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Abstract

Amyotrophic lateral sclerosis (ALS) is a fatal motoneuron (MN) disease characterized by protein misfolding and aggregation
leading to cellular degeneration. So far neither biomarker, nor effective treatment has been found. ATP signaling and P2X4
receptors (P2X4) are upregulated in various neurodegenerative diseases. Here we show that several ALS-related misfolded
proteins including mutants of SOD1 or TDP-43 lead to a significant increase in surface P2X4 receptor density and function
in vitro. In addition, we demonstrate in the spinal the cord of SOD1-G93A (SOD1) mice that misfolded SOD1-G93A proteins
directly interact with endocytic adaptor protein-2 (AP2); thus, acting as negative competitors for the interaction between AP2
and P2X4, impairing constitutive P2X4 endocytosis. The higher P2X4 surface density was particularly observed in peripheral
macrophages of SOD1 mice before the onset and during the progression of ALS symptoms positioning P2X4 as a potential
early biomarker for ALS. P2X4 expression was also upregulated in spinal microglia of SOD1 mice during ALS and affect
microglial inflammatory responses. Importantly, we report using double transgenic SOD1 mice expressing internalization-
defective P2X4mCherryIN knock-in gene or invalidated for the P2X4 gene that P2X4 is instrumental for motor symptoms,
ALS progression and survival. This study highlights the role of P2X4 in the pathophysiology of ALS and thus its potential
for the development of biomarkers and treatments. We also decipher the molecular mechanism by which misfolded proteins
related to ALS impact P2X4 trafficking at early pathological stage in cells expressing-P2X4.
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Abbreviations
AP2 Adaptor protein-2
AD Alzheimer disease

ALS Amyotrophic lateral sclerosis

FALS Familial amyotrophic lateral sclerosis

FUS Fused in sarcoma

GFAP Glial fibrillary acidic protein

Ibal Ionized calcium-binding adaptor molecule
1

IL Interleukin

KO Knock-out

mP2X4 Mouse P2X4

IRF5 Interferon regulatory factor 5

IRF8 Interferon regulatory factor 8

MS Multiple sclerosis

NGS Normal goat serum

PBS Phosphate buffer saline

P2X4KI mice Internalization-defective P2X4mCherryIN
knock-in mice

PFA Paraformaldehyde

RT-qPCR Reverse transcriptase quantitative poly-
merase chain reaction

RFP Red fluorescent protein

SALS Sporadic amyotrophic lateral sclerosis

SDS-PAGE Sodium dodecyl sulfate—polyacrylamide
gel electrophoresis

SOD1 Superoxide dismutase-1

TBS Tris Buffer Saline

TDP-43 TAR DNA-binding protein

TNFa Tumor necrosis factor

WT Wild type

Background

ALS is the most common form of motor neuron (MN)
disease, and is characterized by the selective loss of both
motor cortical neurons and spinal MNs causing progres-
sive paralysis, muscular wasting and death within 3-5 years
after diagnosis. The etiology of ALS is unknown; however,
the disease can be divided in two categories: 90% of ALS
cases occur sporadically (SALS) while approximately 10%
are familial (FALS)[1]. Originally, FALS have been shown
to be linked with mutations in genes encoding Cu/Zn super-
oxide dismutase (SOD1), but have been more recently asso-
ciated with TAR-DNA-binding protein 43 (TDP-43) [2],
fused in sarcoma (FUS) [3] and predominantly COORF72
[4]. A pathological hallmark of ALS is the accumulation
of proteinaceous inclusions in MNs and surrounding glial
cells. Such protein inclusions are primarily composed of
mutant SODI itself in FALS with SOD1 mutations. Inter-
estingly, in SALS, while TDP-43 misconformation is largely
observed [5], the presence of misfolded SOD1-containing
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inclusions was also revealed [6, 7]. ALS is thus considered
as a protein misfolding disorder, and as such, is classified as
a proteinopathy. ALS is also associated with inflammation
in which glial cells in particular spinal microglia as well as
peripheral macrophages participate to MN cell death and
disease progression [1, 8—10]. Nevertheless, so far, neither
biomarker, nor key target and an effective treatment against
ALS has been found.

Purinergic signaling has been demonstrated to be
involved in neurodegenerative diseases and recent data
particularly suggest that ATP and P2X4 receptors could be
attractive novel targets for understanding and fighting ALS
disease [11-22]. In the central nervous system (CNS), ATP
released by neurons and glial cells, participates to neuro-
modulation and neuroglial communication via P2 receptors
including ionotropic P2X [23-26] and metabotropic P2Y
receptors [27]. Alterations of purinergic signals have been
associated with major CNS disorders including chronic pain,
brain trauma, ischemia, epilepsy, multiple sclerosis (MS)
as well as neurodegenerative diseases, such as Alzheimer
disease (AD) or ALS [11-14, 28-33] with a pivotal role for
P2X4 receptors (P2X4) [23-25, 34-38]. P2X4 is the main
ATP-gated cation channel subtype expressed in neurons and
glial cells in the CNS as well as in peripheral macrophages
[23-25, 34-38]. In contrast to other P2X, P2X4 is constitu-
tively and highly internalized and as a result, is essentially
found in intracellular compartments, ensuring low surface
expression in physiological condition. Intracellular P2X4
may promote vesicle fusion of endosomes or lysosomes [39,
40]. Intracellular P2X4 pools can also be rapidly mobilized
and trafficked to the cell surface [41, 42]. In various patho-
logical conditions, such as ischemia, chronic pain, MS and
neurodegenerative disorders including ALS or AD, de novo
P2X4 expression and/or increased surface P2X4 density by
mobilization of intracellular pools were observed in micro-
glia and/or in neurons [13, 14, 28, 30, 38, 43-46]. In the
dorsal horn of the spinal cord, the specific upregulation of
P2X4 in the microglia has been shown of paramount impor-
tance for the development of pain hypersensitivity caused by
nerve injury [34, 43, 47]. Using a conditional internaliza-
tion-defective P2X4mCherryIN knock-in mice, we recently
showed that the increase in P2X4 at the surface of excitatory
neurons reduces anxiety, impairs memory processing and
alters synaptic plasticity in the hippocampus [48]. In the
context of ALS, P2X4 have been shown to be upregulated in
microglia [46] and the MNs of mutant SOD1-G93A (SOD1)
mice before their death [30]. In addition, P2X4 exert a dual
effect on MN survival depending on the ATP concentration
[45] and ivermectin, a positive P2X4 modulator, has been
shown to significantly extend the lifespan of mutant SOD1
mice [45]. Later work also reported that, parallel to neuronal
degeneration, misfolded form of the mutant SOD1 protein
was also detected by an antibody directed against the C-tail
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domain of P2X4 suggesting a more composite route for neu-
rodegeneration behind P2X4 activation [49]. However, the
role of P2X4 in ALS remains largely ill-defined.

In the present study, we demonstrate that misfolded
mutant SOD1 proteins reduce the interaction between P2X4
and the protein responsible for its internalization, AP2 and
thus lead to an increase in the surface density of P2X4 in
cells expressing this purinergic receptor including peripheral
macrophages at early ALS stages. In addition, we observe
an upregulation of microglial P2X4 occurred during ALS
progression. Finally, we report, using innovative double
transgenic SOD1-G93A (SOD1) mice expressing non-
internalized P2X4mCherryIN mice (namely P2X4KI) [48]
or lacking the P2X4 gene (P2X4KO), that P2X4 contribute
to ALS progression and survival in SOD1 mice.

Methods
Mice

hSOD1G93A mice (B6.Cg-Tg(hSOD1G93A)1Gur/J, back-
ground B6SJL) referred to as SOD1 mice, were obtained
from The Jackson Laboratory (Bar harbor, ME, USA).
Transgenic hemizygous SOD1 males were crossbred with
females internalization-defective P2X4mCherryIN mice
(P2X4KI, C57BI16 background) to generate SOD1:P2X4KI
mice (Fig. S2). General P2X4KI mice were obtained initially
by breeding Floxed P2X4KI (flox/flox, expressing P2X4WT)
with cytomegalovirus (CMV) promoter-Cre mice to substi-
tute the internalization motif by the sequence of mCherry
[48]. The ubiquitous activity of the CMV promotor induced
the excision of the floxed cassette in the germinal cell lines
and direct transmission to offspring. By breeding these ani-
mals, we thus obtained a constitutive P2X4KI mouse line
(namely P2X4KI). Females invalidated for the P2X4 gene
(constitutive P2X4KO mice, C57BL/6J background; [50])
were bred with SOD1 males to obtain SOD1:P2X4KO
mice. SOD1 males mated with females homozygous Floxed
P2X4KI provided SODI1:flox/flox offspring (namely
SODI1:WT) were used as SOD1 mice and WT:flox/flox
(namely WT:WT) used as controls. Second filial generation
(F2) SOD1:P2X4KO and F3 SOD1:P2X4KI were used in
this study and compared to F2 or F3 SOD1:WT or WT:WT
mice, respectively. Genotypes were determined by polymer-
ase chain reaction (PCR) on mouse tail DNA samples.

Study approval

All experimental procedures complied with official Euro-
pean guidelines for the care and use of laboratory animals
(Directive 2010/63/UE) and were approved by the ethical
committee of Bordeaux. For SOD1 or double transgenic

mice, clinical end stage was defined as the inability for the
animal to right itself over a period of 20 s. For ethical rea-
sons, animals were sacrificed at that point. Mice used in this
study were between 5- and 17-weeks old males. For behav-
ioral and survival studies, a minimum number of animals
were kept until 20 weeks.

Swimming test

Mice were placed in a 100 cm long, 6 cm wide swimming
corridor filled with warm water (37 °C). The time to reach a
platform placed at one extremity of the corridor was meas-
ured. Since physical activities can modify ALS progression,
swimming test was conducted only every 10 days to avoid
physical training.

Motor scoring

To follow motor impairment all along ALS progression in
mice, a motor scale was established based on the Fernagut
et al. [51]. More precisely, five parameters were observed
and rated on a scale of 0 to 2: (1) the general motor activ-
ity (exploration, rearing and grooming), (2) the postural
adjustments of hind limbs while mice were suspended by
the tail to monitor clasping (hind limbs retracted and touch-
ing the abdomen), (3) the increase in hind limb space (hind
limb dystonia) associated with postural deficiency, (4) the
presence of kyphosis, a characteristic curvature of the spine
causes by the loss of dorsal muscular tone and (5) a postural
challenge: the capacity of the mouse to resist to be tipped on
the side and to get back on its feet.

