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Abstract

A preclinical strategy to broaden the search of potentially effective treatments
in amyotrophic lateral sclerosis (ALS) relies on identifying factors controlling
motor neuron (MN) excitability. These partners might be part of still unknown
pathogenic pathways and/or useful for the design of new interventions to af-
fect disease progression. In this framework, the bioactive membrane-derived
phospholipid lysophosphatidic acid (LPA) affects MN excitability through
LPA receptor 1 (LPA)). Furthermore, LPA, knockdown is neuroprotective in
transgenic ALS SODI1-G93A mice. On this basis, we raised the hypothesis that
the major LPA-synthesizing ectoenzyme, autotaxin (ATX), regulates MN excit-
ability and is a potential target to modulate disease development in ALS mice.
We show here that PF-8380, a specific ATX inhibitor, reduced intrinsic mem-
brane excitability (IME) of hypoglossal MNs in brainstem slices, supporting
that baseline ATX activity regulates MN IME. PF-8380-induced alterations
were prevented by a small-interfering RNA directed against mRNA for /pa,.
These outcomes support that impact of ATX-originated lysophospholipids on
MN IME engages, at least, the G-protein-coupled receptor LPA,. Interestingly,
mRNA  levels increased in the spinal cord of pre-symptomatic (1-2 months
old) SOD1-G93A mice, thus preceding MN loss. The rise in transcripts levels
also occurred in cultured spinal cord MNs from SODI1-G93A embryos, sug-
gesting that mRNA upregulation in MNs is an etiopathogenic event in the
ALS cell model. Remarkably, chronic administration in the drinking water of
the orally bioavailable ATX inhibitor PF-8380 delayed MN loss, motor dete-
rioration and prolonged life span in ALS mice. Treatment also led to a reduc-
tion in LPA -immunoreactive patches in transgenic animals mostly in MNs.
These outcomes support that neuroprotective effects of interfering with ATX in
SODI-G93A mice rely, at least in part, on LPA, knockdown in MNs. Therefore,
we propose ATX as a potential target and/or a biomarker in ALS and highlight
ATX inhibitors as reasonable tools with therapeutic usefulness for this lethal
pathology.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Brain Pathology published by John Wiley & Sons Ltd on behalf of International Society of Neuropathology.

Brain Pathology. 2022;32:¢13022.
https://doi.org/10.1111/bpa.13022

wileyonlinelibrary.com/journal/bpa 1of 15


www.wileyonlinelibrary.com/journal/bpa
mailto:﻿￼
https://orcid.org/0000-0001-5748-9546
mailto:﻿￼
https://orcid.org/0000-0003-2897-6227
mailto:bernardo.moreno@uca.es
mailto:david.gonzalezforero@uca.es

GENTO-CARO ET AL.

= Brain
. Pathology

KEYWORDS

amyotrophic lateral sclerosis, autotaxin/ENPP2, intrinsic membrane excitability, LPA,/EDG2,
motor neuron, neurodegeneration

INTRODUCTION

|

Despite the diverse aetiology of the disease, the sporadic
and familial forms of amyotrophic lateral sclerosis (ALS)
share excitability alterations in motor circuits as a cen-
tral hallmark [1]. Early symptoms in both variants of the
disease consist of fasciculation, cramps, hyper-reflexia
and/or spasticity, which are commonly associated with
motor neuron (MN) hyper-excitability [1-4]. In fact,
hyper-excitability is a valuable diagnostic biomarker to
differentiate a number of ALS-like patterns and to track
disease advances in pre-symptomatic cases of familial
ALS [4]. Furthermore, in the epidemiological frame-
work, membrane hyper-excitability has been suggested
as a consistent predictor for shorter survival rates in ALS
patients [5]. Outstandingly, altered excitability of MNs is
postulated to be causally related to their selective degen-
eration in ALS [2,6]. In the arena of the current debate
on the deleterious/protective impact of hyper-excitability
in ALS, a line of argument supports that intrinsic hyper-
excitability of MNs promotes the excitotoxic route [7,8].
In this line, agents that reduce intrinsic membrane ex-
citability (IME) were neuroprotective for MNs exposed
to an excitotoxic challenge and also in ALS mice [8].
Hyper-excitability has been alternatively postulated as
a beneficial transitory state in ALS, by contributing to
the survival of S-type MNs, the MN subtype resistant
to degeneration during disease progression [9—-12]. In ad-
dition, an inconsistency with the hypothesis that hyper-
excitability causes MN death in ALS is that FF-type
MNs, the most vulnerable in ALS mouse models, exhibit
hypo-excitability prior to degeneration [13]. Anyway,
factors that impact MN excitability might represent po-
tential targets to affect disease progression, partners in
etiopathogenic mechanisms and/or biomarkers in ALS.
Against this background, the extracellular enzyme au-
totaxin (ATX), encoded by the ectonucleotide pyrophos-
phatase/phosphodiesterase 2 (enpp2) gene, emerges as a
plausible candidate to control MN IME and, therefore,
it can be postulated as a promising target to modulate
disease progression in ALS. ATX is an ectoenzyme en-
riched in the brain with a pronounced lysophospholipase
D activity, being the primary source of the lipid signal-
ling molecule lysophosphatidic acid (LPA) [14,15]. Thus,
the majority of biological effects of ATX are associated
with its ability to synthesize bioactive LPA from lyso-
phosphatidylcholine (LPC) which, in turn, mainly stems
from the cleavage of the membrane phospholipid phos-
phatidylcholine (PC) by phospholipase A, (PLA,) [15].
In the CNS, ATX participates in several physiological

processes such as brain and oligodendrocyte develop-
ment and microglial activation. However, dysregulation
of the ATX-LPA axis may contribute to many CNS dis-
orders comprising inflammation, brain cancer, multiple
sclerosis and Alzheimer's disease to quote some [15]. In
the context of our working hypothesis, several findings
underpin that ATX could contribute to disease patho-
genesis: (i) levels of PC and LPC are augmented in the
ventral horn of spinal cord tissue samples obtained from
ALS patients [16]; (ii) PC is, indeed, the most abundant
and discriminant lipid in cerebrospinal fluid of ALS pa-
tients [17]; (iii) obesity, a condition in which the ATX-
LPA axis becomes dysregulated at both, systemic and
CNS levels, is a predictor of better long-term survival of
ALS patients [18-20]; (iv) the most prevalent LPA recep-
tor in MNs, LPA,, is upregulated in the spinal cord and
MNs from the transgenic SOD1-G93A mouse model of
ALS preceding MN loss [21,22] and (v) interfering with
LPA, affects MN IME and is neuroprotective in SODI-
G93A mice [22]. These findings, therefore, provide sup-
port to our main hypothesis and raise the possibility that
targeting ATX could affect ALS progression.

