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Abstract

Lysophosphatidic acid (LPA) is a signaling molecule that binds to six known G protein-coupled
receptors (GPCRs): LPA;—-LPAg. LPA evokes several responses in the CNS including cortical
development and folding, growth of the axonal cone and its retraction process. Those cell
processes involve survival, migration, adhesion proliferation, differentiation and myelination. The
anatomical localization of LPA; is incompletely understood, particularly with regard to LPA
binding. Therefore, we have used functional [3°S]GTPyS autoradiography to verify the anatomical
distribution of LPA; binding sites in adult rodent and human brain. The greatest activity was
observed in myelinated areas of the white matter such as corpus callosum, internal capsule and
cerebellum. MaLPA;-null mice (a variant of LPA;-null) lack [3>S]GTPyS basal binding in white
matter areas, where the LPA; receptor is expressed at high levels, suggesting a relevant role of the
activity of this receptor in the most myelinated brain areas. In addition, phospholipid precursors of
LPA were localized by MALDI-IMS in both rodent and human brain slices identifying numerous
species of phosphatides (PA) and phosphatidylcholines (PC). Both PA and PC species represent
potential LPA precursors. The anatomical distribution of these precursors in rodent and human
brain may indicate a metabolic relationship between LPA and LPA; receptors.
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Introduction

Lysophosphatidic acid (LPA, 1- or 2- acyl-sn-glycero-3-phosphate) is a small
glycerophospholipid present at a high concentration in blood plasma and at a low
concentration in all tissues. It is synthetized as a lysophospholipid component of cell
membranes (Pieringer et al., 1967). LPA is an extracellular mediator formed by the action of
enzymes such as PLA1, PLA,, autotaxin (ATX) and acyltransferases (reviewed in Bishop
and Bell 1988; Gaits et al., 1997; Goetzl and An, 1998; Fukushima et al., 2001; Aoki et al.,
2008). PA-selective PLA7, mPA-PLAja and mPA-PLA4B and one PA-selective PLA,,
snpPLA,, can be involved in the pathway of hydrolyzing PA to produce LPA (Gaits et al.,
1997; Hiramatsu et al., 2003; Aoki, 2004). LPA species with saturated (palmitoyl (16:0),
stearoyl (18:0)) or unsaturated (oleoyl (18:1), linoleoyl (18:2), arachidonoyl (20:4)) fatty
acids have been identified in vivo (Gerrard and Robinson, 1989; Tigyi et al., 1995; Fischer et
al., 1998). Likewise, it is important to note that these molecules have different biological
activities (Tokumura et al., 1994; Jalink et al., 1995; Hayashi et al., 2001; Yoshida et al.,
2003), probably because LPA receptors have quite distinct ligand specificities (Erickson et
al., 1998; Bandoh et al., 1999). It has been described that LPA containing long chain fatty
acids (eg., C16, C18), both saturated and unsaturated, are able to activate LPA; receptors
(Bandoh et al., 2000). Nevertheless, the anatomical distribution of LPA and PL precursors of
LPA is unknown. One of the aims of the present study is to identify the anatomical
localization of possible precursors of LPA using the matrix-assisted laser desorption/
ionization (MALDI) imaging mass spectrometry (IMS) technique. MALDI-IMS was
introduced by Caprioli's group (Caprioli et al., 1997) and its development has allowed the
anatomical mapping of substances in a tissue sample, which provides valuable information
for the understanding of the physiological role of lipids. (Touboul et al., 2004, Fernandez et
al., 2011).

LPA is involved in multiple physiological and pathophysiological actions (reviewed in
Fukushima et al., 2001; Tigyi and Parrill, 2003; Aoki, 2004; Ishii et al., 2004). LPA
signaling is mediated by specific G protein-coupled receptors (LPAg) (Hecht et al., 1996;
An et al., 1998; Bandoh et al., 1999; Contos et al., 2000; Lee et al., 2000; Noguchi et al.,
2003; Kotarsky et al., 2006; Kihara et al., 2014, Yung et al., 2014). LPA receptors are more
highly expressed in the CNS than in other tissues such as kidney, liver, testis, lung and heart
(Das and Hajra, 1989; Sugiura et al., 1999; Weiner et al., 1998; Contos et al., 2000). LPA
receptors are expressed in most cell types of the CNS, including neuronal progenitors (Hecht
et al., 1996), primary neurons (Jalink et al., 1993; Tigyi et al., 1996), astrocytes (Shano et
al., 2008), microglia (Moller et al., 2001; Tham et al., 2003), oligodendrocytes (Allard et al.,
1999; Weiner et al., 1998) and Schwann cells (Allard et al., 1999; Weiner and Chun 1999).
The functions mediated by LPA receptors in CNS have been analyzed by studies on injured
neural tissue (Ye et al., 2002), by the exogenous application of LPA to neural tissue that
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induces relevant responses in the development and function of the CNS (Kranenburg et al.,
1999; Ishii et al., 2000; Fukushima et al., 2002; Sun et al., 2011), or by the analysis of
genetic null mice lacking LPA receptors (reviewed in Choi and Chun, 2013). Furthermore,
they have made it possible to demonstrate that LPA; receptor expression is related to several
developmental processes within the CNS, including cortical development and function
(Harrison et al., 2003; Estivill-TorrUs et al., 2008), growth and folding of the cerebral cortex
(Kingsbury et al., 2003), neuronal migration (Fukushima et al., 2002) and myelination
(reviewed in Tigyi et al., 1995; Hecht et al., 1996; Weiner et al., 1998; Contos et al., 2000;
Garcia-Diaz et al., 2014). Finally, in vitro studies have demonstrated that primary neurons
and Schwann cells can synthesize and secrete LPA (Fukushima et al., 2000; Weiner et al.,
2001).

