
the hippocampus were decreased by LPS treatment

Fig.5 Knockdown and inhibition of hippocampal GPR17 inhibits neuroinflammation induced by LPS in mice. Representative images

of immunofluorescent staining of Iba1 (green) and DAPI (blue) in the hippocampal DG of lentivirus (A) and cangrelor (B) pretreatment mice.

Scale bars=100 um. The number of Iba1 antibody-stained microglia, in the DG of LV-GPR17-shRNA (C) and cangrelor (D) pretreatment mice.

Iba-1 and CD68 protein levels were detected by Western blotting in the hippocampus of lentivirus (E) and cangrelor (F) pretreatment mice.

Protein band intensity was normalized to 3-actin. G-J Quantification of Iba-1 and CD68 protein levels is expressed as the fold difference relative

to the control group. Representative images of GFAP (red) immunofluorescent staining in the hippocampal DG of the LV-GPR17-shRNA (K)

and cangrelor (L) pretreatment groups. Scale bars= 100 um. M, N Number of GFAP antibody-stained astrocytes was normalized, as the ratio (in
percentage) of the Veh +Veh is shown. GFAP protein levels were detected by Western blotting in the mice of pretreatment with LV-GPR17-shRNA
(0) and cangrelor (P). Protein band intensity was normalized to -actin. Q, R Quantification of GFAP protein levels is expressed as the fold difference
relative to the control group. S-U Pro-inflammatory cytokine TNF-g, IL-13, and IL-6 in the brain were measured by ELISA in the mice of pretreatment
with LV-GPR17-shRNA. V-X Pro-inflammatory cytokine TNF-q, IL-1(3, and IL-6 in the brain were measured by ELISA in the mice of pretreatment

with cangrelor. Data shown are expressed as mean + SEM; n=4 mice/group. *P<0.05, **P<0.01 versus Veh +LPS
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(LV-GPR17-shRNA: F [2, 9]=21.02, P<0.01, Fig. 7A, GC;
cangrelor: F [3, 12]=11.43, P<0.01, Fig. 7E, G), which
was reversed by LV-GPR17-shRNA and cangrelor pre-
treatment. The best-known transcriptional target of
CREB is BDNE, which is known to emerge as an impor-
tant synaptic modulator of synaptogenesis. BDNF and
its signaling pathways are firmly implicated in neuronal
differentiation and survival. Numerous pieces of evidence
indicate that BDNF regulates both the early and late
phases of long-term potentiation in the hippocampus.
The levels of BDNF in the hippocampus were decreased
in mice treated with LPS (LV-GPR17-shRNA: F [2,
9]=11.62, P<0.01, Fig. 7A, D; cangrelor: F [3, 12] =23.92,
P<0.01, Fig. 7E, H), while it was dramatically recov-
ered by LV-GPR17-shRNA and cangrelor pretreatment.
These suggested that LV-GPR17-shRNA and cangrelor
improve cognitive impairment induced by LPS and might
be involved in the CREB/BDNF signaling in mice.

Activation of hippocampal GPR17 induced cognitive
impairment in normal mice

To verify the functional role of GPR17 in cognitive
impairment from the negative side, we used its agonist
MDL-29951 to further validate the functional role of
GPR17 in learning and memory. Our results showed that
MDL-29951 combined with LPS treatment increased
the protein (F [3, 12]=17.78, P<0.01, Fig. 8B, and C),
and the mRNA levels of GPR17 in the hippocampus of
LPS-treated mice (F [3, 12]=20.21, P<0.01, Fig. 8D), but
MDL-29951 had no significant effect on the expression of
GPR17 protein and mRNA in the normal mice (P> 0.05,
Fig. 8D).

To determine whether general locomotor activity inter-
feres with cognitive behavior tests, we conducted the
OFT. The results showed that there was no significant
difference among the groups in the total distance traveled
in the OFT (F [2, 33]=0.97, P>0.05, Fig. 8E). Then, we
assessed the performance of mice in the visible-platform
variant of the Morris water maze to test for baseline dif-
ferences between treatment groups in vision and motiva-
tion. Mice in each group exhibited similar escape latency
in the visible-platform test, suggesting no difference
in vision or basal motivation among the three groups

(See figure on next page.)
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(Fig. 8F). We then tested the mice in the spatial hidden-
platform variant. The results indicated that MDL-29951
only or MDL-29951+LPS treatment, increased escape
latencies compared to the control group (Fig. 8F). In the
probe trial, the mice treated with MDL-29951 which dis-
played a significant decrease in the percentage of time
(1 trial/mouse, F [2, 33]=13.21, P<0.05, Fig. 8G) and
the number of entries (1 trial/mouse, F [2, 33]=21.57,
P<0.01, Fig. 8H) in the target quadrant compared to the
control. In contrast, mice treated with MDL-29951 plus
LPS showed a significant decrease in both indices com-
pared to the control (P<0.001 for the percentage of time
and P<0.001 for the number of entries; Fig. 8G, H). In
addition, all the mice showed similar swim distance and
swim speed in the tests (F [2, 33] =1.12, P>0.05, Fig. 8I).
To confirm the results observed in the MWM test, we
also carried out the NOR test. During the test period,
mice treated with MDL-29951 caused a significant
decline in the discrimination index compared with the
control group (F [2, 33]=17.25, P<0.05, Fig. 8]). Mice
treated with MDL-29951 plus LPS showed a significant
decline in the discrimination index compared with the
control group (F [2, 33]=28.13, P<0.01, Fig. 8]). These
behavior data indicate that activation of hippocampal
GPR17 induced cognitive impairment in normal mice.

Mechanisms of cangrelor against LPS-induced
neuroinflammation in BV-2 cells

To determine the anti-neuroinflammatory activity of
cangrelor, we first examined the drug toxicity of can-
grelor in BV-2 microglia cells. BV-2 cells were treated
with cangrelor (20, 40, and 80 pM) for 24 h, and cell
viability was determined. Our results showed that can-
grelor did not exhibit toxicity at different doses, thus
excluding the possibility of toxic effects of cangre-
lor (P>0.05, Fig. 9B). Subsequently, we examined the
inhibitory effect of cangrelor on microglial activation.
To investigate the potential regulatory effects of can-
grelor on pro-inflammatory responses, BV-2 cells were
treated with vehicle or cangrelor (20, 40, and 80 uM) for
30 min, followed by LPS (1 ug/ml) or PBS. Our results
showed that cangrelor exerted potent neuroprotective
effects following LPS insult by maintaining cell viability

Fig. 6 Knockdown and inhibition of hippocampal GPR17 ameliorated synaptic impairment and neuron apoptosis in LPS-treated mice. A
Representative bands of PSD-95, SYN, cleaved caspase-3, Bcl-2, and Bax in the hippocampus of lentivirus groups were shown. Quantification

of PSD-95 (B), SYN (C), cleaved caspase-3 (D), and (E) Bcl-2/Bax protein levels are expressed as the fold difference relative to the control group.

