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GPR17 mediates ischemia-like neuronal
injury via microglial activation
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Abstract. GPR17 is a G (i)-coupled dual receptor, linked to
P2Y and CysLT receptors stimulated by uracil nucleotides
and cysteinyl leukotrienes, respectively. Recent evidence has
demonstrated that GPR17 inhibition ameliorates the progres-
sion of cerebral ischemic injury by regulating neuronal death
and microglial activation. The present study aimed to assess
the detailed regulatory roles of this receptor in oxygen-glucose
deprivation/recovery (OGD/R)-induced ischemia-like injury
in vitro and explore the underlying mechanism. The results
demonstrated that OGD/R induced ischemic neuronal injury
and microglial activation, including enhanced phagocytosis
and increased inflammatory cytokine release in neuron-glial
mixed cultures of cortical cells. GPR17 upregulation during
OGD/R was spatially and temporally correlated with neuronal
injury and microglial activation. In addition, GPR17 knock-
down inhibited OGD/R-induced responses in neuron-glial
mixed cultures. GPR17 knockdown also attenuated cell
injury induced by the agonist leukotriene D, (LTD,) or
uridine 5'-diphosphate (UDP) in neuron-glial mixed cultures.
However, GPR17 knockdown did not affect OGD/R-induced
ischemic neuronal injury in primary cultures of neurons.
In primary astrocyte cultures, neither GPR17 nor OGD/R
induced injury. By contrast, GPR17 knockdown ameliorated
OGD/R-induced microglial activation, boosting phagocytosis
and inflammatory cytokine release in primary microglia
cultures. Finally, the results demonstrated that the conditioned
medium of microglia pretreated with OGD/R induced
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neuronal death, and the neuronal injury was significantly
inhibited by GPR17 knockdown. These findings suggested
that GPR17 may mediate ischemia-like neuronal injury and
microglial activation in vitro; however, the protective effects
on ischemic neuronal injury might depend upon microglial
activation. Whether GPR17 regulates neuronal injury mediated
by oligodendrocyte linkage remains to be investigated.

Introduction

Nucleotides, including extracellular adenine (ATP and ADP)
and uracil (UTP, UDP, UDP-glucose and UDP-galactose)
nucleotides, are signaling molecules involved in a wide range
of physiological processes in response to pathological stimuli
and cellular injury (1,2). These actions are mediated by seven
ionotropic (P2X) and eight metabotropic (P2Y) receptor
subtypes. On the other hand, cysteinyl leukotrienes (CysLTs),
including LTC,, LTD, and LTE,, are potent proinflammatory
mediators. CysLTs are implicated in diverse pathologies, such
as respiratory diseases, and inflammatory conditions, including
cardiovascular, gastrointestinal, and immune disorders, as well
as neurodegenerative responses, which are mediated by CysLT
receptor 1 and CysLT receptor 2 (3-7). Both nucleotides and
CysLTs are proven inducers of brain inflammation, and have
important roles in ischemic/inflammatory conditions and
neurodegenerative responses (2,7).

Currently, G protein-coupled receptor 17 (GPR17) has been
described as a G (i)-coupled dual receptor linked to P2Y and
CysLT receptors for uracil nucleotides and CysLTs, respec-
tively (8-11). GPR17 is highly expressed in brain, heart, and
kidney tissues undergoing ischemic injury (9,12). In the brain,
GPR17 is expressed in neurons, oligodendrocyte precursor
cells (OPCs), and ependymal cells, but not in astrocytes,
under physiological conditions (9,13-16). Following ischemic,
traumatic, or demyelinating diseases, GPR17 is transiently and
sequentially upregulated in neurons, microglia/macrophages,
and oligodendrocyte precursors (9,14,17-19). Mounting
evidence highlights the role of GPR17 in modulating oligoden-
drocyte precursor maturation, and GPR17 is considered a novel
target for innovative therapeutic approaches to demyelinating
diseases, such as multiple sclerosis (19-23).
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Increasing evidence confirms that GPR17 is also involved
in a broad range of pathological processes, such as cerebral
ischemic injury and spinal cord damage (9,14,17,18). In acute
ischemic stroke, GPR17 upregulation in neurons is associated
with enhanced cell death, while its knockdown markedly
attenuates ischemic damage (9,14,17). Beside its role in
neuronal injury, GPR17 is a key player in brain remodeling and
repair. In chronic ischemic stroke, activated microglia/macro-
phages induce GPR17 upregulation, and its inhibition prevents
the progression of chronic ischemic injury by reducing brain
atrophy while ameliorating chronic neuronal death and micro-
gliosis (14,17). Similar expression and modulation of GPR17
were demonstrated in traumatic spinal cord lesions (18). Thus,
these findings indicated that GPR17 might become a new
therapeutic target in neurodegenerative diseases.

However, whether ischemia-like neuronal injury and
microglial activation in vitro are mediated by GPR17 activa-
tion remains unclear. A better understanding of the related
mechanism is crucial for developing effective therapeutics for
ischemic stroke. The present study comprehensively deter-
mined the role of GPR17 in neuronal injury and microglial
activation in oxygen-glucose deprivation/recovery (OGD/R)-,
LTD,-, or UDP-induced injury in vitro. The present study
aimed to address the following questions: Determine the
spatiotemporal profiles and localization of GPR17 in different
cell cultures in vitro; assess whether GPR17 is correlated
with neuronal injury and microglial activation following
ischemia-like injury in vitro; and explore the mechanism by
which GPR17 may regulate ischemia-like injury.