Immunohistofluorescence on mouse spinal cord

Mice were perfused intracardially with 0.9% NaCl and fixed
with 2% PFA in 0.2 M phosphate buffer. Spinal cords were
dissected, post-fixed 2—4 h in 2% PFA in 0.2 M phosphate
buffer, washed and then transferred into 20% v/v glucose in
PBS for 1 day. Spinal cord were then coated in cryogel and
frozen in isopentane cooled to — 70 °C. Spinal cord floating
cryosections (50 pm) were incubated in a blocking solu-
tion containing PBS, 0.05% Tween, 5% normal goat serum
(NGS) for 45 min and then incubated with primary anti-
bodies diluted in PBS 1% NGS overnight at room tempera-
ture: Rabbit anti-RFP 1:300; Rat monoclonal anti-mouse
P2X4 antibody Nodu246 1:200; Mouse 1:1000; Chicken
anti-GFAP 1:2000; Rabbit anti-Ibal 1:1000. Sections were
then washed with PBS and primary antibodies revealed by
incubation of brain slices in respective Alexa Fluor conju-
gated secondary antibodies for 1.5 h at RT. Sections were
then washed with PBS and mounted in mounting medium
containing DAPI. Images were taken using 49 Zeiss Imager
M2 fluorescence microscope, Hamamatsu digital camera and
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Explora Nova MorphoStrider software with identical cam-
era settings. Images presented in Fig. 4 were deconvoluted
using Explora nova FluoD3 software. Contrast and luminos-
ity were adjusted using Fiji software.

RT-qPCR

Total mRNA was extracted from spinal cords and purified
using the RNeasy Lipid Tissue Mini Kit (Qiagen). 1 pg of
total RNA was reverse-transcribed using the High-Capac-
ity cDNA reverse transcription kit with RNase inhibi-
tor (Applied Biosystems). Quantitative real-time reverse
transcriptase-PCR analysis was performed on Applied Bio-
systems™ StepOnePlus™ Real-Time PCR Systems using
TagMan™ Gene Expression Master Mix (Applied Biosys-
tems). The thermal cycler conditions were as follows: 95 °C
for 10 min, then 40 cycles at 95 °C for 15 s and 60 °C for
1 min. Reference of Tagman probes used are given in the
Table S1. Cyclophilin A (PPIA) was used as internal con-
trol. Amplifications were carried out in duplicate and the
relative expression of target genes was determined by the
AACT method.

Xenopus laevis oocytes electrophysiology

Oocytes were surgically removed from anesthetized Xen-
opus laevis and isolated as previously described [52, 53].
After nuclear co-injection of cDNAs encoding mouse
P2X4WT and WT or mutated human SOD1 (G93A, G85R
or G37R), oocytes were incubated in Barth’s solution con-
taining 1.8 mM CaCl, and gentamycin (10 mg/ml) at 19 °C
for 1-3 days before electrophysiological recordings and/or
biochemistry experiments. Two-electrode voltage-clamp
recordings were performed as previously described [25,
54]. Briefly, recordings were carried out at room temper-
ature using glass pipettes (1-2 MQ) filled with 3 M KCI
solution to ensure reliable holding potentials. Oocytes were
voltage clamped at -60 mV and membrane currents were
recorded with an OC-725B amplifier (Warner Instruments)
and digitized at 1 kHz on an Apple computer using Axog-
raph X. Oocytes were perfused at a flow rate of 10-12 ml/
min with Ringer solution, pH 7.4 containing in mM: 115
NaCl, 3 NaOH, 2 KCl, 1.8 CaCl, and 10 HEPES. 100 pM
of ATP was applied using a computer-driven valve system
(Ala Scientific).

Isolation of mouse peritoneal macrophages

Mice were deeply anesthetized with a mixture of ketamine
(100 mg/kg) and xylazine (20 mg/kg) and peritoneal cells
were collected by washing the peritoneal cavity with 2 ml
of phosphate buffer saline (PBS) as described [55]. The
suspension of peritoneal cells was centrifuged for 8 min at
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2000 rpm at 4 °C and then immediately used for biotinyla-
tion experiments.

Biotinylation assays

Surface biotinylation experiments were performed as
described previously [23, 53, 54] from injected Xenopus
oocytes and mouse peritoneal macrophages. Briefly, cells
were incubated in an ice-cold Ringer (for oocytes) or PBS
with calcium and magnesium containing 1 mg/ml sulfo-
NHS-SS-biotin and incubated at 4 °C for 4 h (or overnight)
under gentle agitation. Excess sulfo-NHS-SS-biotin was
removed by washes with buffer and quenched by washes
with ice-cold quenching buffer containing 100 mM of
glycine.

Co-IP and pull-down

For co-immunoprecipitation experiments, spinal cord
proteins extracts (0.5 to 2 mg of proteins) were incubated
overnight at 4 °C in the presence or absence of primary
anti-AP2 antibodies (see Table S1) covalently immobilized
to Antibody coupling resin (Co-IP kit, Pierce). Beads were
washes four times and eluted with low pH buffer or SDS
sample buffer and subjected to SDS-PAGE. Western blots
were performed as described below with primary antibodies
against SOD1 proteins.

For pull-down assay, biotinylated peptides were synthe-
sized by Genscript (NJ). Peptide CT-X4 corresponds to the
C-terminal sequence of the mouse wild type P2X4. As con-
trol peptides we used a mutated (CT-3A) peptide. In peptide
3A, AP2 binding domain residues YxxGL were replaced
by three alanines (AxxAA). 100 ug of biotinylated peptides
(10 pg/uL) were fixed on streptavidin resin during 3 h at
4 °C. After several washes in Tris Buffer Saline (TBS) 1X,
binding 500 pg of total protein extract was performed over-
night at 4 °C. Resin were washed with TBS before elution
with 40 pL of Laemili 2X with 12% of p-mercapto-ethanol
per sample. Half of the elution was used for western blotting.
Pull down assay were compared with input (20 pg of total
protein extract).

Immunoblotting

Biotinylated cells or spinal cord tissues were lysed by soni-
cation in homogenization buffer (10 mM HEPES, 0.3 M
sucrose, pH 7.4) containing protease inhibitors. Then, the
proteins were solubilized with 1% Triton X-100 under agi-
tation at 4 °C for 2 h. After centrifugation at 10,000g for
15 min, the supernatants containing the total proteins were
quantified using the BCA method. For biotinylation experi-
ments, a fraction of the supernatant was kept to assess total
receptor fraction (Vt). The remaining supernatant (Vs) was
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incubated overnight at 4 °C with Immunopure Immobilized
Neutravidin to precipitate surface proteins. Beads (20 pl)
were washed with homogenization buffer and eluted with
one volume of SDS sample buffer. Total and surface proteins
were separated on SDS-PAGE and revealed using either
anti-P2X4 (1:1000), anti-RFP antibodies (1:1000), anti-AP2
(1:500), anti-actin (1:10,000), anti-SOD1 (1:1000), anti-
GFAP (1:10,000) or anti-Ibal (1:2000) and horseradish per-
oxidase (HRP)-conjugated secondary antibodies (1:5000).
Western blots quantification was performed using Image J
software. The surface/total ratio from each experiment was
determined as described [48] using the following equation:

. Vit+Vs
Signals X m

Vit+Vs *
Vit

Vi+Vs
Vs

Signal S X + Signal T X

Statistical analysis

The number of independent experiments or animals (n), the
statistical test used for comparison and the statistical sig-
nificance (p values) are specified for each figure panel in the
corresponding figure legend. p values of less than or equal
to 0.05 were considered statistically significant. The data
are presented as mean + SEM. The data were analyzed and
graphs were generated using GraphPad Prism.

Results

Mutant SOD1 proteins alter P2X4 internalization
leading to increased number and function

P2X4 are highly and constitutively internalized by a clathrin-
dependent endocytosis that involves an interaction between
the endocytic adaptor protein-2 (AP2) and a non-classical
binding motif (YxxGL), present exclusively in the C-tail of
P2X4 [56-58]. Misfolding of mutant SOD1-G93A proteins
revealed some sequence homology with the C-tail of P2X4.
Misfolded SOD1 proteins resembling to the intracellular
domain of P2X4 are indeed detected by anti-P2X4 antibod-
ies directed against the C-tail of P2X4 [49]. Our working
hypothesis was that mutated SOD1 proteins may interfere
with the constitutive internalization of P2X4 protein, lead-
ing to an increase in surface P2X4. To address this question,
we first investigated the potential impact of mutated SOD1
proteins on ATP-evoked currents recorded from Xenopus
oocytes co-expressing mouse P2X4 (mP2X4) and either
wild-type (WT) human SOD1 (hSOD1-WT) or mutant
human SOD1-G93A (hSOD1-G93A) protein. Our results
showed that the amplitudes of P2X4 currents evoked by
100 uM of ATP were significantly higher in cells expressing

hSOD1-G93A compared to oocytes co-expressing P2X4
with hSOD1-WT (Fig. 1A-C). In the presence of other
mutants of the human SODI1 protein involved in ALS, such
as G85R and G37R, a similar significant increase in ATP-
induced currents was also observed when compared with the
P2X4/ hSOD1-WT co-expression condition (Fig. 1B). The
similar level of expression of each hSOD1 proteins was veri-
fied after recordings by western blotting using anti-SOD1
antibodies (Figs. 1C and S1). Determination of the surface/
total ratio of P2X4 from biotinylated oocytes by western blot
using anti-P2X4 antibodies revealed a significant increase
in surface P2X4 in the presence of hSOD1-G93A as com-
pared to hSODI1-WT (Fig. 1D). These results suggest that
misfolded SOD1 proteins alter P2X4 surface trafficking,
leading to an increase in the number of surface P2X4 and
a subsequent enhanced P2X4 response to ATP. Finally, as
showed in Fig. 1E, we recorded a similar increase in P2X4
current amplitudes from oocytes co-expressing mP2X4 and
another ALS-related protein, TDP-43. These results suggest
that impairment in surface P2X4 trafficking is not exclusive
to the mutated SOD1 proteins but could also be observed in
the presence other ALS-related misfolded proteins.