F Representative bands of PSD-95, SYN, cleaved caspase-3, Bcl-2, and Bax in the hippocampus of cangrelor groups were shown. Quantification

of PSD-95 (@), SYN (H), cleaved caspase-3(l), (J) Bcl-2/Bax protein levels is expressed as the fold difference relative to the control group. Protein
band intensity was normalized to 3-actin. Representative photographs of TUNEL-positive cells in the hippocampal DG of the LV-GPR17-shRNA (K)
and cangrelor (M) groups. L, N Quantitative analysis of TUNEL-positive cells. Values shown are expressed as mean + SEM; n=4 mice/group. *P < 0.05,

**P<0.01 versus Veh+LPS. Scale bar, 100 um
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Fig. 7 Knockdown and inhibition of hippocampal GPR17 suppresses LPS-activated NF-kB-CREB/BDNF signaling pathway in mice. A Representative
bands of NF-kB p65, p-CREB, and BDNF in the hippocampus of lentivirus groups. Quantification of NF-kB p65 (B), p-CREB (C), and BDNF (D)

protein levels is expressed as the fold difference relative to the control group. (E) Representative bands of NF-kB p65, p-CREB, and BDNF

in the hippocampus of cangrelor groups. Quantification of NF-kB p65 (F), p-CREB (G), and BDNF (H) protein levels in the hippocampus. The band
densities were normalized to the band density of the loading control actin. The extraction process of nuclear protein in mouse hippocampus

as described above. Data shown are expressed as mean + SEM; n=4 mice/group. *P<0.05, ** P<0.01 versus Veh +LPS

(F [4, 15] =7.31, P<0.01, Fig. 9C). We also determined
that 40 and 80 uM of cangrelor were the optimum dose
for neuroprotective activity. To determine the effi-
cacy of cangrelor in modulating neuroinflammatory
responses at the cellular level, we examined the levels of
inflammatory cytokines. After LPS stimulation, the lev-
els of the pro-inflammatory cytokines including TNF-«,
IL-1B, and IL-6 were significantly increased, while pre-
treatment with 40 and 80 puM of cangrelor could sig-
nificantly inhibit the levels of TNF-«, IL-1f, and IL-6
induced by LPS in BV-2 cells (TNF-a: F [3, 12] =15.82,
P<0.01, Fig. 9D; IL-1B: F [3, 12]=14.81, P<0.01,
Fig. 9E; IL-6: F [3, 12] =9.41, P<0.01, Fig. 9F). In addi-
tion, cangrelor significantly down-regulated the expres-
sion of NF-kB p65 and up-regulated the expression

of p-CREB and BDNF proteins in LPS-treated BV-2
cells (NF-kB p65: F [3, 12]=14.03, P<0.01, Fig. 9G,
and H; p-CREB: F [3, 12]=13.95, P<0.01, Fig. 9G,
and I; BDNF: F [3, 12]=24.79, P<0.01, Fig. 9G, and
J). To further acknowledge the role of GPR17 in can-
grelor against LPS-elicited neuroinflammation,
GPR17 expression was knocked down using siRNA.
The results revealed that pretreatment with cangrelor
or GPR17 siRNA inhibited the levels of pro-inflam-
matory cytokines (TNF-a: F [8, 27]=20.31, P<0.01,
Fig. 9K; IL-1B: F [8, 27] =20.62, P<0.01, Fig. 9L; IL-6:
F [8, 27]=19.02, P<0.01, Fig. 9M) and NF-«xB p65,
and increased the expression of p-CREB and BDNF in
LPS-treated BV-2 cells (NF-kB p65: F [8, 27] =15.84,
P<0.01, Fig. 90, and P; p-CREB: F [8, 27]=25.95,
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Fig. 8 Activation of hippocampal GPR17 induced cognitive impairment in normal mice. A Experimental procedure for the test schedule.
MDL-29951 was microinfused into bilateral DG regions of the hippocampus of mice, followed by LPS (0.25 mg/kg, i.p.) or its vehicle

was administered 7 days after the MDL-29951 infusions 3 weeks, and then, the OFT, MWM, and NOR tests were conducted in mice. B Representative
immunoreactive bands of GPR17 protein in the hippocampus. GPR17 protein (C) and mRNA levels (D) in the hippocampus, n=4 mice/group. E
Total distance in the OFT. F During the 2-day visible platform test, there were no differences in the escape latency among all groups in the MWM
test. Escape latency was changed on the hidden platform during the 3-day acquisition trials. G Time spent in the target quadrant during the probe
trial test. H Number of platform crossings during the probe trial test. I Swimming speed among all groups during probe testing on day 6. J
Discrimination index of the NOR test. Values shown are expressed as mean + SEM; n=12 mice/group. *P<0.05, **P<0.01, ***P<0.001

P<0.01, Fig. 90, and Q; BDNF: F [8, 27]=23.58,
P<0.01, Fig. 90, and R). Moreover, the combination
of cangrelor or GPR17 siRNA significantly inhibited
the expression of NF-«B p65 and pro-inflammatory
cytokines and increased the expression of p-CREB and
BDNEF, which suggested that GPR17-mediated signaling

might be critical in ensuring the beneficial effects of
cangrelor on neuroinflammation.

In addition, we examined the effects of MDL-29951
on inflammatory cytokines. The levels of TNF-a, IL-1f,
and IL-6 in the supernatant of the culture medium were
determined by the ELISA method. The results showed
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that MDL-29951 treatment significantly increased the
levels of TNF-a, IL-1f, and IL-6 in BV-2 cells, compared
with the control group (Additional file 1: Fig. S6).