Materials and methods

Cell culture and OGD/R. Primary neurons were obtained from
cerebral cortices of neonatal SD rats (Experimental Animal
Center, Zhejiang Academy of Medicine Sciences, Hangzhou,
China), as described in previous studies (5,24). Briefly, cerebral
cortices were dissected and digested with 0.25% EDTA-free
trypsin (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) at 37°C for 10 min. Then, the dissociated cells were
immediately seeded onto poly-L-lysine (Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany) pre-coated flasks, and incubated
in high glucose DMEM (Gibco; Thermo Fisher Scientific,
Inc.) containing 10% fetal bovine serum (FBS; Hangzhou
Sijiging Biotechnology Co., Hangzhou, China), 10% horse
serum (Gibco; Thermo Fisher Scientific, Inc.), 2 mM gluta-
mine, 100 ug/ml streptomycin, and 100 units/ml penicillin
(Sigma-Aldrich; Merck KGaA) for 24 h under normal culture
conditions. After 24 h of culture, the medium was changed
to high glucose DMEM containing 5% horse serum, 2 mM
glutamine, 100 units/ml penicillin, 100 pg/ml streptomycin,
0.04% B27, and 0.01% N2 (Gibco; Thermo Fisher Scientific,
Inc.). The day of plating was recorded as DIV 0 in vitro. On
DIV 3, 10 M cytosine arabinoside (Sigma-Aldrich; Merck
KGaA) was added for 24 h to inhibit the growth of glial cells in
cultured neurons; the medium was refreshed every 3 days. On
DIV 10,>95% of the cultured cells were neurons, as determined
by immunofluorescent staining for microtubule-associated
protein-2 (MAP-2; Millipore, Billerica, MA, USA).

For the neuron-glial mixed cultures of cortical cells,
similar procedures were used, except for cytosine arabinoside
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supplementation, as previously described (25). On DIV
10, ~28% of the cultured cells were neurons, 7% were
microglia and most of the remaining cells were astrocytes,
as assessed by immunofluorescent staining for anti-MAP-2
(1:200; cat. no. AB5622; Millipore), anti-glial fibrillary
acidic protein (GFAP; 1:800; cat. no. MAB3402; Millipore),
and anti-ionized calcium-binding adapter molecule 1 (Ibal;
1:1,000; cat. no. 019-19741; Wako Pure Chemical Industries,
Ltd., Osaka, Japan) antibodies.

Primary astrocytes were prepared from cerebral cortices of
neonatal SD rats, as previously described (4,26). Briefly, cere-
bral cortices were dissected and digested with 0.25% trypsin
for 15 min. Then, the dissociated cells were immediately
plated onto poly-L-lysine pre-coated flasks, and incubated in
high glucose DMEM containing 10% FBS, 2 mM glutamine,
100 U/ml penicillin and 100 pg/ml streptomycin under normal
culture conditions. Thereafter, the medium was refreshed
every 3 days. On DIV 14, confluent cultures were shaken over-
night at 250 rpm at 37°C to reduce microglial contamination.
Subsequently, adherent cells were digested with 0.25% trypsin
and replated in the growth medium. More than 95% of the
cultured cells were astrocytes, as assessed by immunofluores-
cent staining for GFAP.

Primary microglia were prepared from cerebral cortices
of neonatal SD rats, as described previously (5,27). Briefly,
cerebral cortices were digested with 0.25% trypsin for 10 min;
then, the dissociated cells were immediately plated onto
poly-L-lysine pre-coated flasks in antibiotics-free minimum
Eagle's medium (Gibco; Thermo Fisher Scientific, Inc.)
containing 10% FBS at 37°C. On DIV 10, the microglia cells
were harvested by shaking for 30 min at 250 rpm. The cells
were centrifuged and reseeded in the growth medium. More
than 95% of the cultured cells were microglia, as determined
by immunofluorescent staining for the microglial marker
Iba-1.

To evaluate the effect of the microglial conditioned medium
on primary neurons, cell supernatants were collected from the
microglia pretreated with or without OGD/R as well as small
interfering (si)RNA (5). The conditioned media was collected
and centrifuged to remove cell debris. The primary neurons
were incubated with the conditioned medium from the above
microglia for 24 h. Neuronal death was assessed subsequently.

For OGD (4,5,28), cells were rinsed twice and cultured in
Earle's solution without glucose. Then, the cells were incubated
in an anaerobic chamber containing 95% N, and 5% CO, at
37°C for 1 h. Control cells were incubated in Earle's solution
containing 25 mM glucose under normal culture conditions for
1 h. Following OGD, the cells were returned to the common
incubator and cultured in regular medium to allow recovery.

The nonselective GPR17 agonists leukotriene D4 (LTD4)
and uridine 5'-diphosphate (UDP; both Sigma-Aldrich; Merck
KGaA) were utilized for receptor activation. LTD, or UDP was
added to the medium at final concentrations of 0.1-1,000 nM
and 0.1-1,000 xM for 24 h, respectively.

