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Lysophosphatidic acid receptor 1 (LPA1)

plays critical roles in microglial activation
and brain damage after transient focal
cerebral ischemia

Bhakta Prasad Gaire1, Arjun Sapkota1, Mi-Ryoung Song2* and Ji Woong Choi1*
Abstract

Background: Lysophosphatidic acid receptor 1 (LPA1) is in the spotlight because its synthetic antagonist has been
under clinical trials for lung fibrosis and psoriasis. Targeting LPA1 might also be a therapeutic strategy for cerebral
ischemia because LPA1 triggers microglial activation, a core pathogenesis in cerebral ischemia. Here, we addressed
this possibility using a mouse model of transient middle cerebral artery occlusion (tMCAO).

Methods: To address the role of LPA1 in the ischemic brain damage, we used AM095, a selective LPA1 antagonist,
as a pharmacological tool and lentivirus bearing a specific LPA1 shRNA as a genetic tool. Brain injury after tMCAO
challenge was accessed by determining brain infarction and neurological deficit score. Role of LPA1 in tMCAO-
induced microglial activation was ascertained by immunohistochemical analysis. Proinflammatory responses in the
ischemic brain were determined by qRT-PCR and immunohistochemical analyses, which were validated in vitro
using mouse primary microglia. Activation of MAPKs and PI3K/Akt was determined by Western blot analysis.

Results: AM095 administration immediately after reperfusion attenuated brain damage such as brain infarction and
neurological deficit at 1 day after tMCAO, which was reaffirmed by LPA1 shRNA lentivirus. AM095 administration
also attenuated brain infarction and neurological deficit at 3 days after tMCAO. LPA1 antagonism attenuated
microglial activation; it reduced numbers and soma size of activated microglia, reversed their morphology into less
toxic one, and reduced microglial proliferation. Additionally, LPA1 antagonism reduced mRNA expression levels of
proinflammatory cytokines and suppressed NF-κB activation, demonstrating its regulatory role of proinflammatory
responses in the ischemic brain. Particularly, these LPA1-driven proinflammatory responses appeared to occur in
activated microglia because NF-κB activation occurred mainly in activated microglia in the ischemic brain.
Regulatory role of LPA1 in proinflammatory responses of microglia was further supported by in vitro findings using
lipopolysaccharide-stimulated cultured microglia, showing that suppressing LPA1 activity reduced mRNA expression
levels of proinflammatory cytokines. In the ischemic brain, LPA1 influenced PI3K/Akt and MAPKs; suppressing LPA1
activity decreased MAPK activation and increased Akt phosphorylation.

Conclusion: This study demonstrates that LPA1 is a new etiological factor for cerebral ischemia, strongly indicating
that its modulation can be a potential strategy to reduce ischemic brain damage.
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Introduction
Lysophosphatidic acid (LPA) is a bioactive lysopho-
spholipid found in extracellular compartment such as
blood and cerebrospinal fluid [1]. LPA functions
through binding to its specific six G protein-coupled
receptors (LPA1–6) that are expressed on a variety of
cell types and control cellular functions specifically by
activating diverse effector pathways [2]. Many studies
utilizing genetic null mutants or chemical modulators
have revealed that receptor-mediated LPA signaling is
a critical pathogenic factor for diverse diseases, which
indicates LPA receptors as considerable therapeutic
targets [2–4]. Up to date, most pharmacological ad-
vances have focused on the modulation of LPA1, the
first identified LPA receptor subtype, in diverse dis-
ease types such as fibrosis, systemic sclerosis, and
cancer [4]. In particular, a selective antagonist of
LPA1 is under several clinical trials for the treatment
of lung fibrosis (ClinicalTrials.gov ID: NCT01766817)
and psoriasis (ClinicalTrials.gov ID: NCT02763969) [4]. In
the nervous system, emerging evidence indicates that
LPA1 may become a considerable target to treat neuro-
logical diseases, including neuropathic pain, spinal cord
injury, traumatic brain injury, neuropsychiatric disorders,
hypoxia, and hydrocephalus [3–6].
In addition to these types of neurological diseases,

cerebral ischemia can be a complementary disease type
in which LPA1 may play a pivotal role in brain damage.
Cerebral ischemia results from a sudden interruption of
blood flow in the brain, leading to irreversible neural cell
death [7]. One of diverse pathogenic mechanisms under-
lying neural cell death in acute and chronic phases of
cerebral ischemia is inflammation that results in the pro-
duction of proinflammatory cytokines, expression of ad-
hesion molecules, and infiltration of immune cells into
the ischemic brain [8–11]. Brain resident microglia are
one of main cell types for this inflammation. Their acti-
vation is a critical event to control immune responses in
the ischemic brain [12–14]. The importance of LPA1 in
microglial activation in other disease types has been re-
cently reported, in which LPA1 triggers microglial activa-
tion as a possible factor for secondary damage in spinal
cord injury [6] and microglial activation and their TNF-
α production in activated microglia by enhancing ERK1/
2 phosphorylation in lipopolysaccharide (LPS)-induced
septic brain [15]. These two independent studies clearly
demonstrate that LPA1 influences microglial activation,
indirectly implicating its pathogenic role in cerebral is-
chemia because microglial activation is a core patho-
genic event of cerebral ischemia [16]. Intriguingly, a
genetic deletion of LPA1 abolished neuropathic pain re-
sponses in mice challenged with a slight occlusion (15
min of occlusion)-induced transient focal cerebral ische-
mia [17] and photothrombotic ischemia [18]. However,
whether LPA1 contributes to direct brain damage, such
as brain infarction, neurological functional deficit, and
neural cell death, and brain damage-relevant immune re-
sponses through microglial activation is currently un-
clear. Therefore, it is tempting to determine whether
LPA1 can be a pathogenic factor for direct brain injury
in cerebral ischemia.
In the present study, we determined the role of LPA1

in a transient focal cerebral ischemia that was induced
by 90min of middle cerebral artery occlusion (MCAO)
and reperfusion (tMCAO) combined with pharmaco-
logical and genetic approaches to suppress LPA1 activity.
We report that LPA1 contributes to brain damage after
tMCAO challenge because suppressing LPA1 activity re-
duced brain infarction and improved neurological func-
tion. Importantly, we report that the role of LPA1 may
be associated with microglial activation, morphological
transition to more toxic cells, proliferation, and proin-
flammatory responses in the ischemic brain.

Materials and methods
Animals
Male ICR mice (32 ± 2 g, 6 weeks old) were purchased
from Orient Co., Ltd. (Gyeonggi-do, Korea) and
housed in controlled conditions (temperature (22 ±
2 °C), relative humidity (60 ± 10), and a 12-h light/
dark cycle (light on 07.00–19.00)). They were pro-
vided free access to food and water ad libitum. Mice
were allowed to acclimatize in the laboratory environ-
ment for a week. All mice handling and surgical pro-
cedures were performed in compliance with the
Institutional Animal Care and Use guidelines of Lee
Gil Ya Cancer and Diabetes Institute (LCDI) at
Gachon University (animal protocols approved num-
ber: LCDI-2013-0074, LCDI-2014-0079, LCDI-2018-
0051, and LCDI-2019-0027). Scheme of experimental
procedure was shown in Additional file 1: Figure S1.

Induction of transient focal cerebral ischemia in mice
Transient focal cerebral ischemia was induced by MCAO
and reperfusion (tMCAO) using an intraluminal suture
method as described previously [19, 20]. Briefly, mice were
anesthetized with isoflurane (3% for induction and 1.5%
for maintenance) in N2O∶O2 (3∶1) and fixed in an oper-
ating frame. After separating the right common carotid ar-
tery (CCA) from the vagus nerve, MCAO was induced by
inserting a 9-mm-long 5–0 nylon monofilament coated
with silicon from CCA bifurcation to the MCA. After 90
min of ischemic period, blood flow was restored by with-
drawing the monofilament to allow complete reperfusion
of the ischemic area under anesthesia. Body temperature
of mice was maintained at 37 ± 0.5 °C during surgery.
Sham-operated mice underwent the same surgical proced-
ure without occlusion of MCA.
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AM095 administration
First, tMCAO-challenged mice were randomly divided
into vehicle (1% DMSO in 10% Tween-80)- or AM095-
administered group. AM095 (30 mg/kg) was adminis-
tered to mice by oral gavage using a mouse feeding tube
immediately after reperfusion to determine its thera-
peutic effect on brain damage caused by cerebral ische-
mia. Alternatively, vehicle or AM095 was administered
to mice 1 h prior to tMCAO surgery to determine its
prophylactic effects in the ischemic brain. The dose of
AM095 was chosen based on previous reports [6, 21,
22]. The investigator was blinded to the treatment
groups.