Discussion

The purpose of this study was to identify the role of
GPR17 on LPS-induced cognitive deficit. Increasing
evidence indicates that neuroinflammation may play a
crucial role in the development of cognitive deficits [39,
40]. LPS has been used to study neuroinflammation-
associated behavioral and pathological changes in the
brain [41]. Studies have reported increased expression
of GPR17 in patients with traumatic brain injury, cer-
ebral ischemia, and other animal models of central nerv-
ous system damage [27, 42]. In addition, we also found
that GPR17 expression was significantly upregulated in
the hippocampus of AP;_,,-induced mouse models of
cognitive impairment. Whether LPS exposure can also
cause GPR17 expression changes in the brain? With that
in mind, we have conducted a number of experiments.
Interestingly, our result found that GPR17 expression
in the hippocampus of mice was also increased after
LPS treatment. However, knockdown and inhibition
of GPR17 prevented LPS-induced cognitive deficits.
In addition, we also found that activation of hippocam-
pal GPR17 with MDL-29951 induced cognitive impair-
ment in mice. Pharmacological activation of GPR17
leads to an increase in the release of pro-inflammatory
cytokines, including TNF-a, IL-1f, and IL-6 on BV-2
cells. These results suggest that GPR17 may be involved
in the regulation of the pathogenesis of cognitive impair-
ment, but the underlying molecular mechanisms remain
unclear. In addition, why did cangrelor (GRP17 inhibitor)
reduce GPR17 expression in the mice? We think it may
involve the negative feedback regulation. The mecha-
nism of cangrelor inhibiting LPS-induced up-regulation
of GPR17 expression needs to be further studied. GPR17
can be activated by both the uracil nucleotide (UDP, and
UDP glucose, UDP galactose) and the cysteamine ami-
noacyl leukotriene (LTC4 and LTD4) agonist families
[43, 44]. However, activation of the GPR17 receptor by

(See figure on next page.)

Page 20 of 26

cysteinyl-leukotriene and purinergic ligands is still con-
troversially discussed. In fact, some researchers could not
reproduce GPR17 activation by either ligand type in vari-
ous assay systems. Whether the expression level of the
GPR17 ligand is increased due to LPS treatment is also
unknown and needs further study.

Previous study demonstrated that repeated adminis-
tration of LPS causes inflammation and amyloidogen-
esis due to increased AP formation, and lead to cognitive
degradation during the process of AD [5, 45]. It was also
reported that the injection of LPS led to the accumula-
tion of AP through B- and y-secretase activities [46].
Similar to previous results, our study demonstrated this
effect, with the LPS-treated mice displaying marked
increases in AP content in the brain. This was associ-
ated with enhanced BACE] activity, a limiting enzyme
that produces AP and is known to be induced by NF-«xB
and inflammatory cytokines, as observed here. GPR17
has been reported to regulate the NF-kB signaling path-
way [30, 31]. Interestingly, knockdown and inhibition of
hippocampal GPR17 succeeded in preventing the LPS-
induced increase in the A content, which may be related
to the reduction in BACE1 activity. Herein, we found
that knockdown and inhibition of hippocampal GPR17
significantly reduced the expression of APP and BACE1
proteins in the mouse hippocampus. Mounting evidence
indicates that AChE plays a critical role in learning and
memory [8, 47]. Altered AChE activity is associated
with cognitive decline observed in the neuroinflamma-
tory response [48]. It has been shown that AChE activity
increases with exposure to LPS [37]. Similar to previous
reports, our results showed elevated AChE activity in
the hippocampus of mice induced by LPS, which were
reversed by LV-GPR17-shRNA and cangrelor pretreat-
ment. As a critical neurotransmitter in the brain, ACh
is synthesized by ChAT but hydrolyzed by AChE. As
expected, LPS was found to cause a decrease in Ach
levels by inhibiting ChAT activity and increasing AChE
activity. However, knockdown and inhibition of hip-
pocampal GPR17 markedly normalized the cholinergic
system in the mouse brain.

Fig. 9 Mechanism of cangrelor against LPS-induced neuroinflammation in BV-2 cells. A Immunofluorescence staining of GPR17 (red), Iba1 (green),
and DAPI (blue) in the BV-2 cells. BV-2 cell viability was examined by CCK8 assay after different concentrations of cangrelor (20, 40, and 80 puM)

for 24 h (B) and after LPS (1 pug/ml, 24 h) stimulation with or without cangrelor (C). The levels of TNF-a (D), IL-13 (E), and IL-6 (F) in BV-2 cells treated
with LPS (1.0 pg/ml) for 24 h with or without cangrelor pretreatment. The expressions of NF-kB p65, p-CREB, and BDNF were examined by Western
blotting in BV-2 cells treated with LPS (1 ug/ml) for 24 h with or without cangrelor pretreatment (G). Quantification of NF-kB p65 (H), p-CREB (1),
and BDNF (J) protein levels are expressed as the fold difference relative to the control group. After incubation with GPR17 siRNA or its control siRNA
for 48 h, BV-2 cells were administrated with 40 pM cangrelor for 1 h followed by LPS (1.0 ug/ml) for an additional 24 h. The levels of TNF-a (K), IL-13
(L) and IL-6 (M). The expressions of NF-kB p65, p-CREB, and BDNF were examined by western blotting (O). Quantification of NF-kB p65 (P), p-CREB
(Q), and BDNF (R) was presented as the ratio (in percentage) of the Veh +Veh group. Data shown are expressed as mean + SEM; n=4. *P<0.05,

**P<0.01 versus Veh + LPS
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Some studies have recently shown that LPS activates
neuronal and glial cells, which secrete neurotoxic fac-
tors, and cause neuroinflammation in the brain. Micro-
glia are the innate immune cells in the brain that play
an important role in neuroinflammation [49, 50]. Astro-
cytes are a major class of glial cells that respond to neu-
ronal activity via Ca*" intracellular transients, and then
release transmitters that alter synaptic connectivity [51].
Astrocytes are also active participants in propagating
and regulating neuroinflammation [52]. Thus, inhibi-
tion of activated microglia and astrocytes cells can help
to ameliorate the severity of neuroinflammation. GPR17
was reported to be found in both neurons and glial cells
[42, 53]. GPR17 mediates microglial inflammation in the
chronic phase of cerebral ischemia and regulates aller-
gic pulmonary inflammation [25]. Meanwhile, a previ-
ous study verified that GPR17 knockdown attenuated the
chronic injury and microgliosis as indicated by a reduc-
tion in Ibal-positive microglia [27]. Cangrelor decreased
the inflammatory response and inhibited the expression
of inflammatory cytokines [54]. Therefore, we analyzed
the expression of Ibal and GFAP, activation markers of
microglia and astrocytes, respectively, through immu-
nofluorescence and western blot analyses, and found
that LV-GPR17-shRNA and cangrelor pretreatment sig-
nificantly inhibits their overactivation by LPS injection.
Here, we also observed an increase in the expression of
CD68, which could be interpreted as a marker of pro-
inflammatory activation in the context of LPS exposure.
However, LV-GPR17-shRNA and cangrelor pretreat-
ment also significantly inhibit the expression of CD68 in
the mouse hippocampus.