All animal experiments were performed in accordance
with the National Institutes of Health Guide for Care and Use
of Laboratory Animals. The experimental protocols were
approved by the Ethics Committee of Laboratory Animal
Care and Welfare, School of Medicine, Zhejiang University
(Hangzhou, China).
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GPRI17 silencing by RNA interference. In the present study,
siRNA was used to effectively downregulate GPR17 protein
levels, for lack of a selective GPR17 antagonist. The specifi-
cally designed target sequence for rat GPR17 was CCG TAT
AGA GAA GCA CCT CAA (GenePharma Co.,Ltd., Shanghai,
China) (17,29). To rule out possible non-specific effects, a
non-effective sequence (sequence, CCU ACG CCA CCA AUU
UCG UTT) was used as negative control (NC). Transfection
of siRNA duplexes was performed according to the manu-
facturer's instructions. Briefly, 24 h prior to transfection, the
medium was changed to appropriate antibiotic-free medium
containing 10% FBS. Then, GPR17 siRNA or NC siRNA was
transiently transfected with Lipofectamine 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.) at a final concentration of
100 nM for 6 h; the cells were cultured for an additional 48 h
prior to exposure to OGD/R, UDP or LTD,.

MTT and lactate dehydrogenase (LDH) release assays.
Following treatments, cell viability was evaluated by the MTT
assay. Briefly, MTT (Sigma-Aldrich; Merck KGaA) was added
to each well at a final concentration of 0.5 mg/ml and incu-
bated for 4 h at 37°C. After careful removal of the medium,
100 x1 DMSO (Sigma-Aldrich; Merck KGaA) was added for
10 min with shaking. Finally, absorbance was measured at
490 nm on a microplate reader (E1x800; BioTek Instruments,
Inc., Winooski, VT, USA). LDH released into the medium
was quantified with a LDH detection kit (Jiancheng Co., Ltd.,
Nanjing, China), according to the manufacturer's instructions.
LDH was detected at 450 nm on a microplate reader. Data
were expressed as % of controls.

Immunofluorescence.Cells on cover slips in 24-well plates were
fixed in cold methanol for 5 min, followed by reaction with 10%
normal goat serum (Zhongshan Biotechnology Co., Beijing,
China) for 2 h to block non-specific IgG binding. Then, the
cells were incubated with anti-MAP-2 (1:200; cat. no. AB5622;
Millipore) anti-NeuN (1:500; cat. no. MAB377; Millipore),
anti-GFAP (1:800; cat. no. MAB3402; Millipore), anti-Ibal
(1:1,000; cat. no. 019-19741; Wako Pure Chemical Industries,
Ltd.), and anti-GPR17 (1:500; lab made) primary antibodies
at 4°C overnight. Following rinsing with PBS, the cells
were incubated with Cy3- or fluorescein isothiocyanate
(FITC)-conjugated secondary antibody (1:200; cat. nos.
API187C and AP124F; Millipore) for 2 h at room temperature.
After mounting with anti-fade medium (Invitrogen; Thermo
Fisher Scientific, Inc.), the stained cells were visualized by
fluorescence microscopy (BX51; Olympus Corporation,
Tokyo, Japan). Negative control cover slips were incubated
with normal goat serum instead of primary antibody. The
polyclonal rabbit antibody against rat GPR17 used in the
immunofluorescence is specific as reported (9,14,17,30).

Assessment of cell death. To quantify cell death, cells
grown on cover slips in 24-well plates were stained with
10 pg/ml propidium iodide (PI; Sigma-Aldrich; Merck KGaA)
for 10 min. Following rinsing and fixation in cold methanol for
5 min, immunofluorescent staining was performed by incuba-
tion with antibodies against NeuN (neuron marker), GFAP
(astrocyte marker), and Iba-1 (microglia marker), respectively.
After mounting with anti-fade medium, images were captured
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by fluorescent microcopy. The % of cell death was determined
as the number of red PI-positive cells to total cells (as measured
by DAPI staining). An observer blinded to the experimental
treatments counted the cells.

Immunoblotting. Total cellular protein extraction was
performed according to the manufacturer's instructions
(Kangcheng Co., Ltd., Shanghai, China). Briefly, the cells
were washed with PBS and lysed in Cell and Tissue Protein
Extraction buffer on ice for 30 min. Then, the homogenate was
collected, centrifuged at 12,000 x g for 30 min at 4°C, and
protein amounts were quantified by Coomassie brilliant blue
staining. Equal amounts of protein (60 ug) for each sample
were separated by 10% SDS-PAGE and transferred onto
nitrocellulose membranes. The membranes were incubated
with either goat polyclonal antibody against GPR17 (1:200;
cat. no. sc-74791; Santa Cruz Biotechnology, Inc., Dallas,
TX, USA) or mouse monoclonal antibody against GAPDH,
(1:5,000; cat. no. KC-5G4; Kangcheng Co., Ltd., Shanghai,
China) overnight at 4°C. Subsequently, the membranes
were treated with IRDye-800CW donkey anti-goat I1gG
(1:3,000; cat. no. 926-32214; LI-COR Biosciences, Lincoln,
NE, USA) or IRDye-800CW goat anti-mouse IgG (1:5,000;
cat. no. 610-132-121; Rockland Immunochemicals, Inc.,
Gilbertsville, PA, USA) for 2 h at room temperature. Images
were scanned on an Odyssey fluorescence system (LI-COR
Biosciences). Optical densities of GPR17 (41 kDa) and GAPDH
(36 kDa) were quantitatively assessed by Quantity One
software (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Microglial phagocytosis. To evaluate the phagocytic
activity of primary microglia, 1 mm-diameter fluorescent
carboxylate-modified microspheres (Millipore) were added to
the cells for 1 h. Subsequently, the cells were rinsed in PBS,
immediately digested and resuspended, and transferred to
flow-cytometry tubes. Finally, fluorescence was detected in the
FL-3 channel by flow cytometry (BD Biosciences, Franklin
Lakes, NJ, USA).