The constitutive endocytosis of P2X4 is triggered by its
interaction with AP2 [56-58]. We next sought to determine
in a murine model of ALS, the SOD1G93A mice (hereafter
referred to as SOD1 mice), whether SOD1-G93A proteins
interact directly with AP2, and consequently act as negative
competitors for the interaction between AP2 and P2X4. We
thus performed immunoprecipitation (IP) experiments from
spinal cord protein extracts from WT or SOD1 mice at dif-
ferent time points of the ALS progression (at 40 postnatal
days (P40), P75, P100 and P120) using anti-AP2 antibod-
ies (Fig. 2A, B). Following AP2 IP, western blot analysis
using anti-SOD1 antibodies revealed a band corresponding
to hSOD1G93A (and not to hSOD1-WT) indicating that
SODI1-G93A co-immunoprecipitated with AP2 proteins.
In addition, interaction between SOD1-G93A and AP2 sig-
nificantly increased (p < 0.05, one-way ANOVA) over time,
suggestive of a link with disease progression (Fig. 2A, B).
To ensure the specificity of such interaction between mutant
hSODI1-G93A and AP2, IP experiments were reproduced
with larger quantities of total proteins extracted from spinal
cords of WT mice to reach similar amount of endogenous
mouse SOD1-WT than the one used for IP with hSOD1-
G93A (Fig. 2C). In such conditions, solely SOD1-G93A co-
immunoprecipitated significantly with AP2 while negligible
signal was obtained for SODI1-WT (Fig. 2C). Furthermore,
as shown in Fig. 2E and S1B-C, AP2 expression was similar
and stable in WT and SOD1 mice at all stages tested, ruling
out the possibility that changes in AP2 expression levels
arise from changes in its interaction with SOD1-G93A.

Then, to determine whether interaction between SOD1-
G93A and AP2 compete with the interaction between
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Fig.1 Mutant SOD1 proteins increase surface P2X4 number and
function in vitro. A Representative currents evoked by 100 uM ATP
in Xenopus oocytes co-injected with cDNAs encoding the murin (m)
P2X4 and either the wild-type (WT) human SOD1 (hSODIWT) or
a mutant hSOD1 (hSOD1G93A, G85R or G37R). B Mean ampli-
tudes of ATP induced-currents computed for all tested oocytes.
ATP evoked P2X4 currents are strongly increased in cells express-
ing mutant hSOD1 (G93A, G85R and G37R) compared to those
expressing hSODIWT (** p<0.01, ***p <0.001, one-way ANOVA).
C Western blot using anti-SOD1 antibodies confirmed the expres-
sion of the WT or mutated hSOD1 protein in addition to the endog-
enous Xenopus SOD1 (xSOD1) present also in non-injected oocytes

P2X4 and AP2, we conducted pull-down assays from
spinal cord protein extracts from WT and SOD1-G93A
mice at different time points of the ALS disease (P40,
P75, P100 and P120) using, as a bait, an immobilized pep-
tide corresponding to the C-terminal domain of mP2X4
(CT-X4) [52]. A control peptide (CT-3A) in which the
internalization motif (Y>"®xxGL) was substituted by ala-
nines (AxxAA) was used as negative control (Fig. 2D).
Western blot using anti-AP2 antibodies showed that the
C-terminal domain of P2X4 interacts specifically with
AP2 proteins while the interaction is suppressed with the
CT-3A peptide as bait in WT mice (Fig. 2D, E). Strikingly,
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(Ni). D Left, western blotting of surface and total proteins purified
after protein surface biotinylation using anti-P2X4 antibodies from
oocytes co-expressing mP2X4 and hSODIWT or hSOD-G93A
and non-injected oocytes (Ni). Right, normalized surface/total ratio
shows that surface density of mP2X4 is increased in cells expressing
SOD1G93A compared to those expressing hSODIWT (¥p<0.05;
unpaired ¢ test). E Representative currents evoked by the applica-
tion of 100 uM ATP in Xenopus oocytes co-expressing mP2X4 and
human TDP43. Mean amplitudes of ATP induced currents computed
for all tested oocytes (**p <0.01; unpaired 7 test). Values of each cell
or independent experiment are indicated on the graphs

as showed in Fig. 2E, AP2 signals decreased significantly
after CT-X4 pull-down vs. input over time in SOD1 mice,
supporting that the interaction between P2X4 and AP2
decreases with the progression of the disease. Together,
our data demonstrate that increased interaction between
mutant SOD1 proteins and AP2 parallels the reduced inter-
action between AP2 and P2X4. This alteration in P2X4
endocytosis is most likely responsible for the increased
expression of P2X4 on the cell surface and thus to the
enhanced response to ATP, measured in vitro and in ALS
animal model [38].
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Fig.2 Mutant SODI proteins alter AP2 dependent endocytosis of
P2X4 over ALS progression in the SOD1 mouse model. A Western
blot analysis using anti-SOD1 antibodies after immunoprecipita-
tion (IP) using anti-AP2 antibodies from spinal cord protein extracts
of wild type (WT) and SODI mice at different stages (P40 to P120)
revealed that SOD1-G93A co-immunoprecipitated with adaptor pro-
tein 2 (AP2) (see also panel E and Fig. SIB-C). Anti-SOD1 anti-
bodies revealed in total proteins (input) one (mSOD1) or two bands
(mSOD1 +hSOD1G93A) confirming the genotype of the mice tested.
B The increase in SODI1 signals after IP over time suggests that the
interaction between SOD1-G93A and AP2 increases during ALS
pathogenesis (significantly different from P40, *p<0.05, one-way
ANOVA). C Co-IP control experiments performed with fourfold
more proteins extracted from spinal cords of WT to reach similar
amount of endogenous mSODIWT and hSOD1G93A. SOD1 sig-
nals after IP with anti-AP2 show that solely SOD1G93A co-immu-

Internalization-defective P2X4KI mice reveal
that increased surface P2X4 is beneficial for ALS
pathogenesis in SOD1 mice

To determine to which extent increased surface expres-
sion of P2X4 contributes to ALS onset and progression, we
crossed SOD1 transgenic mice (SOD1G93A) with consti-
tutive internalization-defective P2X4mCherryIN knockin
mice (P2X4KI) to obtain SOD1:P2X4KI (and littermate
WT:P2X4KI) mice expressing enhanced surface levels of
P2X4 [48]. Constitutive P2X4KI mice were obtained ini-
tially by breeding floxed P2X4KI (flox/flox, expressing
P2X4WT) with the cytomegalovirus (CMV) promoter-Cre
mice to substitute the internalization motif by the sequence
of mCherry (see Methods and Fig. S2). In parallel, we

wT SOD1

noprecipitated with AP2 (***p <0.001, unpaired ¢ test). D Pull-down
assay using an immobilized peptide coding for the C-terminal domain
of murin P2X4 (CT-X4) or a control peptide CT-3A (top) from spi-
nal cord protein extracts of WT mice. After pull-down assay, eluted
proteins were separated on a SDS-PAGE gel and revealed by west-
ern blot using anti-AP2 antibodies indicating that the C-tail of P2X4
interact specifically with AP2 while no signal was observed with
CT-3A. E Pull-down assay using CT-X4 peptide of spinal proteins
extracts from WT mice (P100) and SOD1 mice at P40, P75, P100
and P120 revealed using anti-AP2 antibodies as in D. Signals from
inputs showed that AP2 expression is similar in all total protein
extracts (see also Fig. S1 B—C). F The interaction between AP2 and
P2X4 decreases over the time in SODI1 mice (significantly differ-
ent from WT mice, in SOD1 mice at all ages (*p <0.05, **p <0.01,
*#%p <0.001 one-way ANOVA)

crossed SOD1 mice with control floxed P2X4KI to obtain
SOD1:WT mice (and littermate WT:WT) of a genetic
background similar to SOD1:P2X4KI mice and expressing
native P2X4 (Figs. 3 and S2 and Table S1). In the SOD1-
G93A mouse model, motor weakness is first detectable in
the hind limbs. As adult mice swim exclusively with their
hind legs [59], swimming appeared as a discriminatory
test to evaluate the locomotor performances of the differ-
ent mouse models. We therefore tested the time spent by
mice to swim from one side of a corridor to a platform. In
both SOD1:WT and SOD1:P2X4KI mice, we observed a
progressive increase in the time to reach the platform with
age with values reaching a significant difference from base-
line in 110 days-old mice (P110) animals (Fig. 3A1). This
time was however significantly reduced in SOD1:P2X4KI
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Fig.3 Increased surface P2X4 ameliorates ALS motor symptoms
signs and life span in SODI internalization-defective P2X4KI mice.
A Bar chart of the time to swim to a platform as a function of age
(in days) for SOD1:WT (SODI, black bars) and SODI1:P2X4KI
(orange bars) mice (Al), (*p<0.05; two-way ANOVA). Percent-
age of P100, P110 and P120 mice able or unable to swim in the two
mouse lines tested (A2) (total=16 SOD1 and 17 SOD1:P2X4KI for

compared to SOD1:WT mice (Fig. 3A1) at P110, supporting
transient motor improvement. We observed that the number
of mice able to swim progressively decreased between P100
and P120. Although, all the mice tested were able to swim
at P100 regardless of their genotype, some failed to perform
the motor task at P110. At that stage, no significant differ-
ence was found between the two mouse lines tested (5 on 28
SODI1 and 1 on 24 SOD1:P2X4KI, Fig. 3A2, p>0.05). In
contrast, a significant difference was reached between SOD1
and SOD1:KI mice at P120 with only 25% (4 on 16 mice) of
the SOD1:WT mice able to swim and 63% (12 on 19 mice)
of age-matched SOD1:P2X4KI mice (Fig. 3A2, p <0.05).
The body weight loss observed during the disease progres-
sion in SOD1:WT mice was similar in SOD1:P2X4KI
mice (Fig. 3B). To further evaluate the progression of the
disease, we developed a motor scoring based on Fernagut
and collaborators [51] to assess disease onset, progression
and end-point for the different mouse genotypes. Increased
surface P2X4 in SOD1:P2X4KI mice significantly slowed
down the progression of motor symptoms as attested by
the reduced motor score measured at several time points
(Fig. 3C, p<0.05). In accordance with the improved pheno-
type of SOD1:P2X4KI, the latter also exhibited a significant
increased survival time as compared to SOD1:WT animals
(Fig. 3D, p <0.05). Because misfolded proteins in ALS
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P100 and P110, chi-square, p=0.3 at P110 and 16 SOD1 and 19
SOD1:P2X4KI P120mice, Chi-square, p=0.02). B, C Bar charts
of body weight (C) and motor score (D) as a function of age (in
days) for SODI:WT and SOD1:P2X4KI mice (*p<0.05; two-way
ANOVA). D Plot of percent survival for the two lines of mice tested
(Gehan—Breslow—Wilcoxon test, p=0.01). The data are presented as
mean + SEM. A number in bars indicate the number of animals tested

proteinopathy increase surface P2X4 density, we originally
reasoned that non-internalized P2X4KI would exacerbate
ALS disease. In sharp contrast, our results show that pan-
cellular increase of surface P2X4 delayed both motor signs
and death in SOD1:P2X4KI mice.