NF-«xB can be activated by LPS and induces several
inflammatory [55, 56]. NF-«kB also induces the decom-
position of APP by activating BACE1 [57]. NF-kB is
activated by inflammatory intermediates and oxida-
tive stress. The expression of several inflammatory
genes such as inflammatory cytokines could be regu-
lated by NF-«B activation [58]. The “cholinergic anti-
inflammatory pathway” is mediated by ACh-binding to
the o7 nicotinic receptor, which inhibits NF-kB activa-
tion and the production of pro-inflammatory cytokines
[59]. Furthermore, NF-kB signaling enhances apopto-
sis, and inhibition of it not only protracts inflammatory
responses but also prevents apoptosis [18]. GPR17 has
been found to regulate NF-«B activity [30]. We specu-
late that the anti-inflammation and anti-apoptosis effects
of LV-GPR17-shRNA and cangrelor might be mediated
through the NF-«B signaling pathway. Oxidative stress is
also known to damage cognitive function and is consid-
ered to have a role in the etiology of neurodegenerative
disorders, according to evidence [60]. Indeed, neuroin-
flammation and oxidative stress coexist, and the interplay
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of oxygen-free radicals and inflammatory agents exac-
erbates cognitive deficits. The precise pathophysiology
underpinning the effect of neuroinflammation and oxida-
tive stress on cognitive performance, however, remains
unknown. MDA is a key indicator of lipid peroxidation,
which reflects the degree to which cells are attacked by
free radicals. SOD is an essential antioxidant enzyme that
catalyzes the disproportionation of superoxide anion to
generate peroxides of oxygen and hydrogen, scavenging
ROS and free radicals [61]. When the tissue was sub-
jected to oxidative stress, SOD activity decreased and
MDA level increased. In addition, a significant increase
in LPS-induced oxidative stress has been reported, char-
acterized by an increase in MDA levels and a decrease
in SOD levels [9]. Our results showed that pretreatment
with LV-GPR17-shRNA and cangrelor attenuated the
LPS-induced increase in MDA and decrease in the activi-
ties of SOD in the hippocampus.

Previous research has demonstrated that cognitive
and behavioral impairment is closely associated with
neuronal loss in the hippocampus [62, 63]. LPS-induced
neuroinflammation enhances neuronal apoptotic neuro-
degeneration [64]. Early cell changes that occur during
apoptosis are mediated by the Bcl-2 family of proteins,
including the anti-apoptotic Bcl-2 and pro-apoptotic Bax
[19]. Caspase-3 is considered to be an important feature
of apoptosis in neuronal cells. Activation of caspase-3
results in the death of neuronal cells [65]. GPR17 agonist
profoundly increased reactive oxygen species in a time-
dependent manner, thus leading to apoptosis [66]. Over-
expression of GPR17 in the glioma cell lines U87MG and
U251 induced apoptosis by increasing ROS levels [30].
In this study, these results are in agreement with previ-
ous findings. Our results showed that after exposure to
LPS, the expression of the Bcl-2 protein decreased, while
the expression of Bax increased. However, LV-GPR17-
shRNA and cangrelor pretreatment downregulated the
expression of Bax, upregulated the expression of Bcl-
2, and mitigated caspase 3 activities and the number of
apoptosis cells in LPS-treated mice. These findings sug-
gest that knockdown and inhibition of hippocampal
GPR17 may improve cognitive dysfunction by reducing
LPS-induced neuronal apoptosis in the hippocampus.

Deficits in presynaptic SYN and postsynaptic PSD-95
correlate with cognitive decline in AD [67]. The accumu-
lation of AP disrupts synaptic plasticity, further leading
to neuron damage and memory loss [68]. Similar to pre-
vious studies, in this study, the levels of SYN and PSD-
95 decreased in the hippocampus of LPS-exposed mice.
This LPS-induced decrease in synaptic protein levels
may contribute to the impairment of synaptic plastic-
ity and the learning and memory decline observed in
behavioral tests. In our study, knockdown and inhibition
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of hippocampal GPR17 prevented the LPS-induced
reduction of SYN and PSD-95 in the hippocampus. Evi-
dence suggests that BDNF plays a crucial role in neu-
ronal plasticity, neuronal survival, and differentiation
[69, 70]. It has been reported that LPS injection broadly
reduces BDNF expression in the brain [9]. GPR17 may
be involved in regulating the expression of BDNF [71]. In
our research, we found decreased BDNF level in the hip-
pocampus of LPS-treated mice, which was restored after
LV-GPR17-shRNA and cangrelor pretreatment. The
BDNF gene is controlled by several transcription factors,
and CREB plays a central role in this regulatory process
[72]. It has been shown that LPS reduced p-CREB expres-
sion in the brains of mice [73]. Our study shows a reduc-
tion in the expression of p-CREB in the hippocampus
of mice administered with LPS but LV-GPR17-shRNA
and cangrelor pretreatment were able to upregulate the
expression of p-CREB in the hippocampus of the brain.
Meanwhile, cangrelor could suppress the expressions
of NF-kB P65, and inflammatory factors in LPS-treated
BV-2 cells. The combination of cangrelor or GPR17
siRNA even lowered their expressions to near base-
line levels, suggesting that GPR17-mediated signaling is
involved in the protective effects of cangrelor on neuro-
inflammation. Moreover, cangrelor could increase the
expression of p-CREB and BDNF in LPS-treated BV-2
cells, the combination of cangrelor or GPR17 siRNA even
increased their expressions to near baseline levels. There-
fore, these results suggest that knockdown and inhibi-
tion of GPR17 induced neuroprotection by inhibiting the
LPS-induced activation of NF-kB inflammatory signaling
and by enhancing the associated CREB/BDNF expression
in LPS-treated mice.
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Conclusion

In summary, our study indicates that knockdown and
inhibition of hippocampal GPR17 display neuropro-
tective effects on LPS-induced memory impairment
and neuroinflammation by modulation of NF-«kB and
CREB/BDNF signaling pathways in mice. The sum-
mary diagram is shown in Fig. 10. Our current research
may provide a new drug target for the treatment of AD.
However, there are still some limitations to this work.
First, there is still an urgent need to design or find spe-
cific GPR17 inhibitors to detect their anti-AD effects.
Second, the viruses can be engineered to intervene in
specific types of cells. Finally, more comprehensive
studies are required to support this notion and to bet-
ter understand the exact protective mechanisms of
GPR17 in the brain.
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Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512974-023-02958-9.

