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Abstract

Lysophosphatidic acid (LPA) is an extracellular lipid mediator involved in many physiological 

functions by signaling through six known G-protein-coupled receptors (LPA1-LPA6). In the central 

nervous system (CNS), LPA mediates a wide range of effects, including neural progenitor cell 

physiology, astrocyte and microglia activation, neuronal cell death, axonal retraction, and 

contributions to pain, schizophrenia and hydrocephalus. We recently reported that LPA-LPA1 

signaling mediates functional deficits and myelin loss after spinal cord injury (SCI). Here, we 

provide clear evidence on the deleterious contribution of another LPA receptor, LPA2, to myelin 

loss after SCI. We found that LPA2 is constitutively expressed in the spinal cord parenchyma and 

its transcripts were up-regulated after contusion injury, in part, by microglial cells. We also found 

that the demyelinating lesion triggered by intraspinal injection of LPA into the undamaged spinal 

cord was markedly reduced in the lack of LPA2. Similarly, LPA2 deficient mice showed enhanced 

motor skills and myelin sparing after SCI. To gain insights into the detrimental actions of LPA2 in 

spinal cord we performed cell culture studies. These experiments revealed that, similar to LPA1, 

activation of microglia LPA2 led to oligodendrocyte cell death. Moreover, we also found that the 

cytotoxic effects underlaying microglial LPA-LPA2 axis were mediated by the release of purines 

by microglia and the activation of P2X7 receptor on oligodendrocytes. Overall, this study provides 

new mechanistic insights into how LPA contributes to SCI physiopathology, and suggest that 

targeting LPA2 could be a novel therapeutic approach for the treatment of acute SCI.
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INTRODUCTION

Traumatic spinal cord injury (SCI) is a major cause of disability that results in a functional 

decline due to disruption of axonal pathways and death of neurons and oligodendrocytes 

(David et al., 2012; Hilton et al., 2017). There are two waves of tissue degeneration after 

SCI which are known as a primary and secondary injury. The first is caused by the 

mechanical damage to the spinal cord parenchyma followed by the activation of several 

cellular and molecular events that take place in the spinal cord tissue from hours to weeks 

after trauma (David et al., 2012; Hilton et al., 2017). Primary injury cannot be avoided, 

however, the mechanisms participating in secondary injury can be substantially abrogated or 

even blocked, providing some options to minimize secondary degeneration and functional 

loss.

LPA is an extracellular lipid mediator with a wide range of biological functions. LPA 

receptors are expressed in almost all cells of the nervous system (Choi and Chun, 2013; Choi 

et al., 2010; Yung et al., 2015). The different responses of LPA in neural cells include 

neuronal cell death (Holtsberg et al., 1998), axonal retraction (Tigyi et al., 1996), inhibition 

of oligodendrocyte maturation (Dawson et al., 2003), and proliferation of astrocytes and 

mouse microglial cells (Shano et al., 2008; Sorensen et al., 2003). Moreover, LPA has been 

related with some nervous system pathologies such as fetal hydrocephalus (Yung et al., 

2011; Yung et al., 2014), psychiatric diseases (Harrison et al., 2003; Roberts et al., 2005), 

neuropathic pain (Halder et al., 2013; Inoue et al., 2004; Ma et al., 2009), and tissue damage 

after trauma to the spinal cord (Goldshmit et al., 2012; Santos-Nogueira et al., 2015)and 

brain (Crack et al., 2014). We recently reported that LPA triggers demyelination after SCI by 

signaling, in part, via microglia LPA1(Santos-Nogueira et al., 2015). However, considering 

the pleiotropic effects of LPA and the variety of receptors with which it interacts, it is 

possible that LPA could exert beneficial or detrimental actions in SCI depending on the 

receptor it signals through, as previously observed with other lipid mediators, such as 

prostaglandins (Kawano et al., 2006; Kerr et al., 2008; Liang et al., 2011; Redensek et al., 

2011).

In the present work we provide evidence for the first time that the LPA-LPA2 axis 

contributes to the physiopathology of SCI. In particular, we found that mice lacking LPA2 

are protected against demyelination triggered by intraspinal injection of LPA and by SCI. 

Our in vitro work also reveals that LPA2 stimulation in oligodendrocytes does not cause cell 

death. However, activation of microglia LPA2 leads to release of purines that mediate 

cytotoxic effects on oligodendrocyte via P2X7.

MATERIAL AND METHODS

Animal genotyping

PCR analysis was used to detect the presence of WT and lpar2 mutated allele. For tissue 

sampling, the tip of the tail was cut at the time of weaning the mice. Genomic DNA 

extraction was carried out by using the ArchivePure DNA Purification System (5PRIME), as 

described by the manufacturer. Allele amplification was performed by PCR reaction, using 
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the Taq DNA Polymerase kit (Invitrogen), and PCR products were analyzed by standard 

electrophoresis in 1% agarose gels. Primers sequences were the following: LPA2 forward 5′- 

AGTGTGCTGGTATTGCTGACCA −3´, LPA2 reverse 5′- CTCTCGGTAGCGGGGATGG 

−3´, LPA2 mutated 5′- CAGCTGGGGCTCGACTAGAGGAT −3′. Product sizes for WT 

and targeted alleles were 576 bp and 328 bp, respectively.

Surgical procedure

All surgical procedures were approved by the Universitat Autònoma de Barcelona Animal 

Care Committee and followed the guidelines of the European Commission on Animal Care. 

Adult female (8–10 weeks old) LPA2 deficient mice (C57BL/6J X129X1/ SvJ background; 

provided by Dr Jerold Chun) or wildtype littermates (WT) were anesthetized with an 

intramuscular injection of a mixture of ketamine (90 mg/kg) and xylazine (10 mg/kg). After 

performing a laminectomy at the 11th thoracic vertebrae, the exposed spinal cord was either 

intraspinally injected or contused.