In this report, we show that targeting ATX with an
orally bioavailable specific inhibitor, PF-8380, leads to a
reduction in MN IME in vitro by involving LPA, signal-
ling. In addition, we demonstrate that mRNA , is upreg-
ulated in the spinal cord of SOD1-G93A mice before MN
death and in cultured MNs from SODI-G93A embryos.
Finally, we provide evidence that chronic treatment with
the ATX inhibitor slows down disease progression in
ALS mice by a mechanism of action, at least in part, in-
volving LPA | knockdown in MNs.

2 | METHODS

Experiments were performed in neonatal (P5-P9, ei-
ther sex) Wistar rats; young mice (1-2-month-old male)
either SODI-G93A (Jackson Laboratory, Bar Harbor,
ME, USA) and non-transgenic (non-Tg) littermates; and
embryos extracted from SODI-G93A pregnant mice
(12.5 days gestation). Animals were provided by the local
Animal Supply Services (SEPA, University of Cadiz),
and their care and handling followed the guidelines of
the European Union Council (2010/63/EU, 86/609/UE).
Experimental procedures were approved by the local
Animal Care and Ethics Committee (University of
Cadiz, Cadiz, Spain) and the Ministry of Agriculture,
Fisheries and Rural Development (Junta de Andalucia,
Spain). Animals were individually housed in cages with
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water and food pellets available ad libitum, at 21 * 1°C,
with a 12-h light/dark cycle. All efforts were applied to
minimize the number of animals used and their suffering.

2.1 | Whole-cell patch-clamp

Current-clamp recordings were performed in hypoglos-
sal MNs (HMNGs) from brainstem slices (P5—P9 rats) as
previously described [22]. Briefly, pups were guillotined
under anaesthesia by hypothermia (10-15 min at 4°C)
and their brainstems rapidly removed and dissected in
carbogen (95% O,, 5% CO,) bubbled artificial cerebro-
spinal fluid (aCSF) enriched with sucrose at 4°C (in mM:
26 NaHCO;, 10 glucose, 3 KCl, 1.25 NaH,PO,, 2 MgCl,
and 218 sucrose). Coronal slices (300-400-um thick), ob-
tained using a vibroslicer (NVSL; WPI), were transferred
to normally oxygenated aCSF (in mM: 26 NaHCO,,
10 glucose, 3 KCl, 1.25 NaH,PO,, 6 MgCl,, 130 NaCl
and 0.5 CaCl,) and stabilized at ~37°C for 1 h. Slices were
then relocated to a recording chamber for electrophysi-
ological assays.

Recordings of HMNs were carried out under perfu-
sion (~3-4 ml min~") with normally oxygenated aCSF
at 31°C. The patch was performed at the HMN somata,
using a Nikon (Tokyo, Japan) Eclipse CFI60 micro-
scope equipped with an infrared differential interference
contrast system. Patch pipettes (1.5-3 MQ resistance)
were filled with the following internal solution (in
mM): 17.5 KCI, 122.5 K-gluconate, 9 NaCl, 1 MgCl,,
10 HEPES, 0.2 EGTA, 3 Mg-ATP and 0.3 GTP-Tris at
pH 7.4. Recordings were obtained and low-pass Bessel
filtered at 10 kHz with a MultiClamp 700B amplifier.
Data were digitized at 20 kHz with a Digidata 1332A
analogue-to-digital converter and acquired using
pCLAMP 10.0 software (Molecular Devices, Foster City,
CA). Only cells exhibiting small (<20 MQ) and stable
(change <20%) access resistance were analysed. Series
resistance was usually compensated 65-75%. The pipette
offset potential was neutralized just before HMNs were
patched. Recordings were not adjusted for liquid junc-
tion potential.

To analyse HMNs IME, resting membrane poten-
tial (V'm), threshold current (/,), threshold for action
potential (AP) generation (AP threshold) and input re-
sistance (Ry) were measured [22]. [, was determined as
the lowest depolarizing current pulse (5 ms) required
to evoke an AP in 50% of cases. The AP threshold
was estimated as the membrane potential correspond-
ing to 5% of the first peak amplitude in the second
derivative (d’V/ds%) obtained from the waveform as
previously described [22,23]. Ry, was calculated from
the current—voltage (I-V') plots obtained by injecting
a series of depolarizing and hyperpolarizing current
pulses (0.5 s, —=0.2-0.2 nA). The resulting data points
were then fitted with a regression line, and Ry was the
slope of the lines.
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2.2 | Quantitative real-time reverse
transcriptase PCR (¢gRT-PCR)

These measures were performed following a well-
established protocol in our lab [§8,21,22]. Briefly, total
RNA was extracted either from the lumbar spinal cord or
primary cultures of embryonic spinal cord MNs (SMNs)
(100,000 cells/well), using the TRIsure Isolation Reagent
(BioLine). Ensuing treatment with the RNase-free DNase
set (Invitrogen), following the manufacturer recommenda-
tions, wasperformed tominimize DNA impurities. Thecon-
centration and purity of RNA samples were determined by
spectrophotometry at 260 and 280 nm. Retrotranscription
was done using random hexamers, 500 ng of total RNA as
a template and iScript'™ ¢cDNA Synthesis Kit (Bio-Rad).
For real time RT-PCR, each specific gene product was am-
plified with the MiniOpticon™ ™ System (BIO-R AD) using
iTaq™ Universal SYBR Green Supermix (Bio-Rad). The
cDNA levels for the different samples were determined
using the 2722 method, being gapdh the housekeeping
gene. The PCR primers sequences were as follows: for
atx, forward 5-CAGGTATGTCTTGAGGGTCAGAA-3,
reverse 5-CCACTACTACAGCATCATCACCA-3; for
gapdh, forward 5-AGAACATCATCCCTGCATCCA-3,
reverse S-~AGATCCACGACGGACACATTG-3". All anal-
yses were performed in triplicate, with each experiment
repeated at least twice.

2.3 | Primary cultures of SMNNs

Primary cultures of SMNs were prepared from the spinal
cord of mouse embryos at 12.5 days of gestation (E12.5)
following an established protocol [8,21,22]. Briefly,
dissected ventral cords were first chemically (0.025%
trypsin in glucose-HEPES buffer solution supplemented
with 20 i.u. ml™" penicillin and 20 mg ml™! streptomy-
cin) and mechanically dissociated to be subsequently
collected under a 4% bovine serum albumin cushion.
Centrifugation (10 min, 520 X g) on an lodixanol den-
sity gradient (OptiPrep, Axis-Shield, Oslo, Norway) al-
lowed to isolate the largest cells, which were once more
centrifuged through a bovine serum albumin cushion.
Isolated cells were pooled in a tube containing culture
medium and plated at various densities depending on the
type of experiment. Cultured SMNs were clearly identi-
fied by SMI32 immunofluorescence or by morphologi-
cal criteria [8,21] (Figure S1). SMNs were cultured in a
Neurobasal medium (Gibco, Invitrogen, Paisley, UK)
supplemented with B27 (Gibco; Invitrogen), horse serum
(2% vlv), L-glutamine (0.5 mM) and 2-mercaptoethanol
(25 uM; Sigma-Aldrich) and a cocktail of neuro-
trophic factors (NTFs): 1 ng ml™' brain-derived neu-
rotrophic factor, 10 ng ml™' glial cell line-derived
neurotrophic factor, 10 ng ml™" ciliary neurotrophic fac-
tor and 10 ng mI™" hepatocyte growth factor (PreProtech,
London, UK). Isolated SMNs were plated in four well
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tissue culture dishes (Nunc, Thermo Fisher Scientific,
Roskilde, Denmark).

