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ARTICLE INFO ABSTRACT

Keywords: Imbalance in cellular ionic homeostasis is a hallmark of several neurodegenerative diseases including Amyo-
ALS trophic Lateral Sclerosis (ALS). Sodium-calcium exchanger (NCX) is a membrane antiporter that, operating in a
Na+/ 5232: exchanger bidirectional way, couples the exchange of Ca%* and Na * ions in neurons and glial cells, thus controlling the
SOD1 mice intracellular homeostasis of these ions. Among the three NCX genes, NCX1 and NCX2 are widely expressed within
Motor neurons . . . P :
Neurounina the CNS, while NCX3 is present only in skeletal muscles and at lower levels of expression in selected brain re-
Misfolded SOD1 gions. ALS mice showed a reduction in the expression and activity of NCX1 and NCX2 consistent with disease
progression, therefore we aimed to investigate their role in ALS pathophysiology. Notably, we demonstrated that
the pharmacological activation of NCX1 and NCX2 by the prolonged treatment of SOD1%?*A mice with the newly
synthesized compound neurounina: (1) prevented the reduction in NCX activity observed in spinal cord; (2)
preserved motor neurons survival in the ventral spinal horn of SOD1**4 mice; (3) prevented the spinal cord
accumulation of misfolded SOD1; (4) reduced astroglia and microglia activation and spared the resident
microglia cells in the spinal cord; (5) improved the lifespan and mitigated motor symptoms of ALS mice.
The present study highlights the significant role of NCX1 and NCX2 in the pathophysiology of this neurode-
generative disorder and paves the way for the design of a new pharmacological approach for ALS.

1. Introduction Currently, the NMDA blocker riluzole and the ROS scavenger edar-
avone represent the only two therapeutic options available (Jaiswal,
2019). Riluzole acts by increasing the survival of patients by 2-3

months; edaravone, acts to slow disease progression as measured by

Amyotrophic lateral sclerosis is an idiopathic, fatal neurodegenera-
tive disease of the human motor system. The clinical hallmark is the

selective motor neurons (MNs) death in the brain and spinal cord,
leading to the paralysis of voluntary muscle (Pasinelli and Brown, 2006).

ALS is relentlessly progressive, 50% of patients die within 30 months
of symptoms onset (Hand et al., 2002). Only 5-10% of ALS cases are
familial (FALS), the remaining are sporadic, i.e., occurring in individuals
with no family history of ALS. The best documented familiar form of ALS
is due to inherited mutations in SOD1, the gene encoding copper-zinc
superoxide dismutase (Rosen et al., 1993).
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ALSFRS-R to evaluate motor function of patients (Jaiswal, 2019).
Among the different pathophysiological mechanisms proposed for
ALS neurodegeneration, the selective vulnerability of MNs has been
linked to the inability of these cells to control the dysregulation of so-
dium and calcium homeostasis (Berridge et al., 2003; Grosskreutz et al.,
2010; Guerini et al., 2005). Sodium-calcium exchanger (NCX) is a
membrane antiporter strongly involved in the maintenance of Ca*" and
Na™ homeostasis. Indeed, operating in a bidirectional way, it couples the
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exchange of Ca?t and Na™ ions in neurons and glial cells (Blaustein and
Lederer, 1999; Cuomo et al., 2015). Among the three NCX genes, NCX1
and NCX2 are widely expressed within the CNS, while NCX3 is present
only in skeletal muscles and at lower levels of expression in selected
brain regions (Canitano et al., 2002; Papa et al., 2003; Quednau et al.,
1997).

In the light of these premises, we investigated the involvement of
NCX1 and NCX2 in the pathogenesis of ALS and their possible “drugg-
ability”. To achieve this aim, we used the newly synthesized compound
neurounina, a diazepine derivative, able to activate NCX1 and NCX2,
with no effect on NCX3, and provided with an estimated ECsg in the low
nanomolar ranges (Molinaro et al., 2013). Relevantly, preclinical studies
showed that neurounina is provided with a high lipophilicity index, low
toxicity and ability to cross the BBB when systemically administered
(Severino et al., 2019).

In order to deeply investigate the role of these two NCX isoforms,
NCX1 and NCX2, prominently expressed within the CNS, in a familial
model of ALS it will be assessed: (1) mRNA and protein expression of
NCX1 and NCX2 in spinal cord of SOD1%%3A mice; (2) whether misfolded
SOD1 aggregation observed in SOD®**A mice is linked to changes in
NCX1 and NCX2 activity; (3) whether the modification of NCX1 and
NCX2 expression and activity in ALS mice is accompanied by changes in
microglia and astroglia function; and (4) whether the pharmacological
activation of NCX1 and NCX2 activity might interfere with ALS symp-
tomatology and survival rate.

2. Materials and methods
2.1. Animal model

B6SJL-TgN SOD1/G93A(+)1Gur mice expressing high copy number
of mutant human SOD1 with a Gly93Ala substitution [SOD1%34] and
B6SJL-TgN (SOD1)2Gur mice expressing wild-type human SOD1 (WT)
were obtained from Jackson Laboratories (Bar Harbor, ME, USA). This
model was used for experiments as it remains the only validated mouse
model of ALS for preclinical study according to the ALS Therapy
Development Institute and reproduces much of the pathogenesis and
pathology of clinical disease.

Transgenic animals have been crossed with background-matched
B6SJL wild-type female and selective breeding maintained each trans-
gene in the homozygous state. All transgenic mice were identified
analyzing extracts from tail tips by staining for SOD1 as previously
described (Anzilotti et al., 2018).

Overall, 130 male and female mice were group housed in micro-
isolator caging under standard 12-h light-dark conditions with access to
food and water. 7 males and 5 females out of 120 animals were not
included in the experimental groups as they died for unknown reasons.
The number of female and male mice was balanced among all the
experimental groups. Dead animals were equally distributed among the
experimental groups. Experiments were performed according to the
international guidelines for animal research and approved by the Ani-
mal Care Committee of “Federico II” University of Naples, Italy and
Ministry of Health, Italy. All efforts were made to minimize animal
suffering and to reduce the number of animals used.

2.2. Neurounina treatment

The NCX1, NCX2 activator neurounina, 7-nitro-5-phenyl-1-(pyrroli-
din-1-ylmethyl)-1Hbenzo[e][1,4]diazepin-2(3H)-one, was synthesized
as previously described (Molinaro et al., 2013), dissolved in distilled
water and intraperitoneally (IP) administered daily at a dose of 30 pg/
kg. This dosage was chosen from considerations deriving from the
chronic use of 30 pg/kg neurounina, daily for 3 weeks, in a model of
neonatal hypoxia (Cerullo et al., 2018) and from pharmacokinetic
considerations (neurounina half-life 2.5 h) (Severino et al., 2019). At
postnatal day 60 (P60), SOD1%%%A mice were randomized to receive
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either neurounina or vehicle control by IP every day for 60 days.

2.3. Tissue processing, immunostaining, and confocal
immunofluorescence

Immunostaining and confocal immunofluorescence procedures were
performed as previously described (Gargiulo et al., 2016; Pignataro
et al.,, 2015). Animals were anesthetized and transcardially perfused
with saline solution containing 0.01 ml heparin, (10 U/ml heparin in
0.1 M PBS) followed by 60 ml of 4% paraformaldehyde.