Intraspinal injections were performed using a glass needle (30 μm internal diameter, 

Eppendorf, Hamburg, Germany) coupled to a 10 ml Hamilton syringe (Hamilton #701, 

Hamilton Co, Reno, NV, USA). 1 μl of saline containing 5 nmoles of 18:1 LPA (Avantis 

Polar Lipids, AL, USA) or sterile saline alone was injected in the dorsal funiculi of intact 

spinal cords. Injections were made at a perfusion speed of 1 μl/min controlled by an 

automatic injector (KDS 310 Plus, Kd Scientific, Holliston, MA, USA), and the tip of the 

needle was maintained inside the cord tissue 3 min after each injection to avoid liquid reflux. 

The surgeon was blinded to the injection groups.

Spinal cord contusion injuries were performed using the Infinite Horizon Impactor device 

(Precision Scientific Instrumentation) (Sheff et al., 2003), using a force of 50 kdynes and 

tissue displacement ranging between 400 and 600 μm (Francos-Quijorna et al., 2017). The 

surgeon was blinded to the experimental groups.

Functional assessment

Locomotor recovery was evaluated at 1, 3, 5, 7, 10, 14, 21 and 28 dpi in an open-field test 

using the nine-point Basso Mouse Scale (BMS) (Basso et al., 2006). The BMS analyses 

hindlimb movements and coordination was performed by two independent assessors who 

were blinded to the experimental groups and the consensus score taken.

The highest locomotion speed of the mice was also tested at day 28 post-injury. Animals 

were placed on a belt of a motorized treadmill (DigiGait™ Imaging System, Mouse 

Specifics, Boston, MA). Each mouse was allowed to explore the treadmill compartment, 

with the motor speed set to zero, for 5min. Then speed was gradually increased from 0 up to 

35 cm/s and stopped at the maximum speed at which each mouse was able to run. Maximum 

speed was that in which animals were able to perform for at least 5 seconds (Coll-Miro et 

al., 2016; Francos-Quijorna et al., 2017). Mice that refuse to locomote in the treadmill were 

excluded.
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Electrophysiological analysis

Electrophysiological tests were performed to assess spared motor central pathways after 

SCI. Motor evoked potentials (MEPs) were recorded from the tibialis anterior and 

gastrocnemius muscles with microneedle electrodes after transcranial electrical stimulation 

of the motor cortex by single rectangular pulses of 0.1 ms duration (Grass S88). Pulses were 

delivered through needle electrodes inserted subcutaneously, the cathode over the skull, 

overlaying the sensoriomotor cortex, and the anode at the nose (Garcia-Alias et al., 2003).

Histology

Mice were deeply anaesthetized using Dolethal (pentobarbital sodium; Vetoquinol E. V. S. 

A.) and perfused with 4% paraformaldehyde in 0.1 M phosphate buffer (PB) at 4 days post-

injection or at 28 days post-contusion. Seven mm length of spinal cord containing the 

injection or the lesion site centered was harvested, post-fixed for 1 hour in 4% 

paraformaldehyde in 0.1 M PB and cryoprotected with 30% sucrose in 0.1 M PB at 4°C, for 

a minimum of 48h. Spinal cords were fast-frozen at −60°C in cryoembedding compound 

(Tissue-Tek® OCT, Sakura) and cut on a cryostat (Leica). Ten series of 10 μm-thick 

transverse sections were picked up on glass slides, so adjacent sections on the same slide 

were 100 μm apart. For assessing demyelination after intraspinal injection, tissue sections 

were gradually dehydrated and placed in a 1 mg/ml Luxol fast blue (LFB) solution in 95% 

ethanol and 0.05% acetic acid overnight at 37°C. Then, sections were placed into a solution 

of 0.5 mg/ml Li2CO3 in distilled water for 1 min at RT, washed, dehydrated and mounted in 

DPX mounting media (Sigma).

For histological analysis after spinal cord injury, sections were stained using FluoroMyelin 

Green fluorescent myelin stain (Invitrogen) for assessing myelin loss. Briefly, tissue sections 

were rehydrated in PBS and incubated with FluoroMyelin 1:300 in PBS for 20 min at room 

temperature (RT). Then sections were washed and mounted in Mowiol mounting media 

containing DAPI (1 μg/ml; Sigma). Tissue sections were viewed with Olympus BX51 

microscope and images were captured using an Olympus DP50 digital camera attached to it 

and using the Cell^A Image acquisition software.

The epicenter of the injection or contusion injury impact was determined for each mouse 

spinal cord by localizing the tissue section with the greatest demyelination (Santos-Nogueira 

et al., 2015). The NIH ImageJ software was used to quantify the histological parameters.

Flow cytometry

Fluorescent-activated cell sorting protocol (FACS)analysis were done as described 

previously (Amo-Aparicio et al., 2018) to quantify different immune cell populations in the 

injured spinal cord). Briefly, at 7 days post-injury, WT and LPA2 null mice were perfused 

with ice-cold HBSS without Ca2+/Mg2 (Gifco) to eliminate blood. A piece of 1 cm of 

spinal cord with the lesion site centered was harvested, cut in small pieces and enzymatically 

digested for 30 minutes at 37°C in an tube containing 1ml of 0.1% collagenase (Sigma) and 

0.1% DNase (Roche) in HBSS without Ca2+/Mg2+, and then, passed through a 70 μm cell 

strainer (BD Bioscience Discovery Labware). The cell suspension obtained was centrifuged 

at 500×g for 10 min at 4 °C. Samples were then divided and incubated with a combination 
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of antibodies against several extracellular immune cell markers or isotype-matched controls. 