Intracerebroventricular injection of LPA1 shRNA lentivirus
particles
Stereotaxic injection of lentivirus particle was done as de-
scribed previously [20]. Briefly, mice were anesthetized by
intramuscular injection of Zoletil 50® (mixture of tiletamine
and zolazepam, 10mg/kg) and Rompun® (xylazine, 3mg/
kg) mixture. Mouse head was fixed with stereotaxic appar-
atus. LPA1 shRNA (shLPA1, MISSION® lentiviral transduc-
tion particles, sequence: CCGGTGTTCAATACAGGACC
TAATACTCGAGTATTAGGTCCTGTATTGAACATTTT
TG, GenBank RefSeq: NM_010336, Sigma-Aldrich (St.
Louis, MO, USA)) and non-target control shRNA (shNC,
MISSION® TRC2 [SHC216V], Sigma-Aldrich) lentivirus
particles (3 μl) were injected into the right lateral ventricle
at 0.5 μl/min based on the mouse brain atlas with stereo-
taxic coordinates of 0.3 mm caudal to the bregma and 1.0
mm lateral to the midline at a depth of 3mm [20]. After
completing the injection, the syringe was withdrawn using
an intermediate step with a 1min inter-step delay to
minimize backflow of lentivirus particles. Non-target con-
trol lentivirus (negative control) particles were injected in a
similar manner. Mice were challenged with tMCAO 1week
after the infection. Knockdown efficiency of LPA1 shRNA
lentivirus was confirmed using quantitative real-time PCR.

Determination of functional neurological deficit score and
infarct volume in the brain
Modified neurological severity score (mNSS) scale was
used to access the motor and sensory function, reflex,
and balance tests at 1 day or 3 days after tMCAO chal-
lenge. The sum of partial scores yielded total mNSS with
a maximum of 18 points and minimum of 0 point in
normal mice as described previously [19, 20].
After performing neurological deficit assessment, mice

were sacrificed with CO2 inhalation. Their brains were
quickly removed and cut into 2-mm-thick coronal sections.
Brain slices were stained using 2% 2,3,5-triphenyltetrazo-
lium chloride (TTC) in saline at 37 °C and photographed.
The infarct volume of each slice was determined by divid-
ing the infarct portion through the total volume of slice
using ImageJ software (National Institute of Mental Health,
Bethesda, MD, USA). Total infarct volume was calculated
by summing partial infarct volume of each slice.
In total, nine mice died before the experimental end

point. Among them, five mice were from vehicle-
administered group, one mouse was from AM095-
administered group, two mice were from shNC-infected
group, and one mouse was from shLPA1-infected group.
In addition, mice with cerebral hemorrhage (n = 6) were
excluded from data analysis.

Histological assessment
Tissue preparation
At 1 day or 3 days after ischemic challenge, mice were
anesthetized using a mixture of Zoletil 50® (10 mg/kg,
i.m.) and Rompun® (3 mg/kg, i.m.) and perfused trans-
cardially with ice-cold phosphate-buffered saline (PBS,
pH 7.4) followed by fixation with 4% paraformaldehyde
(PFA). Removed brains were post-fixed in 4% PFA over-
night, incubated with 30% sucrose solution, frozen in
Tissue-Tek Optimal Cutting Temperature (OCT) com-
pound, and cut into 20 μm sections using a cryostat
(J4800AMNZ, Thermo, Germany).

Iba1 or GFAP immunohistochemistry
Cryostat brain sections were oxidized with 1% hydrogen
peroxide (H2O2) in PBS for 15 min, blocked with 1%
fetal bovine serum (FBS) in PBS containing 0.3% Triton
X-100 for 1 h, and incubated with rabbit anti-Iba1 (1:
500; Wako, Japan) or rabbit anti-GFAP (1:500; abcam,
UK) antibody overnight at 4 °C. The sections were then
labeled with secondary biotinylated antibody (1:200)
followed by an ABC reagent (1:100, Vector Labs). Signals
were visualized with DAB staining (0.02% DAB in 0.01%
H2O2 for 5 min).

5-Bromo-2′-deoxyuridine immunofluorescence
Microglia or astrocyte proliferation was evaluated using
5-bromo-2′-deoxyuridine (BrdU) immunofluorescence
as described previously [20, 23]. Briefly, mice received
50mg/kg BrdU (i.p., Sigma-Aldrich) twice per day for 2
days (12-h interval) after tMCAO or sham operation.
First BrdU injection was made 12 h after reperfusion,
and brain samples were obtained at 3 days after tMCAO
challenge. Brain cryostat sections (20 μm) were incu-
bated with pre-warmed 2 N HCl for 30 min at 37 °C,
neutralized with 0.1M borate buffer (pH 8.5) for three
times (15 min each), and blocked with 1% FBS in 0.3%
Triton X-100. These sections were incubated with pri-
mary antibodies against BrdU (1:200, abcam) and Iba1
or BrdU and GFAP overnight at 4 °C followed by incuba-
tion with secondary antibodies (1:1000) conjugated with
AF488 (Invitrogen) and Cy3 (Jackson ImmunoResearch),
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counterstained with DAPI, and mounted with
VECTASHIELD.

NF-κB immunofluorescence
The role of LPA1 in microglial NF-κB activation was de-
termined by Iba1/NF-κB double immunofluorescence in
post-ischemic brain at 3 days after tMCAO challenge.
Brain sections were treated with TRIS-EDTA at 100 °C
followed by blocking with 1% FBS and incubated with
primary antibody against anti-Iba1 (1:500) and anti-NF-
κB (1:200) overnight at 4 °C. These sections were then
incubated with secondary antibodies (1:1000) conjugated
with AF488 and Cy3 and mounted with VECTASHIELD.

Image preparation
Bright-field images were obtained with a microscope
(BX53T, Olympus, Japan) equipped with a DP72 camera.
Fluorescent images were obtained using a laser scanning
confocal microscope (Eclipse A1 Plus, Nikon, Japan).
Brain sections from 4~5 mice were analyzed for quantifi-
cation of immunopositive cells. The number of immuno-
positive cells for each mouse was obtained by calculating
the mean value from three images (20X) of each section
as described previously [23]. Soma area was measured in
each Iba1-immunopositive cell using ImageJ software,
and soma size for each mouse was obtained by calculat-
ing the mean value. Amoeboid and ramified microglia
were differentiated through their morphology as previ-
ously described [24, 25]. In brief, microglia with small
soma and branched processes were designated as rami-
fied microglia and those with larger round soma and re-
duced branched processes were designated as amoeboid
microglia.

Mouse primary microglial cell culture
Primary microglia were cultured from mouse cortices of
1- to 2-day-old mouse pups as described previously [20,
23]. Briefly, cerebral cortices were triturated into single
cells, plated into T75 flasks, and cultured in DMEM
containing 10% heat-inactivated FBS. After about 2
weeks, microglia were collected by gentle shaking, plated
onto 12-well culture plate, and used for experiments.
The purity of isolated microglia was > 95% as deter-
mined by an immunocytochemical analysis. Primary
microglia were pretreated with AM095 for 30 min prior
to LPS (100 ng/ml) exposure for additional 24 h.

Transduction of primary microglia with LPA1 shRNA
Primary microglia were infected with lentivirus particles
containing mouse LPA1-specific shRNA or non-target
control shRNA in serum- and antibiotics-free DMEM
containing 8 μg/ml polybrene. After 4 h, cells were cul-
tured in DMEM containing 10% FBS and antibiotics for
additional 72 h. Cells were then starved for 6 h and
treated with LPS (100 ng/ml) for 24 h. Knockdown effi-
ciency in infected cells with LPA1 shRNA lentivirus was
confirmed using qRT-PCR.

Quantitative real-time PCR
Total RNA was obtained from cells at the end of treat-
ment or the ipsilateral brain hemisphere of mouse. Total
RNA (1 μg) was reverse transcribed to cDNA which was
then used as a template for qRT-PCR with FG Power
SYBR® Green mix (Applied Biosystems) and primer sets
(Additional file 10: Table S1) to detect specific PCR
products using StepOnePlus™ qRT-PCR system (Applied
Biosystems). The relative mRNA expression level of each
target gene was calculated as fold change relative to con-
trol through the 2-ΔΔCt method. β-actin, a housekeeping
gene, was used as an internal control.

Western blot analysis
Ischemic brain hemispheres were triturated using a
neuronal protein extraction reagent (Thermo Fisher Sci-
entific, USA). Proteins (30 μg) were subjected to SDS-
PAGE gel electrophoresis, transferred on PVDF mem-
branes, and blocked with 5% skim milk to prevent non-
specific binding. These membranes were then incubated
with primary antibodies against rabbit p-ERK1/2, ERK1/
2, p-p38, p38, p-JNK, JNK, p-Akt, Akt (Cell signaling, 1:
1000), and β-actin (Sigma Aldrich, 1:5000) at 4 °C over-
night followed by incubation with horseradish
peroxidase-conjugated secondary antibodies. Membranes
were then developed with an enhanced chemilumines-
cence (ECL) detection kit (Thermo Fisher Scientific,
USA). The ImageQuant (TM) TL software (GE Health-
care Bio-Science, Uppsala, Sweden) was used to quantify
target protein bands. Protein expression levels were cal-
culated as fold change relative to sham control after
normalization against β-actin level.