Spinal cords were rapidly removed on ice and postfixed overnight at
+4 °C and cryoprotected in 30% sucrose in 0.1 M phosphate buffer (PB)
with sodium azide 0.02% for 24h at 4 °C. Spinal cords were then
sectioned frozen on a sliding cryostat at 40 pm thickness, in rostrum-
caudal direction. Afterwards, free floating serial sections were incu-
bated with PB Triton X 0.3% and blocking solution (0.5% milk, 10%
FBS, 1% BSA) for 1h and 30 min. The sections were incubated overnight
at +4°C with the following primary antibodies: anti-SMI32(mouse
monoclonal antibody; 1:1000; Biolegend, San Diego, CA, catalog
801,701), anti-NCX1 (mouse monoclonal; 1:500; Swant, Switzerland,
catalog 11-13); anti-NCX2 (1:500; Alpha Diagnostic San Antonio, TX,
catalog ncx21-A); anti-NCX3 (rabbit polyclonal 1:4000; Swant,
Switzerland, catalog 95,209), anti-Glial Fibrillary Acidic protein (GFAP,
rabbit polyclonal antibody; 1:500; Abcam, Cambridge, UK, catalog
AB7260) and anti-ionized calcium binding adaptor molecule 1 (Ibal,
rabbit polyclonal antibody; 1:500; Wako Diagnostic USA, catalog
019-19,741) anti-TMEM119 (mouse monoclonal 1:500; Synaptic Sys-
tems; Germany, catalog 400,011), anti-Choline Acetyltransferase
(CHAT, rabbit polyclonal antibody; 1:300; Millipore, Milan, Italy, cat-
alog AB143).

The sections were then incubated with the corresponding florescent-
labeled secondary antibodies, Alexa 488/Alexa 594 conjugated anti-
mouse/antirabbit IgGs (Jackson ImmunoResearch Baltimore, PA).
Nuclei were counterstained with Hoechst (Sigma-Aldrich, Milan, Italy).
Images were observed using a Zeiss LSM700 META/laser scanning
confocal microscope (Zeiss, Oberkochen, Germany). Single images were
taken with an optical thickness of 0.7 pm and a resolution of 1024 x
1024. In double-labeled sections, the pattern of immune reactivity for
both antigens was identical to that seen in single-stained material.
Control double-immunofluorescence staining entailed the replacement
of the primary antisera with normal serum (data not shown). To mini-
mize a possible cross-reactivity between IgGs in double immunolabeling
experiments, the full complement of secondary antibodies was main-
tained but the primary antisera were replaced with normal serum or
only one primary antibody was applied (data not shown). In addition,
the secondary antibodies were highly preadsorbed to the IgGs of
numerous species (Cantarella et al., 2014). Tissue labeling without
primary antibodies was also tested to exclude autofluorescence. No
specific staining was observed under these control conditions, thus
confirming the specificity of the immunosignals.

Nissl staining was performed as previously described (Cerullo et al.,
2018). Briefly, slide-mounted sections were dipped 7 min in 0.5% so-
lution of Cresyl Violet in distilled water supplemented with acetic acid
(16 N solution, 60 drops/1). Slides were then rinsed in distilled water,
dehydrated through graded ethanol baths (95%, 100%; 5 min each),
delipidated 8 min in xylene, and coverslipped with Eukitt Mounting
Medium (Bio-Optica, Milan, Italy).

Standard 3,3'-diaminobenzidine (DAB) staining was employed on
sagittal step serial sections using antibody directed against B8H10
(Leyton-Jaimes et al., 2016) (mouse monoclonal 1:500 MEDIMABS,
Montreal (Quebec) Canada, catalog MM-0070-P).

2.4. Fluorescence intensity analysis

Quantification of GFAP, Ibal and TMEM119 fluorescence intensity
on tissue sections at the level of the lumbar spinal cord (L1-L6), was
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quantified in terms of pixel intensity value by using the NIH image
software, as previously described (Anzilotti et al., 2018). Briefly, digital
images were taken with x20 or x10 objective and identical laser power
settings and exposure times were applied to all the photographs from
each experimental set. Images were first thresholded to identify the
positive signal; subsequently, the pixels expressing GFAP, Ibal and
TMEM119 were identified. Finally, the number of pixels positive for
GFAP, Ibal and TMEM119 was measured per microscope field. Images
from the same areas of each brain region were compared. Results were
expressed in arbitrary units. n = 3 mice per treatment group and six
sections for each genotype.

2.5. Motor neurons and Misfolded-SOD1 counting analysis

MNs were counted in the spinal cord. Sections of each area were
analyzed as previously described (Valsecchi et al., 2020). Frozen brain
tissue and spinal cord were sectioned on a sliding cryostat at 20 pm, in
rostrum-caudal direction. Analyses were performed using image J soft-
ware in Polygonal-shaped neurons larger than 200pm? with a well-
defined cytoplasm, nucleus, and nucleolus for MNs counting. Quantifi-
cation of MNs was determined by counting and averaging 4 sections
selected at equally spaced intervals spanning L1-6 under 20x magnifi-
cation, n = 6 mice for each genotype were analyzed. Cell counting
analysis was determined as total MNs per field (mm?) of 4.5 month-old
mice. For Mis-SOD1 counting the total number of positive signals of
B8H10 antibody (Leyton-Jaimes et al., 2016) was counted by image J
software, for photographic field (mm?) in cells with well-defined cyto-
plasm. n = 3 mice per treatment group and six sections for each
genotype.

2.6. Ibal, GFAP and TMEM119 cell counting analysis

Frozen spinal cord was sectioned on a sliding cryostat at 20 pm, in
rostrum-caudal direction. Images from the same areas of each brain
region were compared. Analyses were performed using image J software
in the total number of positive signals of Ibal, GFAP and TMEM119
antibodies for photographic field (mm2) in lumbar spinal cord (L1-L6) of
Wt and G93A mice. n = 3 mice per treatment group and six sections for
each genotype (Coda et al., 2021).

2.7. Western blot analysis

For western blot analysis, spinal cord tissues were lysed in lysis
buffer containing 50mM Tris-HCl, pH 7.4, 150mM NaCl, 1 mM EDTA,
1% Triton X-100, and protease and phosphatase inhibitors. Samples
were subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and immunoblotted with specific antibodies. Rabbit polyclonal antibody
against NCX1 (1:1000 dilution, Swant, Bellinzona, Switzerland), rabbit
polyclonal anti-NCX2 (1:500 dilution, ALPHA-DIAGNOSTIC int. San
Antonio, TX, USA), and mouse monoclonal anti- p-Actin-peroxidase,
(1:10000 dilution, Sigma-Aldrich, St. Louis, MO, USA. Immunoreactive
bands were detected using ECL (GE Healthcare, Milan, Italy). The op-
tical density of the bands (normalized for p-actin) was determined by
Chemi-Doc Imaging System (Bio-Rad, Segrate, Italy). The optical density
of NCX1 was determined for the band at 120 KDa.

2.8. RT-PCR experiments

Tissues were quickly removed from mice, then immediately frozen
on dry ice and stored at —80 °C until use. Total RNA was extracted with
Trizol reagents, following supplier’s instructions (Life Technologies,
Monza, Italy). The first-strand cDNA was synthesized with 2 pg of total
RNA using the High Capacity cDNA Reverse Transcription Kit following
supplier’s instruction (Life Technologies). Quantitative real-time PCR
with TagMan assays for NCX1-2-3 genes and glucuronidase beta (Gusb)
as housekeeping were performed in a 7500 real-time PCR system (Life
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Technologies). Samples were amplified simultaneously in triplicate in 1
assay run. Changes in mRNA levels were determined as the difference in
threshold cycle (—A Ct) between the target gene and the reference gene
(Valsecchi et al., 2020; Valsecchi et al., 2015).