Little is known about the role of LPA receptor signaling in neurotransmission, but the study
of genetically modified mice by deletion of LPA receptors has led to considerable advances
in the study of their functions in the CNS. It has been demonstrated that LPA; receptors are
involved in pain transmission in the peripheral nervous system (Renback et al., 2000; Inoue
et al., 2004). Furthermore, other studies have identified LPA; signaling as a mediator of
hypoxic damage in the fetal brain and in the initiation of fetal hydrocephalus (Herr et al.,
2011; Yung et al., 2011). It is well known that LPA receptors are located in many tissues,
particularly in brain where the anatomical distribution of these receptors is still being
researched. Therefore, we have performed [3°S]GTPyS functional autoradiography assays in
rat, mouse and human brain with the aim of obtaining more information about the
anatomical localization of this type of receptors and of their activity in humans and in
rodents. The [35S]GTPyS binding assay measures the level of G protein activation following
agonist occupation of a GPCR (Sim et al., 1997). In addition, we have performed MALDI-
IMS assay in rodent and human to identify possible PL precursors. The present study
contributes to the understanding of the biosynthetic pathways of LPA in human brain.

Materials and methods

Chemicals

[35S]GTPyS (initial specific activity 1250 Ci/mmol) was purchased from Perkin Elmer
(Boston MA, USA). Oleoyl-L-a-lysophosphatidic acid sodium salt was obtained from
Sigma-Aldrich, (St. Louis, MO, USA), Ki16425 was purchased from Selleckchem
(Houston, TX, USA), 2-mercaptobenzothiazole (MBT) was acquired from Sigma-Aldrich
(St. Louis, MO, USA). The [14C]-microscales used as standards in the autoradiographic
experiments were acquired from Amersham Biosciences-GE (Buckinghamshire, UK) and
ARC (St. Louis, MO, USA), BSA (A4503), DL-dithiothreitol (DTT), guanosine-5’-
diphosphate (GDP) and guanosine-5-0-3-triphosphate were provided by Sigma (St. Louis,
MO, USA) and the -radiation sensitive films, Kodak Biomax MR, were supplied by Sigma.
Finally, for the preparation of the different buffers, the treatment of slides and film
development, all the compounds were of the highest commercially available quality.
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Animals and tissue preparation

The wild-type (WT; n=8) mice and maLPA;-null homozygous mice (KO; n=8) used in this
study were obtained from a spontaneously established LPA;-null mouse colony, termed
maLPA;-null (from Malaga variant of LPA;-null) and maintained in the hybrid C57BL/6J x
129X1/SvJ background. As was previously described (Estivill-Torrus et al. 2008; Matas-
Rico et al. 2008), the LPA;-null mice lineage spontaneously occurred during the original
colony expansion (Contos et al., 2000). Three month-old wild-type and maLPA+-null male
mice were used. Although no littermates were used within a group, littermates were used
across groups. These were obtained from the ECAI (common support structures for
research) of Animal Experimentation, at the Biomedical Research Institute of Malaga
(IBIMA), where their brains were removed and dissected. All the animals were housed with
a 12-h light/dark cycle, with water and food provided ad libitum. Experimental protocols
were approved by the Local Ethical Committee for Animal Research of the University of
Malaga (2012-0001 (2009-0001)) and the University of the Basque Country (CEIAB/
21/2010/Rodriguez Puertas).

Male Sprague—-Dawley rats (225-275 g) were used. Rats were housed under a 12:12 h
light:dark cycle, at 22°C and 65% humidity, with food and water provided ad libitum. Every
effort was made to minimize animal suffering and to use the minimum number of animals.
Experimental protocols were approved by the Local Ethical Committee for Animal Research
at the University of the Basque Country (CEBA/91/2010/Rodriguez Puertas).

All procedures were performed in accordance with European animal research laws
(European Communities Council Directives 2010/63/UE, 90/219/CEE, Regulation
1946/2003) and the Spanish National Guidelines for Animal Experimentation and the Use of
Genetically Modified Organisms (RD 53/2013 and 178/2004 and D 320/2010; Law 32/2007
and 9/2003).

Rodent brains were quickly removed by dissection after anaesthesia. Then tissues were
frozen on dry ice, and kept at -80°C. The brains were cut on a Microm HM550 cryostat
(Walldorf, Germany) to obtain 20 um sections that were mounted onto gelatin-coated slides
and stored at -20°C until used.

Postmortem human brain samples

Postmortem human brain tissue samples were obtained from the tissue bank of the
Neuropathology Institute of The University Hospital of Bellvitge, Barcelona.

Tissue collection and tracking of medical records were conducted in strict confidentiality at
all times and following ethical protocols adopted for post-mortem studies (CEISH/244/2014/
Rodriguez Puertas). Brain tissue from 8 male patients, without neuropsychiatric or
neurological disease in their medical records, was used as control. The mean + SD of age
was 53 + 8 years and the postmortem delay was 6 + 3 h. The samples correspond to tissue
containing the following brain areas: frontal cortex (Brodmann area 8), amygdala, basal
forebrain, striatum, hippocampus and the adjacent entorhinal cortex.
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Postmortem human brain samples, following autopsy, were kept at -80°C and were brought
to -20°C to be cut on a cryostat in sections of 20 pm that were mounted onto gelatin-coated
slides and stored at -20°C until the binding and/or IMS experiments.