2.4 | Immunohistochemistry

As previously described [8,21,22], animals, under deep
anaesthesia (7% chloral hydrate), were intraventricu-
larly injected with heparin and immediately perfused
transcardially with phosphate-buffered saline (PBS)
followed by 4% paraformaldehyde (PFA) in 0.1 M phos-
phate buffer (PB), pH 7.4, at 4°C. Lumbar spinal cords
(L3-L5) were rapidly dissected and post-fixed for 2 h in
4% PFA. Specimens were cryoprotected by immersion in
30% sucrose in 0.1 M PB (4°C, overnight). Serial coronal
sections (30-pum thick), obtained by means of a cryostat,
were kept at —20°C in a cryoprotectant solution (glyc-
erol/PBS, 1:1 v/v) until processing.

For immunolabelling, after PBS washing, sections
were immersed in a blocking solution [2.5% (w/v) bovine
serum albumin, 0.25% (w/v) sodium azide and 0.3% (v/v)
Triton X-100 in PBS] for 30 min, followed by incubation
(4°C, overnight) with the polyclonal primary antibodies
against LPA, (1:200; Santa Cruz Biotechnology, Cat#
sc-22207, RRID:AB_2135260) developed in goat and/or
SMI32 (1:8,000; Covance Research Products Inc., Cat#
SMI-32R-500, RRID:AB_509998) developed in mouse.
Next, the tissue was rinsed with PBS and incubated for
1 h at room temperature with Cy3- and Cy5-conjugated
anti-mouse and/or anti-goat IgGs or biotinylated
anti-mouse IgG (1:250; Jackson ImmunoResearch
Laboratories) as secondary antibodies. Sections for im-
munofluorescence were washed with PBS and mounted
on slides with a solution containing propyl gallate
(0.1 mM in PBS/glycerol, 1:9 v/v). Sections were analysed
using an Olympus FVI000-MPE confocal microscope
for fluorescence microscopy (Olympus, Japan). Images
were acquired through a z-plane in which maximum an-
tibody penetration was evidenced. The pinhole opening
was 1 Airy unit. For comparison between different ex-
perimental conditions, the acquisition setting was kept
identical. Animals and tissue were processed in paral-
lel. Since these experiments were performed in parallel
with others aimed to evaluate the effects of LPA, inhi-
bition, vehicle-treated animals were the same as in our
previous report [22]. LPA -immunoreactivity in the ven-
tral horn was examined following analytical methods
recently described [24]. Briefly, images were processed
for background subtraction to obtain the maximum dy-
namic range of greyscale (from 0 to 250) and analysed
using the software provided by Olympus. In all cases,
the area delimiting the ventral horn of the lumbar spinal
cord was manually traced, and for each region, the mean
and integrated fluorescence intensity was measured.
For a more detailed inspection of LPA,-immunoreactive
patches, images for quantification were flattened and

background-filtered to enhance cluster outlines and a
user-defined intensity threshold was applied to select
patches as previously described [22,24,25]. To delineate
LPA -immunoreactive structures, images were subjected
to a smoothing filter (same for all) and subsequently
were binarized based on local differences in intensity.
Only patches reporting an area of >0.04 pum?” were taken
as specific. To determine the proportion of patches that
co-localize with SMI32-positive structures, a grid com-
posed of 16 squares (10 um X 10 pm) was distributed
along with the ventral horn, and then, eight randomly
selected squares were analysed in each section. Regions
of interest were acquired in sections obtained from at
least three animals per condition.

For MNs quantification in the L3-L5 segments, biotin
was detected by means of the avidin—biotin—peroxidase
system (Pierce, Rockford, IL, USA) using as chromogen
3,3-diaminobenzidine tetrahydrochloride. Sections were
mounted on slides, dehydrated, covered with DePeX and
visualized under light microscopy using an Olympus
IX8I inverted microscope. The number of neurons with
a well-defined nucleus was quantified in one of each
three serial sections through the L3-L5 segments of the
lumbar spinal cord. SM132-identified M Ns were counted
in 30 coronal sections of the lumbar spinal cord from
4-month-old mice. All quantifications were carried out
by researchers blinded to the treatment groups. In all
cases, omission of the primary antibodies resulted in no
detectable staining.

2.5 | Assessment of phenotypic disease
advance in SOD1-G93A mice

These procedures were performed as previously de-
scribed [8,22]. Briefly, transgenic males were received at
the pre-symptomatic stage (P30). Then, habituation ses-
sions for rotarod and grip strength began at P45. One or
two valid measures were obtained before drug adminis-
tration beginning at P60. Behavioural studies were car-
ried out by researchers blinded for treatments. Animals
receiving vehicles were the same that were used in our
previous work [22] since both groups of experiments
were performed in parallel.

The body weight for each mouse was weekly recorded.
Individual weights were normalized taking the mean
value of initial measures as 100%. At the beginning of
the study, mean body weight was similar for the different
cohorts used in each experimental series (8th week: vehi-
cle: 25.8 £ 0.4 g, PF-8380: 25.1 + 0.4 g, p = 0.218, Student
t-test). Survival was analysed by means of Kaplan—Meier
survival analysis with log-rank tests for statistical signif-
icance. The end-stage was defined as the day when mice
were unable to right themselves 30 s after being placed
on aside. At this time point, animals were euthanized
using a carbon dioxide-enriched atmosphere.
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Evaluation of motor function was assessed by ro-
tarod, runtime and grip strength tests. Rotarod test
was carried out to judge motor coordination, strength
and balance. Animals were daily trained for 1 week
before data acquisition. Mice were placed individu-
ally on a cylinder (3.4 cm in diameter), rotating at a
constant speed of 15 rpm. The longest latency without
falling for each animal was recorded once per week,
after three attempts to keep onto the rotarod (Rotarod
LES8500, Panlab SA, Barcelona, Spain). The cut-off
time was taken at 180 s. In each experimental series,
only mice that spent at least 180 s in rotarod before
beginning drug administration were included in the
study. Runtime was the time required by the mice to
run along a track of 50 cm length and was weekly de-
termined. Muscle strength of forelimbs was monitored
on a grip strength meter (Grip Strength Meter, BIOSEB,
Chaville, France) twice a week for each mouse. The an-
imal apprehended by the tail, once confirmed that its
forelimbs were gripping a T-bar, was pulled upwards
at a 60° angle. The T-bar was coupled to a force trans-
ducer and grip strength was measured in grams. The
highest outcome of three trials per mouse was recorded
for each session. The mean value/week for each mouse
was taken to construct the time course of grip strength
for the different cohorts.