2.9. Cell lines

Human neuroblastoma SH-SY5Y cells (Cell bank Line Collection
ICLC) were grown as monolayers in Dulbecco’s modified Eagle’s me-
dium (DMEM) with 10% (v/v) fetal bovine serum (FBS), L glutamine (2
mM), pyruvic acid (1 mM), 1x non-essential amino acids and 1x
antibiotics.

2.10. Purified synaptosomal preparation and [Ca®*]; imaging

Spinal cord synaptosomes were purified on discontinuous Percoll
gradients, as previously described(Secondo et al., 2015). Briefly, tissues
were homogenized in a medium containing 0.32M sucrose, 1 mM EDTA,
and 0.25mM dl-dithiothreitol (pH 7.4). Each homogenate was centri-
fuged at 1000 xg for 10min at 4°C and the supernatant was diluted at
14ml/g with sucrose medium (pH 7.4). Two ml of the suspension were
placed onto 8ml Percoll discontinuous gradient containing 0.32M su-
crose and 3%, 10%, 15%, and 23% Percoll (pH 7.4). After centrifugation
at 32,000 xg for 15min at 4°C, synaptosomes were recovered between
the 15% and 23% Percoll bands, diluted five times with HEPES buffer
medium containing (in mM): 125 NaCl, 2.5 KCI, 5 NaHCOs, 1.2
NaH3POy4, 1.2 MgS04, 6 glucose, and 25 HEPES (pH 7.4), and centri-
fuged at 15,000 xg for 15min at 4 °C. Finally, the pellet was resuspended
in 1ml of medium B (145mM NaCl, 3mM KCl, 1.2mM MgCl,, 10mM
glucose, and 10mM HEPES, pH 7.4) and stored on ice. Protein content
was determined by the Bradford method. Percoll-purified synaptosomes
were resuspended in medium B (1 mg/ml) and loaded with the ratio-
metric fluorescent Ca®" indicator Fura-2 AM (6 uM) in the presence of
16 uM bovine serum albumin for 45min at 37°C. Dye-loaded synapto-
somes were then washed by centrifugation, re-suspended in medium B
containing 1.2mM CaCl,, and attached to poly-p-lysine-coated cover-
slips for 20min at 37°C. The coverslips were placed into a perfusion
chamber (Medical System, Greenvale, NY, USA) mounted on the stage of
an inverted Zeiss Axiovert 200 fluorescence microscope (Zeiss, Ober-
kochen, Germany) equipped with a x 40 oil objective lens. Experiments
were carried out with a digital imaging system composed of MicroMax
512BFT cooled CCD camera (Princeton Instruments, Trenton, NJ, USA),
LAMBDA 10-2 filter wheel (Sutter Instruments, Novato, CA, USA), and
META-MORPH/METAFLUOR Imaging System software (Universal Im-
aging, West Chester, PA, USA). Synaptosomes were illuminated at 340
and 380nm wavelength by a 100-W Xenon lamp (Osram, Berlin, Ger-
many). The emitted light was passed through a 512nm barrier filter.
Images were digitized and analyzed using metafluor Imaging software.
[Ca%*]; in SH-SY5Y cells was detected by single-cell Fura-2/AM com-
puter assisted video-imaging, as previously reported (Formisano et al.,
2013). Cells were loaded in normal Krebs solution containing (in mM)
5.5 KCl, 160 NaCl, 1.2 MgCI2, 1.5 CaCl2, 10 glucose and 10
Hepes-NaOH, pH 7.4. Intracellular Ca%* concentration was calculated
by the equation of Grynkiewicz et al. (Grynkiewicz et al., 1985;
Urbanczyk et al., 2006).

NCX activity was evaluated as Ca®* uptake through the reverse mode
by switching the normal Krebs medium to Na'-deficient NMDG " me-
dium named Na'-free, containing (in mM): 5.5 KCl, 147 NMDG, 1.2
MgCly, 1.5 CaCly, 10 glucose, and 10 Hepes-Trizma (pH 7.4). These
experiments with SH-SY5Y cells were performed in the presence of the
irreversible and selective inhibitor of the sarco(endo)plasmic reticulum
Ca?* ATPase thapsigargin (1 pM).

2.11. Cell transfection of plasmids and small interfering RNAs

After 24 h of cell seeding, cells were transiently transfected with 10
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pg -for Immunoprecipitation experiments- or 1 pg -for MTT assay- of
plasmids containing SOD1 wild type (SOD1-WT) cDNA or SOD1 cDNA
carrying the mutation G93A (SOD1-G93A), that were a gift from Eliz-
abeth Fisher (Addgene plasmid # 26397 and # 26401), by using Lip-
ofectamine 2000 in Optimem medium, according to the protocol by the
manufacturer (Invitrogen, ThermoFisher Scientific). The next day, cells
have been treated with Neurounina-1 (30 nM) or vehicle and, after 24 h,
have been analyzed for immunoprecipitation experiments or MTT assay.
NCX1 and NCX2 knocking-down was achieved by different Flex-
iTube small interfering RNAs (siRNAs) against the proteins (Qiagen,
Milan, Italy). Cells were transfected in OptiMem medium by HiPerFect
Transfection Reagent with the non-targeting control or the following
siRNAs in combination (each at 10 nM):
(1) Hs_SLC8A1 9 (target sequence: CAGGCCATCTTCTAAGACTGA);
(2) Hs_SLC8A1 _8 (target sequence:ATGCGGCGATTAAGTCTTTCA);
(3) Hs_SLC8A1_7 (target sequence: GAGGTGGTGATTTGACTAACA);
(4) Hs_SLC8A1 _6 (target sequence: CTGATCGGTTCATGTCCTCTA);
(5) Hs_SLC8A2 10 (target sequence: CGAGGGCACGCTGGTGTTCAA);
(6) Hs_SLC8A2 9 (target sequence: CCCGAAGAGCATCGAGCTGGA);
(7) Hs_SLC8A2_8 (target sequence: CTGTTGATGTTTCCTGCCCAA);
(8) Hs_SLC8A2_7 (target sequence: CCCTGACACGTTCGCCAGCAA).

2.12. Immunoprecipitation

For immunoprecipitation total cell extracts for each group were re-
suspended using immunoprecipitation lysis buffer (50 mM Tris-HCL,
pH 7.5, Triton 1%, p-glicerol 10 mM, NaF 100 mM, Na3VO4 100 mM,
150 mM NaCl, and 1 mM EDTA), with the addition of protease inhibitor
cocktail (1/100) P-8140 (Sigma). Aliquots of 1500 pg were used for the
experiments in a final volume of 500 pl and 3 pg of mouse monoclonal
anti-misfolded SOD1 (B8H10, MEDIMABS) (Leyton-Jaimes et al., 2016)
was added to each treatment set; the samples were then placed on a
rocker at 4 °C overnight. Notably, 100 pg of pre-immunoprecipitated
sample was used as input. After a centrifugation at 2500 rpm for 5
min, the supernatant was discarded, and the pellets were washed two
times with 1 ml of cold PBS 1x plus protease inhibitors. The pellet was
re-suspended in 20 pl of loading buffer 2x, boiled for 10 min and
centrifuged (Guida et al., 2017). The immunoprecipitated supernatant
was separated by SDS-12% and blotted onto polyvinylidene difluoride
membrane (Amersham Biosciences). Membranes were then treated with
a blocking solution for 2 h at RT and incubated overnight at 4° with
rabbit-polyclonal anti-SOD1 (1:1000, PA5-27240,ThermoFisher Scien-
tific) (Laudati et al., 2019).