[3°S]GTPyS binding assay
Sections were air-dried for 15 min, followed by preincubation in HEPES-based buffer (50
mM HEPES, 100 mM NaCl, 3 mM MgCl, and 0.2 mM EGTA, BSA 0.5%, pH 7,4) for 30
min at 30°C in a water bath. The preincubation was repeated a second time in a new buffer.
The samples were then incubated for 2 h at 30°C in a similar buffer, but which was
supplemented with 2 mM GDP, 1 mM DTT, adenosine deaminase (3 mU/ml) and 0.04 nM
[35S]GTPyS. The evaluation of [3°S]GTPyS basal binding was duplicated by using
consecutive slices on different slides. Agonist-stimulated binding was measured under the
same conditions in the presence of the selective agonist LPA (10> M). The LPA antagonist,
Ki16425 (10> M), was used together with LPA on a consecutive slide. Non-specific binding
was determined in the presence of 10 uM of non-labelled GTPyS on another consecutive
slide. Sections were washed twice in HEPES buffer 50 mM (pH 7.4), dipped in distilled
water and air-dried. Sections were exposed to Kodak Biomax MR autoradiography film,
together with 14C standards for 48 h at 4°C in a hermetically closed cassette.

Image analysis of film autoradiograms

Films were scanned and quantified by transforming the optical densities into nCi/g tissue
equivalent (nCi/g t.e.) using NIH-image software (NIH-IMAGE, Bethesda, MA, USA,;
developed at the U.S National Institutes of Health and freely available on internet at http://
rsb.info.nih.gov/nih-image/). This software defines the optical density of an anatomical area
from 0 (white) to 256 (black). The [*4C]- microscales that were co-exposed together with
the slides were used to calibrate the optical densities with the level of radioactivity labeled in
the sections.

Thionine staining

Thionine staining was performed to facilitate the identification of neuroanatomical
structures, adjacent sections to those used in [3°S]GTPyS autoradiography or MALDI-IMS
experiments. Tissues mounted onto gelatine-coated slides were hydrated after thawing.
Hydration was performed by incubating tissues for 5 minutes in ethanol concentrations in
descending order (100%, 96%, 70% and 50%), then sections were submerged in thionine
solution for 5 min. Finally, tissues were washed with deionized water and introduced in an
ethanol ascendant order solution (50%, 70%, 96% and 100%) to dehydrate the tissue.

Sample preparation for MALDI-IMS

It is fundamental that the original lipid composition and anatomical characteristics of the
tissue are preserved throughout the sample-preparation process (Schwartz et al., 2003). The
brains were cut on a Microm HM550 cryostat to obtain 20 um sections and stored at -20°C
until the experiment. Once the initial steps of tissue preparation had been completed the
matrix was deposited on the tissue surface by sublimation, prior to analysis. For tissue
sections mounted on glass slides, sublimation was performed using 300 mg of MBT, by
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controlling the deposition time and temperature (30 min, 140°C) and the thickness of the
matrix layer and by optimizing the signal noise (S/N) ratio of the mass spectra. The
sublimation process does not require organic solvents to dilute the chemical matrix,
therefore we avoided lipid migration on the tissue slice.

Finally, a re-crystallization of the sample was performed, using a normal glass Petri plate
(100 mm diameter x 15 mm depth). A matrix sublimated slide was attached to a stainless
steel plate and then 1 ml of methanol (99%) was added to the piece of paper previously
placed in the bottom of the Petri plate in order to create a vapor for the re-crystallization
process on a hot plate (1 min, 40°C). This step allows one to achieve higher intensities in the
detection of the peaks (Yang and Caprioli, 2011).

Mass spectrometer

A MALDI LTQ-XL-Orbitrap (Thermo Fisher, San Jose, CA) equipped with a nitrogen laser
(A =337 nm, rep. rate = 60 Hz, spot size = 80 x 120 um) was used for mass analysis.
Thermo's ImageQuest and Xcalibur software were used for MALDI-IMS data acquisition.
The images were acquired in both negative and positive ion mode. The positive ion range
was 500-1000 Da, with 10 laser shots per pixel at a laser fluence of 15 wJ. The negative ion
range was 400-1100 Da, with 10 laser shots per pixel at a laser fluence of 15 pJ. The target
plate stepping distance was set to 150 pum for both the x- and y-axes by the MSI image
acquisition software. The mass resolution was 100,000 in both positive and negative ion
mode. As there may be potential displacement of the masses on the tissue due to surface
irregularities and other factors, it is necessary to normalize them using the total ion current
(TIC).

Image and spectrum analysis for MALDI-IMS

The MALDI images were generated using ImageQuest software (Thermo Scientific). With
this software, the m/z range is plotted for signal intensity for each pixel (mass spectrum)
across a given area (tissue section). The m/z range of interest was normalized by a ratio of
the TIC for each mass spectrum, improving the quality of the images. After normalization of
the spectra, the average intensity of each peak was calculated using OriginPro 8
(Northampton MA, USA) software.