Additional file 1: Fig. S1. The expression of EGFP from LV-GPR17-shRNA-
EGFP in Ibal antibody-stained cells in LPS-treated mice. Immunofluo-
rescence staining of LV-GPR17-shRNA-EGFP (green), Iba1(red) in the
hippocampal DG region of the LPS-treated mice. Scale bars = 100 pm.
Fig. S2. GPR17 knockdown in normal mice had no effect on learning and
memory. A Experimental procedure for the test schedule. B Representa-
tive immunoreactive bands of GPR17 protein in the hippocampus. B-actin
was used as an internal control, and relative protein levels were quantified
by densitometry analysis using Image J software. Quantification of GPR17
protein (C) and mRNA (D) levels in the hippocampus was shown, n =4
mice/group. E The total distance in the OFT. F The escape latency among
all groups in the MWM test. G The time spent in the target quadrant
during the probe trial test. H The number of platform crossings during
the probe trial test. I Swimming speed among all groups during probe
testing on day 6. J The discrimination index of the NORT. Values shown are
expressed as mean + SEM; n = 12 mice/group. ** P < 0.01 versus Control
group. Fig. S3. Pharmacological inhibition of hippocampus GPR17 in
normal mice had no effect on learning and memory. A Experimental
procedure for the test schedule. B Representative immunoreactive bands
of GPR17 protein in the hippocampus. 3-actin was used as an internal
control, and relative protein levels were quantified by densitometry analy-
sis using Image J software. Quantification of GPR17 protein (C) and mRNA
(D) levels in the hippocampus was shown, n = 4 mice/group. E The total
distance in the OFT. F The escape latency among all groups in the MWM
test. G The time spent in the target quadrant during the probe trial test. H
The number of platform crossings during the probe trial test. I Swimming
speed among all groups during probe testing on day 6.J The discrimina-
tion index of the NORT. Values shown are expressed as mean + SEM; n =
12 mice/group. Fig. S4. GPR17 knockdown had no significant effect on
the expression of glial cells in the hippocampal CA1 and CA3 regions.
Representative images of immunofluorescent staining of Iba1 (green)

and DAPI (blue) in the hippocampal A CAT and B CA3 region of lentivirus
pretreatment mice. The number of Iba1 antibody-stained microglia, in the
hippocampal CA1 and CA3 region of LV-GPR17-shRNA pretreatment mice.
Representative images of immunofluorescent staining of GFAP (red) and
DAPI (blue) in the hippocampal € CA1 and D CA3 region of lentivirus pre-
treatment mice. The number of GFAP antibody-stained astrocytes, in the
hippocampal CA1 and CA3 region of lentivirus pretreatment mice.Values
shown are expressed as mean + SEM; n = 4 mice/group. **P < 0.01 versus
Control group. Scale bars = 100 um. Fig. S5. Knockdown and inhibition of
hippocampal GPR17 ameliorated neuron apoptosis in LPS-treated mice.
A, BTUNEL assay and DAPI nuclear stain were used to identify dead cell
nuclei. TUNEL assay (green) was performed with immunofuorescence

for NeuN (red), and DAPI (blue). TUNEL-positive nuclei were co-localized
in NeuN-positive cells in the hippocampus. C, D Quantitative analysis of
TUNEL+-NeuN+-positive cells. Values shown are expressed as mean +
SEM; n = 4 mice/group. *P < 0.05, **P <0.01 versus Veh+LPS. Scale bar,
100 pum. Fig. S6. MDL-29951 treatment increased inflammatory cytokines
in BV-2 cells. The cells were pretreated with MDL-29951 (5,10, or 20 uM),
Then, culture supernatant was collected to detect the production of
TNF-a (A), B IL-163, and IL-6 (C). Data shown are expressed as mean + SEM;
n=4.*P<0.05,**P <0.01, ***P <0.001 versus Control group.

Author contributions

YSL and XK conceived and designed the study. YSL, XK, HWZ, and HX con-
ducted laboratory tests and collected the data. XW analyzed the data and
drafted this article. All authors read and approved the final manuscript.

Funding

This research was supported by the National Natural Science Foundation
of China (No. 82204367), Natural Science Foundation of Anhui Province
(No. 2108085QH385), Doctor Foundation of Anhui Medical University

(No. 0601086201), Anhui Medical University School Funding Project (No.
2020xkj012), and National undergraduate innovation and entrepreneurship
training program (No. 202010366022).

Page 24 of 26

Availability of data and materials

All data generated or analyzed during this study are included in this published
article and its Additional file 1. Raw data that support the findings of this study
are available from the corresponding author, upon reasonable request.

Declarations

Ethics approval and consent to participate

All procedures were performed in accordance with the National Institutes of
Health Guideline for the Care and Use of Laboratory Animals and approved by
the Institutional Animal Care and Use Committee of Anhui Medical University
(No. LLSC20201074).

Consent for publication
Not applicable.

Competing interests
The authors declare no conflicts of interest.

Author details

' Anhui Province Key Laboratory of Major Autoimmune Diseases, Anhui
Institute of Innovative Drugs, School of Pharmacy, Anhui Medical University,
Hefei 230032, China. ’Key Laboratory of Anti-Inflammatory and Immune
Medicine, Ministry of Education, Hefei 230032, China.

Received: 11 August 2023 Accepted: 13 November 2023
Published online: 21 November 2023

References

1.

Jessen F, Amariglio RE, Buckley RF, van der Flier WM, Han Y, Molinuevo JL,
et al. The characterisation of subjective cognitive decline. Lancet Neurol.
2020;19:271-8.

Lecca D, Jung YJ, Scerba MT, Hwang |, Kim YK, Kim S, et al. Role of chronic
neuroinflammation in neuroplasticity and cognitive function: a hypoth-
esis. Alzheimer's Dementia. 2022;18:2327-40.

Yang L, Zhou R, Tong Y, Chen P, Shen Y, Miao S, Liu X. Neuroprotection by
dihydrotestosterone in LPS-induced neuroinflammation. Neurobiol Dis.
2020;140: 104814,

Fronza MG, Baldinotti R, Fetter J, Rosa SG, Sacramento M, Nogueira CW,
et al. Beneficial effects of QTC-4-MeOBNE in an LPS-induced mouse
model of depression and cognitive impairments: the role of blood-brain
barrier permeability, NF-kappaB signaling, and microglial activation. Brain
Behav Immun. 2022;99:177-91.

Jeong YH, Oh YC, Pak ME, Li W, Go Y, Lee JJ. Pu'er tea water extract pro-
tects against cognitive impairment in a mouse model of lipopolysaccha-
ride-induced neuroinflammation. Phytomedicine. 2020;79: 153338.

Lee B, Yeom M, Shim |, Lee H, Hahm DH. Inhibitory effect of carvacrol on
lipopolysaccharide-induced memory impairment in rats. Korean J Physiol
Pharmacol. 2020,24:27-37.

Wang D, Dong X, Wang B, Liu Y, Li S. Geraniin attenuates lipopolysaccha-
ride-induced cognitive impairment in mice by inhibiting toll-like receptor
4 activation. J Agric Food Chem. 2019;67:10079-88.