Statistical analysis
All data are presented as mean ± standard error of the
mean (SEM). Statistical tests were performed using
GraphPad Prism 5 (GraphPad Software Inc., La Jolla,
CA, USA). Differences among groups were analyzed by a
one-way analysis of variance (ANOVA) followed by the
Newman-Keuls test for multiple comparisons whereas
comparisons between two groups were performed using
Student’s t test. Statistical significance was considered
when p value was below 0.05.

Results
LPA1 is a critical factor for brain damage in mice
challenged with transient focal cerebral ischemia
To address whether LPA1 could mediate brain damage
in cerebral ischemia, mice were challenged with tMCAO
and received an LPA1 antagonist, AM095 (30 mg/kg,
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p.o.), immediately after reperfusion followed by assess-
ment of brain damage at 1 day after tMCAO. Brain in-
farction was first assessed by TTC staining. In vehicle-
treated tMCAO group, severe brain infarction was
developed in both the cerebral cortex and striatum
(30.99 ± 1.77%), which was markedly reduced by
AM095 administration (19.15 ± 3.84%; Fig. 1a, b).
Similarly, AM095 administration significantly im-
proved neurological functions in ischemic mice com-
pared with vehicle administration (Fig. 1c). In
addition, AM095 administration 1 h prior to tMCAO
challenge significantly prevented brain damage com-
pared with vehicle administration as assessed by brain
infarction (Additional file 2: Figure S2a, b) and neuro-
logical deficit score (Additional file 2: Figure S2c).
These data demonstrate that pharmacological inhib-
ition of LPA1 can reduce brain damage in tMCAO-
challenged mice, clearly suggesting that LPA1 signal-
ing contributes to brain damage in cerebral ischemia.
Having established benefits of pharmacological in-

hibition of LPA1 in cerebral ischemia, we next sought
to determine whether brain damage in cerebral ische-
mia could also be reduced upon LPA1 knockdown
using its specific shRNA lentivirus. Intracerebroven-
tricular injection of LPA1 shRNA lentivirus particles
caused its knockdown in the brain (Additional file 3:
Figure S3). Under this condition, tMCAO-induced
brain damage such as brain infarction (Fig. 2a, b) and
neurological dysfunction (Fig. 2c) was markedly re-
duced compared to that in the tMCAO group in-
fected with non-target control lentivirus. These data
independently support the possible pathogenic role of
LPA1 in cerebral ischemia.
Fig. 1 LPA1 antagonism reduces brain damage at 1 day after tMCAO-challe
then administered immediately after reperfusion. Brain damage was assess
and neurological function (c) were determined. Representative images of T
Neurological score indicating neurological functions (c). n = 7 mice per gro
mice (tMCAO+veh)
We further addressed whether effects of LPA1 antagon-
ism could persist up to 3 days after tMCAO challenge.
AM095 administration immediately after reperfusion also
significantly attenuated brain infarction (Fig. 3a, b;
31.13 ± 1.40% or 19.76 ± 1.85% in vehicle-treated tMCAO
group or AM095-treated tMCAO group) and neurological
deficit score (Fig. 3c) at 3 days after tMCAO challenge.
The current in vivo findings suggest that LPA1 could

be a pathogenic factor in cerebral ischemia, further indi-
cating that LPA1 expression might be altered in an is-
chemic brain. Therefore, we determined the mRNA
expression levels of LPA1 in the ischemic brain at 1 day
after tMCAO challenge. Unexpectedly, tMCAO chal-
lenge reduced the mRNA expression levels of LPA1

(Additional file 4: Figure S4).

LPA1 regulates microglial activation and proliferation in
the ischemic brain after tMCAO
LPA1 has been demonstrated to be functionally import-
ant for microglial activation [6, 26, 27]. The time- and
region-dependent microglial activation is a well-
characterized pathogenic feature in an ischemic brain
[20, 28, 29]. To address whether LPA1-mediated brain
damage might be associated with microglial activation in
cerebral ischemia, we determined Iba1 immunoreactiv-
ity, soma size of Iba1-immunopositive cells, and mor-
phological changes of Iba1-immunopositive cells in
ischemic brain. Specifically, we analyzed time- and ische-
mic region-dependent activation of microglia. In vehicle-
administered ischemic brain at 1 day after tMCAO,
numbers of Iba1-immunopositive cells in both periis-
chemic and ischemic core regions were significantly in-
creased compared to those in the sham group. When
nged. Mice were challenged with tMCAO. AM095 (30 mg/kg, p.o.) was
ed at 1 day after tMCAO. a–c Effects of AM095 on infarct volume (a, b)
TC-stained brain slices (a) and quantification of brain infarction (b).
up. **p < 0.01 and ***p < 0.001 versus vehicle-administered tMCAO



Fig. 2 LPA1 knockdown reduces brain damage in tMCAO-challenged mice. LPA1 shRNA (shLPA1) and non-target control shRNA (shNC) particles
were injected into the ventricle. One week later, mice were challenged with tMCAO. Brain damage was assessed at 1 day after tMCAO challenge.
a–c Effects of LPA1 knockdown on infarct volume (a, b) and neurological function (c) were determined. Representative images of TTC-stained
brain slices (a) and quantification of brain infarction (b). Neurological score indicating neurological functions (c). n = 7 mice per group. **p < 0.01
versus non-target control lentivirus injected tMCAO mice (tMCAO+shNC)
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mice were treated with AM095 immediately after reperfu-
sion, the observed increase in the number of activated micro-
glia in both regions was markedly reduced (Fig. 4a, b).
Similarly, soma size of Iba1-immunopositive cells was in-
creased in both regions of the ischemic brain, which was sig-
nificantly attenuated by AM095 administration (Fig. 4a, c).
In addition, most of Iba1-immunopostive cells in the
ischemic core region were amoeboid microglia whereas they
were converted into ramified upon AM095 administration
(Fig. 4a, d). We also determined whether the reduced micro-
glial activation through the suppression of LPA1 activity in
the ischemic brain persisted up to 3 days after tMCAO.
AM095 administration reduced the number of Iba1-
immunopositive cells in periischemic region along with the
Fig. 3 LPA1 antagonism reduces brain damage at 3 days after tMCAO chal
then administered immediately after reperfusion. Brain damage was assess
and neurological function (c) were determined. Representative images of T
Neurological score indicating neurological functions (c). n = 8 mice per gro
mice (tMCAO+veh)
thinner cell body of microglia (Fig. 5a–c). Interestingly, in
the ischemic core region, LPA1 was closely associated with
morphological change of activated microglia. There was no
significant difference in the number of Iba1-immunopositive
cells in the ischemic core region between AM095-treated
and vehicle-treated groups (Fig. 5a, b). However, there was a
clear reduction in both the soma size of Iba1-
immunopositive cells (Fig. 5a, c) and the number of
amoeboid microglia (Fig. 5a, d) by AM095 administration in
this region. These data were recapitulated upon LPA1 knock-
down. LPA1 knockdown significantly reduced the number of
Iba1-immunopositive cells and their soma size in both
regions at 1 day after tMCAO challenge (Additional file 5:
Figure S5a–c). In the ischemic core region, LPA1 knockdown
lenge. Mice were challenged with tMCAO. AM095 (30 mg/kg, p.o.) was
ed at 3 days after tMCAO. a–c Effects of AM095 on infarct volume (a, b)
TC-stained brain slices (a) and quantification of brain infarction (b).
up. **p < 0.01 and ***p < 0.001 versus vehicle-administered tMCAO



Fig. 4 LPA1 antagonism reduces microglial activation in the ischemic brain at 1 day after tMCAO challenge. Mice were challenged with tMCAO,
and AM095 (30 mg/kg, p.o.) was administered immediately after reperfusion. Microglial activation was assessed at 1 day after tMCAO challenge by
Iba1 immunohistochemistry. a Representative images of Iba1-immunopositive cells in the periischemic (P) and the ischemic core (C) regions.
Diagram boxes display the cerebral area where images in middle and bottom panels are acquired. Scale bars, 200 μm (top panels) and 50 μm
(middle and bottom panels). Open arrowheads indicate ramified microglia, and closed arrowheads indicate amoeboid microglia. b Quantification
of the number of Iba1-immunopositive cells in both regions. c Quantification of soma size of Iba1-immunopositive cells in both regions. d
Quantification of the number of morphologically transferred microglial cells in the ischemic core region (ramified microglia to amoeboid
microglia transformation). n = 5 (sham), 5 (tMCAO+veh), and 4 (tMCAO+AM095). **p < 0.01 and ***p < 0.001 versus sham. #p < 0.05, ##p < 0.01,
and ###p < 0.001 versus vehicle-administered tMCAO mice (tMCAO+veh)