Peaks or m/z values assignment to lipid species

The tissue samples analyzed in the present study are complex, containing a large number of
lipids that could share similar masses in a quite narrow range of m/z values. Therefore, the
experimental m/z values for every peak position were compared to previous assignments of
different lipid species using databases such as Lipid MAPS (http://www.lipidmaps.org/) and
Madison Metabolomics Consortium and previous published studies, using a 5 ppm mass
accuracy as the tolerance window for the assignment. The numbers (x:y) following the
glycerolipid species, denote the total length and the number of double bonds of the acyl
chains.
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Data and statistical analyses

Results

The data corresponding to [3°S]GTPyS binding stimulated by the different agonists over the
basal values were calculated as net stimulations following the formula: net stimulation
(nCi/g) = [3°S]GTPyS agonist-stimulated binding - [3*S]GTPyS basal binding. Data
obtained from the autoradiographic studies were expressed as mean values = SEM. The
differences between brain regions and/or genotypes were analyzed by two-tailed Student's t
test. The results were considered significant when p < 0.05.

In MALDI-IMS spectra, the peak with the highest intensity was regarded as 100%
(798.5410 PC(34:1)+K™* in positive ion mode, and 885.5494 P1(38:4) and 888.6240
ST(24:1) in gray matter and white matter, respectively, in negative ion mode) and the
intensity of the rest of the peaks was expressed as % of the maximum peak intensity. Data
were expressed as mean values of % + SEM and analyzed by Microsoft Excel 2007.

[3°S]GTPyS binding assay in mice brain sections

[3°S]GTPyS

[35S]GTPyS basal binding was obtained in the absence of the agonist and was measured in
both 3 month-old maLPA7-null and WT mice. The data obtained for the basal binding were
also important for LPA; receptor mediated effects, since there was an apparent basal signal
in brain areas including myelinated white matter. It was found that the deletion of LPA;
receptor in maLPA;-null mice decreased [3°S]GTPyS basal binding in some areas of white
matter (WM), such as the bundles of fibers in the WM of the cerebellum (WT 282.0 + 12.6
nCi/g t.e. vs KO 119,4 £ 7.4 nCi/g t.e., p < 0.01), corpus callosum (WT 640.8 + 28.5 nCi/g
t.e. vs KO 175.2 + 9.8 nCi/g t.e., p < 0.01) and internal capsule (WT 360.6 + 24.9 nCi/g t.e
vs KO 99.1 + 16.9 nCi/g t.e, p < 0.01), suggesting that LPA; receptor activity could be
another source of basal activity especially evident in the most myelinated white matter areas,
e.g. the corpus callosum, the internal capsule and the cerebellum bundles of fibers (Table 1
and Fig. 1).

In addition, we analyzed [3°S]GTPyS binding stimulated by the lysophosphatidic agonist,
oleoyl-L-a-lysophosphatidic acid sodium salt, in the maLPA; null and WT mice. Firstly,
and in addition to the genotyping, the analysis of receptor activity in maLPA1-null mice
allowed us to confirm the deletion of the LPA receptor given the resulting absence of any
LPA-mediated increase of the [3°S]GTPyS binding. The results obtained from the WT mice
gave us precise information about the anatomical localization of LPA; receptors in mice
brain, by measuring their ability to activate Gj,, proteins. The highest stimulation induced by
LPA over the basal values was obtained in white matter tracts of fibers (Fig. 1 and Table 2).
We express the percentage over the basal in corpus callosum (WT 166.9 + 29.2 % vs KO 0.8
+9.3%, p < 0.01), cerebellum WM (WT 76.4 + 33.0 % vs KO 1.1 £ 25.1 %, p < 0.01) and
internal capsule (159.2 + 39.9 % vs KO -30.0 + 14.4 %, p < 0.01).

binding assay in rat brain sections

[3°S]GTPyS binding stimulated by LPA acting as an agonist (oleoyl-L-a-lysophosphatidic
acid sodium salt) was analyzed in rat brain slices. The results were similar to those obtained
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in WT mice. The highest stimulations were found all over white matter areas composed of
myelinated fibers tracts. The data obtained, expressed in percentage over the basal in
cerebellum WM were: 39.5 + 13 %, in corpus callosum: 67.1 + 0.3 % and in the internal
capsule: 43.0 £ 2.0 % (Table 3 and Figs. 2 and 3). Ki16245, an antagonist for LPA receptor
subtypes LPA; and LPA3, was used to ensure that the stimulations were mediated by LPA;
receptors, (Kil6245 net stimulations over the basal values: cerebellum WM (-199 + 2.03
nCi/g t.e.), corpus callosum (-628.7 £ 19.5 nCi/g t.e.) or internal capsule (-269.7 + 3.0 nCi/g
t.e.). In general, LPA-elicited net stimulations of the [3*S]GTPyS basal binding were lower
than in mice, but basal activity was higher in rat brain for the same WM areas.