JinY, Peng J,Wang X, Zhang D, Wang T. Ameliorative effect of ginseno-
side Rg1 on lipopolysaccharide-induced cognitive impairment: role of
cholinergic system. Neurochem Res. 2017;42:1299-307.

Zhao WX, Zhang JH, Cao JB, Wang W, Wang DX, Zhang XY, et al. Acetami-
nophen attenuates lipopolysaccharide-induced cognitive impairment
through antioxidant activity. J Neuroinflammation. 2017;14:17.

Guan F, Zhou X, Li P, Wang Y, Liu M, Li F, et al. MG53 attenuates lipopoly-
saccharide-induced neurotoxicity and neuroinflammation via inhibiting
TLR4/NF-kappaB pathway in vitro and in vivo. Prog Neuropsychopharma-
col Biol Psychiatry. 2019;95: 109684.

. Zhang F, Zhang JG, Yang W, Xu P, Xiao YL, Zhang HT. 6-Gingerol attenu-

ates LPS-induced neuroinflammation and cognitive impairment partially
via suppressing astrocyte overactivation. Biomed Pharmacother Biome-
decine & Pharmacotherapie. 2018;107:1523-9.


https://doi.org/10.1186/s12974-023-02958-9
https://doi.org/10.1186/s12974-023-02958-9

Liang et al. Journal of Neuroinflammation

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

(2023) 20:271

Tao X, Yan M, Wang L, Zhou Y, Wang Z, XiaT, et al. Homeostasis imbalance
of microglia and astrocytes leads to alteration in the metabolites of the
kynurenine pathway in LPS-induced depressive-like mice. Int J Mol Sci.
2020;21:1460.

Fernandez-Calle R, Vicente-Rodriguez M, Gramage E, Pita J, Perez-Garcia
C, Ferrer-Alcon M, et al. Pleiotrophin regulates microglia-mediated neuro-
inflammation. J Neuroinflammation. 2017;14:46.

Hensley K. Neuroinflammation in Alzheimer’s disease: mechanisms,
pathologic consequences, and potential for therapeutic manipulation. J
Alzheimers Dis. 2010;21:1-14.

You LH, Yan CZ, Zheng BJ, Ci YZ, Chang SY, Yu P, et al. Astrocyte hepcidin
is a key factor in LPS-induced neuronal apoptosis. Cell Death Dis. 2017;8:
€2676.

D'Amelio M, CavallucciV, Cecconi F. Neuronal caspase-3 signaling: not
only cell death. Cell Death Differ. 2010;17:1104-14.

. Wang Y, Gu J,Hu L, Kong L, Wang T, Di M, et al. miR-130a alleviates neu-

ronal apoptosis and changes in expression of Bcl-2/Bax and caspase-3

in cerebral infarction rats through PTEN/PI3K/Akt signaling pathway. Exp
Ther Med. 2020;19:2119-26.

YiW, Wen Y, Tan F, Liu X, Lan H, Ye H, Liu B. Impact of NF-kappaB pathway
on the apoptosis-inflammation-autophagy crosstalk in human degenera-
tive nucleus pulposus cells. Aging. 2019;11:7294-306.

Goel R, Bhat SA, Hanif K, Nath C, Shukla R. Angiotensin Il receptor blockers
attenuate lipopolysaccharide-induced memory impairment by modula-
tion of NF-kappaB-mediated BDNF/CREB expression and apoptosis in
spontaneously hypertensive rats. Mol Neurobiol. 2018;55:1725-39.
Zheng Y, Deng Y, Gao JM, Lv C, Lang LH, Shi JS, et al. Icariside Il inhibits
lipopolysaccharide-induced inflammation and amyloid production in
rat astrocytes by regulating IKK/IkappaB/NF-kappaB/BACE1 signaling
pathway. Acta Pharmacol Sin. 2020;41:154-62.

Rao JS, Kellom M, Kim HW, Rapoport S, Reese EA. Neuroinflammation
and synaptic loss. Neurochem Res. 2012;37:903-10.

ChenTT, Lan TH, Yang FY. Low-intensity pulsed ultrasound attenuates
LPS-induced neuroinflammation and memory impairment by modula-
tion of TLR4/NF-kappaB signaling and CREB/BDNF expression. Cereb
Cortex. 2019;29:1430-8.

Wang Z, Zhou W, Zheng G, Yang G. Inhibition of GPR17 with pranlukast
protects against TNF-alpha-induced loss of type Il collagen in ATDC5
cells. Int Immunopharmacol. 2020;88: 106870.

Trost A, Motloch K, Koller A, Bruckner D, Runge C, Schroed! F, et al. Inhibi-
tion of the cysteinyl leukotriene pathways increases survival of RGCs
and reduces microglial activation in ocular hypertension. Exp Eye Res.
2021;213:108806.

Zhan TW, Tian YX, Wang Q, Wu ZX, Zhang WP, Lu YB, Wu M. Cangrelor
alleviates pulmonary fibrosis by inhibiting GPR17-mediated inflammation
in mice. Int Immunopharmacol. 2018;62:261-9.

Zhao B,Wang H, Li CX, Song SW, Fang SH, Wei EQ, Shi QJ. GPR17 mediates
ischemia-like neuronal injury via microglial activation. Int J Mol Med.
2018;42:2750-62.

Zhao B, Zhao CZ, Zhang XY, Huang XQ, Shi WZ, Fang SH, et al. The new
P2Y-like receptor G protein-coupled receptor 17 mediates acute neuronal
injury and late microgliosis after focal cerebral ischemia in rats. Neurosci-
ence. 2012;202:42-57.

Harrington AW, Liu C, Phillips N, Nepomuceno D, Kuei C, Chang J, et al.
Identification and characterization of select oxysterols as ligands for
GPR17. BrJ Pharmacol. 2023;180:401-21.

Nyamoya S, Leopold P, Becker B, Beyer C, Hustadt F, Schmitz C, et al.
G-protein-coupled receptor Gpr17 expression in two multiple sclerosis
remyelination models. Mol Neurobiol. 2019;56:1109-23.

Liu H, Xing R, Ou Z, Zhao J, Hong G, Zhao TJ, et al. G-protein-coupled
receptor GPR17 inhibits glioma development by increasing poly-

comb repressive complex 1-mediated ROS production. Cell Death Dis.
2021;12:610.

Jin' S, Wang X, Xiang X, Wu Y, Hu J, LiY, et al. Inhibition of GPR17 with
cangrelor improves cognitive impairment and synaptic deficits induced
by Abeta(1-42) through Nrf2/HO-1 and NF-kappaB signaling pathway in
mice. Int Immunopharmacol. 2021;101: 108335.