Isotype control antibodies were purchased from eBioscience and included phycoerythrin– 

cyanine 7 (PE–Cy7)-labeled rat IgG2b, adenomatous polyposis coli (APC)-labeled rat 

IgG2b, peridinin chlorophyll-a protein cyanine 5.5 (PerCP–Cy5.5)-conjugated rat IgG2b, 

phycoerythrin-conjugated (PE) rat IgM (1:100). The specific antibodies were also purchased 

from eBioscience and included: CD45–PerCP–Cy5.5, CD11b–PE–Cy7, F4/80–APC, Ly6G-

PE (1:100). After 1 h of incubation with combinations of antibodies at 4 °C, samples were 

washed and fixed in 1% paraformaldehyde. Microglial cells were identified as CD45low and 

CD11b+cells. Peripheral macrophages were identified as CD45high, CD11b+, F4/80+, 

whereas neutrophils were identified as CD45high, CD11b+, F4/80-, Ly6Ghigh (Francos 

Quijorna et al., 2017; Amo-Aparicio et al., 2018). FACS samples contained at least 3000 

CD45+ cells per tube were analyzed using FlowJo software on a FACSCanto flow cytometer 

(BD Biosciences). Four mice per group were used in FACS analysis.

Cell sorting microglia from adult CNS tissue.

Briefly, spinal cord and brain from adult C57/Bl6 mice (8–10 weeks old) were removed and 

enzymatically digested with a collagenase B 0.2% (Roche Diagnostics GmbH) and trypsin-

EDTA 0.2% at 37°C for 30 min, and then passed through a cell strainer of 40 μm (BD 

falcon), and cell suspension centrifuged twice at 300g for 10 minutes at 4°C. Microglia were 

isolated by magnetic sorting using a CD11b antibody (MiltenyiBiotec) and then stained with 

PerCP-Cy5.5-conjugated CD45 and PE-Cy7-conjugated CD11b antibodies for further 

purification on cell sorter (FACSARIATM III, BD Bioscience). Microglia cells were 

assessed on a flow cytometer (FACSCalibur; BD Biosciences), and only samples showing 

population >90% purity were used for gene expression analysis.

Cell Cultures

Oligodendrocyte primary cultures—Primary oligodendrocyte progenitor cells (OPCs) 

were isolated from the cerebral cortices of WT littermate of LPA2 deficient mice at 2–4 post-

natal days (P2–4) as described previously (O’Meara et al., 2011; Santos-Nogueira et al., 

2015). Briefly, after removal of the meninges, cortical tissue was minced and dissociated by 

incubating in a solution of 1.54 mg/ml papain (Worthington Biochemical), 400 μg/ml L-

cystein (Sigma) and 1 mg/ml DNase I (Roche) in MEM (Gibco) for 20 min at 37°C. Mixed 

glial culture media (MGCM; 10% inactivated and filtered fetal bovine serum (FBS, Sigma), 

0.33% penicillin-streptomycin (P/S, Sigma) and 1% Glutamax 100x (Gibco) in DMEM 

(Gibco)) was added to stop papain and DNase I activity. Cells were plated into T25 tissue 

culture flasks coated with 10 μg/ml poly-D-lysine (Sigma) for 1h at 37°C and cultured at 

37°C in an humidified incubator with 5% CO2 supplementation. Three hours after plating, 

the floating cells were discarded by replacing the medium. Two thirds of the MGCM was 

replaced every 3 days with new MGCM supplemented with 5 μg/ml insulin (Seralab). Nine 

days later, OPCs were harvested by shaking at 37°C at 220 rpm overnight. The collected 

cells were plated into 10 μg/ml poly-D-lysine coated 24 well plates with DMEM (Gibco) 

supplemented with 1% Glutamax 100x, 2% B27 (Gibco), 0.5% FBS, 50 pg/ml recombinant 

mouse ciliary-neurotrophic factor (CNTF, BioTrend) and 1% OL supplement (10 μl/ml N-2 

supplement 100x (Gibco), 10 mg/ml bovine serum albumin (BSA, Sigma) and 40 μg/ml 

3,3’,5-triiodo-L-thyronine (Sigma)). OPC maturation in oligodendrocytes was achieved after 
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7 days in vitro (DIV) and for maintenance of the culture half of the medium was changed 

every 2–3 days.

Microglial cells—Primary microglial cells were isolated from LPA2 null P4 mice or 

wildtype littermate cerebral cortices as described previously (Santos-Nogueira et al., 2015; 

Saura et al., 2003). Tissue dissociation and cell isolation was performed as in OPC cultures. 

However, mixed glial cultures were prepared into T25 tissue culture flasks with no coating. 

Cells were seeded at a density of 300.000 cells/ml in DMEM-F12 (Gibco) with 10% FBS 

and 5% P/S (MG medium), and cultured at 37°C in a humidified incubator with 5% CO2 

supplementation. Medium was replaced every 4–5 days and confluency was achieved after 

10–12 DIV. At this point, mixed cultures were incubated with 0.25% trypsin-EDTA (Gibco) 

diluted 1:4 in DMEM-F12 for 30 min at 37°C. This mild trypsinization resulted in the 

detachment of the upper layer of cells in one piece. The remaining adhered microglial cells 

were cultured for 24h before starting experiments.

For the generation of microglial conditioned medium, WT and LPA2 null microglial cells 

were incubated for 24h in new medium with DMSO (control) and 1 μM LPA (Avantis Polar 

Lipids)). Then, this culture medium was replaced with new oligodendrocyte culture medium, 

leading microglial cells to continue releasing factors induced by the treatment for 24 hours. 