[3°S]GTPyS binding assay in sections of postmortem human brain

For the [35S]GTPyS binding assay stimulated by the LPA agonist, oleoyl-L-a-
lysophosphatidic acid sodium salt, human brain sections from different areas were selected,
including the frontal cortex, hippocampus, striatum, amygdala and basal forebrain. The
[3°S]GTPyS binding induced by LPA in layer VI of frontal cortex (105.0 + 34.9 %) and in
the adjacent white matter region (706.2 + 257.6 %), was significantly higher than in the
other layers of the frontal cortex (Table 4 and Fig. 4). These data were similar to those
obtained for the distribution of LPA-mediated effects in rat and mice cortex. In the striatal
area, a high stimulation over the [3°S]GTPyS basal binding was recorded in the internal
capsule (564.1 £ 109.7 %) (Table 4 and Fig. 4). In the hippocampal area, the stimulations
over the [3°S]GTPyS basal binding induced by LPA, reached the highest levels in oriens
(136.1 £ 27 %) and pyramidal layers (107 £ 71.8 %) of CA1 region and in the inner layers
of the entorhinal cortex (59.7 £ 9.3 %) (Table 5 and Fig. 4). Finally, in amygdala and basal
forebrain there was no LPA induced stimulation. Cortical nucleus of amygdala (-152 + 17.5
nCi/g t.e.), basal nucleus of amygdala (magnocellular) (-150.5 + 61.4 nCi/g t.e.), basal
nucleus of amygdala (parvicellular) (-159.7 £ 90.9 nCi/g t.e.) and nucleus basalis of Meynert
(-25.6 £ 30.7 nCi/g t.e.).

MALDI-IMS assay in rodent and in frontal cortex postmortem human brain sections

One of the aims of this study was to clarify different components of the LPA signaling
system in the CNS, including the anatomical localization of possible PL precursors species
of LPA. Therefore, we applied the MALDI-IMS technique to brain slices from mice, rat and
postmortem samples of human frontal cortex, both in positive and negative ion detection
mode. The methodology was optimized to experimental conditions for lipid detection,
including selection of the MBT chemical matrix and deposition by sublimation (Astigarraga
et al., 2008; Yang and Caprioli, 2011), as we have described above. We have only selected
those peaks (m/z) from the spectra that share a similar anatomical distribution with reported
results of LPA receptor and/or those obtained from LPA-induced stimulations of
[3°S]GTPyS basal binding described in the present study. In mice brain we have selected
twenty-five different lipid species (Fig. 5), all of them measured in positive ion detection
mode, as possible LPA precursor candidates. Some of these lipid species (m/z) that might be
potential LPA precursors, have been assigned following previously reported data, but other
molecules (m/z) remained as unidentified species. We were able to detect twenty different
lipid species as possible LPA precursors in rat brain (Fig. 6). Finally, in the frontal cortex of
postmortem human brain we also obtained twenty different species (Fig. 7).
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For example, PA (36:1) is a potential precursor that is distributed throughout the brain, but
has the highest intensities in the corpus callosum (mice: 50.9 + 3.01%, rat: 50.5 £ 2.1% and
human: 49.9 + 1.8%). Another phospholipid that is also a good candidate for an LPA
precursor is PC (36:1), which is distributed in white matter and shows the following
intensities in the corpus callosum of mice: 8.9 = 1.3%, rat; 19.8 + 3.5% , and human: 18.0 =
2.8%.

Discussion

The aim of the present study was to characterize the anatomical distribution of LPA; activity
in rodent and human brain based upon the use of the [3*S]GTPyS assay, using maLPA;null
mice and Ki16425 (LPA; antagonist) to confirm the obtained distribution. Furthermore, we
were able to identify the anatomical distribution of potential PL precursors of LPA by
MALDI-IMS assay in rodent and human brain (frontal cortex).

Firstly, the [35S]GTPyS basal binding was calculated in the absence of the agonist. In
[3°S]GTPyS autoradiography basal binding is the activity detected in brain sections even
without the addition of exogenous agonists, representing the constitutive activity of the
entire population of Gj, protein-coupled receptors. The [3°S]GTPyS autoradiography
technique mainly quantifies the activity mediated by G;,g proteins (Harrison and Traynor,
2003). Therefore, the localization that we have described is specific for this G protein
subtype. Moreover, [3°S]GTPyS basal binding has been detected in previous [3°S]GTPyS
autoradiographic studies using animal and human brain sections. The [3°S]GTPyS basal
binding seems to be localized in neuroanatomically distinct structures of the brain (Sim et
al., 1995; Laitinen, 1999; Moore et al., 2000; Happe et al., 2000; Aaltonen et al., 2008).
However, this basal [3°S]GTPyS signal has been a controversial issue since the introduction
of this methodology.

Some studies have reported that this basal signal could be due to endogenous ligands
retained in the tissue, or to the production or formation of different metabolites acting as
GPCR neurotransmitters during the incubation procedures. The formation of adenosine,
which activates A; adenosine receptors, and LPA which acts on LPA; receptors, may be at
least partially, responsible for the [3S]GTPyS basal binding (Laitinen, 1999; Palomaki and
Laitinen, 2006; Aaltonen et al., 2008). Considering the results obtained in the present study
in maLPA+-null mice, we suggest that part of the basal activity recorded in myelinated white
matter areas by [3°S]GTPyS autoradiography could be a consequence of LPA; receptor
activation by their own LPA endogenous ligand. The fact that maLPA -null mice did not
show basal binding in white matter areas supports this idea. Furthermore, LPA; receptor-
mediated stimulation of [3®S]GTPyS basal binding was blocked when using the LPA;
receptor antagonist, Ki16425. The antagonist diminished [3°S]GTPyS basal binding to levels
even lower than the Gj, protein basal activity recorded in an adjacent brain section without
ligands. The contribution of endogenous LPA to [35S]GTPyS basal binding, at least in
autoradiographic studies of white matter tracts of myelinated brain areas, should be taken in
account in future studies. The term “constitutive GPCR activity” may also be an
experimental artifact generated by the binding of endogenous ligands that are not removed
from their binding sites in GPCR during the pre-incubation processes (Palomaki and
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Laitinen 2006; Aaltonen et al., 2008, 2012). GPCRs for neurotransmitters of lipid molecules
such as LPA, which may also be called neurolipids, are candidates for [3*S]GTPyS basal
binding in autoradiographic studies because they are present in physiological in vitro assay
conditions of pH , temperature, salts, etc.