To evaluate the phagocytosis of microglia in mixed cortical
cells, cover slips were placed in 24-well plates prior to cell
seeding. Fluorescent microspheres were added to the cells
for 1 h following treatment. After fixation and rinsing with
PBS, the cells were incubated with 10% normal goat serum
for 2 h at room temperature. To label the microglia, cells were
treated with primary rabbit polyclonal antibody targeting
Iba-1 (1:1,000) at 4°C overnight. Following two washes,
the cells were incubated with FITC-conjugated secondary
antibody for 2 h at room temperature. This was followed by
mounting with anti-fade medium; phagocytosis and the levels
of the microglial marker Iba-1 were captured by fluorescence
microscopy. Image analysis (31,32) was performed based on a
semi-quantitative method using Imagel software (version 1.61;
National Institutes of Health, Bethesda, MD, USA).

Inflammatory cytokine release measurement. Release of
inflammatory cytokines, including tumor necrosis factor-a
(TNF-0) and interleukin-1p (IL-1p), was detected with
TNF-a (cat. no. RTA0O; R&D Systems, Inc., Minneapolis,
MN, USA) and IL-1§ (cat. no. EK0393; Boster Co., Ltd.,
Wuhan, China) ELISA Kkits, respectively. In brief, cultured cell
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Figure 1. GPR17 distribution and expression in neuron-glial mixed cultures of cortical cells. (A) Representative images from microscopy analysis showing
immunoreactivity to anti-GPR17 antibody (red) and the specific markers NeuN (neurons), CD11b (microglia) and GFAP (astrocytes) in neuron-glial mixed
cultures of cortical cells, with or without ischemia-like injury. Ischemia-like injury was achieved by OGD for 1 h and recovery for 24 h. Scale bar, 50 pm.
(B) Western blotting revealed that GPR17 protein levels increased 24 and 72 h following recovery from OGD for 1 h. (C) Reduced GPR17 expression in
neuron-glial mixed cultures of cortical cells following treatment with specific GPR17 siRNA, but not a randomly designed NC siRNA. Data are presented as
mean = standard error of the mean (n=5). “P<0.01 compared with control. GPR17, G protein-coupled receptor 17; GFAP, glial fibrillary acidic protein; OGD,
oxygen-glucose deprivation; si, small interfering; NC, negative control; R, recovery.

supernatants were collected following treatment, and cleared
by centrifugation (670 x g for 10 min). ELISA was performed
according to the manufacturers' instructions. Optical densities
were measured at 450 nm within 30 min, and the amounts of
released cytokine were derived from standard curves.

Statistical analysis. Data are mean + standard error of
the mean. Groups were compared by one-way analysis of
variance, followed by Dunnett's post hoc test, using SPSS 10.0
for Windows (SPSS, Inc., Chicago, IL, USA). P<0.05 was
considered to indicate a statistically significant difference.

Results

Expression patterns of GPRI7 in primary cortical cells.
To determine the localization of GPR17 in vitro, double
immunostaining was performed to assess the colocalization
of GPR17 with the specific markers NeuN (neurons), GFAP
(astrocytes), and CDI11b (microglia) in neuron-glial mixed
cultures with or without OGD/R. In control cells, most GPR17
expression was observed in NeuN-positive neurons, with low
amounts in CD11b-positive microglia (Fig. 1A). Following
OGD/R, GPR17 immunoreactivity was increased and evenly
localized in NeuN-positive neurons and CDI11b-positive
microglia (Fig. 1A). By contrast, no colocalization was
observed in GFAP-positive astrocytes, with or without OGD/R
(Fig. 1A). Consistent with the immunostaining results, western
blot analysis demonstrated that the GPR17 protein expression

levels were significantly increased following exposure to OGD
for 1 h and recovery for 24 or 72 h (Fig. 1B).

Effects of GPRI7 knockdown on OGD/R-induced injury
in neuron-glial mixed cultures of cortical cells. To further
confirm the role of GPR17 in vitro, ischemia-like injury was
assessed in neuron-glial mixed cultures, a cellular environment
simulating the intact brain. Western blot analysis indicated
that GPR17 siRNA treatment successfully downregulated
GPR17 at the protein level, not only in neuron-glial mixed
cultures (Fig. 1C), but also in primarily cultured neurons and
microglia (data not shown); these findings were also verified by
immunostaining (data not shown), indicating consistent GPR17
knockdown.