2.6 | Oligonucleotides administration,
drugs, and treatments

A small-interfering RNA directed against mRNA for
Ipa, (siRNAlpa]) and a non-targeting siRNA (cRNA),
taken as control, was administered as previously de-
scribed [22]. The target sequence for the siRNAlpa ; was
5-UCAUUGUGCUUGGUGCCUU-3" the same as in
our previous report [21]. This oligonucleotide robustly
reduced mRNA, , levels but did not affect the other
isoreceptors (mRNAIPaZ_é) [21]. Briefly, neonatal rat
pups (P5) received a single injection of oligonucleotides
[21,22]. Anaesthetized animals (as above) were placed
in a stereotaxic instrument (David Kopf Instruments,
Tujunga, CA). siRNA, , or cRNA (2 pg per rat; Accell,
Dharmacon Inc., Laf[a’lyette, CO) dissolved in 2 pl of
RNase-free PBS was injected at a rate of 0.5 pl min™'
by means of a microsyringe (5 pl, Hamilton Company,
Tokyo, Japan). The needle end was visually guided by
means of a surgical microscope to deliver oligonucleo-
tides into the fourth ventricle. After the injection, the
needle was left in place for 5 min, then slowly removed.
Subsequently, the incision was sutured, cleaned with an
aseptic solution (povidone-iodine) and the animals were
allowed to survive 2—4 days for electrophysiological re-
cordings. All animals received a post-operative injection
of penicillin (20,000 i.u. kg_l; i.m.) in order to prevent in-
fection. Pirazolone (0.1 mg kg_l; 1.m.) was given on awak-
ening for post-operative analgesia.
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As previously described [22], for patch-clamp record-
ings, brainstem slices, at the level of the HN, were ini-
tially perfused for 10 min with normal aCSF to obtain
baseline control data (Before condition). Next, slices
were superfused for 10—15 min with aCSF supplemented
with PF-8380 (I uM) before voltage responses were ac-
quired again. Finally, a last round of acquisition was
taken after a 10 min washout with drug-free aCSF. Since
electrophysiological effects of the drug on HMNs were
all reversed to before-like values, these data have been
omitted for clarity.

For treatment with PF-8380 (Sigma-Aldrich, St.
Louis, USA) of adult mice, the drug was dissolved in
sterilized drinking water supplemented with sucrose
(1%). Each animal received daily 5 ml of the drug/vehicle
solution to ensure that each mouse received the appro-
priate dosage (1 mg kg™ d™"). Vehicle (1% sucrose) and
PF-8380 containing solutions were freshly prepared each
3 days. Treatments began at 2 months of age.

2.7 | Statistical analysis

Summary data are all presented as mean * SEM. The
number of analysed specimens per experimental para-
digm, and statistical tests applied to each data set are
indicated in figure legends or in Section 3. Statistical
analysis was performed using SigmaPlot (Systat
Software, Inc.). The minimum significance level was set
at p < 0.05. Statistical tests were employed for all data
sets with similar variance. For comparison between two
groups, normally distributed data were analysed by un-
paired or paired Student z-test, unless otherwise stated,
while non-parametric data sets were assessed by Mann—
Whitney U-test. One-way or two-way ANOVA followed
by post hoc Holm-Sidak method was employed for com-
parison of three or more groups that passed the normal-
ity test. No data points were excluded from the statistical
analysis unless otherwise noted.

3 | RESULTS

3.1 | PF-8380reduces HMN IME via LPA,

Since baseline LPA -mediated signalling maintains
HMN IME in the brainstem slice preparation [22], it is
highly probable that endogenous activity of the major
LPA-synthesizing enzyme ATX also impacts HMN
IME in this experimental condition. Thus, we first tested
whether the ATX inhibitor PF-8380 [26] affects HMN
IME in coronal slices obtained from rat pups (P5-P9).
Whole-cell patch-clamp recordings of HMNs showed
that the addition of the ATX inhibitor (1 pM for 10 min)
to the bath solution produced a strong hyperpolariza-
tion (-11.2 £ 3.6 mV) of the membrane (Figure 1A,B;
Table 1). This alteration was accompanied by an increase
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PF-8380 affects the intrinsic membrane properties

of HMNSs. (A) Superimposed graded (AP failure) and AP voltage
responses to depolarizing current pulses delivered at threshold
intensities were recorded in a HMN from a P7 rat before and
following 10 min exposure to PF-8380 (1 uM). The currents required
to reach the threshold for AP generation (/,;)) in each condition are
shown at the bottom of the traces. Insets, voltage responses to step
hyper-polarizing currents applied to determine Ry in each condition.
(B-E) ¥m (B), I, (C), AP threshold (D) and R (E) data values

of HMNs recorded before and after perfusion with PF-8380. The
number of analysed HMNs in each group is in parentheses. Error
bars, SEM. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant; by

paired Student 7-test

(+0.2 £ 0.1 nA) in the current threshold (/;;) to elicit an
AP. However, the AP voltage threshold (AP threshold)
was unaltered (+0.4 = 2.1 mV) by the ATX inhibitor
(Figure 1A,C,D; Table 1). These outcomes indicate that
the PF-8380 induced reduction of 1, is mainly linked to
the hyperpolarization shift observed for V'm rather than
to a depolarization shift in the AP threshold. Finally,
PF-8380 induced an abrupt reduction (-28.4 + 6.0 MQ)
in HMN Ry, a passive membrane property reflecting
the electrical resistance of the whole surface membrane,
a key determinant in the neuron's IME (Figure 1AE;
Table 1). Electrophysiological effects of PF-8380 on
HMNs were all reversed after 10 min of washing and
have been omitted for clarity. Therefore, PF-8380 led
HMNs to a transitory hypo-excitable state, indicating
that baseline activity of ATX, in our experimental con-
ditions, contributes to maintain/modulate HMN IME.
As we previously reported [22], the ATX-synthesized
lysophospholipid LPA affects HMN IME by acting on
the G-protein-coupled receptor LPA, which, subse-
quently, modulates the background K channel TASKI.
Therefore, to reinforce the idea that baseline ATX ac-
tivity controls HMN IME throughout LPA,-mediated
signalling, we tested the effects of PF-8380, as above,
on HMNs from rat pups that received at P5 microinjec-
tion of siRNA, , or cRNA in the fourth ventricle. In the
cRNA condition, PF-8380 induced expected V'm hyper-
polarization, increase in /;;, and reduction in Ry, without
affecting AP threshold (Figure 2; Table 2). Strikingly, al-
terations induced by the ATX inhibitor were fully absent
in HMNs from animals treated with siRNA, (Figure 2;
Table 2). Given that this protocol efficiently fmockdowns
LPA, without affecting the expression of the other isore-
ceptors [21,22], these outcomes strongly support that en-
dogenous ATX impacts HMN IME via, at least, LPA,.