2.13. L-BMAA exposure

After plating, SH-SYS5Y cells were exposed to the cyanobacterial
toxin p-N-methylamino-L-alanine (L-BMAA) at 2 mM for 120 h in a
medium containing 0% FBS. The neurotoxin was replaced at day 1, 3
and 5 while neurounina (10 nM) was added to the cell culture medium
20 min before each L-BMAA administration. At the end of the experi-
ment, cell viability was assessed by MTT assay.

2.14. Determination of cell viability

Cell viability was revealed as previously described (Amoroso et al.,
2000; Laudati et al., 2019) by using the MTT (Sigma- Aldrich, Milan
Italy).

Specifically, after 24h of treatment with neurounina 30 nM or
vehicle, the medium was removed, and cells were incubated in 0.5mg/
ml of MTT solution for 2h at 37°C. The incubation was stopped by
adding 500l of acidified isopropanol to solubilize the formazan salt,
and viability was read by measuring the absorbance at 540nm with a
spectrophotometer.
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2.15. Evaluation of motor performance

Hind limb grip test was conducted by placing the mouse on a grid
(45cm long x 28 cm large) upside-down (30 cm above a foam pad). The
test was performed once a week and the latency to fall off the grid was
also measured up to a maximum of 60s.(Anzilotti et al., 2015). Paralysis
onset was defined as the day in which the grip test performance was less
than 20% compared to day 1 performance.

Motor coordination and balance was assessed using a five-station
mouse rotarod apparatus (Ugo Basile; Milan, Italy) as previously
described (Natale et al., 2020). In each station, the rod was 6cm in
length and 3cm in diameter. Mice were trained to maintain balance at
increasing speed up to a constant speed of 14rpm for three consecutive
trials. The test sessions were conducted by one rotarod trial adminis-
tered once a week. In this session, the speed of rotation was increased
from 4 to 14rpm over 60s. Mice had three trials on the rod, and the
latencies to fall were measured once a week and then averaged. The
maximum latency of 60s was assigned to the mice that did not fall at all.
Weekly evaluation of hind limb paralysis was performed. Hind limb
paralysis was scored when the animal dragged one of its hind limbs, and
paralysis of a forelimb was scored when the mouse failed to use its
forelimbs for walking or righting. Body weight was measured immedi-
ately before each session of behavioral tests.

Disease end stage was defined by the inability of mice to right
themselves within 20s when placed on their sides. We did not identify
any differences between males and females for this reason we decided to
use both genders.

For the evaluation of survival and motor performance we considered
two different experimental groups:

Group 1-Survival: n = 10 (5 males and 5 females) G93A mice treated
with vehicle and n = 12 (6 males and 6 females) G93A mice treated with
neurounina.

Group 2-Onset disease and motor performance: n = 16(7 males and 9
females) G93A mice treated with vehicle; n = 15 (7 males and 8 females)
G93A mice treated with neurounina; n = 6 (3 males and 3 females) Wild
type mice treated with vehicle and n = 6 (3 males and 3 females) Wild
type mice treated with neurounina.

2.16. Statistical analysis

Data were evaluated as means + SEM. Statistically significant dif-
ferences among means were determined by one-way ANOVA followed
by Student-Newman-Keuls/Bonferroni post-hoc test for western blot-
ting, cell counting, real-time PCR analysis, microfluorimetry and
Behavioral test. The Kaplan-Meier plot was used to evaluate survival,
grip, rotarod and paralysis onset. Student’s t-test was used for two
groups comparison. Statistical significance was accepted at the 95%
confidence level (p < 0.05). Statistical analyses were performed by using
GraphPad Prism 5.0 (La Jolla, CA, USA). All experiments were carried
out in a blinded manner.

3. Results

3.1. NCX1 transcript and protein expression was downregulated in spinal
cord of fully symptomatic SOD1%%*A mice, whereas NCX2 transcript

expression decreased both in presymptomatic and fully symptomatic SOD1
G934 mice

To examine the role of NCX1 and NCX2 in ALS, transcript and protein
levels were evaluated in the spinal cord of asymptomatic (2 months) and
late (4.5 months) symptomatic SOD1%°** mice. These values of tran-
scripts and proteins were compared to those of age-matched healthy
controls (Wt) (Fig. 1).

At 2 months of age, when SOD1%%*A mice were still asymptomatic,
no significant difference in NCX1 mRNA and protein expression levels
were found in the spinal cord of SOD1%3* compared to Wt littermate
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and 4.5 months of age in spinal cord of Wt and SOD1%?**mice. Real time PCR, data are expressed as mean + SEM (n = 3/6 for each group). Western blotting analysis,
data are expressed as mean + SEM (n = 3/5 for each group). Statistically significant differences among means were determined by one-way ANOVA followed by
Newman Keuls’s correction for multiple comparisons test: * p < 0.05, SOD1%%3A ys, Wt; " p < 0.05, Wt 4.5 months vs. Wt 2 months.

(Fig. 1A-B). By contrast, at 4.5 months of age, when SOD1%°*A mice
were fully symptomatic, NCX1 mRNA ad protein levels in the spinal cord
significantly decreased by 70% compared to Wt animals (Fig. 1A-B). In
contrast, NCX2 mRNA expression was down-regulated in the spinal cord
in the pre-symptomatic phase and in the late phase of the disease
(approximately 70% reduction) (Fig. 1C). In a similar manner, also
NCX2 protein expression showed a significant decrease in the late phase
of the disease (Fig. 1D).

3.2. The NCX1 and NCX2 activator, neurounina, prevented the reduced
NCX activity observed in spinal cord of SOD1%%%# mice

In order to prevent NCX1 and NCX2 reduced activity observed in the
spinal cord of SOD1%°®A mice, the newly synthesized NCX1 and NCX2
activator, neurounina, was intraperitoneally administered daily at a
dose of 30 pg/kg, (Molinaro et al., 2013) beginning at 2 months of age
until 4.5 months. The effect of neurounina on NCX1 and NCX2 activity
and expression was evaluated by microfluorimetry, immunohisto-
chemical, and western blotting analyses, respectively (Fig. 2). In
particular, NCX reverse mode of operation was evaluated by Na'-free-
induced [Ca®"7; increase in spinal cord synaptosomes obtained from Wt
and SOD1%%3A mice treated with vehicle or with neurounina, at 4.5
months of age. Na'-free-induced [Ca2+]i increase was significantly
reduced in spinal cord synaptosomes from vehicle-treated SOD1693A
mice compared to vehicle-treated Wt animals (Fig. 2A). Interestingly,
long-lasting neurounina treatment in vivo was able to increase the

activity of NCX in Wt mice and to prevent the reduction of NCX activity
observed in spinal cord synaptosomes from symptomatic SOD1°%*A mice
(Fig. 2A) without interfering with NCX expression. In fact, western
blotting analysis showed that neurounina treatment did not alter NCX1,
NCX2 (Fig. 2B) and NCX3 (data not shown) expression in the spinal cord
of Wt and symptomatic SOD1%°*A mice. In agreement with these data,
confocal microscopy experiments with antibodies directed against a
specific MNs marker, SMI32, and against NCX1 and NCX2, indicated
that NCX1 and NCX2 expression decreased in spinal cord motor neurons
of symptomatic SOD1%%%A mice (Fig. 2Ca-d,i-l;Da-d,i-1). Furthermore,
the neurounina treatment did not induce any change in the expression
and the localization of NCX1 (Fig. 2Ce-h,m-p) and NCX2 (Fig. 2De-h,m-
p). Interestingly, the expression of NCX1 and NCX2 was prevalent in the
cytosol of large polygonal-shaped MNs (Fig. 2Ca-d;Da-d).