The results demonstrated that OGD for 1 h followed by
recovery for 24 h resulted in decreased cell viability and
increased LDH release in neuron-glial mixed cultures; these
effects were attenuated by GPR17 siRNA (Fig. 2C and D).
Thus, GPR17 knockdown exhibited remarkable protective
effects on OGD/R-induced ischemic injury.

PI/Hoechst 33342 staining demonstrated that OGD for 1 h
followed by recovery for 24 h (OGD/R) induced obvious cell
death (such as necrosis and pyroptosis) in neuron-glial mixed
cultures, but apoptosis in very low levels (Fig. 2A). Next, cell
death was assessed by double immunostaining with PI to char-
acterize cell injury. In neuron-glial mixed cultures, OGD/R
induced remarkable cell death in neurons and lower levels
in Iba-1-positive microglia, with nearly no PI/GFAP-double
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Figure 2. GPR17 mediates OGD/R-induced cell injury in neuron-glial mixed cultures of cortical cells. (A) Cell death in the neuron-glial mixed cultures was deter-
mined by PI staining (red). (B) Representative images from microscopy analysis showing co-staining of PI (red) with the specific markers NeuN, GFAP, or Iba-1
(green), with or without OGD/R. Arrows indicated the co-staining of PI with the specifc marker (NeuN, GFAP, or Iba-1). (C) Cell viability was measured by MTT
assay. (D) LDH release. (E) Quantification of PI staining as a measure of cell death. Data are presented as mean + standard error of the mean (n=6-8). “P<0.01
compared with control; “P<0.05 and *P<0.01 compared with the OGD alone. Scale bar, 50 ym. GPR17, G protein-coupled receptor 17, OGD/R, oxygen-glucose
deprivation/recovery; PI, propidium iodide; GFAP, glial fibrillary acidic protein; LDH, lactate dehydrogenase; si, small interfering; NC, negative control.

positive astrocytes observed (Fig. 2B). Application of GPR17
siRNA significantly ameliorated OGD/R-induced increase of
cell death (Fig. 2A and E); the negative control siRNA had no
such effects. Therefore, GPR17 knockdown exerted obvious
protective effects on OGD/R-induced ischemic cell damage
in neuron-glial mixed cultures. These results indicated that
GPR17 might mediate OGD/R-induced ischemic injury in
neuron-glial mixed cultures.

Effects of GPRI17 knockdown on agonist-induced cell injury
in neuron-glial mixed cultures of cortical cells. Next, the
present study assessed whether GPR17 agonists had a direct
injury effect in neuron-glial mixed cultures, similar to
OGD/R-induced ischemic injury. Following treatment with
UDP (10-1,000 uM) or LTD, (10-1,000 nM), it was observed
that GPR17 agonists decreased cell viability and increased

LDH release in a dose and time-dependent manner (data
not shown). Moderate amounts of LTD, (100 nM) or UDP
(100 uM) for 48 h were selected as the optimal conditions in
subsequent experiments. Notable, GPR17 siRNA silencing,
and not negative control siRNA, significantly alleviated the
reduced cell viability and enhanced LDH release induced by
UDP (Fig. 3A and B) or LTD, (Fig. 3D and E).

Subsequently, the present study evaluated whether GPR17
was involved in LTD, or UDP-induced cell death. The results
demonstrated that LTD, or UDP induced significant cell death
in neuron-glial mixed cultures, and application of GPR17
siRNA significantly ameliorated the LTD, or UDP-induced
cell death (Fig. 3C and F); by contrast, negative control
siRNA did not affect cell death. These findings indicated that
GPR17 knockdown could alleviate LTD, or UDP-induced
ischemia-like injury in neuron-glial mixed cultures.
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Figure 3. Agonist-induced cell injury and effects of GPR17 on neuron-glial mixed cultures of cortical cells. Cell viability (by MTT assay), LDH release and
cell death (by PI staining) were measured in primary neuron-glial mixed cultures following exposure to (A-C) UDP (100 M), or (D-F) LTD, (100 nM) for
48 h. Data are presented as mean = standard error of the mean (n=6-8). “P<0.01 compared with control; “P<0.05 and *P<0.01 compared with UDP or LTD,,
alone. GPR17, G protein-coupled receptor 17; LDH, lactate dehydrogenase; PI, propidium iodide; UDP, uridine 5'-diphosphate; LTD,, leukotriene D,; si, small

interfering; NC, negative control.

Effects of GPR17 RNA knockdown on OGD/R-induced microg-
lial activation in neuron-glial mixed cultures of cortical cells.
To clarify the regulation of microglial activation by GPR17,
changes of microglial morphology, phagocytosis, and release
of proinflammatory cytokines, as indicators of microglial
activation in neuron-glial mixed cultures, were assessed.
In control conditions, ramified Iba-1-positive microglia
persisted at a relatively high ratio, whereas microglia with
activated appearance (rounded or amoeboid macrophage-like)
progressively increased following exposure to OGD/R.
GPR17 siRNA treatment ameliorated the ratio of activated
microglia, whereas the negative control siRNA had no effect
(Fig. 4A and C). In addition, OGD/R significantly enhanced
microglial phagocytosis, an effect significantly inhibited by
GPR17 siRNA as assessed microscopically (Fig. 4B and D).