Fig. 5 LPA1 antagonism reduces microglial activation in the ischemic brain at 3 days after tMCAO challenge. Mice were challenged with tMCAO,
and AM095 (30 mg/kg, p.o.) was administered immediately after reperfusion. Microglial activation was assessed at 3 days after tMCAO challenge
by Iba1 immunohistochemistry. a Representative images of Iba1-immunopositive cells in the periischemic (P) and the ischemic core (C) regions.
Diagram boxes display the cerebral area where images in middle and bottom panels are acquired. Scale bars, 200 μm (top panels) and 50 μm
(middle and bottom panels). Open arrowheads indicate ramified microglia, and closed arrowheads indicate amoeboid microglia. b Quantification
of the number of Iba1-immunopositive cells in both regions. c Quantification of soma size of Iba1-immunopositive cells in both regions. d
Quantification of the number of morphologically transferred microglial cells in the ischemic core region (ramified microglia to amoeboid
microglia transformation). n = 5 (sham), 5 (tMCAO+veh), and 4 (tMCAO+AM095). ***p < 0.001 versus sham. ##p < 0.01 and ###p < 0.001 versus
vehicle-administered tMCAO mice (tMCAO+veh)
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markedly reduced the number of amoeboid microglia
(Additional file 5: Figure S5a, d). At 3 days after
tMCAO challenge, LPA1 knockdown reduced the
number of Iba1-immunopositive cells in the periis-
chemic region, but not in the ischemic core region
(Additional file 6: Figure S6a, b), as AM095 treatment
did. However, LPA1 knockdown reduced the soma
size of Iba1-immunopositive cells in both periischemic
and ischemic core regions (Additional file 6: Figure
S6a, c). Additionally, in the ischemic core region,
LPA1 knockdown markedly reduced the number of
amoeboid microglia (Additional file 6: Figure S6a, b,
d). Collectively, these data indicate that microglial ac-
tivation could be a LPA1-relevant pathogenic event in
cerebral ischemia.
To address whether LPA1 signaling was involved in

microglial proliferation occurring in an ischemic brain,
we determined BrdU signals in activated microglia
through double immunofluorescence labeling for the in-
jured area between periischemic and ischemic core re-
gions at 3 days after tMCAO challenge. The number of
Iba1/BrdU-double positive cells in AM095-administered
mice was dramatically decreased as compared to that in
vehicle-treated mice (Fig. 6), which was reaffirmed upon
LPA1 knockdown (Additional file 7: Figure S7). These
Fig. 6 LPA1 antagonism reduces microglial proliferation in the ischemic bra
tMCAO, and AM095 (30 mg/kg, p.o.) was administered immediately after re
interval on days 2 and 3 after tMCAO challenge. Microglial proliferation wa
immunofluorescence labeling against BrdU and Iba1. a Representative imag
(area between the periischemic and the ischemic core regions) of the ische
BrdU-double immunopositive cells. n = 5 (sham), 5 (tMCAO+veh), and 4 (tM
administered tMCAO mice (tMCAO+veh)
data demonstrate that LPA1 also regulates microglial
proliferation in the ischemic brain.
Besides microglia, activated astrocytes also play key

roles to modulate inflammatory responses in an ische-
mic brain [30]. To determine whether LPA1-mediated
brain damage might be associated with astrogliosis,
we analyzed GFAP immunoreactivity in the ischemic
brain at both 1 day and 3 days after tMCAO chal-
lenge. In vehicle-administered group, the number of
GFAP-immunopositive cells was increased mainly in
the penumbra area of the corpus callosum at both
time points (Additional file 8: Figure S8a–c). LPA1

antagonism significantly attenuated the observed
astrogliosis (Additional file 8: Figure S8a–c). In
addition, to determine whether LPA1 could regulate
the proliferation of activated astrocytes in an ischemic
brain, we assessed BrdU signals in activated astrocytes
through double immunofluorescence labeling for the
injured area in the ischemic penumbra region at 3
days after tMCAO challenge. Although fewer GFAP/
BrdU-double positive cells than Iba1/BrdU-double
positive cells were present in the ischemic penumbra
region, the number of GFAP/BrdU-double positive
cells was significantly increased compared to that in
the sham group (Additional file 8: Figure S8d, e). The
in at 3 days after tMCAO challenge. Mice were challenged with
perfusion. BrdU (50 mg/kg in PBS) was administered twice daily at 12 h
s assessed at 3 days after tMCAO challenge by double
es of Iba1/BrdU-double immunopositive cells in the marginal zone
mic brain. Scale bar, 50 μm. b Quantification of the number of Iba1/
CAO+AM095). ***p < 0.001 versus sham. ###p < 0.001 versus vehicle-
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number of GFAP/BrdU-double positive cells in
AM095-administered mice was significantly decreased
as compared to that in vehicle-treated mice
(Additional file 8: Figure S8d, e), demonstrating that
LPA1 also regulated the proliferation of activated as-
trocytes in the ischemic brain.

LPA1 regulates proinflammatory responses in the
ischemic brain after tMCAO
Proinflammatory responses of immune cells including
microglia occur in the brain following ischemic injury
[31, 32]. To identify whether LPA1 might regulate proin-
flammatory responses in an ischemic brain, expression
levels of relevant cytokines were determined by qRT-
PCR analysis. Suppressing LPA1 activity with AM095 in
the ischemic brain significantly attenuated mRNA ex-
pression levels of TNF-α, IL-6, and IL-1β at 1 day after
tMCAO challenge (Fig. 7a–c). These results were also
reproduced at 3 days after tMCAO challenge (Fig. 7d–f).
To further identify whether LPA1 might regulate anti-
inflammatory responses in an ischemic brain, expression
levels of anti-inflammatory cytokines (IL-4, TGF-β1, and
IL-10) were determined at both 1 day and 3 days
Fig. 7 LPA1 antagonism attenuates expression levels of proinflammatory cy
challenged with tMCAO. AM095 (30 mg/kg, p.o.) was administered immedi
brain hemisphere at 1 and 3 days after tMCAO challenge, and mRNA expre
determined by qRT-PCR analysis. Changes in expression levels of proinflam
mice per group. *p < 0.05 and **p < 0.01 versus sham. #p < 0.05 and ##p < 0
following tMCAO challenge (Additional file 9: Figure
S9). Expression levels of these cytokines were not altered
at 1 day after tMCAO challenge, and AM095 administra-
tion did not affect expression levels of them (Add-
itional file 9: Figure S9a–c). But, at 3 days after tMCAO
challenge, AM095 administration significantly increased
the mRNA expression levels of IL-4, whereas it de-
creased the mRNA expression levels of TGF-β1 with no
significant changes in IL-10 expression (Additional file 9:
Figure S9d–f). These data strongly indicate that LPA1

could mainly promote proinflammatory responses in the
brain after ischemic injury.
In addition to evidence on gene expression, the role of

LPA1 in proinflammatory responses after ischemic chal-
lenge was reaffirmed by determining NF-κB activation
because proinflammatory responses were closely linked
to activation of NF-κB signaling [33, 34]. Suppressing
LPA1 activity with AM095 administration significantly
reduced the number of NF-κB (p65)-immunopositive
cells (Fig. 8). These results reaffirmed that LPA1 was in-
volved in promoting proinflammatory responses in the
ischemic brain. More importantly, most of NF-κB (p65)
signals in the ischemic brain were observed in Iba1-
tokines in the ischemic brain after tMCAO challenge. Mice were
ately after reperfusion. Total RNA was extracted from the ipsilateral
ssion levels of proinflammatory cytokines (TNF-α, IL-6, and IL-1β) were
matory cytokines at day 1 (a–c) and at day 3 (d–f) are shown. n = 5
.01 versus vehicle-administered tMCAO mice (tMCAO+veh)
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immunopositive cells (Fig. 8), demonstrating that NF-κB
activation occurred in activated microglia. These results
further implicate that activated microglia could be the
main loci for LPA1-dependent proinflammatory re-
sponses in the ischemic brain. This notion from in vivo
finding was further affirmed using LPS-stimulated pri-
mary microglia in vitro because LPS has been widely
used to induce proinflammatory responses of microglia
[27, 35]. When AM095-treated primary microglia were
exposed to LPS, mRNA expression levels of TNF-α, IL-
6, and IL-1β were significantly decreased (Fig. 9a–c). In
consistent with AM095 treatment, LPA1 knockdown in
primary microglia (Fig. 9d) markedly decreased the ex-
pression levels of TNF-α, IL-6, and IL-1β following LPS
stimulation (Fig. 9e–g).

LPA1 influences MAPK and PI3K/Akt activation in the
ischemic brain
In neuroinflammatory circumstances, LPA1 activates
several effector pathways including MAPKs and PI3K/
Akt [15]. These signaling pathways are also linked to
proinflammatory responses in the CNS [36, 37]. To
verify whether LPA1 also influenced these effector
pathways in the ischemic brain, we determined the
activation of MAPKs and PI3K/Akt signaling path-
ways at 1 day after tMCAO challenge by Western blot
analysis. Expression levels of phosphorylated ERK1/2,
p38, and JNK MAPKs were significantly increased in
Fig. 8 LPA1 antagonism reduces NF-κB expression in activated microglia in
challenged with tMCAO. AM095 (30 mg/kg, p.o.) was administered immedi
was assessed at 3 days after tMCAO challenge by double immunofluoresce
NF-κB(p65)/Iba1-immunopositive cells in ischemic core regions. Scale bar, 5
immunopositive cells. n = 5 (sham), 5 (tMCAO+veh), and 4 (tMCAO+AM095
tMCAO mice (tMCAO+veh)
the ischemic hemispheres of the vehicle-administered
mice (Fig. 10). These increases were significantly
attenuated by AM095 administration (Fig. 10). In case
of PI3K/Akt pathways, Akt phosphorylation was
significantly reduced in the brains of vehicle-
administered mice whereas AM095 administration re-
versed this suppression (Fig. 10). These data demon-
strated that LPA1 modulated MAPKs and PI3K/Akt
as downstream pathways to mediate brain damage in
cerebral ischemia.