Afterwards, the microglia conditioned medium (MCM) was centrifuged and frozen and 

applied to oligodendrocytes for assessment of cell death

Assessment of oligodendrocyte cell death

To assess whether oligodendrocyte LPA2 signaling leads to cell death, WT and LPA2 null 

mice oligodendrocytes were exposed to 1 μM of LPA for 24h. Oligodendrocytes were fixed 

in 4% paraformaldehyde for 20 min washed in 0.1 M PBS and incubated overnight with rat 

anti-MBP antibody (1:200, Abcam) diluted in BB. After several washes in PBST, cells were 

incubated with anti-rat Alexa 594-conjugated secondary antibody diluted in BB for 1h at RT, 

and then mounted in Mowiol mounting media containing DAPI. Oligodendrocyte survival 

was determined by counting the number of nucleated MBP+ cells.

To study the involvement of microglia LPA2 on oligodendrocyte cell death, oligodendrocytes 

culture from WT mice were exposed for 24h to MCM obtained from WT and LPA2 null 

microglia stimulated with LPA. The MCM was supplemented with 30 μM CNQX (6-

cyano-7-nitroquinoxaline-2,3-dione) (Alomone Labs, Jerusalem, Israel) or 50 nM BBG 

(Brillian Blue G) (Sigma Aldrich) to block the AMPA/Kainate and P2X7 receptors in 

oligodendrocytes, respectively.

Assessment of cytokine and nitrate levels

Conditioned media from non-stimulated and LPA-stimulated microglia were collected as 

described above. Cytokine protein levels in the supernatants were then analyzed using the 

Milliplex MAP Mouse Cytokine/Chemokine magnetic bead panel (Millipore) on a Luminex 

(Millipore) as per manufacturers’ protocol to assess the levels of 20 cytokines (FGF, GM-

CSF, IFN gamma, IL-1 alpha, IL-1 beta, IL-10, IL-12, IL-13, IL-17, IL-2, IL-4, IL-5, IL-6, 

IP-10, KC, MCP-1, MIG, MIP-1 alpha, TNF alpha, VEGF. For assessment of nitric oxide 
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metabolites in MCM, samples were measured by Nitrate/Nitrite Colorimetric assay kit 

(Cayman Chemical, Ann Arbor, MI) as per manufacturers’ protocol

RNA isolation, reverse transcription and real-time PCR

For spinal cord mRNA extraction, mice were perfused with sterile saline and 5mm length of 

uninjured or injured spinal cord centered at the impact site was harvested at 1, 3, 7, 14, 21 

and 28 dpi. Tissue was homogenized with QIAzol lysis reagent (Qiagen) and RNA extracted 

using RNeasy Lipid Tissue kit (Qiagen), according to the manufacturer’s protocol. mRNA 

from cultured and in vivo sorted microglia was extracted using RNeasy Mini Tissue kit 

(Qiagen), according to the manufacturer’s protocol. RNA was treated with DNaseI (Qiagen) 

to eliminate genomic DNA contamination. 1 μg of obtained RNA was primed with random 

hexamers (Promega) and reverse transcribed using Omniscript RT kit (Qiagen). RNase 

inhibitor (Roche) was added (1 U/μl final concentration) to avoid RNA degradation. Real 

Time (RT)-PCR analysis was performed using a MyiQ Single-Color Real-Time PCR 

Detection System (BIO RAD). The GAPDH housekeeping gene was selected as the 

reference gene. RT-PCR reactions were performed using the Brilliant III Ultra-Fast SYBR 

Green QPCR Master Mix (Agilent Technologies) according to the manufacturer’s 

instructions. Primer sequences included the following: LPA2 forward 5’- 
CTCACTGGTCAATGCAGTGGTATAT-3’, LPA2 reverse 5’- 
GAAGGCGGCGGAAGGT-3’. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was 

used as a housekeeping gene: GAPDH forward 5’- 
TCAACAGCAACTCCCACTCTTCCA-3’,GAPDH reverse 5’- 
ACCCTGTTGCTGTAGCCGTATTCA-3’. The amount of cDNA was calculated based on 

the threshold cycle (CT) value, and was standardized by the amount of housekeeping gene 

using the 2-ΔΔC
T method (Livak and Schmittgen, 2001).

Statistical analysis

All analyses were conducted through IBM SPSS Statistics v19. Two-tailed Student’s t test 

was used for the single comparison between two groups. Functional follow-ups for BMS 

score and histopathological data was analyzed using two-way repeated measure (RM)-

ANOVA with post hoc Bonferroni’s test. The rest of the data were analyzed using one-way 

ANOVA with post hoc Bonferroni’s test. P values for multiple comparisons were adjusted 

using Bonferroni’s correction. Results are expressed as mean ± SEM. Differences were 

considered significant at P < 0.05.

RESULTS

Expression of LPA2 in the injured and uninjured mouse spinal cord

We first assessed the changes in mRNA levels of LPA2 in the spinal cord parenchyma after 

contusion injury by using real time PCR. We found that LPA2 was constitutively expressed 

in the spinal cord and its levels were notably up-regulated for the first 3 days following 

injury, reaching the peak expression at day 3 (one-way ANOVA p=0.022 at day 1 and 

p<0.001 at day 3 vs naive; n=3 per group) (Fig. 1A).
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We previously reported that increasing the local levels of LPA in the intact spinal cord 

resulted in demyelination which was partially, but not totally, depending on LPA1 signaling 

(Santos-Nogueira et al., 2015). We therefore tested whether LPA-LPA2 axis also evoked a 

demyelinating lesion. To carry out these experiments we injected 5 nmoles of LPA or sterile 

saline (control) into the dorsal column of intact spinal cords of WT and LPA2 deficient mice. 