3.3. Neurounina treatment prolonged motor neurons survival in the
ventral spinal horn of SOD1%%*4 mice

In order to investigate whether NCX1 and NCX2 increased activity,
induced by neurounina, had a neuroprotective effect on MNs, spinal
cord sections from fully symptomatic mice were stained with Nissl, and
MNs number was evaluated in the ventral spinal cord region. Since in
ALS pathophysiology the degeneration occurs preferentially in large
MNs, the number of cells with a perikaryal projection area of more than
200 pm? was counted in Wt and fully symptomatic SOD1%** mice
treated chronically with vehicle or with neurounina (Fig. 3A). The



S. Angzilotti et al.

Neurobiology of Disease 159 (2021) 105480

Spinal cord homogenates

Iz] WT SOD163%4 WT SOD16%34
; Veh Neu Veh nNe
Spinal cord synaptosomes Veh Neu Veh Neu I Yo Wew
3 5 >
P T 45months 4.5 months 207 BActin IE] 42 2.0q BActin IE' 2
a2
3 2 4.5 months 4.5 months 4.5 months 4.5 months
o= £15 £ 154
=i . T g
as 30 § <
]
£ s P T
° A 1.0 S 104
23 2 I o 5 T 5 b * N
23 z z
8E 4 * 05/ 05
xX o
o
Z%
0 0.0 0.0
2 Wt SOD16%4  SOD16%34 Wt SOD16%4  gop16%34 Wt Wt SOD16%34  gop16s3A
Veh Neu Veh Neu IEI Veh Neu Veh Neu Veh Neu Veh Neu
2Nl SV132 a Hoechst o NCX2
Wt Wt
Vehicle ’ Vehicle
4,5 months 4,5 months
Wt e Hoechst Wt NCX2 f
Neurounina Neurounina
4,5 months 4,5 months
SMI32 i Hoechst
SOD16GS3A SOD16G93A
Vehicle Vehicle
4,5 months 4,5 months
SMI32 m Hoechst NCX2 n
SOD16%3A SOD16%3A
Neurounina Neurounina
4,5 months . 4,5 months

Fig. 2. NCX1 and 2 immunolocalization, expression and quantification of NCX activity in SOD

199%A mice treated to neurounina.

(A) Quantification of NCX activity as [Ca®*]i increase induced by Na * —free perfusion in Fura-2 AM-loaded spinal cord synaptosomes of adult wild-type (Wt) mice

treated with vehicle, Wt mice treated with neurounina and symptomatic SOD

1G93A

mice treated with vehicle or neurounina. P values were obtained using one-way

ANOVA with Newman Keuls’s correction for multiple comparisons. *P < 0.05 vs. wild-type vehicle and wild-type neurounina; “P < 0.05 vs. SOD1%°*A mice vehicle;
(B) Representative western blotting and quantification of the effect of neurounina on NCX1-2 protein expression, arbitrary units (AU), in spinal cord. Statistically
significant differences among means were determined by one-way ANOVA followed by Newman Keuls’s correction for multiple comparisons. The f-actin expression
level was used for normalization. Data are expressed as mean + SEM (n = 4/5 for each group). * p < 0.05, Wt vs SOD1°** mice.

Double labeling of NCX1 and NCX2 with SMI-32 in spinal cord of Wt mice + vehicle (C a-d, D a-d), Wt mice + neurounina (C e-h, D e-h) SOD1%%*A mice + vehicle (C

i-l, D i-I) SOD1%%*A mice + neurounina (C m-p, Dm-p) Scale bar 20 ym.

results revealed that neurounina treatment preserved large MNs in the
spinal cord of fully symptomatic SOD1%°*A mice (Fig. 3B). The neuro-
protective effect of neurounina on MNs survival was confirmed by using
Chat antibody, a specific marker of MNs. (Fig.S1). Indeed, the total
number of Chat positive cells increased in neurounina G93A mice group
compared to vehicle group.

3.4. Neurounina prevented the accumulation of misfolded SOD1 and
enhanced the survival of neuronal cells transfected with SOD1%%%4

To study the involvement of NCX1 and NCX2 isoforms in the neu-
roprotective mechanism of neurounina, both the exchanger isoforms
were efficiently silenced in human SH-SY5Y neuroblastoma cells
without interfering with NCX3 expression (Fig. 4A). Under these con-
ditions, Na'-dependent NCX activity was significantly reduced
compared with siControl-transfected cells (Fig. 4B). Exposure to L-
BMAA toxin, causing Guamanian amyotrophic lateral sclerosis/parkin-
sonism dementia complex (ALS/PDC), induced cell death in SH-SY5Y
that was partially prevented by neurounina treatment (Fig. 4C). Inter-
estingly, the neuroprotective effect of neurounina was counteracted by
NCX1 and NCX2 knocking down, a condition basically worsening cell
survival (Fig. 4C).

To test whether NCX1 and NCX2 activation can prevent the accu-
mulation of misfolded SOD1 (misSOD1) and protect against its toxicity,
human SH-SY5Y neuroblastoma cells were transfected with WT
(SoD1"T) or mutant (SOD1%%%4) SOD1 and exposed to neurounina. The
accumulation of misSOD1 was detected by immunoprecipitation (IP)
with B8H10, a monoclonal antibody that recognizes misfolded forms of
mutant human SOD1 protein, (Leyton-Jaimes et al., 2016) (Fig. 5A).
Interestingly, neurounina treatment clearly reduced the aggregation of
misfolded SOD1 in cell expressing SOD1%%3A, compared with vehicle-
treated SOD1%%%A cells (Fig. 5A).

Cell survival was quantified by the MTT assay in: (1) untransfected
cells, (2) SOD1%%3A transfected cells and (3) SOD1™T transfected cells,
exposed to vehicle or to neurounina (Fig. 5B). Notably, in these neuronal
cells neurounina treatment was able to rescue the toxic effect induced by
the SOD1%?3A variant transfection (Fig. 5B).

Furthermore, immunostaining of B8H10 antibody revealed that
neurounina treatment significantly reduced misSOD1 in SOD1%%*A mice
in the lumbar spinal cord area (Fig. 5C a-d). As expected, in Wt mice the
B8H10 immunosignal was very low (Fig. 5C a,b). Moreover, the total
number of misSOD1 positive cells significantly decreased by 60% in
lumbar spinal cord of SOD1%%%A mice treated with neurounina (Fi g.5D).
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Fig. 3. Effect of neurounina on MNs survival. (A) Representative image of Nissl stained in spinal cord. Scale bar 200 pm. (B) Cell counting analysis of motor neurons
are expressed as total number of motor neurons in spinal cord of 4.5 month-old SOD1°** mice treated with vehicle or neurounina compared to wild-type vehicle
(Wt) and neurounina. * p < 0.05, ** p < 0.01 WT vs SOD1%°3A mice. Data are expressed as mean + SEM (n = 6 for each group). P values were obtained using one-way

ANOVA with Newman Keuls’s correction for multiple comparisons.