P2X4 expression switches from motoneurons

to microglia within the spinal cord of SOD1 mice
and parallels changes in astrocytic and microglial
markers

Since anti-P2X4 antibodies directed against the C-tail of
P2X4 subunits (Alomone labs) used in previous work [30,
49] were shown to recognize also misfolded SODI1 proteins
[49], we re-examined P2X4 localization in the spinal cord
of WT and SOD1 mice using the rat monoclonal antibody
Nodu-246 recognizing specifically the extracellular domain
of mouse P2X4 in its native conformation [48, 60]. We also
took advantage of P2X4KI mice, to detect P2X4 using anti-
red fluorescent protein (RFP) antibodies directed against the
RFP mCherry fused to P2X4 in spinal cords of WT:P2X4KI
and SOD1:P2X4KI mice (Figs. 4 and S3). Double immu-
nostaining using Nodu-246 or anti-RFP antibodies with
neuronal (NeulN) marker, showed that P2X4 expression is
faint and essentially restricted to large neuronal cell body
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in the ventral horn of WT or WT:P2X4KI mice at P75 and
P100 (Figs. 4A, B, S4 and S5) in agreement with the data
obtained in the tdTomato p2xr4 reporter mice expressing
d-Tomato under the control of P2X4 promoter [61]. Some
neuronal P2X4 expression was also observed in SOD1:WT
and more clearly in SOD1:P2X4KI mice at P75 before
the onset of ALS symptoms (Figs. 4A, B, S4 and S5). At
later stage (P100) where MNs are dying, P2X4 staining
increases in small cellular processes of the spinal cord of
SOD1:WT or SOD1:P2X4KI mice when both astrocytic
(GFAP) and microglial (Iba-1) markers were found upregu-
lated (Figs. 4B, C and S6). GFAP-positive astrocytes mainly
localized in the white matter of the spinal cord of WT mice
(Figs. 4C and S6) increased drastically in the grey matter of
the spinal ventral horn at P100 in SOD1:WT mice. Similarly,
reactive Ibal-positive microglia increased in the ventral horn
of SOD1 and SOD1:P2X4KI mice (Fig. 4B and S6). Both
were consistent with the astro- and microgliosis classically
described during ALS pathogenesis [62—71]. Notably, P2X4
staining using Nodu-246 or anti-RFP was found colocal-
ized with Ibal but not GFAP-positive cells, supporting that
P2X4 expression particularly rises in microglia during the
symptomatic phase in both SOD1:WT and SOD1:P2X4KI
mice (Fig. 4B, C and S5).

Surface P2X4 density increases
in macrophages of SOD1 mice before the onset
and during the progression of the disease

P2X4 is highly expressed by macrophages [34, 48, 72],
belonging, as microglia, to the myeloid lineage. We
recently showed that the low surface P2X4 density in
macrophages from WT mice was significantly increased
in P2X4KI mice by disruption of the constitutive inter-
nalization of P2X4mCherryIN [48] (Figs. 5 and S7). To
determine whether misfolded SOD1 proteins induced an
increase in surface P2X4 of macrophages during ALS,
we performed biotinylation assays and western blot to
measure P2X4 surface/total ratio from peritoneal mac-
rophages of the different mouse lines used in this study
at different time points (Figs. 5 and S7). Importantly, as
shown in Fig. 5A, B, macrophages isolated from SOD1
mice exhibited a surface P2X4 density significantly
higher than WT as soon as P40, largely before motor
symptoms onset as well as at P75 and P100 (*p <0.05;
**p <0.01). Moreover, the higher P2X4 surface density
measured in macrophages from non-internalized P2X4KI
mice was in contrast not significantly different than the
one measured in SOD1:P2X4KI mice at all stages tested
(P40, P75, P100) (Fig. 5C, D, and S7). The increase in
surface P2X4WT trafficking measured in the presence
of mutant SODI1 proteins as well as the fact that sur-
face P2X4mCherryIN expression is unchanged in SOD1

mice are consistent with the results in Figs. 1 and 2 and
strongly suggest that misfolded SOD1 proteins increase
surface trafficking of P2X4WT by blocking its constitu-
tive endocytosis in macrophages.

Increase or absence of P2X4 transiently improves
ALS and affects the microglial responses of SOD1
mice

Considering the benefit associated with enhanced cell sur-
face expression of P2X4 in SOD1:P2X4KI mice (Fig. 3), we
aimed at determining whether the loss of P2X4 would accel-
erate ALS pathogenesis. We thus compared motor perfor-
mance and survival between SOD1:WT and SOD1:P2X4KO
mice by reproducing the experiments described in Fig. 3.
Surprisingly, the absence of P2X4 in SOD1:P2X4KO has
also a significant positive impact on swimming perfor-
mances (Fig. 6A) and survival as compared to SOD1:WT
mice (Fig. 6A, D), although the magnitude of the effects
was found lower than those observed with SOD1:P2X4KI
mice. Body weight loss were similar between SOD1:WT and
SOD1:P2X4KO as observed for SOD1:P2X4KI (Fig. 6B). In
contrast to SOD1:P2X4KI mice (Fig. 3C), the loss of P2X4
did not impact the motor score of SOD1:WT (Fig. 6C).
These observations strikingly support that the absence of
P2X4 in SOD1:P2X4KO mice recapitulated, at least in part,
the effects of increased surface P2X4 in SOD1:P2X4KI
animals.

Finally, we examined the impact of either the absence or
increased surface P2X4 on both glial activation and ALS-
associated inflammation in the spinal cord of SOD1 mice
[73-75]. We analyzed by western blot the Ibal and GFAP
protein levels and by RT-qPCR the expression of a panel of
cytokines and mediators of the inflammatory response in the
lumbar spinal cord in the different transgenic mouse lines
at different times points (Fig. S8 and Fig. S9). Astrocytic
GFAP, microglial P2Y12 markers and pro-inflammatory
markers IL6, TNFa, IL1p as well as P2X4 and transcrip-
tion factors IRF5 and IRFS regulating P2X4 expression [76]
increased significantly in SOD1 mice during the progres-
sion of the disease between presymptomatic (P40 or P75)
and symptomatic stages (P100 and P120), as compared to
WT mice. No significant change was observed for anti-
inflammatory IL10 level between WT and SOD1 mice over
the progression of the disease. Punctual changes can be
observed for P2Y 12, Ibal, TNFa or IL1-f between SOD1
and SOD1:P2X4KI or SOD1:P2X4KO mice (Fig. S8 and
Fig. S9). The level of Ibal as well as P2Y 12, two microglial
homeostatic markers, was found reduced in SOD1 P2X4
KO as compared to SOD1 mice at an early stage. At later
stage of the disease, we observed a significant increase in the
expression of IL1-f and P2Y12. These results suggest that
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«Fig. 4 P2X4 expression switches over the time from motoneurons to
microglia within the spinal cord of SOD1 mice. A—C P2X4 immu-
noreactivity in lumbar spinal cords from WT, SOD1:WT (SOD1)
WT:P2X4KI (P2X4KI) and SOD1:P2X4KI mice at pre- (P75) and
symptomatic (P100) phases of ALS. Expression of P2X4 in WT or
SOD1 mice revealed with a rat monoclonal P2X4 antibodies (Nodu-
246) and expression of P2X4KI revealed with anti-RFP in P2X4KI or
SOD1:P2X4KI mice at P75 and P100 (see Fig. S6). Nodu-246, Beno-
271 or anti-RFP were revealed with secondary antibodies coupled to
Alexa-564 (red). Neurons A, microglia B or astrocytes C were identi-
fied using primary antibodies against NeuN, GFAP or Ibal, respec-
tively, revealed with secondary antibodies coupled to Alexa-488
(green). White frames indicate magnified areas. A P2X4 or P2X4KI
are expressed in spinal neurons located in the ventral horn at P75 in
SOD1 or SOD1:P2X4KI mice and at P100 solely in WT mice. B, C
At P100 in SOD1 or SOD1:P2X4KI mice, the increase in Ibal (B)
and GFAP (C) staining reveals the astro- and micro-gliosis within the
spinal cord during ALS progression. At P100, P2X4 staining is local-
ized in Ibal-positive cells of SOD1 or SOD1:P2X4KI spinal cords
indicating the increase in P2X4 expression mainly in microglia dur-
ing the symptomatic phase (See also Fig. S4 and S5)

P2X4 expression affects the microglial response in SOD1
mice and interestingly reveal that the effects differ depending
on the state of the disease.

Discussion

To date, we still miss biomarker and effective treatment to
fight against ALS disease. Several studies highlighted the
potential involvement of P2X4 in ALS, but its role remained
elusive until now [30, 45, 46, 49]. In the present study, we
demonstrated that mutant SOD1 proteins as well as TDP43
increase surface P2X4 density in cells expressing this puri-
noceptor in vitro, and that misfolded mutant SOD1-G93A
proteins in SOD1 mice alter P2X4 endocytosis machin-
ery before the onset of symptoms very likely leading to
the increase in surface P2X4 expression observed in mac-
rophages. In addition to be present in spinal MNs and mac-
rophages, P2X4 expression increases in microglia through
the activation of IRF8-IRF5 transcription factors during the
symptomatic phase of ALS as commonly observed in neuro-
pathic pain and neurodegenerative diseases associated with
inflammation [32, 38, 76]. Moreover, we demonstrated that
P2X4 is instrumental for ALS in SOD1 mice. Since mis-
folded proteins in ALS increase surface P2X4 density, we
originally expected that increased surface P2X4 would exac-
erbate ALS disease in SOD1:P2X4KI whereas absence of
P2X4 would ameliorate ALS in SOD1:P2X4KO mice. The
most striking finding is that both increased surface P2X4
or P2X4 gene invalidation were able to transiently mitigate
motor impairments and improve survival in SOD1 mice.
Motor outcomes were measured using swimming test and
general motor score. The swimming test may be considered
more powerful since it is a functional readout that directly

assesses a complex motor behavior requiring postural adjust-
ments, limb coordination and strength. On the other hand,
the motor score is less challenging addressing spontaneous
parameters and postural challenge (see Methods). However,
this motor score is nevertheless useful as a complementary
behavioral readout to monitor the progression of the overall
phenotype of the mice over time. Although both P2X4KO
and P2X4KI led to a significant improvement of motor func-
tion of SOD1 mice as assessed using the swimming test, the
motor score was able to disclose a positive effect on the pro-
gression of the motor disorder in P2X4KI mice, suggesting
that the lack of P2X4 internalization had overall a stronger
beneficial effect on the course of the disease.