Over the last decade, the LPA signaling system and the localization of different LPA
receptor subtypes in the CNS, as well as the different responses that LPA evokes have been
widely studied (Chun, 1999; Chun et al., 2000; Contos et al., 2000; Fukushima et al., 2001,
2002; Fukushima, 2004; Dubin et al., 2010; Choi and Chun, 2013). Most of the
neurobiological information comes from studies of the first LPA receptor, LPA;. The
identification of this receptor came from fundamental studies on the development of the
embryonic cerebral cortex (Hecht et al., 1996). The neurophysiology of LPA signaling
requires identification of the cell subtypes that express LPA receptors in the CNS.
Specifically, high expression of LPA; receptors has been reported in neuronal progenitors
(Fukushima et al., 1998; Contos et al., 2000; Estivill-Torr0s et al., 2008), adult neurons from
hippocampus (Pilpel and Segal, 2006), periaqueductal gray matter (Castilla-Ortega et al.,
2014) and amygdala (Pedraza et al., 2014), oligodendrocytes (Weiner et al., 1998; Moller et
al., 1999; Garcia-Diaz et al., 2014), Schwann cells (Weiner and Chun, 1999; Weiner et al.,
2001) and microglia (Moller at al., 2001). The expression in astrocytes is still questioned
because it was not detected by in situ hybridization. However, significant mMRNA expression
levels have been detected in cultured astrocytes (Tabuchi et al., 2000; Spohr et al., 2008),
and signaling mechanisms and the effects on neuronal differentiation have also been studied
(Rao et al., 2003; Spohr et al., 2008, 2014). In contrast, the anatomical distribution of LPA;
activity in the mammalian CNS has not been well defined. For this reason we have carried
out the present study by applying the [3°S]GTPyS assay to rat, mouse and human
postmortem brain samples, as compared to mouse LPA; knockout tissues. The obtained
results indicate that the previously reported anatomical localization of LPA; receptor
expression overlaps with [3S]GTPyS activity in myelinated white matter areas, such as
corpus callosum, internal capsule, hippocampus, fimbria and white matter of the cerebellum
(Aaltonen et al., 2008). The [3°S]GTPyS binding stimulated by LPA was similar to or higher
than the activity recorded for other GPCR in CNS, especially in white matter brain areas
(Rodriguez-Puertas et al., 2000). In addition, we identified high activity of LPA receptors
in layer (V1) of the frontal cortex. This high stimulation in the white matter and deep layers
of cortex might be explained as a vestige of prenatal development. During embryonic
development LPA; gene expression is high within a neocortical neurogenic region called the
ventricular zone (VZ) and the superficial marginal zone that is contiguous with the
developing meninges (Hecht et al., 1996; Estivill-Torr0s et al., 2008). However, VZ does
not exist in adult brain, although Lparl expression is evident in cells present within
developing white matter tracts and occurs during myelination (Weiner et al., 1998). More
recently, a loss of myelination in maLPA; mice has also been described (Garcia-Diaz et al.,
2014). The pattern of Lparl expression is similar in rodent and human. However, semi-
quantitative changes in the basal activity of white matter areas in rodent and human samples
were detected. In rodents the basal activity in white matter areas was high, but in humans it
was very low, which might be biological, but could well be due to degradation associated
with the postmortem interval (Gonzalez-Maeso et al., 2002, Barreda-Gomez et al., 2014)
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during which the endogenous LPA ligand could be degraded. Further studies would be
necessary to address this possibility.

The localization described in the present study is for LPA; coupled to Gj, protein. It is
known that LPA; receptors could also be coupled to other G protein subtypes (Gy12/13,
Gag/11c) (reviewed in Choi and Chun, 2013) that cannot be detected by using this technique.
Further studies of receptor autoradiography would be necessary in order to quantify all the
LPA; receptors in the brain. Then, the co-localization of LPA/LPA; could be performed if a
methodological approach similar to that recently used in kidney to detect LPA by IMS were
also applied to brain tissue (Grove et al., 2014).

Activation of LPA; requires LPA, and therefore we assessed the anatomical localization of
the different potential PL precursors of LPA by using IMS-MALDI assay in rodent brain.
Like many other biologically active lipids, LPA can be formed locally on demand to act near
its site of synthesis (Tokumura, 1995), as well as being supplied through blood fractions. As
has been stated in the Introduction, PLA1_» and ATX are involved in the major routes of
LPA synthesis and the latter has a high level of expression in brain, especially in the choroid
plexus (Yung et al., 2014). As a large number of lipid mass spectra were detected for both
rodent and human brains it was necessary to limit the search to the lipid species (m/z) with a
similar anatomical distribution to LPA receptors, and similar to the localization pattern that
we obtained by LPA mediated [3°S]GTPyS binding autoradiography. In the mouse brain,
twenty-five potential lipid species compatible with being LPA precursors were identified as
having a similar distribution to LPA; receptors. Twenty PLs were identified in rat CNS as
possible LPA precursors and the same number were also identified in frontal cortex slices
from autopsied human brain samples.