These experiments revealed that the demyelinating lesion caused by LPA in the spinal cord 

was substantially reduced in the lack of LPA2, indicating that, similar to LPA1, LPA2 

activation by LPA also contributes to myelin loss in the adult intact spinal cord (two-way 

RM ANOVA; p<0.05; n=4 WT + saline, n=4 LPA2 null + saline, n=8 WT + LPA, n=7 LPA2 

null + LPA) (Fig 2A-C). Post-hoc Bonferroni’s test analysis revealed that LPA-mediated 

demyelination was reduced in LPA2 null mice at the injection site, as well as, at 200, 600, 

800 and 1000 μm caudal to the lesion epicenter as compared to WT mice.

Myelin loss is a pathological hallmark that contributes to functional deficits after SCI. We 

therefore examined whether LPA2 activation after SCI leads to locomotor impairments and 

demyelination. For this purpose, we performed spinal cord contusion injuries in mice 

lacking LPA2 and WT littermates. These experiments revealed that the lack of LPA2 

conferred protection against neurological impairments as revealed by locomotion assessment 

in an open field using the BMS score (p<0.05; two-way RM-ANOVA; n=12 for WT and 11 

for LPA2 deficient mice). Post-hoc Bonferroni’s test analysis revealed that BMS scores were 

significantly enhanced in LPA2 null mice starting from day 10 post-injury until the end of 

the follow up (day 28 post-injury) (Fig. 3A). At this time point, all WT mice performed 

plantar paw placement and only 50% showed occasional stepping. In contrast, all LPA2 null 

mice performed occasional stepping and 55% of them displayed frequent stepping without 

coordination. LPA2 null mice were able to locomote at significant faster speeds than WT 

littermate mice upon forced locomotion on a treadmill (p<0.001; t test; n=8 per group) (Fig 

3B). In line with the locomotor skills, electrophysiological assessment revealed higher MEP 

amplitudes for the tibialis anterior and gastrocnemius muscles in LPA2 null mice as 

compared to WT littermates (p=0.01 and 0.02, respectively; t test; n=12 for WT and 11 for 

LPA2 deficient mice) (Fig 3C-D), suggesting greater preservation of motor descending 

pathways.

We then assessed whether enhancement in motor skills observed in mice lacking LPA2 was 

associated with amelioration of demyelination. Histological sections spinal cords stained 

against fluoromyelin revealed that LPA2 null mice had greater myelin preservation at the 

injury epicenter and in adjacent rostral regions than WT littermates (p<0.001; two-way 

ANOVA; n=12 for WT and 11 for LPA2 deficient mice) (Fig 4A-C).

We finally studied whether LPA2 signaling modulates immune cell counts in the injured 

spinal cord. FACS analysis of contused spinal cord harvested at 7 days postinjury, revealed 

that similar to LPA1 (Santos-Nogueira et al., 2015) the counts of microglia, macrophages 

from peripheral origin and neutrophils were not affected by the lack of LPA2 signaling (Fig 

4D-F). Overall, these experiments provide clear evidence that LPA-LPA2 axis leads to 

myelin loss and functional deficits after SCI without modulating immune cell counts.
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Microglia LPA2 induces oligodendrocyte cell death in vitro

To gain insights into the mechanisms underlying the effects of LPA2 signaling on 

demyelination, we conducted cell culture studies. We previously reported that LPA exerted 

cytotoxic effects on oligodendrocytes, which was not mediated by direct actions of LPA in 

oligodendrocytes but in microglia (Santos-Nogueira et al., 2015). Since previous reports 

revealed that mouse and human oligodendrocytes expresses LPA2 (Zhang et al., 2014; Zhang 

et al., 2016) we assessed whether LPA2 activation in oligodendrocytes leads to cell death. 

We observed that the lack of LPA2 in oligodendrocytes did not confer protection against the 

cytotoxic effects evoked by LPA in this glial cell, indicating that activation of LPA2 in 

oligodendrocytes is unlikely to trigger demyelination (t-test; n=8 for vehicle and n=7 for 

LPA) (Fig 5A). We therefore studied whether microglial LPA2 was responsible for 

oligodendrocyte cell death. With this purpose, we first examined whether microglial cells 

express LPA2. Real time PCR experiments revealed the presence of LPA2 in cultured 

microglia, as well as, in cell sorted microglia from the adult CNS at similar levels (ratio 

lpa2/gapdh was 0.00134±0.00014 and 0.00146±0.0009 in cultured microglia and adult 

sorted microglia, respectively; n=4 per group). This data is in line with previous RNAseq 

data obtained from human and mouse microglia (Zhang et al., 2014; Zhang et al., 2016). 

Knowing that microglia expresses LPA2, we then stimulated WT or LPA2 null microglia 

with LPA and applied the conditioned medium to oligodendrocytes. These experiments 

revealed that LPA-stimulated conditioned medium of WT microglia led to marked reduction 

in the number of MBP+ cells (p<0.001; two-way ANOVA; n=8 per group) (Fig 5B, E), 

confirming our previous data (Santos-Nogueira et al., 2015). Interestingly, the conditioned 

medium of LPA-stimulated microglia harvested from LPA2 deficient mice exerted minor 

cytotoxic effects (two-way ANOVA post hoc Bonferroni’s p<0.001 vs. WT LPA-MCM; n=8 

per group) (Fig 5B, F). This data provides clear evidence that activation of microglial LPA2 

induces the release of some unknown factors that are harmful for oligodendrocytes.