Furthermore, OGD/R promoted the release of inflammatory
cytokines TNF-a (Fig. 4E) and IL-1p (Fig. 4F), and this effect
was significantly inhibited by GPR17 siRNA (Fig. 4E and F).
These findings indicated that GPR17 mediated microglial acti-
vation, including morphological changes, phagocytosis and
inflammatory cytokine release in neuron-glial mixed cultures.

Effects of GPRI17 knockdown on OGD/R-induced cell
injury in primary neurons and astrocytes. To explore the
detailed mechanisms involved in the protective effects of
GPR17 knockdown against OGD/R-induced ischemia-like
injury, primary neurons and astrocytes were assessed,
respectively.

In primary astrocyte cultures, GPR17 was not even
expressed following exposure to OGD/R (data not shown).
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Figure 4. GPR17 mediates OGD/R-induced microglial activation, phagocytosis, and proinflammatory cytokine release in the primary neuron-glial mixed
culture of cortical cells. (A) Representative images from microscopy analysis of microglia morphology with Iba-1 staining. (B) Representative images
from microscopy analysis showing phagocytic activity of microglia after different treatments. Scale bar, 50 ym. (C) Quantification of staining in panel A.
(D) Quantification of staining in panel B. (E) Levels of TNF-a and (F) IL-1p in the culture medium were evaluated by ELISA. Data are presented as
mean + standard error of the mean (n=6). “P<0.01 compared with control; /P<0.01 compared with OGD/R alone. GPR17, G protein-coupled receptor 17,
OGD/R, oxygen-glucose deprivation/recovery; TNF-a, tumor necrosis factor-a; IL-1p, interleukin-1f3; si, small interfering; NC, negative control.

Consistent with previous reports (26), OGD for 1 h and
recovery for 24 h (simulating moderate injury) did not induce
significant changes in cell viability and LDH release in primary
astrocyte cultures, and GPR17 siRNA did not affect astrocyte
viability, LDH release and cell damage following exposure to
OGD/R (Fig. 5A and C-E). GPR17 or OGD/R did not induce
detectable necrosis in primary astrocyte cultures (Fig. SE). In
primary neuron cultures, OGD for 1 h and recovery for 24 h
resulted in decreased neuronal viability, and increased LDH
release; however, in contrast to the findings from neuron-glial
mixed cultures, the OGD/R-induced injury was not attenuated

by GPR17 siRNA (Fig. 5B, F and G). In addition, OGD/R
induced remarkable neuronal death in primary neuron
cultures, however, increased neuronal injury was not inhibited
by GPR17 siRNA (Fig. 5B and H).

These findings indicated that the protective effects
of GPR17 knockdown against OGD/R-induced ischemic
neuronal injury were not directly on neurons, at least following
moderate OGD/R treatment, which cannot explain the in vitro
findings for neuron-glial mixed cultures, as well as in previous
in vivo data (9,14,17). Therefore, it is possible that GPR17
might regulate ischemic neuronal injury via interactions
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Figure 5. GPR17 is not involved in OGD/R-induced injury in primary neurons or astrocytes. Representative images from microscopy analysis showing the
morphology of (A) astrocytes and (B) neurons immunostained with GFAP or MAP-2, respectively. Cell death was evaluated by PI staining. Scale bar, 50 ym.
(C) Cell viability was detected by the MTT assay in astrocytes. (D) LDH release in astrocytes. (E) Quantification of cell death by PI staining in astrocytes.
(F) Cell viability was detected by the MTT assay in neurons. (G) LDH release in neurons. (H) Quantification of cell death by PI staining in neurons. Data are
presented as mean = standard error of the mean (n=6-8). “P<0.01 compared with control. GPR17, G protein-coupled receptor 17, OGD/R, oxygen-glucose
deprivation/recovery; GFAP, glial fibrillary acidic protein; MAP-2, microtubule-associated protein-2; PI, propidium iodide; LDH, lactate dehydrogenase; si,

small interfering; NC, negative control; ND, not detectable.

between neurons and surrounding cells, such as astrocytes and
microglia. However, the results demonstrated that astrocytes
were not involved in the protective effects of GPR17 knckdown.
Thus, it can be speculated that other cells in the mixed cortical
cell cultures used in the present study, perhaps microglia, may
be associated with the protective effects of GPR17 knockdown,
which might eventually cause neuronal injury.

Effects of GPRI17 knockdown on OGD/R-induced microglial
activation in primary microglia cultures. To explore whether
GPR17 directly regulates microglial activation, microglial
phagocytosis and proinflammatory cytokine release were
assessed in primary microglia cultures. Flow cytometry
analysis demonstrated that OGD/R significantly enhanced
microglial phagocytosis, and this effect was significantly
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Figure 6. GPR17 mediates OGD/R-induced microglial activation, phagocytosis, and proinflammatory cytokine release in primary microglia. (A) Representative
plots from flow cytometry analysis of microglial phagocytosis in primary microglia. (B) Quantification of morphological changes of microglia. (C) Quantification
of flow cytometry results of panel A. (D) Levels of TNF-a and (E) IL-1f in the culture medium were detected by ELISA. Data are presented as mean =+ standard
error of the mean (n=6). “P<0.01 compared with control; “P<0.01 compared with OGD alone. GPR17, G protein-coupled receptor 17; OGD/R, oxygen-glucose
deprivation/recovery; TNF-a, tumor necrosis factor-a; IL-1f, interleukin-18; si, small interfering; NC, negative control.