The similar functional outcomes of both P2X4KO and
P2X4KI mice is striking but several explanations can be
proposed. P2X4 expressed in different cell types MNs,
microglia or macrophage involved in ALS pathogenesis and
neurodegeneration [9, 45, 46, 63, 64] may promote either
beneficial or detrimental effects in specific cell types and/or
at different stages of ALS progression since changes in the
expression of microglial P2X4 (our results Fig. 4, S8 and
[46]) and in ATP concentration were observed during ALS
progression[45].

The dual action of P2X4 on MNs survival was previ-
ously reported and linked to changes in ATP concentration
during ALS pathogenesis. Indeed, low ATP concentrations
in combination with ivermectin, a specific positive modu-
lator of P2X4, were shown to protect MNs from kainate
induced excitotoxicity. In contrast, high ATP concentrations
triggered deleterious effect on MNs [45]. Ivermectin is a
positive allosteric modulator of P2X4 but it has been also
proposed that ivermectin increases the number of surface
P2X4 by modulating its trafficking [53, 77, 78]. Ivermec-
tin administration at presymptomatic stage slightly extends
(from 10%) the lifespan of SOD1 mice [45]. These data are
therefore consistent with our observation that increased sur-
face P2X4 density in SOD1:P2X4KI mice ameliorates ALS
symptoms. This duality of P2X4 actions linked to ATP con-
centration in vitro could be transposed in vivo. Indeed, dur-
ing the progression of the disease, ATP is massively released
by dying cells and acts as a danger signal at symptomatic
stage [79]. Similarly, a dual role of P2X7, that is mainly
microglial, has also been reported in SOD1 models [80, 81].
Indeed, constitutive ablation of P2X7 in SOD1 mice is detri-
mental [80] whereas P2X7 antagonist administration specifi-
cally at symptomatic stage (P100), is beneficial [§1]. These
results support the existence of a time window during which
a beneficial action of P2X4 activation in ALS is observed.

P2X4 are constitutively internalized and mainly
retained intracellularly in endosomes and lysosomes.
[42]. Intracellular P2X4 may form functional channels
activated by luminal ATP and changes in pH, promot-
ing vesicle fusion of endosomes or lysosomes [39, 40].
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Fig.5 Surface P2X4 density is higher in macrophages of SOD1 as
compared to WT mice before the onset and during the progression
of the disease. A Western blotting of total and biotinylated surface
proteins from peritoneal macrophages isolated from WT:WT (WT)
and SODI1-G93A:WT (SOD1) mice at three time points (P40, P75
and P100). The anti-SODI1 antibody revealed 2 bands of different size
corresponding to murine (m)SOD1 and human (h)SOD1-G93A con-
firming the genotype of the mouse. B Surface/total ratio shows that

Intracellular P2X4 modulates lysosomal function such
as phagocytic and autophagy pathways with positive or
negative implications. Intracellular P2X4 improves the
symptoms of experimental autoimmune encephalomyeli-
tis (EAE) by promoting remyelination [32], but acceler-
ates breast cancer progression [82]. The similar positive
effects on ALS symptoms observed in both P2X4KO and
non-internalized P2X4KI mice could be explained by a
prominent and negative role of intracellular lysosomal
P2X4 function in ALS [32]. Indeed, in both cases, the
absence of P2X4 (P2X4KO) or the increase in surface
P2X4 (P2X4KI) may lead to a decrease in the intracellu-
lar P2X4 pools. This hypothesis is however unlikely since,
although P2X4mCherryIN are significantly more present
at the surface than wild-type P2X4, the increase in surface
trafficking is not associated with a depletion of intracellu-
lar P2X4mCherryIN pools as previously showed by intra-
cellular staining of P2X4mCherryIN in various cell types
including macrophages or neurons [48]. To go further in
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the number of surface P2X4 is increased in SOD1 macrophages as
compared to WT at presymptomatic (P75) and symptomatic phase
(P100). C Similar experiments from peritoneal macrophages iso-
lated from WT:P2X4KI (P2X4KI) and SOD1:P2X4KI (SODI1KI)
mice at the same 3 stages (P40, P75 and P100). D Surface/total ratio
shows that the density of surface P2X4KI is similar between P2X4KI
and SOD1:P2X4KI macrophages. (*p<0.05, **p<0.01, one-way
ANOVA)

the understanding of the P2X4 pathophysiological cell-
specific function and dynamic, conditional cell-specific
P2X4KI or P2X4KO mouse lines expressing P2X4m-
CherryIN or invalidated for the P2X4 gene specifically in
myeloid cells (macrophages and microglia) or in neurons
should be useful to decipher time and cell-dependent P2X4
function as well as surface and intracellular contribution
of P2X4 in ALS.

The polyclonal P2X4 antibody used previously to detect
P2X4 expression in the spinal cord of SODI mice [30],
was directed against the intracellular C-terminal domain of
P2X4. The authors of this study showed later that this anti-
P2X4 antibody also recognizes the misfolded SOD1 mutant
protein [49] that shares sequence similarities with the P2X4
C-tail. These striking results stressed the fact that the previ-
ously observed increase in the expression of P2X4 may not
be specific and may only reflect an increase in misfolded
SODI proteins rather than an increase in P2X4 expression.
We thus used novel specific monoclonal antibodies directed
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Fig.6 Absence of P2X4 ameliorates ALS motor symptoms and life
survival in SOD1:P2X4KO mice. A Bar chart of the time to swim
to reach a platform placed at one extremity of a corridor as a func-
tion of age (in days) for SOD1:WT (black bars) and SOD1:P2X4KO
(green bars) mice (Al), (*p<0.05; two-way ANOVA). Percent-
age of 100-day-old (P100), P110 and P120 mice able or unable to
swim in the two mouse lines tested (A2) (total=18 SODI and 17

against extracellular domain of native mP2X4 [48, 60] or
against the mCherry protein [48] to reexamine P2X4 expres-
sion in SOD1 mouse spinal cord. Immunostaining confirmed
the low expression of P2X4 in spinal MNs of WT and
P2X4KI mice observed using the d-tomato p2rx4 reporter
mice [61]. It is important to note that conditions leading to
de novo expression of P2X4 in WT mice lead to de novo
expression of non-internalized P2X4 in P2X4KI mice since
P2X4mCherryIN is a modification of endogenous p2rx4
gene remaining under the control of the native P2X4 gene
promoter [48]. Our results revealed that P2X4 expression
initially restricted to MNs (P75) in SOD1 or SOD1:P2X4KI
increased during the symptomatic phase of ALS (P100) but
only in microglia within the spinal cord likely due to a de
novo expression of P2X4 in activated microglia as described
in several pathological conditions [43, 61, 83]. qRT-PCR
experiments confirmed that upregulation of microglia P2X4
at symptomatic phase of ALS is induced by IRF8-IRFS5 tran-
scriptional axis [76]. This apparent switch in P2X4 expres-
sion from neurons to microglia over the time might be may
be related more to MN loss rather than the decrease in P2X4
expression by neurons.

The neuro-inflammatory marker changes observed
in SOD1:P2X4KI or SOD1:P2X4KO for Ibal, P2Y12
and IL1-P suggest that P2X4 expression affects the
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SOD1:P2X4KO P100 mice; 33 SODI and 25 SOD1:P2X4KO P110
mice, Chi-square, p=0.2 and 30 SOD1 and 25 SOD1:P2X4KO P120
mice, Chi-square, p=0.04). B, C Bar charts of body weight (B) and
motor score (C) as a function of age (in days) for SOD1:WT (black)
and SOD1:P2X4KO (green) mice (*p<0.05; two-way ANOVA).
D Plot of percent survival for SOD1 (black) and SOD1:P2X4KO
(green) mice (Gehan—Breslow—Wilcoxon test, p=0.01)

microglial response in SOD1 mice in a stage dependent
way. Although P2X4 is expressed in microglia and mac-
rophages, these changes are likely related to microglia
since CNS infiltration of peripheral myeloid cells have
been suggested to be low in two transgenic SOD1 models
[9]. Further, P2RY 12 expression appears to be exclusively
restricted to microglia and distinguishes microglia from
infiltrating monocytes (for review [84]).Our data indicate
that P2X4KO impacts differ depending on ALS stages.
The level of Ibal as well as P2Y 12, two microglial homeo-
static markers, are indeed reduced in SOD1:P2X4KO as
compared to SOD1 mice at early stages. This might sug-
gest that P2X4 deletion reduces the number of microglial
cells or their proliferation. This point will remain to be
further evaluated using 3D morphological approaches and
transcriptomics. At later stages, we observed an enhanced
IL1-p and P2Y12 expressions in SOD1:P2X4KO mice.
Accordingly, recent data suggest that microglial P2Y12 is
involved in NLRP3 inflammasome activation and there-
fore linked to IL1-p production, translating an overall pro-
inflammatory event [84]. This might eventually explain
the milder effect of P2X4KO towards the motor score as
compared to SOD1:P2X4KI mice. On the other hand, as
a homeostatic marker, enhanced P2Y 12 expression might
also relate to a beneficial anti-inflammatory outcome,

@ Springer



431 Page 14 of 18

E.Bertin et al.

Normal
Macrophages

e
.
.O
.
.
.
.