Since microglia is one of the main sources of cytokines, which can cause oligodendrocyte 

cell death, we examined the protein levels of 20 cytokines in the supernatants of microglial 

cells activated with LPA. However, Luminex assay revealed that LPA did not increase the 

amounts of any of these cytokines, suggesting that cytokines are unlikely to be the toxic 

factors released by microglia upon LPA2 stimulation, at least the twenty we assessed (t-test 

p>0.05; n=4 per group) (Fig. 6A-C).

It is also known that microglia cells release nitric oxide (NO) when they become activated. 

This NO leads to the formation of toxic peroxynitrites, among other products, that trigger 

cell death. We therefore assessed whether microglia increase the release of NO upon LPA 

stimulation by measuring the nitrite/nitrate levels in the supernatants. However, these results 

revealed that nitrate levels were indeed reduced after LPA stimulation, highlighting that the 

cell death triggered by LPA-activated microglia is independent to NO formation (t-test 

p>0.05; n=3 per group) (Fig 6D).

We then assessed whether glutamate, which is released by activated microglial cells and 

mediates cytotoxicity to oligodendrocytes, was one of the harmful mediators released by 

LPA-stimulated microglia. With this purpose, we exposed oligodendrocytes to conditioned 

medium of LPA-stimulated microglia in the presence of CNQX, an AMPA/kainate receptor 
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antagonist. These experiments revealed that CNQX failed to rescue oligodendrocyte cell 

death, indicating that glutamate is also unlikely to be the harmful factor released by 

microglial cells upon LPA2 stimulation (one-way ANOVA post hoc Bonferroni’s p<0.05; 

n=7 per group) (Fig. 7A).

Previous work indicates that LPA induces the release of ATP in microglial cells (Fujita et al., 

2008). Since ATP exerts potent excitotoxic effects to oligodendrocytes by signaling via P2X7 

present on these myelinating cells (Matute et al., 2007), we investigated whether purines 

were the cytotoxic factors produced by LPA2 stimulated microglia. We therefore exposed 

oligodendrocytes to the conditioned medium of LPA-stimulated microglia in the presence of 

BBG, a selective P2X7 antagonist. These experiments revealed that the treatment of 

oligodendrocytes with BBG rescued oligodendrocyte cell death induced by the conditioned 

medium of LPA-stimulated microglia (one-way ANOVA post hoc Bonferroni’s p<0.05; n=4 

per group) (Fig 7B). Indeed, treatment with BBG reduced oligodendrocyte cell death to 

similar levels to that observed after incubation of oligodendrocytes with the supernatants of 

LPA-stimulated microglia lacking LPA2. Interestingly, BBG did not exert additional 

protective effects to oligodendrocyte when it was added to conditioned medium of LPA2 null 

microglia stimulated with LPA. Therefore, these data reveal that LPA-LPA2 signaling in 

microglia promotes the release of purines, which in turn, mediates oligodendrocyte cell 

death by signaling via P2X7.

DISCUSSION

In the present work, we studied whether LPA2 signaling contributes to the physiopathology 

of SCI. We show that mRNA levels of LPA2 are increased in the spinal cord after contusion 

injury and that LPA2 activation leads to demyelination and functional deficits after SCI. We 

demonstrate, by doing cell culture work, that LPA2 signaling does not mediate direct 

harmful effects on oligodendrocytes, but evokes microglial cells to release purines, which in 

turn, mediates cytotoxic cell death of oligodendrocytes via P2X7. Overall, this study 

provides new mechanistic insights into how LPA contributes to SCI physiopathology.

SCI is frequently companied by necrosis and apoptosis of oligodendrocytes, resulting in 

demyelination of axonal pathways (Brosius Lutz and Barres, 2014; Mekhail et al., 2012). 

This occurs during the firsts days following SCI (Mekhail et al., 2012) and it is induced by 

several events that take place in the spinal cord parenchyma following lesion, including the 

formation of reactive oxygen or NO species, a myriad of inflammatory components, increase 

in Ca2+ influx, excitotoxicity, and hypoxia, among others (Brosius Lutz and Barres, 2014; 

David et al., 2012; Dumont et al., 2001; Mekhail et al., 2012).

LPA has emerged as a novel lipid mediator involved in CNS pathologies (Choi and Chun, 

2013; Yung et al., 2015). LPA levels are increased at the lesion site after spinal cord injury or 

brain trauma which leads to secondary damage and neurological deficits (Crack et al., 2014; 

Goldshmit et al., 2012; Santos-Nogueira et al., 2015). In particular, we found that LPA 

triggers demyelination by signaling, in part, via LPA1 (Santos-Nogueira et al., 2015). 

However, the demyelinating effects of LPA were not completely prevented in mice lacking 

LPA1 or after pharmacological blockade of LPA1 suggesting that activation of other LPA 
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receptors are likely to contribute to myelin loss. Here, we revealed that LPA2 signaling, 

similar to LPA1, also leads to demyelination.

LPA2, together with LPA1 and LPA3, belong to the endothelial differentiation gene LPA 

receptor family (Choi and Chun, 2013; Choi et al., 2010). LPA2 shows high homology to 

LPA1 since it shares 60% amino acid similarity and couples with the same three types of Gα 
proteins as does LPA1: Gi/o, Gq/11, and G12/13 (Choi and Chun, 2013; Choi et al., 2010). 

Little is known about the physiological functions of LPA2, but its signaling has been 

generally associated with cell survival and cell migration (Choi and Chun, 2013; Choi et al., 

2010; Yung et al., 2015). Indeed, LPA2 is involved with the invasion and metastasis of 

several type of cancer cells (Lee and Yun, 2010; Lopane et al., 2017; Park et al., 2018).