Discussion
LPA1 is of great interest because therapeutic advances
targeting it have been made through ongoing clinical
trials to treat several diseases, including idiopathic pul-
monary fibrosis (ClinicalTrials.gov ID: NCT01766817)
and psoriasis (ClinicalTrials.gov ID: NCT02763969) [4].
According to these advances, validating a therapeutic
potential to target LPA1 in diverse disease types has
attracted more interest [4]. In this study, we validated
the potential in transient focal cerebral ischemia by
providing direct evidence that LPA1 was a critical factor
for brain damages in an ischemic brain. Distinctly, sup-
pressing LPA1 activity resulted in the reduction of brain
infarction and improvement of neurological function.
As a key pathogenic event, we proved that LPA1 regu-
lated microglial activation towards accelerating immune
responses in the brain. Finally, MAPK and PI3K/Akt
post-ischemic brain at 3 days after tMCAO challenge. Mice were
ately after reperfusion. The expression of NF-κB in activated microglia
nce labeling against NF-κB(p65) and Iba1. a Representative images of
0 μm. b Quantification of the number of NF-κB(p65)/Iba1-double
). ***p < 0.001 versus sham. ##p < 0.01 versus vehicle-administered

http://clinicaltrials.gov
http://clinicaltrials.gov


Fig. 9 Suppressing LPA1 activity attenuates LPS-upregulated mRNA expression levels of proinflammatory cytokines in mouse primary microglia.
Primary microglia were stimulated with LPS (100 ng/ml). Thirty minutes prior to LPS exposure, cells were treated with AM095 (2 μM in 0.1%
DMSO). Alternatively, primary microglia were stimulated with LPS at 2 days after transfection with lentivirus particles bearing LPA1 shRNA (shLPA1)
or non-target control shRNA (shNC). Total RNA was extracted at 24 h after LPS exposure, and mRNA expression levels of proinflammatory
cytokines were determined by qRT-PCR analysis. a–c Changes in mRNA expression levels of TNF-α, IL-6, and IL-1β. n = 3 per group. ***p < 0.001
versus the vehicle-treated cells. ##p < 0.01 and ###p < 0.001 versus LPS-stimulated cells. d–g Effects of LPA1 knockdown (d) on the mRNA
expression levels of TNF-α, IL-6, and IL-1β (e–g). n = 3 per group. **p < 0.01 versus cells infected with non-target control shRNA lentivirus (shNC)
in d. ***p < 0.001 versus vehicle-treated cells in e–g. ##p < 0.01 and ###p < 0.001 versus LPS-stimulated cells infected with non-target control shRNA
lentivirus (shNC+LPS) in e–g
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were identified as effector pathways for the role of
LPA1 in focal cerebral ischemia.
The best-studied LPA receptor subtype is LPA1. Its

pathogenic roles in the CNS are linked into spinal cord
injury [6] and neuropathic pain [17, 38]. In cerebral is-
chemia, the exact role of receptor-mediated LPA signal-
ing has not been reported yet. However, a few studies
have indicated that receptor-mediated LPA signaling has
a certain role in ischemic conditions [17, 39, 40]. One
study has reported that the amount of the ligand, LPA,
is increased in plasma from ischemic patients with non-
valvular atrial fibrillation [39]. Another study has re-
vealed that LPA1 knockdown can reduce hypoxia-
induced retinal cell death [40]. Additionally, in rodent
models, LPA1 deletion reduced neuropathic pain re-
sponses in mice challenged by cerebral ischemia [17,
18], but it is unclear whether LPA1 contributes to ische-
mic brain damage directly, such as brain infarction and
neurological functional deficit. In the present study, we
reported that LPA1 was critical for direct brain damages
following transient focal cerebral ischemia for the first
time. We found that pharmacological or genetic sup-
pression of LPA1 activity significantly attenuated
tMCAO-induced brain infarction and neurological defi-
cits. Despite this clear role of LPA1 in ischemic brain
damage, its expression at mRNA levels was, unexpect-
edly, downregulated in the ischemic brain. Similar unex-
pected results were observed for S1P1 [20, 41]. Either
pharmacological or genetic suppression of S1P1 activity
significantly attenuated tMCAO-induced brain infarction
and neurological deficits [20]. But, mRNA expression
levels of S1P1 were downregulated in the ischemic brain
[41], likely LPA1 expression (the current study).
Excessive activation of microglia has been regarded as a

core pathogenesis of a variety of brain diseases [42, 43]. In
cerebral ischemia, this activation can lead to brain dam-
ages [16]. We found that roles of LPA1 were possibly
linked into microglial activation and proliferation. In fact,



Fig. 10 LPA1 antagonism attenuates MAPK phosphorylation and enhances Akt phosphorylation in the ischemic brain after tMCAO challenge.
Mice were challenged with tMCAO, and AM095 (30 mg/kg, p.o.) was administered immediately after reperfusion. Total protein was extracted from
the ipsilateral brain hemisphere at 1 day after tMCAO challenge. Phosphorylation levels of MAPKs and Akt were then determined by Western blot
analysis. Representative Western blots (a) and their quantification (b). n = 4 mice per group. *p < 0.05 and **p < 0.01 versus sham. #p < 0.05 and
##p < 0.01 versus vehicle-administered tMCAO mice (tMCAO+veh)
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it has been well known that LPA signaling regulates
various biological functions of microglia, including
migration, metabolism, membrane dynamics, ion
conductance, and growth factor production [3]. Additionally,
intraspinal injection of LPA can trigger microglial activation
as demonstrated by the upregulation of activated microglial
markers (i.e., Iba1) [6, 44] and morphological transformation
from ramified microglia to amoeboid microglia. Im-
portantly, at least two LPA receptor subtypes have
been identified to be able to regulate microglial acti-
vation: LPA1 [6, 15] and LPA5 [45, 46]. In particular,
LPA1 regulates microglial activation in injured spinal
cord [6] and septic brain [15]. Suppressing LPA1 ac-
tivity can improve cell survival in oligodendrocytes [6]
and attenuate microglial activation and their
morphological transformation into toxic forms,
amoeboid microglia, in LPS-induced septic brain [15].
Both independent studies strongly indicate that LPA1

exerts its pathological functions through microglial
activation. In line with this notion, in the current study,
suppressing LPA1 activity reduced microglial activation
(their numbers and soma size), their proliferation, and
morphological transformation of microglia from ramified
microglia to amoeboid microglia in the ischemic brain.
Detrimental roles of activated microglia are closely
linked to their proinflammatory responses following is-
chemic challenge. Activated microglia that can potenti-
ate secondary brain damage could be the desired target
for therapeutic intervention in the treatment of neuroin-
flammatory disorders such as cerebral ischemia [16, 32].
In the present study, suppressing LPA1 activity attenu-
ated proinflammatory responses in the ischemic brain,
particularly in activated microglia. The latter was sup-
ported by in vivo and in vitro findings, in which sup-
pressing LPA1 activity attenuated the activation of
microglial NF-κB, a critical regulator of proinflammatory
responses, in the ischemic brain and downregulated the
expression levels of proinflammatory cytokines in pri-
mary microglia stimulated with LPS, a well-known in-
ducer of proinflammatory responses [27, 35]. Among
LPA receptor subtypes, LPA5 has been identified to be
able to drive microglia towards their proinflammatory
phenotype in a previous study utilizing LPS-primed BV2
murine microglia [46]. Besides LPA5 [46], our current
study identified LPA1 as another LPA receptor subtype
that influenced proinflammatory responses of microglia.
This was also supported by our previous independent
study in which LPA1 promoted TNF-α production in
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septic brain and LPS-stimulated rat primary microglia
[15]. Taken together, these data demonstrate that LPA1

not only controls microglial activation and proliferation,
but also controls proinflammatory responses of micro-
glia, indicating that role of LPA1 in ischemic brain dam-
age could be mediated through promoting the
proinflammatory responses of activated microglia, at
least in part.
In addition to microglial activation, astrogliosis is an-

other core pathogenesis of cerebral ischemia [30]. Al-
though the role of LPA1 in cerebral ischemia-induced
astrogliosis was not reported previously, it could be the
regulator of astrogliosis in the ischemic brain as well. In
fact, a previous study indicated that LPA1 could modu-
late astrogliosis in the injured spinal cord of mouse with
sciatic nerve ligation-induced neuropathic pain [47].
This previous study demonstrated that Ki16425, (an
LPA1/3 antagonist) reduced astrogliosis in the injured
spinal cord [47]. Given data for the absence of LPA3 in
astrocytes, this previous report further indicates that
LPA1 could modulate astrogliosis in the injured spinal
cord [47]. Therefore, LPA1 could also influence astro-
gliosis in an ischemic brain. Indeed, LPA1 antagonism
significantly attenuated astrogliosis and astrocytic prolif-
eration in the ischemic brain. The latter was further sup-
ported by another previous study, in which LPA-
triggered proliferation of cultured astrocytes was com-
pletely abolished upon LPA1 deletion [48].
It is well-known that LPA1 signaling can mediate dif-

