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ABSTRACT

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder due to upper and
lower motor neuron (MNs) death. Recognized as a non-cell-autonomous disease, ALS is
also characterized by damage and degeneration of glial cells, such as astrocytes, microglia,
and oligodendrocytes. Astrocytes acquire a reactive and toxic phenotype defined by an
abnormal proliferation and by the release of neurotoxic factors.
Recent studies reported that the uptake of [18F]-fluorodeoxyglucose (FDG) is increased in
the spinal cord (SC) and decreased in the motor cortex (MC) of patients with ALS,
suggesting that the disease might differently affect the two nervous districts with different
time sequence or with different mechanisms. Here we show that MC and SC astrocytes
harvested from newborn B6SJL-Tg (SOD1G93A) 1Gur (SOD1G93A) mice could play different
roles in the pathogenesis of the disease. Spectrophotometric and cytofluorimetric analyses
showed an increase in redox stress, a decrease in antioxidant capacity, and a relative
mitochondria respiratory uncoupling in MC SOD1G93A astrocytes. By contrast, SC mutated
cells showed a higher endurance against oxidative damage, through the increase in
antioxidant defense and a preserved respiratory function.

Thus, SOD1 G93A mutation

differently impaired MC and SC astrocyte biology in a very early stage of life.
One major cause for MN degeneration in ALS is represented by glutamate-mediated
excitotoxicity, due to the alteration of glutamate transmission mechanisms, including
glutamate receptor function. In this context, the Group I metabotropic glutamate receptor 5
(mGluR5) has been proposed to play an important role in ALS, since it is largely
overexpressed during disease progression and is involved in the altered neuronal and glial
cellular processes. My research group previously demonstrated that mGluR5 produces
abnormal glutamate release in the spinal cord of the SOD1G93A mouse model of ALS and
that halving its expression has a positive impact on in-vivo disease progression, including
motor neuron survival, astrogliosis, and microgliosis. They also investigated the
consequences of reducing the mGluR5 expression in SOD1G93A mice on the reactive
phenotype of spinal cord astrocytes cultured from late symptomatic (120 days old)
SOD1G93A mice. Also in this model, reducing the mGluR5 expression ameliorated the
astrocyte phenotype.
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Here, I translated this study to human astrocytes derived from healthy donors and ALS
patients. We investigated the in-vitro pharmacological treatment effect of chloro-4-((2,5dimethyl-1-(4-(trifluoromethoxy)phenyl)-1H-imidazol-4-yl)ethynyl)pyridine (CTEP), a
negative allosteric modulator of mGluR5 on i-astrocytes differentiated from the inducible
neural progenitor cells (iNPCs) obtained from the skin fibroblast (i-astrocytes) of two ALS
patients and two healthy donors. The overexpression of anti-glial fibrillary acid protein
(GFAP), S100 calcium-binding protein β (S100β), and Complement component 3 (C3),
three markers of astrogliosis, was reduced in CTEP-treated i-astrocytes. The same positive
effect was obtained in the case of NLR family pyrin domain containing 3 (NLRP3) and
nuclear factor erythroid 2-related factor 2 (NRF2), markers strictly related to inflammation
and oxidative stress respectively, which are upregulated in ALS astrocytes. In-vitro
pharmacological treatment with CTEP also reduced the expression of mGluR5 in mutated iastrocytes. In addition, the CTEP treatment caused a decrement in antioxidant enzymatic
activity such as malondialdehyde (MDA), glucose-6-phosphate dehydrogenase (G6PD),
Glutathione reductase (GR), Glutathione peroxidase (GP), and catalase compared to the
untreated samples, suggesting that the drug could cause a reduction of oxidative stress.
Altogether, these results indicate that reduction of mGluR5 activation has a positive impact
on i-astrocytes in ALS patients supporting the idea that the in-vivo amelioration of the
disease progression, registered after mGluR5 genetical or pharmacological silencing,
involve an astrocyte phenotype improvement also in humans. As a whole, mGluR5 may
represent a potential therapeutic target to preserve MNs from death, also by modulating the
reactive astroglial phenotype in ALS.
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1. INTRODUCTION
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Amyotrophic lateral sclerosis (ALS) is defined as a multisystem neurodegenerative disorder,
with disease heterogeneity at the clinical, genetic, and neuropathological level (Hardiman et
al., 2017; Brown et al., 2017). The clinical features of ALS consist of adult-onset focal
muscle weakness and wasting. The weakness most commonly arises in the limb muscles,
then spreads in proximal muscles. Dysarthria, dysphagia, and dysphonia is present in about
25%–30% of cases. There is a high degree of variability in the age at onset, site, and disease
progression of ALS. In most patients, the median survival rate after the onset of symptoms
is 3 years, where death is mostly attributed to respiratory failure. About 50% of cases are
suffer from extra-motor manifestations and 10%–15% of cases may also suffer from an
additional diagnosis of frontotemporal dementia (FTD) (Phukan et al., 2007).
At the genetic level, ALS is known to be associated with more than 20 genes. The five most
common genetic causes are hexanucleotide expansions in chromosome 9 open reading frame
72 (C9orf72), mutations in superoxide dismutase 1 (SOD1), TAR DNA-binding protein 43
(TARDBP), fused in sarcoma (FUS), and TANK-binding kinase 1 (TBK1) (Brown et al.,
2017). The most common neuropathological mutation of ALS is TDP-43, which is reported
to be found in more than 95% of ALS cases. In basal conditions TDP-43 is mainly localized
to the nucleus, but in ALS it is mis-localize to the cytoplasm to form aggregates and become
phosphorylated. Other proteins, such as SOD1, FUS, and their mutations have been
described (Neumann et al., 2006).
The diagnosis of ALS depends on the presence of both upper motor neuron (UMN) and
lower motor neuron (LMN) signs. Most of the clinicians do not rely on the available revised
El Escorial criteria (Brooks et al., 2000) or the Awaji algorithm (de Carvalho et al., 2008),
because of lack of sensitivity (Schrooten et al., 2011). Furthermore, these criteria are only
for research purposes to select patients for clinical trials. Therefore, to reduce the delay in
diagnosis, there is a high need for new clinical diagnostic criteria for ALS. Recently, Shefner
et al., demonstrated new simplified diagnostic criteria for ALS that helps to reduce the
diagnostic delay, requiring only combined UMN and LMN dysfunction in one body region,
or LMN dysfunction in at least two regions (Shefner et al., 2020).
The first drug used to treat ALS is riluzole, which is approved by the European Medicines
Agency. Riluzole is an aspecific glutamate release inhibitor, which has a small but
significant effect on survival in ALS (Bensimon et al., 1994). Despite the vast knowledge