Motoneurons )/

J

e | TN
YE:‘ Microglia

Low cell surface P2X4

low extracellular ATP

ALS
ATP o
.. & @ : ® o
P2X4
Misfolded

®
7

de novo P2X4 expression
Irf5/Irf8

proteins

1- Increase in surface P2X4 in cells
2- de novo P2X4 expression in microglia
High extracellular ATP

Cell- and time-dependent P2X4 function: beneficial or deleterious effects on ALS

Fig. 7 Proposed mechanism of surface P2X4 upregulation and conse-
quences in ALS. In normal conditions P2X4 is constitutively endocy-
tosed by the binding of AP2 on its C-terminus internalization domain
resulting in a low surface expression restricted to MN within the spi-
nal cord. During ALS progression, (1) misfolded mutant proteins like
SOD1 or TDP-43 interfere with P2X4 internalization by competing

providing that loss of P2Y 12 expression in microglia has
been reported in numerous neuropathologies related to
neuroinflammation. This idea would fit with the reduc-
tion of TNFa observed in SOD1:P2X4KO mice. The rela-
tive contribution of P2Y12, IL1-p and TNFa changes in
this animal models remain; therefore, difficult to inter-
pret at this stage and would definitively deserve further
evaluation.

P2X4 is highly expressed in macrophages [72, 85-87] that
have recently been shown to be implicated in ALS patho-
genesis [88-91]. Another major finding of the present study
is that P2X4 surface density is significantly upregulated in
SODI1 peripheral macrophages at early stages, long before
the onset of ALS motor signs (P40-P75) and all along the
progression of ALS (P100-P120). The significant rise of sur-
face/total P2X4 ratio measured in SOD1 macrophages com-
pared to WT mice is consistent with our data demonstrating
that misfolded SOD1 proteins resembling to the C-terminal
domain of P2X4 receptors [58] alter the constitutive inter-
nalization of P2X4, leading to increase P2X4 surface density
in cell expressing this receptor. We observed a potentiation
of ATP-induced P2X4 currents as well as an increase in
P2X4 surface/total ratio in heterologous cells co-expressing
mP2X4 receptors and different ALS human mutant SOD1

@ Springer

for AP2 interaction leading to an increase in surface P2X4 density in
cells expressing P2X4 such as MNs and macrophages at early stages.
(2) At symptomatic stages de novo P2X4 expression in spinal reactive
microglia further increase P2X4 signaling in microglia. Cell-specific
and time-dependent activation of P2X4 is critical for beneficial or
detrimental effects on ALS

proteins (SOD1-G93A, G85R and G37R) compared to cells
expressing WT human SOD1. These results reveal that the
presence of mutant SOD1 proteins causes P2X4 surface
upregulation as observed in vivo in SOD1 mice. In addition,
our data demonstrated that misfolded mutant SOD1 proteins
in ALS interfere with AP2-P2X4 interaction thereby alter-
ing P2X4 constitutive endocytosis and consequently lead-
ing to P2X4 surface upregulation. Co-immunoprecipitation
revealed that misfolded SOD1 proteins interact specifically
with AP2. Importantly, this interaction increases over the
time of ALS progression in the spinal cord of SOD1 mice.
Conversely, pull-down assay using as bait the C-terminal
domain of P2X4 confirms that AP2 interacts with P2X4 C-
tail [58, 92]. Moreover, the interaction between AP2 and
P2X4 C-tail decreases over the time in SOD1 mice confirm-
ing that misfolded SODI1 proteins alter P2X4 endocytosis.
Although we cannot completely rule out a possible partici-
pation of intracellular pools of P2X4, our data point out an
important role of surface-expressed P2X4 in the pathogen-
esis of ALS.

Since P2X4 is expressed in human macrophages and
monocytes [72], changes in P2X4 surface/total ratio from
peripheral blood cells may represent an early marker of
ALS. Moreover, our results show that the high P2X4 density
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observed in macrophages of P2X4KI mice phenocopy the
increase observed in SOD1 macrophages. Peripheral mac-
rophages in contact with axons of spinal MNs contribute
directly to ALS pathogenesis and neurodegeneration [9]
and have the capacity to modify the progressive microglia
activation and proinflammatory responses. Since P2X4 is
expressed in macrophages and MNs and increase in micro-
glia during ALS, the constitutive higher surface P2X4
density in P2X4KI mice may promote distinct and specific
effects in different cell types and modulate neurodegenera-
tive processes in ALS. This may explain why SOD1:P2X4KI
mice display delayed symptoms and increased survival
although misfolded proteins increase surface P2X4 density
in ALS.

Conclusion

The present work provides a better comprehension of P2X4
involvement and trafficking dynamics during the pathogen-
esis of ALS in the SOD1 mouse model. We demonstrated
that misfolded SOD1 proteins alters P2X4 surface trafficking
that contributes to ALS motor signs and survival of SOD1
mice. Cell-specific and time-dependent activation of P2X4
appears critical for beneficial or detrimental effects on ALS
symptoms (Fig. 7). Future work should therefore determine
whether manipulating P2X4 in a cell-specific manner might
be a promising therapeutic strategy for fighting against ALS.
Furthermore, P2X4 being expressed in macrophages but also
in peripheral monocytes [93, 94], it will be of interest to
investigate whether the upregulation of surface P2X4 herein
observed in peripheral macrophages of SOD1 mice also
occurred in monocytes of ALS patients. Detection of P2X4
from human peripheral cells may thus represent a unique and
early biomarker to detect ALS before symptom occurrence.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-022-04461-5.

Acknowledgements We thank A. Duveau, L. Cardoit and B. Thiroux
for their technical help. We thank G. Dabee, M. Dehors and H. Orignac
for their help. We are grateful to F. Rassendren for the P2X4KO mice.
We also thank the biochemistry, PhyCell, PIV, genotyping and Aquatic
facilities of Bordeaux Neurocampus.

Author’s contributions EB, AM, AF, KC, SC performed the experi-
ments and analyzed the data. EB, SSB, DB and EB-G designed the
experiments and analyzed the data. P-OF and FK-N contributed with
key reagents. SSB and EB-G conceived the study. EB, SSB and EB-G
wrote the manuscript. All authors commented the manuscript. All
authors read and approved the final manuscript.

Funding This work was supported by grants from the French ARSLA
charity (SSB, EB-G), FRC (SSB, EB-G), ARSEP (EB-G) and ANR
grant (ANR-20-CE17-0013) (SC, SSB, EB-G), LabEx BRAIN

(ANR-10-LABX-43) (EB, SSB, EB-G), LabEx DISTALZ (KC, DB)
and from the French government in the framework of the Univer-
sity of Bordeaux's IdEx "Investments for the Future" program/GPR
BRAIN_2030 (SSB, EB-G).

Availability of data and materials The datasets used and/or analyzed
during the current study are available from the corresponding author
on reasonable request.

Declarations

Conflict of interest The authors declare no competing interests.

Ethics approval All experimental procedures complied with official
European guidelines for the care and use of laboratory animals (Direc-
tive 2010/63/UE) and were approved by the ethical committee of Bor-
deaux (CEEA-50).

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Cleveland DW, Rothstein JD (2001) From Charcot to Lou Gehrig:
deciphering selective motor neuron death in ALS. Nat Rev Neu-
rosci 2:806-819

2. Sreedharan J, Blair IP, Tripathi VB, Hu X, Vance C, Rogelj B,
Ackerley S, Durnall JC, Williams KL, Buratti E et al (2008) TDP-
43 mutations in familial and sporadic amyotrophic lateral sclero-
sis. Science 319:1668-1672

3. Kwiatkowski TJ Jr, Bosco DA, Leclerc AL, Tamrazian E, Van-
derburg CR, Russ C, Davis A, Gilchrist J, Kasarskis EJ, Mun-
sat T et al (2009) Mutations in the FUS/TLS gene on chromo-
some 16 cause familial amyotrophic lateral sclerosis. Science
323:1205-1208

4. Renton AE, Majounie E, Waite A, Simon-Sanchez J, Rollinson
S, Gibbs JR, Schymick JC, Laaksovirta H, van Swieten JC, Myl-
lykangas L et al (2011) A hexanucleotide repeat expansion in
C90RF72 is the cause of chromosome 9p21-linked ALS-FTD.
Neuron 72:257-268

5. Neumann M, Sampathu DM, Kwong LK, Truax AC, Micsenyi
MC, Chou TT, Bruce J, Schuck T, Grossman M, Clark CM et al
(2006) Ubiquitinated TDP-43 in frontotemporal lobar degenera-
tion and amyotrophic lateral sclerosis. Science 314:130-133

6. Grad LI, Cashman NR (2014) Prion-like activity of Cu/Zn
superoxide dismutase: implications for amyotrophic lateral
sclerosis. Prion 8:33-41

7. Pokrishevsky E, Grad LI, Yousefi M, Wang J, Mackenzie IR,
Cashman NR (2012) Aberrant localization of FUS and TDP43

@ Springer


https://doi.org/10.1007/s00018-022-04461-5
http://creativecommons.org/licenses/by/4.0/

431

Page 16 of 18

E.Bertin et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

is associated with misfolding of SOD1 in amyotrophic lateral
sclerosis. PLoS ONE 7:e35050

Hooten KG, Beers DR, Zhao W, Appel SH (2015) Protective
and toxic neuroinflammation in amyotrophic lateral sclerosis.
Neurotherapeutics 12:364-375

Chiot A, Zaidi S, Iltis C, Ribon M, Berriat F, Schiaffino L,
Jolly A, de la Grange P, Mallat M, Bohl D et al (2020) Modify-
ing macrophages at the periphery has the capacity to change
microglial reactivity and to extend ALS survival. Nat Neurosci
23:1339-1351

Chiot A, Lobsiger CS, Boillee S (2019) New insights on the dis-
ease contribution of neuroinflammation in amyotrophic lateral
sclerosis. Curr Opin Neurol 32:764-770

Volonte C, Apolloni S, Parisi C, Amadio S (2016) Purinergic
contribution to amyotrophic lateral sclerosis. Neuropharmacol-
ogy 104:180-193

Volonte C, Amadio S, Cavaliere F, D’Ambrosi N, Vacca F, Ber-
nardi G (2003) Extracellular ATP and neurodegeneration. Curr
Drug Targets CNS Neurol Disord 2:403-412

Volonte C, Apolloni S, Carri MT, D’Ambrosi N (2011) ALS:
focus on purinergic signalling. Pharmacol Ther 132:111-122
Burnstock G (2008) Purinergic signalling and disorders of the
central nervous system. Nat Rev Drug Discov 7:575-590
Burnstock G (2016) An introduction to the roles of purinergic
signalling in neurodegeneration, neuroprotection and neurore-
generation. Neuropharmacology 104:4-17