PA and PC species with long fatty acid chains are predominant among the lipid species that
have been previously identified, although most remain unidentified. We also considered
prior studies showing that PC is a source of PA (Foster, 2013), and possible biosynthetic
pathway of LPA commences with PA and is enzymatically processed by PLA; or PLA,
enzymes (Fourcade et al., 1995; Hiramatsu et al., 2003). The resulting LPA species with a
long, unsaturated or saturated fatty acyl chains can activate LPA; receptors (Bandoh et al.,
2000). Of the detected lipid species, at least four may be PL precursors for LPA: PA
(36:1)+K*, PA (38:2:)+Na*, PC (18:0/18:1) and PC (0O-16:0/18:1). For the assignment of
the rest of the unidentified species, a detailed MS/MS study would be necessary, however
such studies lack the anatomical resolution of the IMS method employed here.

In summary, the present study neuroanatomically maps active LPA; receptors by analyzing
LPA-mediated [3°S]GTPyS binding in rodent and human brain, with validation of the signal
in mice through the use of LPA; knockout mutants, identifying white matter myelinated
areas of the mammalian brain. In addition, the anatomical distribution of possible PL
precursors for LPA was identified, indicating multiple potential precursor species that could
result in LPA; activation. Future studies examining degradative enzymes and processes that
alter both receptor activity and ligand availability will further clarify the mechanisms of
LPA signalling in both the healthy and diseased brain.
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Abbreviations used in text

GPCR G protein-coupled receptors

LPA lysophosphatidic acid

PL phospholipid

SC Schwann Cells

cc corpus callosum, Cx layer VI, frontal cortex layer VI
cb WM cerebellum white matter

ic internal capsule

vz ventricular zone

TIC total ion current
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Cxlayer VI

Fig. 1.
Representative autoradiograms of WT (A,B) and maLPA1-null (C,D) mice in sagittal

sections that show [3°S]GTPyS basal binding (A,C) and stimulated by LPA (105 M) (B,D).
Note that the basal binding in WT mice has an anatomical localization pattern similar to the
LPA stimulations and that there is no [3*S]GTPyS binding in maL.PA;-null mice. Cb WM,
cerebellum white matter; cc, corpus callosum; Cx layer VI, cortex layer VI; ic, internal
capsule. Scale bar =3 mm.
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BASAL LPA

Fig. 2.
[35S]GTPyS basal binding (left) and stimulated by LPA (right) in coronal sections of rat

brain. Cb WM, cerebellum white matter; cc, corpus callosum; ic, internal capsule. Scale bar
=3 mm.
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Cx layer VI

Fig. 3.
Autoradiographic images showing [3°S]GTPyS basal binding in sagittal sections of rat CNS

(A), stimulated by LPA (10> M) (B) and LPA stimulation antagonized by Ki16425 (10> M)
(C). Thionine staining (D). Cb WM, cerebellum white matter; cc, corpus callosum; Cx layer
VI, cortex layer VI; ic, internal capsule. Scale bar =3 mm.
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WM Cortex layer VE

Fig. 4.
Representative autoradiograms of different regions of human postmortem brain that show

[35S]GTPyS basal binding (A, D, G) and stimulated by LPA (105 M) (B, E, H) and thionine
staining (C, F, ). Frontal cortex (A, B, C), striatum (C, D, E) and hippocampus (G, H, I).
Note the stimulation in the presence of LPA in white matter areas, layer VI of frontal cortex
and of entorhinal cortex. ic, internal capsule, CA1, Cornus ammonis 1, DG, Dentate gyrus.
Scale bar = 3mm.
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Fig 5.

Rgpresentative images of the lipid distribution in sagittal sections of mice brain in white
matter areas. Only those lipid species that share a similar distribution with LPA; receptors
and might be potential precursors of LPA are shown. The color images were obtained
following the IMS conditions of 150 um of spatial resolution (5475 spectra), 10 shots per
spectrum, 2 microscans per point of acquisitions, 15 uJ of laser energy. MBT was used as
matrix. The intensity of each lipid species is represented on the color scale, shown on the
right side, as a ratio of the most abundant signal. The last image is an autoradiogram
showing in gray scale the relative abundance of G proteins activated by the specific agonist
of LPA receptors.
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Fig 6.

Rgpresentative images of the lipid distribution in sagittal sections of rat brain in white matter
areas. Only those lipid species that share a similar distribution with LPA; receptors and
might be potential precursors of LPA are shown. The IMS experimental conditions were the
following: 100 um of spatial resolution (18000 spectra), 10 shots per spectrum, 2 microscans
per point of acquisitions and 15 uJ of laser energy. MBT was used as matrix. The intensity
of each lipid species is represented using the color scale, shown on the right side, as a ratio
of the most abundant signal. The last image is an autoradiogram showing in gray scale the
relative abundance of G proteins activated by the specific agonist of LPA; receptors.
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Fig 7.

Representative images of the lipid distribution in frontal cortex of postmortem human brain
and in the adjacent white matter. Only those lipid species that share a similar distribution
with LPA; receptors and might be potential precursors of LPA are shown. The IMS
experimental conditions were the following: 100 um of spatial resolution (8400 spectra), 10
shots per spectrum, 2 microscans per point of acquisitions and 15 uJ of laser energy. MBT
was used as matrix. The intensity of each lipid species is represented using the color scale,
in the bottom, as a ratio of the most abundant signal. The last image is an autoradiogram
showing in gray scale the relative abundance of G proteins activated by the specific agonist
of LPA; receptors.
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Autoradiographic densities for the basal binding of [3>S]GTPyS in mouse brain (nCi/g t.e).