3.2 | Upregulation of mRNA  _levels in the
spinal cord of SOD1-G93A mice

Next, to gain support for a feasible contribution of ATX
in disease progression in the mouse model of ALS, ¢gRT-
PCR analysis of mRNA ,  expression was performed in
the lumbar spinal cord of SODI-G93A mice and their
non-Tg littermates at different stages of disease progres-
sion. Noticeably, transcripts were already upregulated
in transgenic samples extracted from I-month-old mice

Treatment

Before
PF-8380

Vm (mV)
-62.0+2.6
—73.2 £3.9%

1, (MA)
0.824 % 0.1
1.042 £ 0.1%*

AP threshold (mV)

—224+£3.0
—22.1 £3.5"

*p < 0.05, **p < 0.01, ***¥p < 0.001; ns, not significant; by paired Student z-test.

TABLE 1 Effect of the ATX inhibitor
Ry (MQ) PF-8380 on intrinsic membrane properties
1229 £9.1 of HMNs
94.6 + 6.8%**
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TABLE 2 Effect of the ATX inhibitor
PF-8380 on intrinsic membrane properties Treatment Vm @V) Iy, @A) AP threshold mV) Ry (MQ)
of HMNs from rat pups receiving a single ¢RNA
injection of the indicated oligonucleotides
at P5 Before -59.8£2.0 0.661 0.1 -31.3+19 8§1.3+64
PF-8380 —65.5+3.7* 0.773 £ 0.1* -28.5+2.5" 67.2 £3.9%
siRNA,pa i
Before -66.4+23 0.705 + 0.2 —40.0 +4.5 66.2 + 8.8
PF-8380 —70.6 + 3.4™ 0.790 £ 0.2™ -39.9 + 5.8" 64.7 £8.2"
*p < 0.05, ns, not significant; by paired Student -test.
(A) Lumbar spinal cord (B) SMNs
2.0 2.6
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FIGURE 3 Changes in the expression levels of mRNA , in the spinal cord of ALS mice and in SMNs from SOD1-G93A embryos. (A) Time
course of changes in mRNA  expression in the spinal cord of SODI-G93A mice and their non-Tg littermates. Values were normalized taking
the mean value for 1-month-old non-Tg mice as 1. (B) mRNA , expression at the indicated days-in-vitro, determined by gRT-PCR, in SMNs
isolated from non-Tg and SOD1-G93A embryos. gapdh was the housekeeping gene. mRNA - values were normalized relative to the mean

value obtained at 4 DIV for non-Tg SMNs. The number of mice (A) or SMNs extractions (B) in each group is in parentheses. Error bars, SEM.
*p < 0.05, **p < 0.01, ***p < 0.001; by two-way ANOVA with post hoc Holm-Sidak method. Statistic outputs between genotypes are displayed in
plots

(SODI-G93A: 126.0 £ 5.8%, non-Tg: 102.1 £ 5.0%), the non-Tg: 109.1 * 8.2%) and 4-month-old (SODI-G93A:
first time point tested (Figure 3A). mRNA , levels rose 111.0 £ 4.9%, non-Tg: 110.0 £ 4.7%) ALS mice (Figure 3A).
in 2-month-old animals (SODI-G93A: 159.2 £ 13.0%, Thus, the increase of mRNA = expression in the spinal
non-Tg: 106.8 = 7.8%) and declined to non-Tg-like cord of SODI-G93A mice occurs at pre-symptomatic
levels in 3-month-old (SODI-G93A: 110.2 + 7.9%, (I-2-month-old) stages, therefore preceding MN loss, but
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dropped to a control-like condition at early symptomatic
(3-month-old) and symptomatic phases (4-month-old)
(Figure 3A), when MN loss is already evident. At this
point, it is interesting to remark that the increase in mR-
NA . levels also occurred prior to the enhancement of
mRNAlImI observed in these mice [22]. This supports a
gain in the ATX-LPA, signalling axis that precedes MN
loss in ALS mice.

To explore the possibility that MNs were feasible
sources for mRNA = enhancement, and given that
ATX is an ectoenzyme, we measured and compared
transcript levels in primary cultures of SMNs iso-
lated from SODI1-G93A and non-Tg mouse embryos at
two different differentiation days in vitro (4 DIV and
6 DIV). These time points were selected based on our
preceding report, which shows that in SMNs isolated
from SODI1-G93A mice the expression levels of mR-
NAIM] are normal at 4 DIV and abruptly increase at 6
DIV relative to non-Tg-cultured cells [22]. Interestingly,
mRNA levels were significantly higher in SMNs iso-
lated from SODI1-G93A (156.1 £ 7.7%) than in those ex-
tracted from non-Tg (100.0 £ 16.6%) embryos at 4 DIV
(Figure 3B). The difference was even more pronounced
(non-Tg: 91.6 = 3.9%, SODI-G93A: 224.2 + 20.5%) at
6 DIV (Figure 3B). Altogether, the outcomes indicate
that alterations in mRNA levels precede changes in
mRNA, , expression both, in the lumbar spinal cord of
SODl-é%A mice and in SMNs extracted from trans-
genic embryos during the differentiation progress [22].
Furthermore, it can be suggested that MNs could be a
feasible origin for mRNA , = upregulation observed in
ALS mice.

3.3 | PF-8380 delays MN loss in the ALS
SOD1-G93A model

The increase of LPC, the main ATX substrate, in
the ventral horn of ALS patients [16], together with

(A)

4-month-old SOD1-G93A mice

Vehicle PF-8380

mRNA over-expression in the spinal cord of SODI-
G9I3A mice, highlights ATX as a pivotal partner in the
pathogenesis of disease and as a target for further pre-
clinical assessment. To explore this issue, we examined
the potential neuroprotective effect of chronic in vivo
treatment with the orally bioavailable ATX inhibitor
PF-8380 in the SOD1-G93A mouse model. In this mu-
rine line, disease progression predominantly courses
from hind to forelimbs. Therefore, we focused our in
vivo treatment studies on MN survival in the motor
pools located at the lumbar spinal cord. Feasible neu-
roprotection against MN degeneration was analysed by
quantifying the number of SMI32-positive MNs in the
L3-L5 lumbar segment from 4-month-old mice [§,22].
Chronic administration of PF-8380 (1 mg kg™' d™) in
the drinking water beginning at 2 months of age ex-
erted beneficial effects on MNs in the ALS model.
Under PF-8380 treatment, the number of MNs present
in the lumbar spinal cord of SODI-G93A mice was
higher (+29.2 + 11.5%) than in age-matched transgenic
animals treated with vehicle (Figure 4). This finding
indicates that treatment with the ATX inhibitor delays
loss of lumbar MNs in the ALS model.