suppressed by GPR17 siRNA (Fig. 6A and C). In addition,
in control conditions, microglia with activated appearance
(rounded or amoeboid macrophage-like) persisted at a rela-
tively low ratio, whereas activated microglia progressively
increased following exposure to OGD/R (Fig. 6B). GPR17
siRNA treatment ameliorated the ratio of activated microglial,
whereas the negative control siRNA had no effect (Fig. 6B).
Finally, OGD/R significantly increased the release of the
proinflammatory cytokines TNF-a and IL-1f, however, this
effect was significantly inhibited by GPR17 siRNA (Fig. 6D
and E). These findings indicated that GPR17 knockdown
directly inhibited OGD/R-induced microglial activation in
primary microglia cultures.

Effects of GPRI7 knockdown on microglial-conditioned
medium-induced neuronal injury. Finally, neuronal death was
investigated in primary neurons induced by the conditioned
medium from microglia, pretreated with or without OGD/R,
as well as siRNA. As illustrated in Fig. 7, the conditioned
medium pretreated with OGD/R was able to induce neuronal
death, and this effect was significantly inhibited by GPR17
siRNA pretreatment, while control siRNA had no effect
(Fig. 7A and B).

Taken together, these findings suggested that GPR17 might
directly mediate microglial activation, and this effect might
be the primary way for regulating ischemic neuronal injury
in mixed cultures of cortical cells. However, whether GPR17
regulates neuronal injury mediated by oligodendrocytes
remains to be investigated.

Discussion

The present study confirmed and extended previous studies
which reported that GPR17 upregulation is spatiotemporally
correlated with neuronal injury and microglial activation
in vivo.In addition, the present study provided further evidence
that GPR17 knockdown attenuated ischemia-like neuronal
injury only in neuron-glial mixed cultures of cortical cells, and
not in primary neuron cultures, indicating the participation
of glia cells in the process. In addition, GPR17 knockdown
was demonstrated to suppress OGD/R-induced microglial
activation, inducing phagocytosis and inflammatory cyto-
kine release, in both neuron-glial mixed cortical cells and
primary microglia. An important finding of the present study
was that the conditioned medium from microglia pretreated
with OGD/R induced neuronal death, and the injury was



ZHAO et al: GPR17 MEDIATES NEURONAL INJURY VIA MICROGLIAL ACTIVATION

Control GPR17 siRNA
OGD+NC OGD+GPR17 siRNA
B -
[]Control [l OGD

£2 *x
g ? 20 1
Es
SE
5 G 10 4
2e

0 L] T T

Con NC GPR17 Con NC GPR17
siRNA siRNA
Neurons
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significantly inhibited by GPR17 siRNA pretreatment. To the
best of our knowledge, this is the first description of functional
effects of GPR17 in a native in vitro system mimicking the
intact brain, as well as its role in ischemia-like microglial
activation and neuronal injury in vitro.

The current results also confirmed that GPR17, activated
by the agonists UDP and LTD,, enhanced LDH release and
neuronal death, while reducing cell viability; these effects
were attenuated by GPR17 knockdown in neuron-glial mixed
cultures of cortical cells. These findings corroborated previous
reports demonstrating that GPR17 is phylogenetically linked to
P2Y receptors for nucleotides and cysteinyl leukotriene recep-
tors for CysLTs (8-10). However, with regard to the activation
of GPR17 by nucleotides and cysteinyl leukotrienes, results
from different laboratories remain controversial and require
further study (33-38).

Currently, GPR17 has mainly been assessed for its roles
in regulating OPC differentiation and myelination (19-22).
Mounting evidence indicates that GPR17 represents one of the
potential G protein-coupled receptor (GPCR) drug targets for
demyelinating diseases, such as multiple sclerosis (20,39,40).
Previous studies reported that GPR17 also acts as a damage
sensor in cerebral ischemic injury and spinal cord damage,
and might serve important roles in the modulation of
both ischemic neuronal injury and late remodeling/repair
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responses (9,14,17,18). Following cerebral ischemia, GPR17
upregulation in neurons was reported to be associated with
enhanced cell damage, especially within 24 h of reperfu-
sion (microglia not markedly activated); GPR17 knockdown
attenuated acute ischemic injury, strongly indicating its role
in neuronal death in vivo (9,14,17). While in the late phase
(14-28 days) of focal cerebral ischemia, GPR17 level increase
is mainly localized in microglia/microphages in the penumbra
and ischemic core, its knockdown results in attenuated brain
atrophy and post-ischemic microgliosis, indicating GPR17
involvement in the modulation of microglial activation (14,17).
However, whether ischemia-like neuronal injury and microg-
lial activation in vitro are mediated by GPR17 is poorly
understood. A better understanding of the underlying mecha-
nism is crucial for the development of effective therapeutics to
ischemic stroke.