3.5. Prolonged neurounina treatment reduced astroglia and microglia
activation in the spinal cord of SOD1%%*4 mice

In order to investigate the effect of neurounina treatment on astro-
gliosis and microgliosis, GFAP, Ibal and TMEM119 immunostaining was
evaluated in the spinal cord of wild-type and SOD1%°3* mice treated
with neurounina. Scattered astrocytes cells were visualized by GFAP
immunostaining in wild-type mice (Fig. 6A a,e,i), Neurounina treatment
did not alter the expression of GFAP in Wt mice (Fig. 6A b,fj). By
contrast, an intense astroglia reaction was evident in the vehicle treated
SOD1%%%A group (Fig. 6A c,g,k), these astroglia reactions were attenu-
ated in neurounina treated SOD1%%%4 group (Fig. 6A d,h,l). Indeed, the
total number of activated GFAP cells was significantly reduced in
SOD1%%3A neurounina treated mice compared to vehicle group. In a
similar manner, also the fluorescence intensity of GFAP labeling was
attenuated in SOD1%%*A chronic neurounina treated mice (Fig. 6B). As
concern the microgliosis, a strong activation of Ibal immunostaining
was evident in SOD1%%%A vehicle treated mice (Fig. 6C c,g,k). This
activation was reduced in neurounina treated mice (Fig. 6C d,h,l). In
fact, the total number of Iba-1 activated cells and the fluorescence in-
tensity of Iba-1 labelling were significantly reduced in SOD1%?3A chronic
neurounina-treated mice compared to vehicle treated mice (Fig. 6D).
Furthermore, in order to discriminate resident microglia from blood-
derived macrophages, the expression of TMEM119 was also evaluated
in all groups (Fig. 6E a-d). The number of TMEM119 positive cells as
well as the its fluorescence intensity decreased in SOD1%°%A vehicle mice
whereas in SOD1%%3A neurounina mice was increased (Fig. 6F).

3.6. Prolonged neurounina treatment ameliorated motor symptoms and
increased survival rate in SOD1 %% mice

To investigate whether the reduced loss of MNs observed in

neurounina treated SOD1%%3* mice was accompanied by an ameliora-

tion of the motor performance of these mice, behavioral tests were
weekly performed on Wt and SOD1%°** mice, starting from the second
month after birth (P60), when i.p. administration of neurounina started
and when the mice were asymptomatic. All animals were assigned to
four experimental groups: Wt + vehicle, Wt + neurounina, SOD1 %93
vehicle and SOD1%°*A4 neurounina, and then weighed, subjected to
rotarod test, grip test and observed to detect the disease onset.

3.6.1. Survival

Neurounina extended the lifespan of ALS mice (Fig. 7). In fact, the
average lifespan of SOD1 %®*A mice treated with vehicle was 127.9 +
1.65 days, while that of ALS mice treated with neurounina was signifi-
cantly longer, being 146.2 + 3 days (Fig. 7A).

3.6.2. Paralysis onset

The onset of the disease was defined when denervation-induced
muscle atrophy produced 15-20% of the decline in motor perfor-
mance in grip strength test. Indeed, the paralysis onset in SOD1%%3A
treated with vehicle was 33.69 + 1.31 days while in neurounina treated
SOD1%%*A group was 42.47 + 1.59 days (Fig. 7B).

3.6.3. Body weight

In vehicle SOD1%%%A mice the body weight loss was observed at 7
weeks after vehicle treatment both in female and male mice, indeed a
10% reduction in body weight was noted. On the other hand, in the
group SOD16%*” treated with neurounina for 8 weeks the weight
remained stable over time. In fact, after 8 weeks of treatment with
neurounina, body weight did not change compared to the group of Wt
mice. In the group of females, at 7 weeks after neurounina treatment,
weight loss was evident, but it was recovered the following week. No
differences were observed between Wt mice treated with neurounina
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Fig. 4. Neurounina is not able to rescue L-BMAA induced cell toxicity in cell silenced for NCX1 and NCX2. (A) Representative Western blotting of NCX1 (left), NCX2
(middle) and NCX3 (right) proteins in the presence or absence of combo duplexes against NCX1 and NCX2 (on NCX1: siControl 1 and siNCX1 + siNCX2 0.2 + 0.017;
p < 0.05. On NCX2:siControl 1 and siNCX1 + siNCX2 0.51 £ 0.011; p < 0.05. On NCX3: siControl 1 and siNCX1 + siNCX2 1.077 + 0.028). The experiments were
repeated on three different preparations. (B) Representative images and traces of NCX activity, quantified as [Ca?*]i increase induced by Na © —free perfusion in
Fura-2 AM-loaded SH-SY5Y previously treated with siControl or with combo duplexes (siNCX1 + siNCX2). The experiments were repeated three times on almost 15
cells for each group. (C) Cell viability measured as MTT in SH-SY5Y treated with L-BMAA (2 mM/120 h in 0% FBS). The experiments were repeated at least three
Eirnes on different cell preparations. *p < 0.05 vs all; **p < 0.05 vs siControl; "p < 0.05 vs siControl and L-BMAA.

[]

IP: B8H10 150
Control SOD16%A  SOD1WT -
Veh Neu Veh Neu Veh Neu - % %*
< 4001 — -_I—
©
SOD1 E- = E 100+ T T
=0 =un
IP: IgG g 2200 o<
+ -
2g &k
SoD1 22 2004 > |
_ S 9= 50
5 b
Input(10%) £ 2 100 <E, _ o
SE
soD1 s
[21] 0+ 0-
Veh Neu Veh Neu Veh Neu Veh Neu Veh Neu Veh Neu
Control SOD1693A SOD1WT Control SOD1693A SOD1WT
Wild Type Wild Type SOD16%3A SOD16934 @
Vehicle Neurounina Vehicle Neurounina w 801
4.5 months 4.5 months 4.5 months 4.5 months 2
— i 7 — : ‘E
% a 5 60 1
9z
28 *
=2 4071 T
Lumbar g 3
N s sE
Spinal cord S ; £ 8 20
MisSOD1 & 0pm =2
R e t»). SO, -— &
3
.9 J
Vehicle Neuronina
. SOD16%A
Fig.5

Fig. 5. Neurounina improves the survival of neurons expressing a mutant SOD1 by inhibiting the accumulation of misfolded SOD1. SH-SY5Y neuroblastoma cells
have been transfected to express the human SOD1 Wild type (SOD1YY), the human mutant SOD1-G93A (SOD1%°%4), or neither (Control), in each case either with
neurounina or vehicle. (A-left) Misfolded SOD1 was detected by immunoblotting of immunoprecipitates produced with the BSH10 antibody, which recognizes only
the misfolded forms of SOD1. (A-right) Quantitative analysis of the Co-Ip experiments normalized to input. (B) Cell viability analysis performed with MTT assay.
Quantitative analysis from triplicate of different biological repeats (n = 3) was performed using one-way ANOVA. *p < 0.05 vs SOD®*** + vehicle. (C a-d) DAB
immunostaining of misfolded SOD1 with B8H10 antibody. Scale Bar 50 ym. In c,d High magnification 200x zoom. (D) Total number of misfolded SOD1 positive cells
in vehicle SOD1%°** compared to neurounina SOD1%°** (n = 3 for each group) t-test *p < 0.05, SOD1*** + vehicle vs SOD1°°** + neurounina.

and Wt mice treated with vehicle (Fig. 7C). of treatment (3.7 + 1 s). In contrast, performance deteriorated at a
slower rate with neurounina treatment, as reflected in significantly
longer durations in the SOD1%°3 mice treated with neurounina
compared to vehicle treated animals at weeks 7-8. In fact, at 8 weeks,
the neurounina treated SOD1%°*A mice maintained the ability to balance
on the rotarod for an average of 21.4 + 5 s (Fig. 8A). The rotarod onset
was also delayed in SOD1%°3* mice chronically treated with neurounina.
Indeed 50% of the animals started to fall off the rotarod around the 45th
day of neurounina treatment while the SOD1%°3A vehicle treated mice
fell around the 30th day (Fig. 8B).