3.4 | Benefits of PF-8380 on phenotypic
disease progression in SOD1-G93A mice

We subsequently evaluated whether the neuroprotective
effect of PF-8380 on SODI-G93A MNs translates into a
change in the phenotypic progression of the disease. For
that purpose, forelimb grip strength, latency to fall from
a rolling cylinder (Rotarod), time to cover a distance of
50 cm (Runtime), time for symptom onset, the evolu-
tion of body weight and survival time were analysed in
the vehicle and PF-8380 treated groups of SOD1-G93A
mice (Figure 5). As a starting point to construct the cu-
mulative probability curve of symptom onset, we used
the first day in which a mouse showed motor function

(B)
SOD1-G93A mice
o 1600
c
© 1400 .
0:.) k%
E 1200 R : i[
21000
[} L] [ )
S E o
G (5)
600 °

o (5)
z

Vehicle PF-8380

FIGURE 4 Treatment with PF-8380 delays MN loss in ALS mice. (A) Representative microphotographs of lumbar spinal cord sections
immunostained for SMI32 from 4-month-old SOD1-G93A mice that received vehicle or PF-8380 (I mg kg ™' d™') in the drinking water beginning
at P60. Boxed areas indicate SM132-positive MN pools. Scale bar: 65 pm. (B) Quantification of the number of SM132-identified MNs in the L3—
LS spinal cord segments for each condition. Since these experiments were performed in parallel with others intended to evaluate the effects of
the administration of the LPA | inhibitor AM095 [22], the vehicle group is the same for both assays. The number of analysed mice in each group
is in parentheses. Error bars, SEM. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant; by Student #-test
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FIGURE 5 Neuroprotective effects of PF-8380 in the SOD1-G93A mouse model of ALS. (A) Time course of forelimb grip strength (in

per ent) decline in vehicle- and PF-8380-treated SOD1-G93A mice. Strength measured at 9 weeks of age/mouse was taken as 100%. (B) Age-
related changes in rotarod performance for both treatment groups. Rotarod test was performed to evaluate the time course of deficits in motor
coordination, strength and balance as well as to construct the cumulative probability curve of symptoms onset in (D). (C) PF-8380 delayed
runtime (time animals took to run a track of 50 cm) decline compared with vehicle. (D-F) Cumulative probability curves of symptom onset
(D), the time course of mean body weight (E) and survival (F) for vehicle- and PF-8380-treated SOD1-G93A mice. The number of mice in each
group is in parentheses. The vehicle groups are the same as those in Gento-Caro and colleagues [22]. Error bars, SEM. *p < 0.05, **p < 0.01,
***p < 0.001; n.s., not significant; by two-way ANOVA with post hoc Holm-Sidak method (A-C, E). Log-rank test, Kaplan—Meier analysis was
applied to (D and F). Statistic outputs comparing both treatments are displayed in plots

deficits on the rotarod test (210% reduction in the time
to fall) followed by progressive performance deteriora-
tion in the next sessions [22]. Noticeably, the PF-8380-
treated group displayed better outputs in these tests in
comparison with the vehicle-treated SODI1-G93A co-
hort (Figure 5). For example, taken 18-week-old point
for comparison, PF-8380 significantly improved grip
strength (+16.3 + 6.7%), time in rotarod (+105.1 * 23.8 )
and runtime (—10.2 * 3.7 s) in comparison to outputs dis-
played by vehicle-receiving ALS mice (Figure SA-C). In
addition, PF-8380 delayed substantially symptom onset
(+20.2 £ 2.9 days, difference between mean values), im-
proved weight loss advancement and prolonged lifespan
(+5.6 = 3.0 days, difference between mean values) in
SODI1-G93A mice (Figure 5D,E). In studies parallel to
those presented herein, analysis of transgene expression
in a random sampling of several SOD1-G93A cohorts
subjected to diverse treatments did not show, in any case,
differences in the levels of SODI1-G93A transcripts [§,22].
It is therefore improbable that positive effects observed
here can be as a result of different expression levels of
the human SOD1-G93A in both cohorts. These findings
support a critical role of ATX in the pathophysiology
of this lethal neurodegenerative disease providing also

preclinical validation of ATX knockdown and/or func-
tion inhibition as a potential therapeutic strategy in ALS.

Whether higher doses of PF-8380 may lead to further
improvement in disease progression in this transgenic
mouse model of ALS merits further investigation. In
conclusion, these outcomes point to ATX inhibitors as
potential pharmacological candidates to be tested in
translational clinical assays in ALS.

3.5 | PF-8380 reduces LPA, expression in
SOD1-G93A MNs

It is interesting to remark at this point that LPA, is up-
regulated in the ventral horn and in MNs at the lumbar
spinal cord of this ALS model [22]. When comparing
the time course of mRNA = and mRNAllm ; expres-
sion in ALS mice, it becomes apparent that mRNA
over-expression precedes mRNA,  upregulation in the
lumbar spinal cord of SODI-G93A mice (Figure 6A).
Strikingly, rising levels of LPA following its intrathecal
administration leads to LPA,-dependent LPA, upregula-
tion in dorsal root ganglions [27]. In addition, two differ-
ent strategies, both leading to LPA, knockdown in MNss,
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PF-8380-treatment alters LPA -immunoreactivity in the ventral horn of SOD1-G93A mice. (A) Schematic plot modelling the

time course of changes in the expression of mRNA , (from data in Figure 2A) and mRNA,paI (from data in Figure 5B in [22]) in the lumbar
spinal cord of SODI-G93A mice. Note that upregulation of mRNA , precedes increase in the levels of mRNA, ;. Decline of mRNA , to
non-Tg-like levels (horizontal dotted line) also occurred before mRNA,[mI drop. (B) Low magnification confocal images of immunolabelling
for LPA, in the ventral horn of 4-month-old SOD1-G93A mice receiving the indicated treatments. Dotted lines delimit ventral horn and the
area for quantitative analysis. (C) Box-plots of the mean (left), integrated (middle) intensity (int.) (in arbitrary units, a.u.) and number of LPA -
immunoreactive (LPA-ir) patches/100 pm? (right) in the ventral horn of SODI-G93A receiving vehicle or PF-8380. (D) High-magnification
confocal images of ventral horns double immunolabelled for LPA, (green) and the MN marker SMI32 (red). (E-G) Characterization of
LPA,-ir patches in the ventral horn of mice expressing the indicated genotypes. Box-plots of the number of patches co-localizing with SMI132-
ir structures (SMI32-col., in percent, E), the mean size (in pm?, F) and mean and integrated fluorescence intensity (in a.u., G). Scale bars: (B)
200 pm; (D) 50 um. Number of analysed specimens in each group is in parentheses. Box-plots show median (white line) and the 25-75% range
as box, the whiskers indicate 5-95% range. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant; by Student ¢-test (E-G) or non-parametric

Mann-Whitney U-test (C)

were neuroprotective in the ALS mouse model [22].
These findings led us to hypothesize that the mechanism
of action by which chronic treatment with PF-8380 slows
down disease progression in SOD1-G93A mice might,
at least in part, involve LPA, knockdown in the ventral
horn and in MNs.