Erb L, Woods LT, Khalafalla MG, Weisman GA (2019) Puriner-
gic signaling in Alzheimer’s disease. Brain Res Bull 151:25-37
Toth A, Antal Z, Bereczki D, Sperlagh B (2019) Purinergic sig-
nalling in Parkinson’s disease: a multi-target system to combat
neurodegeneration. Neurochem Res 44:2413-2422

Burnstock G (2017) Purinergic Signalling and Neurologi-
cal Diseases: An Update. CNS Neurol Disord Drug Targets
16:257-265

Cunha RA (2008) Caffeine, adenosine receptors, memory and
Alzheimer disease. Med Clin (Barc) 131:790-795

Canas PM, Porciuncula LO, Cunha GM, Silva CG, Machado NJ,
Oliveira JM, Oliveira CR, Cunha RA (2009) Adenosine A2A
receptor blockade prevents synaptotoxicity and memory dysfunc-
tion caused by beta-amyloid peptides via p38 mitogen-activated
protein kinase pathway. J Neurosci 29:14741-14751

Morato X, Lujan R, Lopez-Cano M, Gandia J, Stagljar I, Wata-
nabe M, Cunha RA, Fernandez-Duenas V, Ciruela F (2017) The
Parkinson’s disease-associated GPR37 receptor interacts with stri-
atal adenosine A2A receptor controlling its cell surface expression
and function in vivo. Sci Rep 7:9452

Carvalho K, Faivre E, Pietrowski MJ, Marques X, Gomez-Murcia
V, Deleau A, Huin V, Hansen JN, Kozlov S, Danis C et al (2019)
Exacerbation of Clq dysregulation, synaptic loss and memory
deficits in tau pathology linked to neuronal adenosine A2A recep-
tor. Brain 142:3636-3654

Pougnet JT, Toulme E, Martinez A, Choquet D, Hosy E, Boue-
Grabot E (2014) ATP P2X receptors downregulate AMPA recep-
tor trafficking and postsynaptic efficacy in hippocampal neurons.
Neuron 83:417-430

Khakh BS, North RA (2012) Neuromodulation by extracellular
ATP and P2X receptors in the CNS. Neuron 76:51-69

Pougnet JT, Compans B, Martinez A, Choquet D, Hosy E, Boue-
Grabot E (2016) P2X-mediated AMPA receptor internalization
and synaptic depression is controlled by two CaMKII phospho-
rylation sites on GluA1 in hippocampal neurons. Sci Rep 6:31836
Boue-Grabot E, Pankratov Y (2017) Modulation of central syn-
apses by astrocyte-released ATP and postsynaptic P2X receptors.
Neural Plast 2017:9454275

@ Springer

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Fischer W, Krugel U (2007) P2Y receptors: focus on structural,
pharmacological and functional aspects in the brain. Curr Med
Chem 14:2429-2455

Cavaliere F, Florenzano F, Amadio S, Fusco FR, Viscomi MT,
D’Ambrosi N, Vacca F, Sancesario G, Bernardi G, Molinari M,
Volonte C (2003) Up-regulation of P2X2, P2X4 receptor and
ischemic cell death: prevention by P2 antagonists. Neuroscience
120:85-98

Franke H, Illes P (2006) Involvement of P2 receptors in the growth
and survival of neurons in the CNS. Pharmacol Ther 109:297-324
Casanovas A, Hernandez S, Tarabal O, Rossello J, Esquerda JE
(2008) Strong P2X4 purinergic receptor-like immunoreactivity
is selectively associated with degenerating neurons in transgenic
rodent models of amyotrophic lateral sclerosis. J Comp Neurol
506:75-92

Apolloni S, Montilli C, Finocchi P, Amadio S (2009) Membrane
compartments and purinergic signalling: P2X receptors in neuro-
degenerative and neuroinflammatory events. Febs J 276:354-364
Zabala A, Vazquez-Villoldo N, Rissiek B, Gejo J, Martin A, Palo-
mino A, Perez-Samartin A, Pulagam KR, Lukowiak M, Capetillo-
Zarate E et al (2018) P2X4 receptor controls microglia activation
and favors remyelination in autoimmune encephalitis. EMBO Mol
Med 10:e8743

Carvalho K, Martin E, Ces A, Sarrazin N, Lagouge-Roussey P,
Nous C, Boucherit L, Youssef I, Prigent A, Faivre E et al (2021)
P2X7-deficiency improves plasticity and cognitive abilities in a
mouse model of Tauopathy. Prog Neurobiol 206:102139
Ulmann L, Hirbec H, Rassendren F (2010) P2X4 receptors medi-
ate PGE2 release by tissue-resident macrophages and initiate
inflammatory pain. EMBO J 29(14):2290-300

Boué-Grabot E, Pankratov Y (2017) Modulation of central syn-
apses by astrocyte-released ATP and postsynaptic P2X receptors.
Neural Plast 2017:9454275

Abbracchio MP, Burnstock G, Verkhratsky A, Zimmermann H
(2009) Purinergic signalling in the nervous system: an overview.
Trends Neurosci 32:19-29

Montilla A, Mata GP, Matute C, Domercq M (2020) Contribution
of P2X4 receptors to CNS function and pathophysiology. Int J Mol
Sci 21:5562

Duveau A, Bertin E, Boue-Grabot E (2020) Implication of Neu-
ronal Versus Microglial P2X4 Receptors in Central Nervous Sys-
tem Disorders. Neurosci Bull 36:1327-1343

Cao Q, Zhong XZ, Zou Y, Murrell-Lagnado R, Zhu MX, Dong XP
(2015) Calcium release through P2X4 activates calmodulin to pro-
mote endolysosomal membrane fusion. J Cell Biol 209:879-894
Huang P, Zou Y, Zhong XZ, Cao Q, Zhao K, Zhu MX, Mur-
rell-Lagnado R, Dong XP (2014) P2X4 forms functional ATP-
activated cation channels on lysosomal membranes regulated by
luminal pH. J Biol Chem 289:17658-17667

Toulme E, Garcia A, Samways D, Egan TM, Carson MJ, Khakh
BS (2010) P2X4 receptors in activated C8—B4 cells of cerebellar
microglial origin. ] Gen Physiol 135:333-353

Robinson LE, Murrell-Lagnado RD (2013) The trafficking and
targeting of P2X receptors. Front Cell Neurosci 7:233

Beggs S, Trang T, Salter MW (2012) P2X4R+ microglia drive
neuropathic pain. Nat Neurosci 15:1068-1073

Varma R, Chai Y, Troncoso J, Gu J, Xing H, Stojilkovic SS, Matt-
son MP, Haughey NJ (2009) Amyloid-beta induces a caspase-
mediated cleavage of P2X4 to promote purinotoxicity. Neuromol
Med 11:63-75

Andries M, Van Damme P, Robberecht W, Van Den Bosch L
(2007) Ivermectin inhibits AMPA receptor-mediated excitotoxic-
ity in cultured motor neurons and extends the life span of a trans-
genic mouse model of amyotrophic lateral sclerosis. Neurobiol
Dis 25:8-16



Increased surface P2X4 receptors by mutant SOD1 proteins contribute to ALS pathogenesis in...

Page170f 18 431

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

D’Ambrosi N, Finocchi P, Apolloni S, Cozzolino M, Ferri A,
Padovano V, Pietrini G, Carri MT, Volonte C (2009) The pro-
inflammatory action of microglial P2 receptors is enhanced in
SOD1 models for amyotrophic lateral sclerosis. J Immunol
183:4648-4656

Tsuda M, Shigemoto-Mogami Y, Koizumi S, Mizokoshi A, Koh-
saka S, Salter MW, Inoue K (2003) P2X4 receptors induced in
spinal microglia gate tactile allodynia after nerve injury. Nature
424:778-783

Bertin E, Deluc T, Pilch KS, Martinez A, Pougnet JT, Doudnikoff
E, Allain AE, Bergmann P, Russeau M, Toulme E et al (2021)
Increased surface P2X4 receptor regulates anxiety and memory
in P2X4 internalization-defective knock-in mice. Mol Psychiatry
26:629-644

Hernandez S, Casanovas A, Piedrafita L, Tarabal O, Esquerda JE
(2010) Neurotoxic species of misfolded SOD1G93A recognized
by antibodies against the P2X4 subunit of the ATP receptor accu-
mulate in damaged neurons of transgenic animal models of amyo-
trophic lateral sclerosis. J Neuropathol Exp Neurol 69:176-187
Sim JA, Chaumont S, Jo J, Ulmann L, Young MT, Cho K, Buell
G, North RA, Rassendren F (2006) Altered hippocampal synaptic
potentiation in P2X4 knock-out mice. J Neurosci 26:9006-9009
Fernagut PO, Diguet E, Stefanova N, Biran M, Wenning GK, Can-
ioni P, Bioulac B, Tison F (2002) Subacute systemic 3-nitropro-
pionic acid intoxication induces a distinct motor disorder in adult
C57BI1/6 mice: behavioural and histopathological characterisation.
Neuroscience 114:1005-1017

Jo YH, Donier E, Martinez A, Garret M, Toulme E, Boue-Grabot
E (2011) Cross-talk between P2X4 and gamma-aminobutyric
acid, type A receptors determines synaptic efficacy at a central
synapse. J Biol Chem 286:19993-20004

Toulme E, Soto F, Garret M, Boue-Grabot E (2006) Functional
properties of internalization-deficient P2X4 receptors reveal a
novel mechanism of ligand-gated channel facilitation by ivermec-
tin. Mol Pharmacol 69:576-587

Bertin E, Martinez A, Boue-Grabot E (2020) P2X electrophysiol-
ogy and surface trafficking in Xenopus oocytes. Methods Mol Biol
2041:243-259

Ray A, Dittel BN (2010) Isolation of mouse peritoneal cavity
cells. J Vis Exp 35:1488

Bobanovic LK, Royle SJ, Murrell-Lagnado RD (2002) P2X
receptor trafficking in neurons is subunit specific. J] Neurosci
22:4814-4824

Royle SJ, Bobanovic LK, Murrell-Lagnado RD (2002) Identifi-
cation of a non-canonical tyrosine-based endocytic motif in an
ionotropic receptor. J Biol Chem 277:35378-35385

Royle SJ, Qureshi OS, Bobanovic LK, Evans PR, Owen DJ,
Murrell-Lagnado RD (2005) Non-canonical YXXGPhi endocytic
motifs: recognition by AP2 and preferential utilization in P2X4
receptors. J Cell Sci 118:3073-3080