Basal binding (nCi/g t.e.)

Brain region WT KO
Amygdala 2285+42.2 2447 + 447
Cerebellum

White matter 282.0+126  1194+74™

Gray matter 19414186 101.2+17.3°
Corpus callosum 640.8+285 1752498
Striatum 469.1£523  3062+218"
Frontal cortex

Layer I-111 290.8 +32.4 228.3+18.2

Layer IV 2955+37.2 255.0+17,3

Layer V 328.8 £26.9 240.3+16.8

Layer VI 4063242 9434 19.9™
Hippocampus

Dorsal CAl radiatum  297.9 +18.4 318874

Ventral CA3 radiatum  276.2 + 20.5 209.0+9,9
Internal capsule 360.6+249 9914169
Globus pallidus 373.5+435 256.8+ 144

Table 1

Page 25

Data are mean + SEM values, from 5 WT and 5 KO animals, in nanocuries per gram of tissue equivalent. The p values were calculated by two-
tailed Student's t test,

*

*

p<0.05,

3
p<0.0L.
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Table 2

Page 26

Net [3°S]GTPyS binding stimulated by LPA over the basal values, in WT and maLPA;-null mouse brain.

Net LPA-evoked binding (nCi/g t.e)

Brain region WT KO
Amygdala 53.6 £52.8 453 +46.1
Cerebellum

White matter

Gray matter
Corpus callosum
Striatum
Frontal cortex

Layer I-111

Layer IV

Layer V

Layer VI
Hippocampus

Dorsal CA1 radiatum

Ventral CA3 radiatum

Internal capsule

Globus pallidus

176.4 £ 67.7 292+ 22.6**

7831723 -6.8+19.1
1110.2 +247.9 1.0+ 16.2**

237.1+113.7 -17.42 + 425"

-102+138 -37.7+429
-41+256 -235+425
56.3+17.0 -60.1+27.2"

247.0+32.6 -56.6 + 32.6**

17.1+£335 -67+95
123.7+79.6 -20.2+243
501.5 + 140.4 185+ 18.6**

140.6 +75.1 16.6 +64.8

Net LPA-evoked binding (nCi/g t.e) = [358]GTPyS LPA-stimulated binding - [358]GTPyS basal binding. Data are mean = SEM values, in
nanocuries per gram of tissue equivalent. The p values were calculated by two-tailed unpaired Student's t test,

*

*:

p<0.05,

*
p<0.01
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[3°S]GTPyS basal binding and net LPA-induced binding in different areas of rat brain.

Table 3

Brain region Basal binding (nCi/gt.e)  Net LPA-evoked binding (nCi/g t.e)
Amygdala 570.7 £ 435 46.7+35.2
Cerebellum

White matter 2299 +17.6 89.2+155

Gray matter 113.9+ 334 128+3.1
Corpus callosum 803.5+73.3 360 +18.4
Striatum 248.4 +£29.5 23.3+05
Frontal cortex

Layer I-111 192.7+0.5 19+05

Layer IV 149+13 -225+3.6

Layer V 258.9 +10.0 -7.7+0.7

Layer VI 375.9+4.9 1654 +17.4
Hippocampus

Dorsal CA1 radiata 266.9 +28.9 20.1+31.6

Ventral CA3radiata 2755+ 29.6 33.8+10.7
Internal capsule 521.6 +5.3 206.8+5.5
Globus pallidus 348.2+13.1 375117

Net LPA-evoked binding (nCi/g t.e) = [3°S]GTPyS LPA-stimulated binding - [39S]GTPyS basal binding. Data are mean + SEM values, in

nanocuries per gram of tissue .
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Table 4

[3°S]GTPyS basal binding and net LPA-induced binding in human frontal cortex and striatum.

Brain region Basal binding (nCi/gt.e) Net LPA-evoked binding (nCi/g t.e)

Frontal cortex

Layer I-111 49.5+20.1 -118+7.2
Layer IV 549 +23.1 -129+9.1
Layer V 49.8 +22.7 -39+28
Layer VI 46.0 £21.7 745+24.9
White matter 15728 1175+ 285
Striatum 182.9 £ 55.7 109.5 + 36.6
Internal capsule 346+49 3241+101.8

Data are mean + SEM values, in nanocuries per gram of tissue equivalent (nCi/g t.e.).
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[3°S]GTPyS basal binding and net LPA-induced binding in human hippocampus and entorhinal cortex.

Table 5

Brain region

Basal binding (nCi/g t.e.)

Net LPA-evoked binding (nCi/g t.e)

CAl
Lacunosum moleculare
Oriens
Pyramidalis
Radiatum
Dentate gyrus
Granular layer
Hilus
Subiculum
Lacunosum moleculare
Oriens
Pyramidalis
Radiatum
Entorhinal area
Layer |
Layer 11-111
Layer IV-VI

36.6 +10.9
23.2+20.1

23.2+41
40.1+175

56.7 +15.1
28.8+6.1

444 +16.1
69.6 +27.8
72.9+50.4
55.8 +16.5

126.0 £ 99.7
98.1+68.7
80.1 +£43.5

37.7+£12.0
449+12.8
27.8+20.9

28.8+5.2

128+3.1
-25+22

15.6 £12.6
122+76
-26.0+20.8
13.7+5.3

-84.8+713
-42.4+30.6
304+112

Data are mean + SEM values, in nanocuries per gram of tissue equivalent.
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