ferent downstream effector pathways, such as MAPKs
and PI3K/Akt, through Gαi/o, Gαq/11, and Gα12/13 that
mediate multiple biological functions [3]. Furthermore,
LPA1 influenced ERK1/2 effector pathway in both LPS-
induced septic brain and LPS-stimulated cultured micro-
glia [15]. In both conditions, Akt activation was not al-
tered [15]. In cultured cells, p38 was associated with
microglial activation without any relevance to LPA1 [15].
Unlike the previous data, the current in vivo findings
showed that the role of LPA1 in cerebral ischemia was
linked to MAPK and PI3K/Akt because suppressing
LPA1 activity in the ischemic brain decreased the phos-
phorylation of ERK1/2, p38, and JNK whereas it in-
creased Akt phosphorylation. The difference between
previous and current findings might be from different
experimental systems. Notably, MAPK activation was
critical for promoting proinflammatory responses.
Persistent activation of ERK1/2, p38, and JNK pathways
can activate NF-κB-regulated transcription [49–52].
MAPK-mediated NF-κB activation leads to the secretion
of proinflammatory mediators such as cytokines and
chemokines [53–55] that are mainly associated with pro-
inflammatory responses. P13K/Akt pathway is also
closely related to proinflammatory responses, although
Akt activation has dual nature. It not only potentiates
anti-inflammatory responses, but also counters proin-
flammatory responses through a negative regulation of
NF-κB activation [33]. Taken together, these results
demonstrate that LPA1 participates in the brain damage
of cerebral ischemia through PI3K/Akt and MAPK ef-
fector pathways.

Conclusions
In conclusion, results of the present study suggest that
LPA1 could act as a novel pathogenic factor in cerebral
ischemia through mediating brain damage. In the ische-
mic brain, LPA1 promotes glial activation (particularly
including microglial activation and subsequent proin-
flammatory responses) and influences MAPK and PI3K/
Akt pathways. The current in vivo evidence clearly dem-
onstrates that suppressing LPA1 activity is effective for
acute brain injury in cerebral ischemia, but it remains
unclear whether this effect is linked to a long-term pro-
tection. Therefore, it would be tempting to address long-
term neuroprotective effects by LPA1 antagonism as an
independent future study. Moreover, targeting LPA1

could be an appealing strategy for the treatment of other
microglia-mediated neuroinflammatory disorders, in-
cluding Parkinson’s disease, Alzheimer’s disease, and
multiple sclerosis.

Additional files

Additional file 1: Figure S1. Scheme of experimental procedure. (a)
Experimental scheme to determine effects of AM095 administration
immediately after reperfusion. (b) Experimental scheme to determine
effects of AM095 administration at 1 h prior to tMCAO challenge. (c)
Experimental scheme to determine effects of LPA1 knockdown with LPA1
shRNA lentivirus. (PPTX 38 kb)

Additional file 2: Figure S2. AM095 pretreatment reduces brain damage
in tMCAO-challenged mice. Mice were challenged with tMCAO. AM095 (30
mg/kg, p.o.) was administered at 1 h prior to tMCAO challenge. Brain
damage was assessed at 1 day after tMCAO. (a-c) Effects of AM095 on infarct
volume (a, b) and neurological function (c). Representative images of TTC-
stained brain slices (a) and quantification of brain infarction (b). Neurological
score indicating neurological functions (c). n = 7 mice per group. **p < 0.01
and ***p < 0.001 versus vehicle-administered tMCAO mice (tMCAO+veh).
(PPTX 1860 kb)

Additional file 3: Figure S3. Infection with LPA1 shRNA lentivirus causes
significant LPA1 knockdown in normal mice brains. Mice were infected with
lentivirus for LPA1 shRNA (shLPA1) or non-target control shRNA (shNC)
through intracerebroventricular injection of lentivirus particles. Mice brains
were then obtained at 7 days later for total RNA extraction. Changes in
mRNA expression levels of LPA1 were determined through qRT-PCR analysis.
n = 5 mice per group. *p < 0.05 versus mice infected with non-target control
shRNA (shNC). (PPTX 403 kb)

Additional file 4: Figure S4. LPA1 gene expression is reduced in post-
ischemic brain. Mice were challenged with tMCAO. Total RNA was
extracted from the ipsilateral brain hemisphere at 1 day after tMCAO
challenge, and mRNA expression levels of LPA1 were determined using
qRT-PCR. Changes in expression levels of LPA1 are shown. n = 5 mice per
group. *p < 0.05 versus sham group. (PPTX 36 kb)

Additional file 5: Figure S5. LPA1 knockdown reduces microglial
activation in the ischemic brain at 1 day after tMCAO challenge. LPA1
shRNA (shLPA1) and non-target control shRNA (shNC) particles were
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injected into the ventricle. One week later, mice were challenged with
tMCAO. Microglial activation was assessed at 1 day after tMCAO challenge
by Iba1 immunohistochemistry. (a) Representative images of Iba1-
immunopositive cells in the periischemic (P) and the ischemic core (C)
regions. Diagram boxes display the cerebral area where images in middle
and bottom panels are acquired. Scale bars, 200 μm (top panels) and
50 μm (middle and bottom panels). Open arrowheads indicate ramified
microglia and closed arrowheads indicate amoeboid microglia in the
ischemic core region. (b) Quantification of the number of Iba1-
immunopositive cells in both regions. (c) Quantification of soma size of
Iba1-immunopositive cells in both regions. (d) Quantification of the
number of morphologically transferred microglial cells in the ischemic
core region (ramified microglia to amoeboid microglia transformation).
n = 5 mice per group. ***p < 0.001 versus sham. #p < 0.05, ##p < 0.01, and
###p < 0.001 non-target control lentivirus injected tMCAO mice
(tMCAO+shNC). (PPTX 35 kb)

Additional file 6: Figure S6. LPA1 knockdown reduces microglial
activation in the ischemic brain at 3 days after tMCAO challenge. LPA1
shRNA (shLPA1) and non-target control shRNA (shNC) particles were
injected into the ventricle. One week later, mice were challenged with
tMCAO. Microglial activation was assessed at 3 days after tMCAO chal-
lenge by Iba1 immunohistochemistry. (a) Representative images of Iba1-
immunopositive cells in the periischemic (P) and the ischemic core (C) re-
gions. Diagram boxes display the cerebral area where images in middle
and bottom panels are acquired. Scale bars, 200 μm (top panels) and
50 μm (middle and bottom panels). Open arrowheads indicate ramified
microglia and closed arrowheads indicate amoeboid microglia in the
ischemic core region. (b) Quantification of the number of Iba1-
immunopositive cells in both regions. (c) Quantification of soma size of
Iba1-immunopositive cells in both regions. (d) Quantification of the
number of morphologically transferred microglial cells in the ischemic
core region (ramified microglia to amoeboid microglia transformation).
n = 5 mice per group. **p < 0.01 and ***p < 0.001 versus sham. #p < 0.05,
##p < 0.01, and ###p < 0.001 versus non-target control lentivirus injected
tMCAO mice (tMCAO+shNC). (PPTX 7448 kb)

Additional file 7: Figure S7. LPA1 knockdown reduces microglial
proliferation in the ischemic brain at 3 days after tMCAO challenge. LPA1
shRNA (shLPA1) and non-target control shRNA (shNC) particles were
injected into the ventricle. One week later, mice were challenged with
tMCAO. BrdU (50 mg/kg in PBS) was administered twice daily at 12 h
interval on days 2 and 3 after tMCAO challenge. Microglial proliferation
was assessed at 3 days after tMCAO challenge by double immunofluores-
cence labeling against BrdU and Iba1. (a) Representative images of Iba1/
BrdU-double immunopositive cells in the marginal zone (area between
the periischemic and the ischemic core regions) of the ischemic brain.
Scale bar, 50 μm. (b) Quantification of the number of Iba1/BrdU-double
immunopositive cells. n = 5 mice per group. ***p < 0.001 versus sham.
#p < 0.05 versus non-target control lentivirus injected tMCAO mice
(tMCAO+shNC). (PPTX 2734 kb)