LPA2 transcripts are expressed at high levels in the testis and leukocytes, whereas some 

other tissues, including the central nervous system, display much lower levels (An et al., 

1998; Choi and Chun, 2013; Santos-Nogueira et al., 2015). Previous RNAseq analysis done 

in isolated neural cells also show that LPA2 is expressed in neurons, oligodendrocytes, 

microglia and peripheral macrophages (Zhang et al., 2014; Zhang et al., 2016). Here, we 

show that LPA2 are markedly upregulated in the spinal cord for the first 3 days after 

contusion injury, and that LPA-LPA2 axis triggers demyelination. Microglia and peripheral 

macrophages are likely to be the main cell source of LPA2 in the injured spinal cord since 

these cells increase in number after SCI and because of the marked cell death of neurons and 

oligodendrocytes.

Similar to LPA1, LPA2 is found on oligodendrocytes and Schwann cells and its expression 

appears shortly before maturation/myelination (Garcia-Diaz et al., 2014; Weiner et al., 

2001). Activation of LPA2 in myelinating cells seems to play a key role in myelin formation, 

since it leads to synthesis of myelin P0 protein in cultured Schwann cells (Weiner et al., 

2001).

We recently showed that LPA exerts mild toxicity in mature oligodendrocytes at doses ≥ 

1μM, but not in oligodendrocyte precursor cells. This deleterious effect of LPA on 

oligodendrocytes is not mediated via LPA1, since pharmacological blockade of LPA1 did not 

prevent cell death upon LPA exposure (Santos-Nogueira et al., 2015). Here we show that this 

effect is also unlikely to be triggered by LPA2 signaling, since the lack of LPA2 did not 

enhance oligodendrocyte survival after LPA exposure. These observations suggest that LPA 

leads to demyelination by activation of LPA2 in other cell types, rather than to direct 

activation of LPA2 in oligodendrocytes.

Microglial cells become cytotoxic to oligodendrocytes when stimulated with LPA, in part, 

via microglial LPA1 (Santos-Nogueira et al., 2015). Here, we show that microglial cells 

express LPA2 in vitro and in vivo. Interestingly, we reveal that the conditioned medium of 

LPA2 null microglia stimulated with LPA does not mediate oligodendrocyte cell death. This 

data suggests that LPA2 activation by LPA in microglia induces the release of some 

unknown factors that exert potent cytotoxic actions to oligodendrocytes. Although we 

previously showed that microglia LPA1 also contributes to oligodendrocyte cell death 

(Santos-Nogueira et al., 2015), our novel observations demonstrate that the lack of LPA2 in 
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microglia cells is sufficient to abrogate its detrimental actions on oligodendrocytes upon 

LPA stimulation, despite of the presence of microglial LPA1. This may suggest that LPA1 

signaling may converge with some of the intracellular pathways triggered by LPA2 that are 

responsible to evoke the cytotoxic effects. Indeed, LPA2 couples with the same three types 

of Gα proteins as does LPA1: Gi/o, Gq/11, and G12/13 (Choi and Chun, 2013; Choi et al., 

2010).

There are multiple mediators released by microglial cells that are potent inducers of cell 

death. However, these factors are unlikely to be cytokines or nitric oxide since their levels 

were not increased in the conditioned medium of LPA-stimulated microglia. Other works 

demonstrate that activated microglia release glutamate to the extracellular milieu which 

triggers oligodendrocyte cell death via AMPA/Kainate receptor signaling (Garcia-Barcina 

and Matute, 1998; McDonald et al., 1998). However, addition of CNQX, an AMPA/Kainate 

antagonist, in the conditioned medium of LPA-stimulated microglia did not rescue 

oligodendrocyte cell death, suggesting that glutamate is not the harmful factor released by 

LPA-stimulated microglia. Another study reveals that microglia releases ATP upon exposure 

of LPA (Fujita et al., 2008). Interestingly, oligodendrocytes express the purinergic receptor 

P2X7 which leads to cell death upon stimulation with ATP (Matute et al., 2007; Peng et al., 

2009). Besides, inhibition of the purinergic receptor P2X7 confers protection against 

experimental autoimmune encephalomyelitis (EAE) (Matute et al., 2007) and SCI (Peng et 

al., 2009). In line with these observations, we found that treatment with BBG, a potent P2X7 

antagonist, fully rescues oligodendrocyte cell death induced by the conditioned medium of 

LPA-activated microglia, but it does not have any effect on oligodendrocyte survival when 

added in the conditioned medium of LPA2 null microglia exposed to LPA. These findings 

therefore suggest that activation of microglia LPA2 evokes the release of purines to the 

extracellular milieu, which in turn, activate P2X7 in oligodendrocytes, provoking cell death, 

at least in cell culture conditions. Further studies are therefore needed to elucidate whether 

this mechanism also occurs in vivo. We do not exclude that other factors released by 

microglial cells upon LPA2 activation could be also triggering oligodendrocytes cell death, 

although to a lesser extent than purines.

Despite our data reveals that LPA2 signaling contributes to myelin loss after SCI, these 

findings cannot be extrapolated to all demyelinating disorders. Indeed, a recent report 

demonstrated that LPA2 conferred protection against experimental autoimmune 

encephalomyelitis (EAE), the mouse model of multiple sclerosis (Schmitz et al., 2017). The 

beneficial effects of LPA-LPA2 in EAE was not mediated in the CNS but in the periphery. In 

particular, this work demonstrated that T cells express LPA2, and that its loss facilitated 

lymphocyte mobilization, which may account for the faster onset and the greater clinical 

signs of this autoimmune disease in mice lacking LPA2 (Schmitz et al., 2017).