Ren H, Orozco 1J, Su 'Y, Suyama S, Gutierrez-Juarez R, Horvath TL, et al.
FoxO1 target Gpr17 activates AGRP neurons to regulate food intake. Cell.
2012;149:1314-26.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

Page 25 of 26

Coppi E, Maraula G, Fumagalli M, Failli P, Cellai L, Bonfanti E, et al. UDP-
glucose enhances outward K(+) currents necessary for cell differentia-
tion and stimulates cell migration by activating the GPR17 receptor in
oligodendrocyte precursors. Glia. 2013;61:1155-71.

Chen F, Ghosh A, Wu F, Tang S, Hu M, Sun H, et al. Preventive effect of
genetic knockdown and pharmacological blockade of CysLT(1)R on
lipopolysaccharide (LPS)-induced memory deficit and neurotoxicity
in vivo. Brain Behav Immun. 2017;60:255-69.

Wu X, Lv YG, Du YF, Hu M, Reed MN, Long Y, et al. Inhibitory effect

of INT-777 on lipopolysaccharide-induced cognitive impairment,
neuroinflammation, apoptosis, and synaptic dysfunction in mice. Prog
Neuropsychopharmacol Biol Psychiatry. 2019,88:360-74.

Wu X, Lv YG, Du YF, Chen F, Reed MN, Hu M, et al. Neuroprotective
effects of INT-777 against Abetal-42-induced cognitive impairment,
neuroinflammation, apoptosis, and synaptic dysfunction in mice. Brain
Behav Immun. 2018;73:533-45.

He P.Yan S, Zheng J, Gao Y, Zhang S, Liu Z, et al. Eriodictyol attenuates
LPS-induced neuroinflammation, amyloidogenesis, and cognitive
impairments via the inhibition of NF-kappaB in male C57BL/6J mice
and BV2 microglial cells. J Agric Food Chem. 2018;66:10205-14.

Voet S, Srinivasan S, Lamkanfi M, van Loo G. Inflammasomes in
neuroinflammatory and neurodegenerative diseases. EMBO Mol Med.
2019,11.

ZhaoY, Deng H, Li K, Wang L, Wu Y, Dong X, et al. Trans-cinnamalde-
hyde improves neuroinflammation-mediated NMDA receptor dysfunc-
tion and memory deficits through blocking NF-kappaB pathway in
presenilin1/2 conditional double knockout mice. Brain Behav Immun.
2019;82:45-62.

Wu H, Wang X, Gao J, Liang S, Hao Y, Sun C, et al. Fingolimod (FTY720)
attenuates social deficits, learning and memory impairments, neu-

ronal loss and neuroinflammation in the rat model of autism. Life Sci.
2017;173:43-54.

Zhou C, Peng B, Qin Z, Zhu W, Guo C. Metformin attenuates LPS-induced
neuronal injury and cognitive impairments by blocking NF-kappaB
pathway. BMC Neurosci. 2021,22:73.

Franke H, Parravicini C, Lecca D, Zanier ER, Heine C, Bremicker K, et al.
Changes of the GPR17 receptor, a new target for neurorepair, in neurons
and glial cells in patients with traumatic brain injury. Purinergic Signalling.
2013;9:451-62.

Maekawa A, Balestrieri B, Austen KF, Kanaoka Y. GPR17 is a negative
regulator of the cysteinyl leukotriene 1 receptor response to leukotriene
D4. Proc Natl Acad Sci U S A. 2009;106:11685-90.

Qi AD, Harden TK, Nicholas RA. Is GPR17 a P2Y/leukotriene receptor?
Examination of uracil nucleotides, nucleotide sugars, and cysteiny!
leukotrienes as agonists of GPR17.J Pharmacol Exp Ther. 2013;347:38-46.
Adetuyi BO, Farombi EO. 6-Gingerol, an active constituent of ginger,
attenuates lipopolysaccharide-induced oxidation, inflammation, cogni-
tive deficits, neuroplasticity, and amyloidogenesis in rat. J Food Biochem.
2021;45: e13660.

Ham HJ, Han JH, Lee YS, Kim KC, Yun J, Kang SK, et al. Bee venom soluble
phospholipase A2 exerts neuroprotective effects in a lipopolysaccharide-
induced mouse model of Alzheimer’s disease via inhibition of nuclear
factor-kappa B. Front Aging Neurosci. 2019;11:287.

Chiapinotto Spiazzi C, Bucco Soares M, Pinto Izaguirry A, Musacchio
Vargas L, Zanchi MM, Frasson Pavin N, et al. Selenofuranoside amelio-
rates memory loss in Alzheimer-like sporadic dementia: AChE activity,
oxidative stress, and inflammation involvement. Oxid Med Cell Longev.
2015;2015: 976908.

Thingore C, Kshirsagar V, Juvekar A. Amelioration of oxidative stress and
neuroinflammation in lipopolysaccharide-induced memory impairment
using Rosmarinic acid in mice. Metab Brain Dis. 2021,;36:299-313.

Unger MS, Schernthaner P, Marschallinger J, Mrowetz H, Aigner L.
Microglia prevent peripheral immune cell invasion and promote an
anti-inflammatory environment in the brain of APP-PS1 transgenic mice.
J Neuroinflammation. 2018;15:274.

Heppner FL, Ransohoff RM, Becher B. Immune attack: the role of inflam-
mation in Alzheimer disease. Nat Rev Neurosci. 2015;16:358-72.

Kim SK, Nabekura J, Koizumi S. Astrocyte-mediated synapse remodeling
in the pathological brain. Glia. 2017,65:1719-27.

Linnerbauer M, Wheeler MA, Quintana FJ. Astrocyte crosstalk in CNS
inflammation. Neuron. 2020;108:608-22.



Liang et al. Journal of Neuroinflammation

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

(2023) 20:271

Marucci G, Dal Ben D, Lambertucci C, Santinelli C, Spinaci A, Thomas

A, etal. The G protein-coupled receptor GPR17: overview and update.
ChemMedChem. 2016;11:2567-74.

Luo Q, Liu R, Qu K, Liu G, Hang M, Chen G, et al. Cangrelor ameliorates
CLP-induced pulmonary injury in sepsis by inhibiting GPR17. Eur J Med
Res. 2021,26:70.

Huang B, He D, Chen G, Ran X, Guo W, Kan X, et al. alpha-Cyperone
inhibits LPS-induced inflammation in BV-2 cells through activation of
Akt/Nrf2/HO-1 and suppression of the NF-kappaB pathway. Food Funct.
2018;9:2735-43.