3.6.4. Rotarod test

Motor coordination of Wt and G93A mice treated with vehicle or
with neurounina was assessed as the ability of mice to maintain balance
on an accelerating rotarod at 1 through 8 weeks of vehicle or neurounina
treatment. The wild type mice were able to maintain balance for the
duration of each test and neurounina treatment did not disrupt this
performance (Fig. 8A). The G93A mice became progressively impaired
in motor coordination. There was no difference between G93A treat-
ment groups during rotarod training and no statistically significant

difference. Significantly, neurounina treatment blunted the decline in
rotarod performance in the G93A mice. Performance of the vehicle
treated G93A mice progressed from a slight impairment at 2 weeks of
treatment to complete loss of the ability to maintain balance at 8 weeks

3.6.5. Grip-strength test

Hindlimb grip test was evaluated by placing the mouse on a grid
upside-down and the latency to fall off the grid was measured up to a
maximum of 60s. In the vehicle SOD1%%** mice the loss of limbs
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Fig. 6. Effect of neurounina on glia activation. (A) Immunofluorescence images showing (a,e,i) single labeling of GFAP in spinal cord of Wt mice treated with vehicle
and (b,f,j) Wt mice treated with neurounina. (c,g,k) Single labeling of GFAP in spinal cord of SOD1%%3A treated with Vehicle and (d,h,D) SOD1%%%A treated with
neurounina. (B) Total number of activated GFAP cells per photographic field (mm?) and fluorescence intensity of GFAP labeling. (C a,e,i) single labeling of Ibal in

spinal cord of Wt mice treated with vehicle and (C b,f,j) Wt mice treated with neurounina. (C c,g,k) single labeling of Ibal in spinal cord of SOD

19934 treated with

Vehicle and (C d,h,]) SOD1¢%*” treated with neurounina. (D) Total number of activated Ibal cells and Fluorescence intensity of Ibal labeling per photographic field
(mm?). (E a,e,i) single labeling of TMEM119 in spinal cord of Wt mice treated with vehicle and (E b,f,j) Wt mice treated with neurounina. (E c,g,k) single labeling of
TMEM119 in spinal cord of SOD1%%** treated with Vehicle and (E d,h,]) SOD1°** treated with neurounina. (F) fluorescence intensity of TMEM119 labeling and
fluorescence intensity of TMEM119 labeling. Scale bar 200 um. Data are expressed as mean + SEM (n = 3 for each group). *p < 0.05, SOD®**neurounina vs.
§ODG93‘A Vehicle. P values were obtained using t-test and one-way ANOVA with Newman Keuls’s correction for multiple comparisons.

strength started evident after 6 weeks of treatment (28.8 + 4 s), in fact
the grip on the grid decreased by 50% compared to the Wt group. In ALS
mice treated with neurounina the grip performance at 6 weeks was 43.8
+ 4 s and at 8 weeks the mice remained on the grid for another 20s
(Fig. 8C). Finally, the onset of grip performance was improved in neu-
rounina G93A mice, 50% of the animals started to lose their grip around
the 45th day after treatment while the G93A vehicle mice fell around the
35th day (Fig. 8D).

4. Discussion

The results of this study clearly revealed that ALS mice showed a
reduction in the expression and activity of NCX1 and of NCX2 in spinal
cord, consistent with disease progression. In addition, we demonstrated
that the pharmacological activation of NCX1 and NCX2 by the prolonged
treatment of SOD1%°%A mice with the newly synthesized compound
neurounina: (1) prevented the reduction in NCX activity observed in
spinal cord; (2) preserved MNs survival in the ventral spinal horn of
SOD1693A mice; (3) prevented the spinal cord accumulation of mis-
folded SOD1; (4) reduced astroglia and microglia activation and spared
the resident microglia cells in the spinal cord; (5) improved the lifespan
and mitigated motor symptoms of ALS mice.

These relevant effects due to NCX1 and NCX2 activation clearly
indicate the importance, among other factors, of the correct functioning
of Na® and Ca?' clearance mechanisms in slowing down ALS progres-
sion. In fact, the key components of ALS pathophysiology include
oxidative stress, excitotoxicity, mitochondrial dysfunctions and inflam-
matory processes (Appel, 2006; Appel et al., 2001). Notably, increased
intracellular calcium, which is another identified pathological event,
could merge these individual toxic mechanisms into a single, escalating
and self-perpetuating cycle of neuronal degeneration (Siklos et al., 1996;
Siklos et al., 1998). Over the years, several reports suggest that calcium
homeostasis might be preserved by modulating the transmembrane
calcium flux with therapeutic compounds or via altering the calcium
binding protein content to maintain an enhanced calcium buffer ca-
pacity (Siklos et al., 1996; Siklos et al., 1998). Furthermore, defects
linked to a low Caz+buffering ability represent a main risk factor (Appel
et al., 2000; Berridge et al., 2003). Indeed, deficit or excess of calcium
ions are linked to several pathological mechanisms (i.e. oxidative stress,
excitotoxicity, immune/inflammatory processes, and mitochondrial
dysfunction) which operate in an orchestrated way and amplify dele-
terious effects on MNs (Cozzolino et al., 2012). Proof of this is the fact
that ALS patients show higher calcium levels both in muscle and in
spinal cord neurons (Appel, 2006; Appel et al., 2001; Appel et al., 2000).
In addition, oculomotor nerve, that is spared in ALS patients, is able to
maintain the control of ionic homeostasis by overexpressing proteins
and membrane transporters capable of buffering sodium and calcium
overload, such as calbindin and paravalbumin (Appel, 2006; Appel
et al., 2001; Appel et al., 2000; Jaiswal et al., 2009).

In the light of these premises, we investigated the involvement of the
plasma membrane sodium/calcium exchanger in the pathogenesis of
ALS and its possible “druggability”. On the other hand, although there
are still no approved drugs that act on NCX, the modulation of this
antiporter has been successfully applied in numerous animal models of
diseases of the CNS, such as Alzheimer’s disease (Pannaccione et al.,
2020; Pannaccione et al., 2012; Sokolow et al., 2011), multiple sclerosis
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(Boscia et al., 2012; Kurnellas et al., 2007); neonatal encephalopathy
(Cerullo et al., 2018) and adult stroke (Annunziato et al., 2007; Molinaro
et al., 2008; Pignataro et al., 2004; Pignataro et al., 2014). Notably, in
our laboratory, the activity of the plasma membrane transporter Na*/
Ca®* exchanger 3 (NCX3) has been linked to ALS pathophysiology
(Anzilotti et al., 2018). In fact, it has been recently reported that the
protective strategy known as preconditioning, induced by subthreshold
doses of the neurotoxin L-BMAA, an aminoacid linked to ALS induction,
is able to delay MNs degeneration and to prolong ALS mice survival also
through the prevention of the reduction of NCX3 expression at muscle
and CNS level, suggesting that this antiporter can represent a valuable
pharmacological target to delay disease progression (Anzilotti et al.,
2018). In fact, NCX3 is an NCX isoform present only in skeletal muscles
and at lower levels of expression in selected brain regions (Quednau
et al., 1997), while the other two nNCX gene products, NCX1 and NCX2
are widely expressed within the CNS (Canitano et al., 2002; Papa et al.,
2003; Quednau et al., 1997).