UNIVERSITY OF GENOVA

10

about the disease, more than 40 randomized clinical trials have been negative (Mitsumoto
et al., 2014).
1.1 Epidemiology and Etiology
ALS has an estimated global incidence of 1.75–3 per 100000 persons per year and a
prevalence of 10–12 per 100000 persons in Europe (Logroscino et al., 2010, Marin et al.,
2017). The highest risk of developing ALS is in the age group between 45-75 years. The
mean age for the onset of symptoms is 58–63 years for sporadic ALS (sALS) and 40–60
years for familial ALS (fALS) (Logroscino et al., 2010). It is also reported that men have a
higher risk of developing ALS than women (Manjaly et al., 2010). The estimated ratio for
developing ALS is 1:350 in men and 1:400 in women (Johnston et al., 2006, Ryan et al.,
2019).
Related to other neurodegenerative conditions, ALS is caused by several factors such as
genetic, environmental, and aging-related factors. As reported before, more than 30 genes
have been linked with ALS and it is expected that more genetic factors exist. The genetic
structure of ALS is complex, where monogenetic mutations with high effect size explain
about 15% of patients, but other common and rare genetic variants with low and moderate
effect size appear to contribute to ALS as well (Al-Chalabi et al., 2010).
1.2 Causes and Risk Factors of ALS
SOD1 was the first ALS-related gene discovered in 1993, which is known to be responsible
for 20% of fALS and 1%–2% of sALS (Rosen et al., 1993). Mutations in the SOD1 gene do
not cause ALS but rather contribute to the protein aggregation, disturbing multiple critical
cellular functions. In 2008 and 2009, the genes encoding the RNA-binding proteins TDP-43
and FUS were discovered. These mutations are responsible for 3%–5% of fALS and more
than 1% of sALS (Sreedharan et al., 2008, Kabashi et al., 2008, Kwiatkowski et al., 2009,
Vance et al., 2009). Mutations of C9orf72 were discovered in 2011 and are responsible for
30%–50% of fALS and for 7%–10% of sALS (DeJesus-Hernandez et al., 2011, Renton et
al., 2011). Mutations in TBK1 are the fifth most common cause of ALS, responsible for
about 1% of patients (Cirulli et al., 2015, Freischmidt et al., 2015) but up to 10% of patients
with ALS-FTD (Le Ber et al., 2015). Out of these five, SOD1 mutations have high
penetrance, as compared to other mutations. Rarely patients were reported with mutations
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in more than one of these genes, suggesting that ALS can be oligogenic in origin (van
Blitterswijk et al., 2012).
A very few genetic risk factors are known to be associated with ALS. An at-risk genotype
is UNC13A (van et al., 2009) and intermediate repeat expansions in ATXN2 increase the
chance of developing ALS (Elden et al., 2010). Aside from genetic factors, many studies
revealed environmental risk factors such as smoking, body mass index, physical exercise,
occupational and environmental exposures to metals or pesticides, head injury, and viral
infections (Pupillo et al., 2018, Ingre et al., 2015).
1.3 Mutated proteins in fALS
The familiar form of ALS is mostly inherited in an autosomal dominant manner. Until now,
more than 30 genes are identified, and researchers are continuing to better search for ALSassociated genes (Renton et al., 2014; Cirulli et al., 2015), and four of them are responsible
for more than 70% of cases (Chiò et al., 2014).
As depicted above, the SOD1 was the first mutated gene identified (Rosen et al., 1993),
mutated in 25% of fALS (Saccon et al., 2013; Kiernan et al., 2011). Consequently, other
recent mutations were discovered, such as TARDBP (Arai et al., 2006; Mackenzie et al.,
2007), FUS (Vance et al., 2009), and C9orf72 (DeJesus-Hernandez et al., 2011; O'Rourke
et al., 2015).
1.3.1 Superoxide Dismutase 1 (SOD1)
SOD1 mutations are composed of approximately 2% of all ALS cases and 20-25% of fALS
cases (Al-Chalabi and Leigh, 2000). It is reported that more than 180 SOD1 polymorphisms
are associated with ALS (Wright et al., 2019). Most of them are missense mutations and
D90A (aspartate at codon 90 changed to alanine) is the most common variant represented in