In the present study, neuron-glial mixed cultures were used
to simulate the brain environment. Consistent with previous
reports, ~28% of cultured cells were neurons, 7% were
microglia cells, and most of the remaining cells were astro-
cytes in the neuron-glial mixed cultures of cortical cells (25).
Following moderate ischemia-like injury (OGD for 1 h and
recovery for 24 h), neuronal death and microglial activation
were significantly increased, whereas astrocytes were not
injured (nearly no necrosis or morphological changes). GPR17
immunoreactivity was observed in neurons and microglia, but
not in astrocytes even after OGD/R. As demonstrated in the
current study, GPR17 siRNA attenuated ischemic neuronal
injury only in neuron-glial mixed cultured cells, and not
in primary neuron cultures. Combined with in vivo find-
ings (9,14,17), it can be speculated that GPR17 on glial cells
might directly mediate responses to uracil nucleotides and
CysLTs, and secondarily induce ischemia-like neuronal injury.
However, GPR17 siRNA did not affect astrocyte responses in
both neuron-glial mixed cultured cells and primary astrocyte
cultures. In addition, oligodendrocyte linkage persisted at
very low levels in the neuron-glial mixed cultures of cortical
cells (5,25). Based on these findings, the present study was
designed to further investigate the effect of microglial activa-
tion. Nevertheless, the present experiments did not remove all
of the oligodendrocyte linkage in neuron-glial mixed cultured
cells, and thus the possibility that oligodendrocyte linkage may
have a regulatory role in the present study cannot be excluded.

Microglia constitute the first immune defense in the
central nervous system, and have dual roles in physiological
and pathological conditions (41,42). Activated microglia can
protect neurons against damage by phagocytosis of cellular
debris, release of neurotrophic and anti-inflammatory
mediators (41,43). Nevertheless, uncontrolled or overactivated
microglia can trigger neurotoxicity by releasing harmful
substances, such as inflammatory cytokines, reactive oxygen
species, and proteinases (42,44). Thus, microglial activation
and the subsequent inflammation-mediated neurotoxicity
have crucial roles in the pathogenesis of neurodegenerative
diseases, including cerebral ischemia.

In neuron-glial mixed cultures, GPR17 knockdown
inhibited OGD/R-induced microglial activation, inducing
phagocytosis and the release of inflammatory cytokines TNF-a
and IL-1p. Thereafter, primary microglia cultures were used
to explore whether GPR17 could directly regulate microglial
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activation. The current findings revealed that GPR17 knock-
down inhibited OGD/R-induced microglial activation by
decreasing microglial phagocytosis, and inhibiting the release
of TNF-a and IL-1. In line with these findings, colleagues
have demonstrated that GPR17 RNA interference inhibited
phagocytosis, suppressed the expression of iNOS and IL-14,
following OGD/R in BV2 microglial cells (unpublished data).
In addition, the microglial conditioned medium pretreated with
OGD/R was able to induce neuronal death, which was signifi-
cantly inhibited by GPR17 siRNA pretreatment. Combined
with the present results, it can be speculated that GPR17 might
directly mediate microglial activation and, in turn, cause
neuronal injury in the mixed culture of cortical cells, although
further direct evidence is required for confirmation.

The regulatory role of GPR17 in microglial activation in
ischemic/inflammatory diseases might be a response to the
changes of extracellular nucleotides and CysLTs. The above
changes were supported by the following evidences: Neurons
can release both adenine (such as ATP) and uracil (such as
UTP and UDP) nucleotides into the extracellular space in
response to ischemic/inflammatory damage (45,46); 1321N1
human astrocytoma cells release uracil nucleotides (UTP)
and nucleotide sugar (UDP-glucose) in response to various
stimuli (47,48); excitatory kainic acid can increase extracel-
lular UTP in vivo and in vitro (45). In addition, CysLT levels
are significantly elevated at 3 h, and persisted for 24 h in the
ischemic brain (49,50); OGD/R can increase CysLT release
in cortical cells (4,26). Under these conditions, GPR17 might
operate as a sensor molecule regulating microglial activation.

The present study cannot exclude the possibility that
GPR17 in oligodendrocyte linkage has a role in modu-
lating neuronal injury and microglial activation, although
oligodendrocytes existed in minute amounts in the present
neuron-glial mixed cultures. Additionally, there is evidence
of probable associations of GPR17 with other G protein
coupled receptors that serve important roles in allergic
pulmonary inflammation and oligodendrocyte myelination
processes (8,51,52). CysLT, and CysLT, receptors exhibit
expression and localization patterns similar to those of GPR17
in the brain, and are remarkably upregulated and localized in
microglia during the late phases of ischemic brain (53,54).
The aforementioned evidence suggests that other regula-
tory mechanisms may be present in the role of GPR17 in
OGD/R-induced microglial activation and neuronal injury,
and this requires further investigation.

In summary, the present study confirmed that GPR17
upregulation was associated with microglial activation and
neuronal injury in vitro. GPR17 knockdown attenuated isch-
emia-like neuronal injury only in neuron-glial mixed cultures,
and not directly in neurons or astrocytes. Additionally, GPR17
knockdown attenuated OGD/R-induced microglial activation,
inducing phagocytosis and inflammatory cytokine release,
in both neuron-glial mixed cultures and primary microglia
cultures. Finally, the conditioned medium of microglia
pretreated with OGD/R induced neuronal death, and the
neuronal death was significantly inhibited by GPR17 siRNA
treatment. These findings suggest that GPR17 may mediate
ischemia-like neuronal injury by regulating microglial activa-
tion in vitro.
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