Adencreutz M, Hau J (2004) Studies of neonatal and juvenile neu-
romuscular locomotor development of C57BL/6/Bkl, 129SvEv/
Bkl and F1 hybrid mice in swim tests. In Vivo 18:733-737
Bergmann P, Garcia de Paco E, Rissiek B, Menzel S, Dubberke
G, Hua J, Rassendren F, Ulmann L, Koch-Nolte F (2019) Genera-
tion and characterization of specific monoclonal antibodies and
nanobodies directed against the ATP-gated channel P2X4. Front
Cell Neurosci 13:498

Xu J, Bernstein AM, Wong A, Lu XH, Khoja S, Yang XW, Davies
DL, Micevych P, Sofroniew MV, Khakh BS (2016) P2X4 receptor
reporter mice: sparse brain expression and feeding-related presyn-
aptic facilitation in the arcuate nucleus. J Neurosci 36:8902-8920
Bataveljic D, Stamenkovic S, Bacic G, Andjus PR (2011) Imag-
ing cellular markers of neuroinflammation in the brain of the
rat model of amyotrophic lateral sclerosis. Acta Physiol Hung
98:27-31

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

Corcia P, Tauber C, Vercoullie J, Arlicot N, Prunier C, Praline J,
Nicolas G, Venel Y, Hommet C, Baulieu JL et al (2012) Molecular
imaging of microglial activation in amyotrophic lateral sclerosis.
PLoS ONE 7:52941

Lewis KE, Rasmussen AL, Bennett W, King A, West AK, Chung
RS, Chuah MI (2014) Microglia and motor neurons during dis-
ease progression in the SOD1G93A mouse model of amyotrophic
lateral sclerosis: changes in arginasel and inducible nitric oxide
synthase. J Neuroinflammation 11:55

Liu J, Wang F (2017) Role of neuroinflammation in amyotrophic
lateral sclerosis: cellular mechanisms and therapeutic implica-
tions. Front Immunol 8:1005

Philips T, Robberecht W (2011) Neuroinflammation in amyo-
trophic lateral sclerosis: role of glial activation in motor neuron
disease. Lancet Neurol 10:253-263

Thompson AG, Turner MR (2019) Untangling neuroinflammation
in amyotrophic lateral sclerosis. J Neurol Neurosurg Psychiatry
90(12):1303-1304

Turner MR, Cagnin A, Turkheimer FE, Miller CC, Shaw CE,
Brooks DJ, Leigh PN, Banati RB (2004) Evidence of wide-
spread cerebral microglial activation in amyotrophic lateral
sclerosis: an [11C](R)-PK11195 positron emission tomography
study. Neurobiol Dis 15:601-609

Weydt P, Moller T (2005) Neuroinflammation in the pathogen-
esis of amyotrophic lateral sclerosis. NeuroReport 16:527-531
Zurcher NR, Loggia ML, Lawson R, Chonde DB, Izquierdo-
Garcia D, Yasek JE, Akeju O, Catana C, Rosen BR, Cudkowicz
ME et al (2015) Increased in vivo glial activation in patients
with amyotrophic lateral sclerosis: assessed with [(11)C]-
PBR28. Neuroimage Clin 7:409-414

Vargas MR, Johnson JA (2010) Astrogliosis in amyotrophic
lateral sclerosis: role and therapeutic potential of astrocytes.
Neurotherapeutics 7:471-481

Layhadi JA, Fountain SJ (2017) P2X4 receptor-dependent
Ca(2+) influx in model human monocytes and macrophages.
Int J Mol Sci 18:2261

Komine O, Yamanaka K (2015) Neuroinflammation in motor
neuron disease. Nagoya J Med Sci 77:537-549

Alexianu ME, Kozovska M, Appel SH (2001) Immune reactiv-
ity in a mouse model of familial ALS correlates with disease
progression. Neurology 57:1282-1289

Hall ED, Oostveen JA, Gurney ME (1998) Relationship of
microglial and astrocytic activation to disease onset and
progression in a transgenic model of familial ALS. Glia
23:249-256

Masuda T, Iwamoto S, Yoshinaga R, Tozaki-Saitoh H, Nishiyama
A, Mak TW, Tamura T, Tsuda M, Inoue K (2014) Transcription
factor IRFS drives P2X4R+-reactive microglia gating neuropathic
pain. Nat Commun 5:3771

Silberberg SD, Li M, Swartz KJ (2007) Ivermectin Interaction
with transmembrane helices reveals widespread rearrangements
during opening of P2X receptor channels. Neuron 54:263-274
Stokes L (2012) Rab5 regulates internalisation of P2X4 receptors
and potentiation by ivermectin. Purinergic Signal 9:113-121
Rodrigues RJ, Tome AR, Cunha RA (2015) ATP as a multi-target
danger signal in the brain. Front Neurosci 9:148

Apolloni S, Amadio S, Montilli C, Volonte C, D’Ambrosi N
(2013) Ablation of P2X7 receptor exacerbates gliosis and moto-
neuron death in the SOD1-G93A mouse model of amyotrophic
lateral sclerosis. Hum Mol Genet 22:4102-4116

Apolloni S, Amadio S, Parisi C, Matteucci A, Potenza RL,
Armida M, Popoli P, D’Ambrosi N, Volonte C (2014) Spinal cord
pathology is ameliorated by P2X7 antagonism in a SOD1-mutant

@ Springer



431

Page 18 of 18

E.Bertin et al.

82.

83.

84.

85.

86.

87.

88.

89.

mouse model of amyotrophic lateral sclerosis. Dis Model Mech
7:1101-1109

Chadet S, Allard J, Brisson L, Lopez-Charcas O, Lemoine R,
Heraud A, Lerondel S, Guibon R, Fromont G, Le Pape A et al
(2022) P2x4 receptor promotes mammary cancer progression
by sustaining autophagy and associated mesenchymal transition.
Oncogene 41:2920-2931

Ulmann L, Hatcher JP, Hughes JP, Chaumont S, Green PJ, Con-
quet F, Buell GN, Reeve AJ, Chessell IP, Rassendren F (2008)
Up-regulation of P2X4 receptors in spinal microglia after periph-
eral nerve injury mediates BDNF release and neuropathic pain. J
Neurosci 28:11263-11268

Gomez Morillas A, Besson VC, Lerouet D (2021) Microglia
and neuroinflammation: what place for P2RY 12? Int J Mol Sci
22:1636

Layhadi JA, Turner J, Crossman D, Fountain SJ (2018) ATP
evokes Ca(2+) responses and CXCLS5 secretion via P2X4 receptor
activation in human monocyte-derived macrophages. J Immunol
200:1159-1168

Csoka B, Nemeth ZH, Szabo I, Davies DL, Varga ZV, Paloczi J,
Falzoni S, Di Virgilio F, Muramatsu R, Yamashita T et al (2018)
Macrophage P2X4 receptors augment bacterial killing and protect
against sepsis. JCI Insight 3:¢99431

Suurvali J, Boudinot P, Kanellopoulos J, Ruutel Boudinot S
(2017) P2X4: A fast and sensitive purinergic receptor. Biomed J
40:245-256

Van Dyke JM, Smit-Oistad IM, Macrander C, Krakora D, Meyer
MG, Suzuki M (2016) Macrophage-mediated inflammation and
glial response in the skeletal muscle of a rat model of familial
amyotrophic lateral sclerosis (ALS). Exp Neurol 277:275-282
Mammana S, Fagone P, Cavalli E, Basile MS, Petralia MC, Nico-
letti F, Bramanti P, Mazzon E (2018) The role of macrophages in

@ Springer

90.

91.

92.

93.

94.

neuroinflammatory and neurodegenerative pathways of Alzhei-
mer’s disease, amyotrophic lateral sclerosis, and multiple scle-
rosis: pathogenetic cellular effectors and potential therapeutic
targets. Int J Mol Sci 19:831

Graber DJ, Hickey WF, Harris BT (2010) Progressive changes in
microglia and macrophages in spinal cord and peripheral nerve in
the transgenic rat model of amyotrophic lateral sclerosis. J Neu-
roinflammation 7:8

Liu G, Fiala M, Mizwicki MT, Sayre J, Magpantay L, Siani A,
Mahanian M, Chattopadhyay M, La Cava A, Wiedau-Pazos M
(2012) Neuronal phagocytosis by inflammatory macrophages in
ALS spinal cord: inhibition of inflammation by resolvin D1. Am
J Neurodegener Dis 1:60-74

Qureshi OS, Paramasivam A, Yu JC, Murrell-Lagnado RD (2007)
Regulation of P2X4 receptors by lysosomal targeting, glycan pro-
tection and exocytosis. J Cell Sci 120:3838-3849

Butovsky O, Siddiqui S, Gabriely G, Lanser AJ, Dake B, Murugai-
yan G, Doykan CE, Wu PM, Gali RR, Iyer LK et al (2012) Modu-
lating inflammatory monocytes with a unique microRNA gene
signature ameliorates murine ALS. J Clin Invest 122:3063-3087
Zondler L, Muller K, Khalaji S, Bliederhauser C, Ruf WP,
Grozdanov V, Thiemann M, Fundel-Clemes K, Freischmidt A,
Holzmann K, et al (2016) Peripheral monocytes are functionally
altered and invade the CNS in ALS patients. Acta Neuropathol
132:391-411.

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



	Increased surface P2X4 receptors by mutant SOD1 proteins contribute to ALS pathogenesis in SOD1-G93A mice
	Abstract
	Background
	Methods
	Mice
	Study approval
	Swimming test
	Motor scoring
	Immunohistofluorescence on mouse spinal cord
	RT-qPCR
	Xenopus laevis oocytes electrophysiology
	Isolation of mouse peritoneal macrophages
	Biotinylation assays
	Co-IP and pull-down
	Immunoblotting
	Statistical analysis

	Results
	Mutant SOD1 proteins alter P2X4 internalization leading to increased number and function
	Internalization-defective P2X4KI mice reveal that increased surface P2X4 is beneficial for ALS pathogenesis in SOD1 mice
	P2X4 expression switches from motoneurons to microglia within the spinal cord of SOD1 mice and parallels changes in astrocytic and microglial markers
	Surface P2X4 density increases in macrophages of SOD1 mice before the onset and during the progression of the disease
	Increase or absence of P2X4 transiently improves ALS and affects the microglial responses of SOD1 mice

	Discussion
	Conclusion
	Acknowledgements 
	References