These considerations prompted us to further investigate NCX iso-
forms contribution in the pathophysiology of ALS, with particular regard
to NCX1 and NCX2. In fact, a significant down-regulation of NCX1 and
NCX2 mRNA early during disease development, followed, later on, by
protein down-regulation occurred. This time discrepancy could prob-
ably be due to several factors, such as different half-lives of mRNA and
protein, an elevate translational rate of mRNA or to the presence of
protein modifications that can affect their stability.

To prevent the reduction in NCX1 and NCX2 activity observed in
SOD1%%*A mice during the progression of the disease, the NCX1/NCX2
activator neurounina was daily intraperitoneally administered since the
early symptomatic phase. The neuroprotective effects of neurounina
were evident at molecular level as well as at behavioral levels, and were
probably mediated also through accessory activities. In fact, neuro-
unina, besides its effects on NCX activity, is also able to inhibit both
glutamate release and NMDA receptors in cortical neurons (Molinaro
et al.,, 2013). This effect represents a very important aspect in ALS
pathophysiology, where glutamate excitotoxicity plays an important
role (Van Damme et al., 2005). Indeed, several studies suggested that
excitotoxicity occurring in MNs impairs the mitochondrial respiratory
and contribute to MNs degeneration (Grosskreutz et al., 2010). These
alterations lead to an increase in ROS production and a reduction in the
glutamate uptake in glia cells with high levels of glutamate in the syn-
aptic cleft and an increase in the calcium influx through Ca? *
—permeable glutamate receptor channels (Grosskreutz et al., 2010).
Therefore, this evidence suggest that part of the neuroprotective effect of
neurounina could be also attributed to a partial inhibition of both
endogenous glutamate release and NMDA receptor activity.

It cannot be excluded an effect of neurounina also at axonal level. In
this regard, the “dying-back theory” hypothesizes that axonal damage
occurs early during the disease, before neuronal degeneration, and onset
of symptoms (Fischer et al., 2004). Therefore, although the NCX acti-
vator neurounina was administered at the beginning of the symptomatic
phase, when the axonal neurodegenerative process already started, its
activation may slowdown the neurodegenerative process also at axonal
level. On the other hand, in the present study we clearly demonstrated
that NCX activation occurred also on soma motor neurons, where we
showed a relevant presence of NCX signal by confocal microscopy.

It is also important to point out that the inflammatory reactions
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Fig. 7. Effect of neurounina on survival, paralysis onset and body weight reduction in SOD1%°*Amice. (A) Kaplan-Meier survival analysis, expressed as a percentage
and in days, n = 10 SOD1%%%A mice treated with vehicle (white circle) and n = 12 SOD1%%*” treated with neurounina (white square). Statistical analysis was
performed using a Student’s t-Test; significant differences are indicated as: *p < 0.05, SOD1%***neurounina vs. SOD1°°** Vehicle. (B) Paralysis onset analysis
expressed in days or in percentage. n = 14 of SOD1%%3A treated with vehicle (black circle) and n = 15 of SOD1%°?2 treated with neurounina (black square). Statistical
analysis was performed using a Student’s t-Test; significant differences are indicated as: *p < 0.05, SOD1°***neurounina vs. SOD1%°3* Vehicle. (C) Percentage of
body weight reduction in Wt vehicle (n = 3 male and 3 female), Wteurounina (n = 3 male and 3 female) SOD1%%3A vehicle (n = 7 male and 9 female) and SOD1%%34
treated with neurounina (n = 7male and 8 female) mice. P values were obtained using one-way ANOVA with Newman Keuls’s correction for multiple comparisons.
":p < 0.05 SOD1%%** vs, SOD1%***neurounina.
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Fig. 8. Effect of neurounina on motor performances in SOD1°°*A mice. Rotarod test in panel (A) rotarod onset expressed as percentage in (B). Grip performance test

in panel (C) and grip onset in (D). Wt vehicle (n = 6), Wt neurounina (n = 6) SOD1%%3A vehicle (n = 15) and SOD1 %°*Aneurounina (n = 14) mice. Significant
differences are indicated as: *p < 0.05, SOD1°***neurounina vs. SOD1%°3* vehicle. P values were obtained using one-way ANOVA with Newman Keuls’s correction
for multiple comparisons.

mediated by astroglia and microglia cells, that are hallmarks of ALS isoforms, NCX1 transcripts are the most highly represented (Pappalardo
pathology (Philips and Rothstein, 2014), are reduced in neurounina et al., 2014). In particular, the importance of NCX1 at microglial level is
treated SOD1 mice. In astrocytes and in microglia cells all three NCX provided by the fact that NCX1~/~ embryos have no detectable micro-
isoforms are expressed (Boscia et al., 2016), among the three NCX glia in the brain (Ginhoux et al., 2010). In addition, studies performed ex
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vivo, in microglia isolated from rat ischemic brain, and in vitro, in
cultured microglia, suggest that a Na™-dependent Ca®" influx through
NCX operating in the reverse mode is necessary for microglia activation
(Boscia et al., 2009; Hoffman et al., 2003).

Furthermore, these anti-inflammatory effects could be due to the
reduction of glutamate and the rebalancing of intracellular Ca®" over-
load, thus leading to a lower MNs death and finally to a reduction in
gliosis.

In addition, it is known that the increase in the intracellular Ca®*
concentrations disrupts the correct cellular protein folding machinery
thus leading to an accumulation of misfolded SOD1 and eventual death
of these neurons (Tateno et al., 2004). In this regard, we recently
demonstrated that in NSC-34 motor neurons the presence of the mutant
SOD1 induces a relevant increase of intracellular Ca®* concentrations
that leads to the aggregation of misfolded SOD1 (Petrozziello et al.,
2017). In fact, Ca®" ions can bind to SOD1 and induce conformational
changes in its folding propensity, thus determining aggregation (Leal
et al., 2013). In addition, reducing intracellular Ca®" overload has been
linked to an attenuation of SOD1 aggregation (Parone et al., 2013). As
Na™/Ca?* exchanger one of the major player in mediating Ca" efflux /
Na " influx (forward mode of operation), when the bivalent cation is
elevated in the cytosol, it is plausible to hypothesize that NCX stimula-
tion by neurounina may reduce SOD1 aggregation through the reduction
of intracellular Ca®* level consequent to NCX working in the forward
mode of operation (Sirabella et al., 2018).

More importantly, we found that prolonged in vivo neurounina
treatment, through NCX1 and NCX2 activation could be considered an
effective strategy for ALS. Indeed, this NCX activator, by enhancing
NCX1 and NCX2 activity, improved motor skills and survival of
SOD1%%*” mice, underlining that the maintenance of sodium and cal-
cium homeostasis might represent a pivotal mechanism for MNs
survival.

Relevantly, preclinical neurounina studies showed that neurounina
is provided with a high lipophilicity index, low toxicity and ability to
cross BBB when systemically administered (Severino et al., 2019).
Furthermore, neurounina displays in vitro a potent and reversible stim-
ulatory effect on NCX1 and NCX2 in both forward and reverse modes of
operation, with an estimated ECsp in the low nanomolar ranges. In
consideration of alls these pharmacokinetic, pharmacodynamic and
toxicological properties, it is possible to hypothesize a future transability
of the present study to human pathology.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nbd.2021.105480.
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