Che DN, Cho BO, Kim JS, Shin JY, Kang HJ, Jang SI. Luteolin and apigenin
attenuate LPS-induced astrocyte activation and cytokine production by
targeting MAPK, STAT3, and NF-kappaB signaling pathways. Inflamma-
tion. 2020;43:1716-28.

Kim HJ, Joe Y, ChenY, Park GH, Kim UH, Chung HT. Carbon monoxide
attenuates amyloidogenesis via down-regulation of NF-kappaB-mediated
BACE1 gene expression. Aging Cell. 2019;18: e12864.

Chen X, Chen C, Fan S,Wu S, Yang F, Fang Z, et al. Omega-3 polyunsatu-
rated fatty acid attenuates the inflammatory response by modulating
microglia polarization through SIRT1-mediated deacetylation of the
HMGB1/NF-kappaB pathway following experimental traumatic brain
injury. J Neuroinflammation. 2018;15:116.

de Jonge WJ, Ulloa L. The alpha? nicotinic acetylcholine recep-

tor as a pharmacological target for inflammation. Br J Pharmacol.
2007;151:915-29.

Merelli A, Repetto M, Lazarowski A, Auzmendi J. Hypoxia, oxidative stress,
and inflammation: three faces of neurodegenerative diseases. J Alzhei-
mer’s Dis JAD. 2021;82:5109-26.

Ma H, Wang H, Zhang H, Guo H, Zhang W, Hu F, et al. Effects of phenan-
threne on oxidative stress and inflammation in lung and liver of female
rats. Environ Toxicol. 2020;35:37-46.

Lei S,Wu S,Wang G, Li B, Liu B, Lei X. Pinoresinol diglucoside attenuates
neuroinflammation, apoptosis and oxidative stress in a mice model with
Alzheimer’s disease. NeuroReport. 2021;32:259-67.

Gandhi S, Abramov AY. Mechanism of oxidative stress in neurodegenera-
tion. Oxid Med Cell Longev. 2012;2012: 428010.

Lee YJ, Choi DY, Yun YR, Han SB, Oh KW, Hong JT. Epigallocatechin-
3-gallate prevents systemic inflammation-induced memory deficiency
and amyloidogenesis via its anti-neuroinflammatory properties. J Nutr
Biochem. 2013;24:298-310.

Clark RS, Kochanek PM, Watkins SC, Chen M, Dixon CE, Seidberg NA, et al.
Caspase-3 mediated neuronal death after traumatic brain injury in rats. J
Neurochem. 2000;74:740-53.

Doan P, Nguyen P, Murugesan A, Candeias NR, Yli-Harja O, Kandhavelu M.
Alkylaminophenol and GPR17 agonist for glioblastoma therapy: a combi-
national approach for enhanced cell death activity. Cells. 2021;10:1975.
LiuY, Zhang Y, Zheng X, Fang T, Yang X, Luo X, et al. Galantamine
improves cognition, hippocampal inflammation, and synaptic plasticity
impairments induced by lipopolysaccharide in mice. J Neuroinflamma-
tion. 2018;15:112.

Tang JJ, Huang LF, Deng JL, Wang YM, Guo C, Peng XN, et al. Cognitive
enhancement and neuroprotective effects of OABL, a sesquiterpene
lactone in 5XFAD Alzheimer’s disease mice model. Redox Biol. 2022;50:
102229.

Kharebava G, Makonchuk D, Kalita KB, Zheng JJ, Hetman M. Requirement
of 3-phosphoinositide-dependent protein kinase-1 for BDNF-mediated
neuronal survival. J Neurosci. 2008;28:11409-20.

Yasuda S, Liang MH, Marinova Z, Yahyavi A, Chuang DM. The mood stabi-
lizers lithium and valproate selectively activate the promoter IV of brain-
derived neurotrophic factor in neurons. Mol Psychiatry. 2009;14:51-9.
Paladini MS, Marangon D, Rossetti AC, Guidi A, Coppolino GT, Negri C,

et al. Prenatal stress impairs spinal cord oligodendrocyte maturation via
BDNF signaling in the experimental autoimmune encephalomyelitis
model of multiple sclerosis. Cell Mol Neurobiol. 2020;42:1225.

Vanhoutte P, Bading H. Opposing roles of synaptic and extrasynaptic
NMDA receptors in neuronal calcium signalling and BDNF gene regula-
tion. Curr Opin Neurobiol. 2003;13:366-71.

Tang XH, Zhang GF, Xu N, Duan GF, Jia M, Liu R, et al. Extrasynaptic
CaMKllalpha is involved in the antidepressant effects of ketamine by
downregulating GIuN2B receptors in an LPS-induced depression model. J
Neuroinflammation. 2020;17:181.

Page 26 of 26

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Knockdown and inhibition of hippocampal GPR17 attenuates lipopolysaccharide-induced cognitive impairment in mice
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Highlights 
	Introduction
	Materials and methods
	Animals
	Drugs and reagents
	LPS-induced cognitive impairment mouse model
	Lentivirus-mediated knockdown experiment
	The drug treatment experiment

	Lentivirus generation and microinjection
	Cell culture and drug treatment
	CCK‐8 cell viability assay and ELISA for inflammatory cytokine secretion
	Behavioral testing
	Open field test (OFT)
	Morris water maze (MWM) test
	Novel object recognition (NOR) test

	Western blot analyses
	Extraction of nuclear protein
	Real-time quantitative PCR (RT-PCR) analysis
	Determination of the cholinergic system, cytokines release, and Aβ
	Immunofluorescence staining
	The terminal transferase biotinylated-dUTP nick end labeling (TUNEL)-staining
	Statistical analysis

	Results
	GPR17 is upregulated in the mouse brain after LPS exposure
	Knockdown of hippocampal GPR17 prevents LPS-induced cognitive impairment in mice
	Inhibition of GPR17 with cangrelor attenuates cognitive impairment induced by LPS in mice
	Knockdown and inhibition of hippocampal GPR17 inhibit the production of amyloidogenesis and oxidative response in LPS-treated mice
	Knockdown and inhibition of hippocampal GPR17 inhibits neuroinflammation induced by LPS in mice
	Knockdown and inhibition of hippocampal GPR17 ameliorated synaptic impairment and neuron apoptosis in LPS-treated mice
	Knockdown and inhibition of hippocampal GPR17 suppresses LPS-activated NF-κB–CREBBDNF signaling pathway in mice
	Activation of hippocampal GPR17 induced cognitive impairment in normal mice
	Mechanisms of cangrelor against LPS-induced neuroinflammation in BV-2 cells

	Discussion
	Conclusion
	Anchor 41
	References