Overall, the results provide clear and novel evidence that LPA2 contributes to secondary 

damage in SCI and reveal the mechanisms underlying the cytotoxic actions of LPA. Our data 

also suggest that selective blockade of LPA2 could lead to a novel approach to reduce 

functional deficits in patients with acute SCI.
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HIGHLIGHTS

• LPA2 is upregulated in the spinal cord parenchyma after traumatic injury

• The lack of LPA2 results in reduced myelin loss after intraspinal injection of 

LPA and after spinal cord injury

• Microglial cells become cytotoxic to oligodendrocytes after LPA stimulation.

• Microglia express LPA2 in the adult CNS, but also in cell culture conditions.

• LPA2 signaling in microglia triggers oligodendrocyte cell death.

• LPA2 activation induces the release of purines in microglial cells that trigger 

oligodendrocyte cell death via P2X7 activation.
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Figure 1. LPA2 mRNA expression is up-regulated in the injured spinal cord.
Real Time-PCR quantification of LPA2 mRNA levels from spinal cords harvested at 

different time points after contusion injury. (*p<0.05, #p<0.01; n=3 per time point). Error 

bars indicate SEM.

López-Serrano et al. Page 17

Brain Behav Immun. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Lack of LPA2 reduces LPA-triggered demyelination.
(A) Quantification of myelin loss at various distances rostral and caudal to the injury 

epicenter. (B, C) Representative micrographs showing myelin loss at the injury epicenter in 

WT (B) and LPA2 deficient (C) mice spinal cords injected with 5 nmoles of LPA. (*p<0.05, 

#p<0.01; n=4 WT + saline, n=4 LPA2 null + saline, n=8 WT + LPA, n=7 LPA2 null + LPA). 

Error bars indicate SEM. Scale bar=125 μm.
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Figure 3. Lack of LPA2 promotes functional recovery after SCI.
(A) Locomotor recovery after spinal cord contusion injury in WT and LPA2 null mice using 

the 9-point Basso Mouse Scale. The lack of LPA2 led to significant improvement in 

locomotor performance compared to WT mice (*p<0.05; n=12 for WT and 11 for LPA2 

deficient mice). (B) The ability to run at a constant speed was evaluated at 28 dpi by placing 

mice onto the belt of a motorized treadmill. Note that mice lacking LPA2 were able to run at 

faster speeds. (#p<0.01; n=8 per group). (C, D) Preservation of descending axonal tracts 

after SCI was evaluated by registering the motor evoked potentials (MEPs) from tibialis 

anterior and gastrocnemius muscles. Mice lacking LPA2 showed higher MEP amplitudes for 

both muscles. (*p<0.05; n=12 for WT and 11 for LPA2 deficient mice). Error bars indicate 

SEM.
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Figure 4. The lack of LPA2 results in reduced secondary damage after SCI.
(A) Quantification of myelin sparing at various distances rostral and caudal to the injury 

epicenter. (B, C) Representative micrographs of spinal cord tissue at the injury showing 

myelin sparing at the injury epicenter in WT (B) and LPA2 deficient (C) mice. (*p<0.05, 

#p<0.01 vs WT; n=12 for WT and 11 for LPA2 deficient mice). Error bars indicate SEM. 

Scale bar=500 μm. (D-E) Quantification of microglia, peripheral macrophages and 

neutrophils in the contused spinal cord of WT and LPA2 deficient mice at day 7 post-injury. 

(n=4 per group)
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Figure 5. LPA induced oligodendrocyte cell death in vitro through LPA2 signaling on microglial 
cells.
(A) Quantification of MBP+ cells on primary cultured WT and LPA2 null oligodendrocytes 

exposed to 1 μM LPA for 24h. (*p<0.05; n=8 biological replicates for vehicle and n=7 

biological replicates for LPA in both groups). (B) Quantification of MBP+ cells on primary 

cultured WT oligodendrocytes exposed for 24h to LPA-stimulated microglial-conditioned 

medium (MCM) from WT or LPA2 deficient mice. (*p<0.05, #p< 0.01 vs. control; n=8 

biological replicates per group). (C-F) Representative micrographs showing MBP+ cells 

exposed to WT (C, E) or LPA2 null (D, F) MCM in control (C, D) or LPA (E, F) conditions. 

Error bars indicate SEM. Scale bar=100 μm
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Figure 6. Cytokine and nitrate levels in LPA-stimulated microglia conditioned medium.
Measurement of protein levels for various cytokines. (n=4 biological replicates per group). 

(A, B, C) as well as nitrates (D) in the supernatant LPA-stimulated microglia conditioned 

medium (*p<0.05; n=3 per group). Error bars indicate SEM.
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Figure 7. Effects of CNQX and BGG in oligodendrocyte survival after incubation with LPA-
stimulated microglial conditioned medium.
(A) Quantification of MBP+ cells in oligodendrocyte cell cultures incubated with LPA-

stimulated microglial conditioned medium. Note ~35% of oligodendrocyte survived after 

incubation with the conditioned medium of LPA-activated microglia, and that treatment of 

oligodendrocytes with the AMPA/Kainate receptor antagonist CNQX did not rescue cell 

death. (n=7 biological replicates per group). (B) Assessment of MBP+ cells after incubation 

of oligodendrocytes with LPA-stimulated WT or LPA2 null microglial conditioned in the 

presence of BBG. This P2X7 antagonist prevented oligodendrocyte death induced by LPA-

stimulated WT microglia to similar levels to that triggered by the conditioned medium of 

LPA2 null microglia stimulated with LPA. However, BBG did not show additive effects on 

the LPA-stimulated LPA2 microglial conditioned medium. (*p<0.05 vs. Control; n=4 

biological replicates per group). Error bars indicate SEM.
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