Additional file 8: Figure S8. LPA1 antagonism reduces activation and
proliferation of astrocytes in the ischemic brain. Mice were challenged
with tMCAO. AM095 (30 mg/kg, p.o.) was administered immediately after
reperfusion. Activation of astrocytes was assessed at 1 day and 3 days
after tMCAO challenge by GFAP immunohistochemistry. (a)
Representative images of GFAP-immunopositive cells in the penumbra
area of the corpus callosum. Scale bar, 50 μm. (b, c) Quantification of the
number of GFAP-immunopositive cells at 1 day (b) and 3 days (c) after
tMCAO challenge. (d, e) Proliferation of astrocytes was assessed at 3 days
after tMCAO challenge by double immunofluorescence labeling against
BrdU and GFAP. (d) Representative images of GFAP/BrdU-double
immunopositive cells in the marginal zone (area between the periischemic
and the ischemic core regions) of the ischemic brain. Scale bar, 50 μm. (e)
Quantification of the number of GFAP/BrdU-double immunopositive cells. n= 5
(sham), 5 (tMCAO+veh), and 4 (tMCAO+AM095). ***p<0.001 versus sham.
##p< 0.01 and ###p<0.001 versus vehicle-administered tMCAO mice
(tMCAO+veh). (PPTX 1610 kb)

Additional file 9: Figure S9. LPA1 antagonism alters expression levels
of few anti-inflammatory cytokines in the ischemic brain after tMCAO
challenge. Mice were challenged with tMCAO. AM095 (30 mg/kg, p.o.)
was administered immediately after reperfusion. Total RNA was extracted
from the ipsilateral brain hemisphere at 1 day and 3 days after tMCAO
challenge, and mRNA expression levels of anti-inflammatory cytokines
were determined by qRT-PCR analysis. Changes in expression levels of
anti-inflammatory cytokines at 1 day (a-c) and at 3 days (d-f) are shown.
n = 5 mice per group. ***p < 0.001 versus sham. ##p < 0.01 versus vehicle-
administered tMCAO mice (tMCAO+veh). (PPTX 54 kb)

Additional file 10: Table S1. Primer sets used for qRT-PCR analysis.
(PDF 293 kb)

Abbreviations
ABC: Avidin and biotinylated complex; BrdU: Bromodeoxyuridine;
CNS: Central nervous system; DAB: 3, 3′-Diaminobenzidine
tetrahydrochloride; ECL: Enhanced chemiluminescence; IL-10: Interleukin 10;
IL-1β: Interleukin 1 beta; IL-4: Interleukin 4; IL-6: Interleukin 6;
LPA1: Lysophosphatidic acid receptor 1; LPS: Lipopolysaccharides;
mNSS: Modified neurological severity score; TGF-β1: Transforming growth
factor-beta 1; tMCAO: Transient middle cerebral artery occlusion; TNF-
α: Tumor necrosis factor-alpha; TTC: 2,3,5-Triphenyltetrazolium chloride

Acknowledgements
We thank YJ Bae for providing assistance for the qRT-PCR and Western blot
analyses.

Authors’ contributions
BPG, MRS, and JWC designed the research. BPG and AS carried out the
in vivo and in vitro experiments. BPG, AS, MRS, and JWC analyzed the data
and wrote the manuscript. All authors read and approved the final
manuscript.

Funding
This work was supported by grants from the National Research Foundation
(NRF) to JWC (NRF-2017R1A2B4002818 and NRF-2014M3A9B6069339).

Availability of data and materials
All data generated or analyzed during this study are included in this
published article (and its additional files).

Ethics approval and consent to participate
There are no human participants in this study. All mice handling and surgical
procedures were performed in compliance with the Institutional Animal Care
and Use guidelines of Lee Gil Ya Cancer and Diabetes Institute (LCDI) at
Gachon University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 18 March 2019 Accepted: 5 August 2019

References
1. Frisca F, Sabbadini RA, Goldshmit Y, Pebay A. Biological effects of

lysophosphatidic acid in the nervous system. Int Rev Cell Mol Biol. 2012;296:
273–322.

2. Yung YC, Stoddard NC, Chun J. LPA receptor signaling: pharmacology,
physiology, and pathophysiology. J Lipid Res. 2014;55:1192–214.

3. Choi JW, Chun J. Lysophospholipids and their receptors in the central
nervous system. Biochim Biophys Acta. 2013;1831:20–32.

4. Stoddard NC, Chun J. Promising pharmacological directions in the world of
lysophosphatidic acid signaling. Biomol Ther (Seoul). 2015;23:1–11.

5. Inoue M, Rashid MH, Fujita R, Contos JJ, Chun J, Ueda H. Initiation of
neuropathic pain requires lysophosphatidic acid receptor signaling. Nat
Med. 2004;10:712–8.

6. Santos-Nogueira E, Lopez-Serrano C, Hernandez J, Lago N, Astudillo AM,
Balsinde J, Estivill-Torrus G, de Fonseca FR, Chun J, Lopez-Vales R. Activation
of lysophosphatidic acid receptor type 1 contributes to pathophysiology of
spinal cord injury. J Neurosci. 2015;35:10224–35.

https://doi.org/10.1186/s12974-019-1555-8
https://doi.org/10.1186/s12974-019-1555-8
https://doi.org/10.1186/s12974-019-1555-8
https://doi.org/10.1186/s12974-019-1555-8
https://doi.org/10.1186/s12974-019-1555-8


Gaire et al. Journal of Neuroinflammation          (2019) 16:170 Page 15 of 16
7. Moskowitz MA, Lo EH, Iadecola C. The science of stroke: mechanisms in
search of treatments. Neuron. 2010;67:181–98.

8. Varona JF, Bermejo F, Guerra JM, Molina JA. Long-term prognosis of ischemic
stroke in young adults. Study of 272 cases. J Neurol. 2004;251:1507–14.

9. Adams HP Jr, Bendixen BH, Kappelle LJ, Biller J, Love BB, Gordon DL, Marsh
EE 3rd. Classification of subtype of acute ischemic stroke. Definitions for use
in a multicenter clinical trial. TOAST. Trial of Org 10172 in Acute Stroke
Treatment. Stroke. 1993;24:35–41.

10. Barone FC, Feuerstein GZ. Inflammatory mediators and stroke: new
opportunities for novel therapeutics. J Cereb Blood Flow Metab. 1999;19:
819–34.

11. del Zoppo G, Ginis I, Hallenbeck JM, Iadecola C, Wang X, Feuerstein GZ.
Inflammation and stroke: putative role for cytokines, adhesion
molecules and iNOS in brain response to ischemia. Brain Pathol. 2000;
10:95–112.

12. Kochanek PM, Hallenbeck JM. Polymorphonuclear leukocytes and
monocytes/macrophages in the pathogenesis of cerebral ischemia and
stroke. Stroke. 1992;23:1367–79.

13. Jin R, Yang G, Li G. Inflammatory mechanisms in ischemic stroke: role of
inflammatory cells. J Leukoc Biol. 2010;87:779–89.

14. Schilling M, Besselmann M, Leonhard C, Mueller M, Ringelstein EB,
Kiefer R. Microglial activation precedes and predominates over
macrophage infiltration in transient focal cerebral ischemia: a study in
green fluorescent protein transgenic bone marrow chimeric mice. Exp
Neurol. 2003;183:25–33.

15. Kwon JH, Gaire BP, Park SJ, Shin DY, Choi JW. Identifying lysophosphatidic
acid receptor subtype 1 (LPA1) as a novel factor to modulate microglial
activation and their TNF-alpha production by activating ERK1/2. Biochim
Biophys Acta Mol Cell Biol Lipids. 2018;1863:1237–45.

16. Yenari MA, Kauppinen TM, Swanson RA. Microglial activation in stroke:
therapeutic targets. Neurotherapeutics. 2010;7:378–91.

17. Halder SK, Yano R, Chun J, Ueda H. Involvement of LPA1 receptor signaling in
cerebral ischemia-induced neuropathic pain. Neuroscience. 2013;235:10–5.

18. Ueda H, Neyama H, Sasaki K, Miyama C, Iwamoto R. Lysophosphatidic acid
LPA1 and LPA3 receptors play roles in the maintenance of late tissue
plasminogen activator-induced central poststroke pain in mice.
Neurobiology of Pain. 2018;5:100020.

19. Gaire BP, Kwon OW, Park SH, Chun KH, Kim SY, Shin DY, Choi JW. Neuroprotective
effect of 6-paradol in focal cerebral ischemia involves the attenuation of
neuroinflammatory responses in activated microglia. PLoS One. 2015;10:e0120203.

20. Gaire BP, Lee CH, Sapkota A, Lee SY, Chun J, Cho HJ, Nam TG, Choi JW. Identification
of sphingosine 1-phosphate receptor subtype 1 (S1P1) as a pathogenic factor in
transient focal cerebral ischemia. Mol Neurobiol. 2018;55:2320–32.

21. Sakai N, Chun J, Duffield JS, Wada T, Luster AD, Tager AM. LPA1-induced
cytoskeleton reorganization drives fibrosis through CTGF-dependent
fibroblast proliferation. FASEB J. 2013;27:1830–46.

22. Castelino FV, Seiders J, Bain G, Brooks SF, King CD, Swaney JS, Lorrain DS,
Chun J, Luster AD, Tager AM. Amelioration of dermal fibrosis by genetic
deletion or pharmacologic antagonism of lysophosphatidic acid receptor 1
in a mouse model of scleroderma. Arthritis Rheum. 2011;63:1405–15.