To assess this possibility, double immunolabelling for
LPA, and the MN marker SMI32 was performed in the
ventral horn of the lumbar spinal cord from 4-month-old
transgenic animals receiving chronic treatment with ve-
hicle or PF-8380. Strikingly, the ATX inhibitor led to a
strong reduction in LPA| expression in the ventral horn

of treated animals (Figure 6B,C; Table 3). The density
(number/100 pm?) of LPA -immunoreactive patches,
probably indicating clusters of the receptor, was dras-
tically reduced (—65.2 £ 9.6%) in PF-8380-treated ani-
mals relative to the control group (Figure 6C, Table 3).
It was interesting to observe that LPA -positive patches
co-localizing with SMI32-immunoreactive structures,
and therefore likely belonging to MNs, were proportion-
ally more affected by PF-8380 than those that did not
co-localize with the MN marker (vehicle, 82.0 £ 2.7%;
PF-8380, 67.8 * 3.5% of patches co-localizing with
SMI32-immunoreactive structures) (Figure 6D,E;
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TA BLE 3 'Characterilzation of LPA,- Co-localizing Mean Integrated
immunoreactive patches in the ventral 2 . X 2 . . . :
horn of the lumbar spinal cord from Treatment  Number/100 pm with SMI32 (%)  Size (nm”) intensity intensity
4-month-old SODI-G93A mice Vehicle 13.5+1.2 82.0+2.7 211404 124001 257+08
PF-8380 47 *1.3% 67.8 + 3.5% 175+ 0.5 1.9£0.03* 374+ 1.5*%

Note: Vehicle condition is the same that in Gento-Caro et al. [22], since these experiments were performed
in parallel with those previously reported for the LPA, inhibitor AM095. ##p < 0.001, by Student r-test (¥) or
non-parametric Mann-Whitney U test (#).

Table 3). Furthermore, the mean size of the remaining
LPA -positive patches was smaller (=17.1 + 2.4%) in the
group treated with the ATX inhibitor than in vehicle-
treated animals, even though they exhibited relatively
higher fluorescence intensity in the former of these con-
ditions (Figure 6F,G; Table 3). These outcomes suggest,
either or both of these possibilities, that PF-8380 mainly
affected larger patches with lower receptor densities and/
or that it induced a rearrangement of LPA, receptors.

4 | DISCUSSION

The major LPA-synthesizing ectoenzyme ATX has been
identified as a protein whose endogenous activity regu-
lates MN excitability, at least, through LPA,. Several
proteins, pivotal in the control of MN IME, have been
shown to undergo dysregulation in this cell type preced-
ing MN death in the SOD1-G93A mouse model of ALS.
Interfering with most of these factors was a suitable
strategy to delay disease advance in ALS mice [§,22].
Within this framework, proofs contributed here also
point to ATX dysregulation as a pathogenic event previ-
ous to MN loss in transgenic animals. Further, an ATX
inhibitor was neuroprotective in ALS mice by a mecha-
nism of action that, at least in part, engages downregula-
tion of LPA, expression in MNs. Thus, ATX is proposed
as a potential target and/or biomarker in ALS, and ATX
inhibitors are highlighted as reasonable tools for thera-
peutic use in this lethal pathology.

Intrinsic membrane properties and excitation/inhi-
bition (E/I) balance determine neuronal and network
excitability. Excitability alterations are considered to
lie behind the vulnerability of various neuronal sub-
types whose loss is causative in the development of neu-
rodegenerative disorders including ALS [1,3,8,28,29].
Of relevance in this respect, ATX inhibition rescued
schizophrenia-related hyper-excitability syndromes in
mouse models for psychiatric disorders influencing glu-
tamatergic neurotransmission, then raising the proposal
that ATX inhibition is a general method to reverse cor-
tical excitability by impacting E/I balance [30]. However,
no findings so far have suggested a role of ATX inhi-
bition in regulating excitability by directly impacting
neuronal intrinsic membrane properties. Here, we state
that baseline ATX activity also affects excitability by
regulating neuronal IME acting, at least, through the G-
protein-coupled receptor LPA,. Thus, PF-8380 altered

Jm, membrane resistance, and current threshold for
AP generation in MNs, but it did not disturb the volt-
age threshold for spike initiation. All these changes
were absent after the LPA, knockdown. The majority of
ATX-mediated biological activities are associated with
its main product LPA by acting on a family of six cog-
nate G-protein-coupled receptors [15]. Baseline LPA-
LPA, signalling also modulates intrinsic membrane
parameters of MNs [22] in the same direction and at the
same degree as endogenous ATX activity. Hence, we
propose that the ATX-LPA-LPA, axis controls MN ex-
citability by, at least in part, modulating TASKI ‘leak’
potassium channels (Figure 7) [22].

ATX is widely expressed throughout body tissues,
with the highest mRNA levels detected in the brain and
spinal cord among other organs. ATX is secreted as an
active lysophospholipase D that acts locally rather than
systemically, by its binding to cell surface integrins [31].
Thus, ATX-mediated local synthesis of extracellular
LPA can bind to LPA | at the MN leading to inhibition of
TASKI channels which in turn can promote excitotoxic
MN degeneration (Figure 7) [22]. In support, diverse
strategies that promoted TASK1 functional expression
in MNs had, like the ATX inhibitor in the present work
and interfering with LPA, signalling [22], a neuroprotec-
tive effect in the SOD1-G93A model [8]. The expression
pattern of the different partners foresees that signalling
through ATX-LPA -TASKI1 axis affects many neuronal
subpopulations vulnerable to certain neuropathological
conditions (http:/mouse.brain-map.org/) [32]. In this re-
gard, dysregulation of ATX-LPA, signalling may con-
tribute to a wide variety of CNS and PNS disorders such
as neuropathic pain, schizophrenia, multiple sclerosis,
Alzheimer's disease, traumatic brain injury, major de-
pressive disorder, HI'V-induced brain injury and periph-
eral nerve injury [15], among others. Furthermore, the
possibility that ATX-LPA, axis impacts MN excitabil-
ity by modulating E/I balance cannot be discarded since
LPA-LPA, signalling differentially affects glutamater-
gic and GABAergic inputs on MNs [21]. In summary, the
ATX-LPA, axis might determine neuronal and network
excitability by impacting on both, E/I balance in neural
circuits and intrinsic membrane electrical properties of
neurons.