23. Gaire BP, Song MR, Choi JW. Sphingosine 1-phosphate receptor subtype 3
(S1P3) contributes to brain injury after transient focal cerebral ischemia via
modulating microglial activation and their M1 polarization. J
Neuroinflammation. 2018;15:284.

24. Kozlowski C, Weimer RM. An automated method to quantify microglia
morphology and application to monitor activation state longitudinally
in vivo. PLoS One. 2012;7:e31814.

25. Shobin E, Bowley MP, Estrada LI, Heyworth NC, Orczykowski ME, Eldridge
SA, Calderazzo SM, Mortazavi F, Moore TL, Rosene DL. Microglia activation
and phagocytosis: relationship with aging and cognitive impairment in the
rhesus monkey. Geroscience. 2017;39:199–220.

26. Bernhart E, Kollroser M, Rechberger G, Reicher H, Heinemann A, Schratl P,
Hallstrom S, Wintersperger A, Nusshold C, DeVaney T, et al.
Lysophosphatidic acid receptor activation affects the C13NJ microglia cell
line proteome leading to alterations in glycolysis, motility, and cytoskeletal
architecture. Proteomics. 2010;10:141–58.

27. Orihuela R, McPherson CA, Harry GJ. Microglial M1/M2 polarization and
metabolic states. Br J Pharmacol. 2016;173:649–65.

28. Boscia F, Gala R, Pannaccione A, Secondo A, Scorziello A, Di Renzo G,
Annunziato L. NCX1 expression and functional activity increase in microglia
invading the infarct core. Stroke. 2009;40:3608–17.
29. Ito D, Tanaka K, Suzuki S, Dembo T, Fukuuchi Y. Enhanced expression of
Iba1, ionized calcium-binding adapter molecule 1, after transient focal
cerebral ischemia in rat brain. Stroke. 2001;32:1208–15.

30. Takano T, Oberheim N, Cotrina ML, Nedergaard M. Astrocytes and ischemic
injury. Stroke. 2009;40:S8–12.

31. Kawabori M, Yenari MA. Inflammatory responses in brain ischemia. Curr Med
Chem. 2015;22:1258–77.

32. Taylor RA, Sansing LH. Microglial responses after ischemic stroke and
intracerebral hemorrhage. Clin Dev Immunol. 2013;2013:746068.

33. Byles V, Covarrubias AJ, Ben-Sahra I, Lamming DW, Sabatini DM, Manning
BD, Horng T. The TSC-mTOR pathway regulates macrophage polarization.
Nat Commun. 2013;4:2834.

34. Shih RH, Wang CY, Yang CM. NF-kappaB signaling pathways in neurological
inflammation: a mini review. Front Mol Neurosci. 2015;8:77.

35. Chhor V, Le Charpentier T, Lebon S, Ore MV, Celador IL, Josserand J, Degos
V, Jacotot E, Hagberg H, Savman K, et al. Characterization of phenotype
markers and neuronotoxic potential of polarised primary microglia in vitro.
Brain Behav Immun. 2013;32:70–85.

36. Kaminska B. MAPK signalling pathways as molecular targets for anti-
inflammatory therapy--from molecular mechanisms to therapeutic benefits.
Biochim Biophys Acta. 2005;1754:253–62.

37. Weichhart T, Saemann MD. The PI3K/Akt/mTOR pathway in innate immune
cells: emerging therapeutic applications. Ann Rheum Dis. 2008;67(Suppl 3):
iii70–4.

38. Inoue M, Yamaguchi A, Kawakami M, Chun J, Ueda H. Loss of spinal
substance P pain transmission under the condition of LPA1 receptor-
mediated neuropathic pain. Mol Pain. 2006;2:25.

39. Li ZG, Yu ZC, Yu YP, Ju WP, Wang DZ, Zhan X, Wu XJ, Zhou L.
Lysophosphatidic acid level and the incidence of silent brain infarction in
patients with nonvalvular atrial fibrillation. Int J Mol Sci. 2010;11:3988–98.

40. Yang C, Lafleur J, Mwaikambo BR, Zhu T, Gagnon C, Chemtob S, Di Polo A,
Hardy P. The role of lysophosphatidic acid receptor (LPA1) in the oxygen-
induced retinal ganglion cell degeneration. Invest Ophthalmol Vis Sci. 2009;
50:1290–8.

41. Moon E, Han JE, Jeon S, Ryu JH, Choi JW, Chun J. Exogenous S1P exposure
potentiates ischemic stroke damage that is reduced possibly by inhibiting
S1P receptor signaling. Mediat Inflamm. 2015;2015:492659.

42. Block ML, Zecca L, Hong JS. Microglia-mediated neurotoxicity: uncovering
the molecular mechanisms. Nat Rev Neurosci. 2007;8:57–69.

43. Lull ME, Block ML. Microglial activation and chronic neurodegeneration.
Neurotherapeutics. 2010;7:354–65.

44. Ma L, Nagai J, Ueda H. Microglial activation mediates de novo
lysophosphatidic acid production in a model of neuropathic pain. J
Neurochem. 2010;115:643–53.

45. Plastira I, Bernhart E, Goeritzer M, DeVaney T, Reicher H, Hammer A,
Lohberger B, Wintersperger A, Zucol B, Graier WF, et al. Lysophosphatidic
acid via LPA-receptor 5/protein kinase D-dependent pathways induces a
motile and pro-inflammatory microglial phenotype. J Neuroinflammation.
2017;14:253.

46. Plastira I, Bernhart E, Goeritzer M, Reicher H, Kumble VB, Kogelnik N,
Wintersperger A, Hammer A, Schlager S, Jandl K, et al. 1-Oleyl-
lysophosphatidic acid (LPA) promotes polarization of BV-2 and primary
murine microglia towards an M1-like phenotype. J Neuroinflammation.
2016;13:205.

47. Ueda H, Neyama H, Nagai J, Matsushita Y, Tsukahara T, Tsukahara R.
Involvement of lysophosphatidic acid-induced astrocyte activation
underlying the maintenance of partial sciatic nerve injury-induced
neuropathic pain. Pain. 2018;159:2170–8.

48. Shano S, Moriyama R, Chun J, Fukushima N. Lysophosphatidic acid
stimulates astrocyte proliferation through LPA1. Neurochem Int. 2008;52:
216–20.

49. Jiang B, Xu S, Hou X, Pimentel DR, Brecher P, Cohen RA. Temporal control
of NF-kappaB activation by ERK differentially regulates interleukin-1beta-
induced gene expression. J Biol Chem. 2004;279:1323–9.

50. Jiang B, Brecher P, Cohen RA. Persistent activation of nuclear factor-kappaB
by interleukin-1beta and subsequent inducible NO synthase expression
requires extracellular signal-regulated kinase. Arterioscler Thromb Vasc Biol.
2001;21:1915–20.

51. Olson CM, Hedrick MN, Izadi H, Bates TC, Olivera ER, Anguita J. p38
mitogen-activated protein kinase controls NF-kappaB transcriptional
activation and tumor necrosis factor alpha production through RelA



Gaire et al. Journal of Neuroinflammation          (2019) 16:170 Page 16 of 16
phosphorylation mediated by mitogen- and stress-activated protein kinase
1 in response to Borrelia burgdorferi antigens. Infect Immun. 2007;75:270–7.

52. Gu L, Huang B, Shen W, Gao L, Ding Z, Wu H, Guo J. Early activation of
nSMase2/ceramide pathway in astrocytes is involved in ischemia-associated
neuronal damage via inflammation in rat hippocampi. J Neuroinflammation.
2013;10:109.

53. Harari OA, Liao JK. NF-kappaB and innate immunity in ischemic stroke. Ann
N Y Acad Sci. 2010;1207:32–40.

54. Gabriel C, Justicia C, Camins A, Planas AM. Activation of nuclear factor-
kappaB in the rat brain after transient focal ischemia. Brain Res Mol Brain
Res. 1999;65:61–9.

55. Mattson MP, Camandola S. NF-kappaB in neuronal plasticity and
neurodegenerative disorders. J Clin Invest. 2001;107:247–54.

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


	Abstract
	Background
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Animals
	Induction of transient focal cerebral ischemia in mice
	AM095 administration
	Intracerebroventricular injection of LPA1 shRNA lentivirus particles
	Determination of functional neurological deficit score and infarct volume in the brain
	Histological assessment
	Tissue preparation
	Iba1 or GFAP immunohistochemistry
	5-Bromo-2′-deoxyuridine immunofluorescence
	NF-κB immunofluorescence
	Image preparation

	Mouse primary microglial cell culture
	Transduction of primary microglia with LPA1 shRNA
	Quantitative real-time PCR
	Western blot analysis
	Statistical analysis

	Results
	LPA1 is a critical factor for brain damage in mice challenged with transient focal cerebral ischemia
	LPA1 regulates microglial activation and proliferation in the ischemic brain after tMCAO
	LPA1 regulates proinflammatory responses in the ischemic brain after tMCAO
	LPA1 influences MAPK and PI3K/Akt activation in the ischemic brain

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