Disruption of LPA signalling has been associated
with multiple disease processes [15]. The importance of
the metabolic pathway for LPA synthesis via ATX is il-
lustrated by the half-normal plasma LPA levels found in
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FIGURE 7 Schematic modelling of the role of ATX-LPA-
LPA, signalling in degeneration of MNs in the SOD1-G93A mouse
model. At physiological conditions (top), extracellular ATX,

either from MN and/or glial (http://mouse.brain-map.org/) origin,
synthesizes LPA taking LPC as the main substrate. LPA, via de
G-protein-coupled receptor LPA |, modulates the activity of the
background K" channel TASK 1, which determines MN IME and
subsequently alters the open probability of voltage-sensitive Ca**
channels (VSCCs) [22]. At this condition, a controlled influx of
Ca®* through these channels mediates intracellular physiological
signalling. At pathological conditions, such as those implicated in
the progression of disease in the SOD1-G93A mouse model, some
lines of evidence support that ATX-LPA-LPA, over-signalling
could favour excitotoxic degeneration of ‘sick” MNs. mRNA
upregulation from MNs and/or activated glial cells together

with stimulation of production/release of the ATX substrate

LPC [15] likely lead to increase LPA synthesis. The rise in LPA
concentration might be potentiated by distortion of blood—brain
barrier (BBB) function and integrity during disease progression
[36,37]. The increase in LPA levels can induce LPA-dependent
LPA, upregulation [27] in SOD1-G93A MNs. Once this scenario is
established, the ensuing ATX-LPA-LPA, over-signalling can derive
in the inhibition of TASK1 channels, enhancing IME, which, in turn,
increases the opening probability of VSCCs thereby exacerbating
Ca’" entry into the cell. Consequently, Ca** deregulation leads to
Ca’" overload that might contribute to MN neurodegeneration and,
finally, to neuron death [8,22]. For more details, see the text

heterozygous ATX mice (enpp2+/_) [33,34]. On the other
hand, ATX is upregulated during several pathological
conditions and leads to an accompanying increase in
LPA [15]. Interestingly, comparing data contributed in
Figure 3A of this paper and Figure 5B of our preceding
one [22], it is evident that the increase in AT X levels in the
lumbar spinal cord precedes LPA, upregulation in MNs
in the SOD1-G93A mice (Figure 6A). Remarkably, an in-
crease in LPA levels lies behind LPA,-dependent LPA,
upregulation in dorsal root ganglions [27]. Therefore,
ATX upregulation observed in the lumbar spinal cord
of SODI-G93A mice can be likely associated with an

increase in LPA production which, in turn, might be
responsible for delayed LPA, upregulation occurring
in the spinal cord and MNs (Figure 7) [22]. Supporting
this assumption, chronic administration of inhibitors
of either ATX or LPA, [22], reduced LPA, expression in
MNs, were neuroprotective for them and delayed phe-
notypic progression of disease in the transgenic mouse.
Therefore, determination of the levels of distinct LPA
species in the spinal cord, cerebrospinal fluid and/or
blood in ALS mice is proposed for future investigation.

Inflammation is amongst the major pathogenic path-
ways for MN deathin ALS. Thereis evidence thatinflam-
matory stimuli may stimulate LPC production/release
which is converted to functionally active LPA by ATX in
chronic pain [15]. This process seems to rely on simultane-
ous stimulation of spinal neurokinin 1 and NMDA-type
glutamate receptors triggering LPC-derived LPA pro-
duction via extracellular ATX [35]. Therefore, given that
excessive glutamatergic signalling is considered a major
etiopathogenic episode in ALS, it might also contribute
to ATX-LPA, over-signalling. In addition, whether over-
expression of the ATX-LPA, axis forms part of the in-
flammatory process in the aetiopathogenesis of disease
in the ALS model can be raised. In a scenario in which
blood-brain barrier function and integrity are distorted
at the onset of disease in ALS patients and before disease
beginning in transgenic ALS mice models, LPA levels
can increase in the CNS (Figure 7) [36,37]. This pre-
sumed increase in LPA levels could account for at least
part of LPA | upregulation observed at pre-symptomatic
stages in transgenic mice [22]. Additionally, feed-forward
LPA-induced upregulation of transcription factors of the
NFAT family could upregulate ATX expression and the
ensuing LPA production [38]. Furthermore, ATX is up-
regulated by TNFa-mediated activation of NFkB, which
is particularly relevant in the context of the inflamma-
tory milieu by playing a major role in the expression of
pro-inflammatory genes [38,39]. Strikingly, NFkB up-
regulation occurs in the course of disease progression
in SODI1-G93A mice [40] and neuron-specific inhibition
of NFkB signalling was neuroprotective in two mouse
models of ALS [41]. In summary, over-expression of the
ATX-LPA, axis in transgenic mice could result from the
increase of LPA levels after blood—brain barrier deterio-
ration and/or NFkB pathway activation at least in M N,
as part of the inflammatory process.

It is interesting to remark that an increased ex-
pression and activity of cytosolic PLA2 (cPLA2) have
been detected in neurons, astrocytes and microglia in
the spinal cord of both sporadic ALS patients [42] and
SODI-G93A mice [43]. Additionally, cPLA2-mediated
LPC production, an ATX substrate, regulates neuroin-
flammation and triggers neurodegeneration [44]. On
the contrary, specific reduction of cPLA?2 in the brain-
stem and spinal cord significantly attenuated the de-
velopment of the disease in the transgenic model [45].
Altogether, these evidences suggest that cPLA2 may
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have an important role in the pathogenesis of ALS by
making available higher quantities of the ATX sub-
strate. Consequently, presumable over-signalling of the
ATX-LPA, axis is expected in ALS mice before MN
death (Figure 7).

Given that both, acute (stroke, trauma or epilepsy)
and chronic neurodegenerative diseases (Alzheimer,
Parkinson's and Huntington's diseases, HIV-associated
dementia, multiple sclerosis and ALS) are associated
with dysregulation of membrane excitability [1,3,28,29],
our findings could have a broad impact on human neu-
rological and psychiatric diseases. In addition to the
ATX inhibitor GLPGI1690 currently in phase III clinical
studies for idiopathic pulmonary fibrosis, BBT-877, and
BLD-0409, two potent ATX inhibitors, have been en-
rolled in phase I clinical evaluations [46]. Therefore, we
propose ATX as a potential target and/or a biomarker
in ALS and highlight ATX inhibition/knockdown as an
interesting strategy with therapeutic usefulness for this
lethal pathology and other neurological conditions.
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FIGURE S1 Characterization of primary cultures of
SMNs. (A) A high-magnification confocal image of
SMNs at 6 days after platting immunolabelled for the
MN marker SMI32. (B) Confocal images of SM N, at the
same time in culture, double labelled for SMI32 (green)
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and the nuclear marker DAPI (blue). Note that all nuclei
in the field belong to SMI132-positive neurons. Scale bars:
(A) 25 pm, (B) 100 pm
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