North America. The other two most studied mutations are A4V (alanine at codon 4 changed
to valine) and G93A variant (glycine at codon 93 changed to alanine) are reported in 50%
and 25% of fALS cases in the U.S.A. population, respectively (Gurney et al., 1994). These
mutations showed similar symptoms to human disease and caused MNs degeneration
(Pansarasa et al., 2018; Andersen, 2006). These different mutations have significant
variability as to phenotype, disease progression, and severity (Mejzini et al., 2019). Patients
with A4V, G93A, H43R (histidine at codon 43 changed to arginine), L84V (leucine at codon
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84 changed to valine), G85R (glycine at codon 85 changed to arginine) or N86S (asparagine
at codon 86 changed to serine) variants showed rapid disease progression and shorter
survival, while patients carrying D90A, G93C (glycine at codon 93 changed to cysteine) or
H46R (histidine at codon 46 changed to arginine) mutations generally have longer life
expectancies (Yamashita and Ando, 2015). In addition, ALS patients with different
mutations showed distinct clinical features; for example, AV4 mutation relates to the limbonset form of ALS (Juneja et al., 1997) and patients with the D90A variant show a slowly
progressive paresis, starting in the legs and gradually spreading upstream, together with
atypical features such as bladder disturbance (Andersen et al., 1996). SOD1 gene mutations
in fALS cause a loss of function of the protein leading to an altered free oxygen radical
species (ROS) scavenging (Deng et al., 1993) and the subsequent motor neuron death.
A study also revealed that mutant SOD1 inhibits the protein transport between the
endoplasmic reticulum (ER) and Golgi in neuronal cells, a crucial mechanism for cell
survival (Soo et al., 2015). This inhibition is also associated with mutations in TDP-43 and
FUS. Even if these mutations act through different processes, each mechanism is dependent
on the Ras-related protein (Rab1) function. Rab1 is mainly involved in regulating all the
intracellular vesicle trafficking events, and this is not functional in sALS (Soo et al., 2015).
SOD1 mutation was also reported in the pathogenesis of sALS by the detection of modified
32 kDa SOD1 polypeptide together with the well-known 16 kDa SOD1 in the spinal cord
extracts of fALS and sALS patients (Gruzman et al., 2007). The other studies revealed that
the 32 kDa protein can acquire toxic properties typical of mutant SOD1, thus determining
the development of aggregates, in the nuclei of astrocytes of spinal cords of ALS patients
(Ezzi et al., 2007; Forsberg et al., 2011). The SOD1 level was strongly reduced inside the
nuclei of MNs and leukocytes of sALS patients and this led to increased DNA damage and,
consequently, to a more severe disease progression (Cereda et al., 2013; Sau et al., 2007).
1.3.2 TAR-DNA-binding protein 43 (TDP-43)
TDP-43 is mainly involved in more than 95% of ALS patients (Neumann et al., 2006). TDP43 is an RNA and DNA-binding protein localized in the nuclear and involved in multiple
processes such as transcription, splicing, micro-RNA maturation, RNA transport, and stress
granule formation (Mackenzie et al., 2010). The literature report that most ALS cases are
caused by the aggregation of ubiquitinated or misfolded proteins, which is also one of the
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main pathological mechanisms involved in other neurodegenerative disorders such as
Alzheimer’s (AD) and Parkinson’s diseases (PD) (Leigh et al., 1991). TDP-43 was reported
as a component of these protein aggregates both in fALS and sALS patients (Arai et al.,
2006; Neumann et al., 2006, Mejzini et al., 2019). Therefore, the cytoplasmic neuronal
inclusions of TDP-43 in the brain and spinal cord are now considered a pathological
hallmark of ALS.
TDP-43 is a DNA/RNA binding protein composed of 414 amino acids whose gene is
localized in chromosome 1. TDP-43 is predominantly a nuclear protein but in the case of
neurodegeneration it can be also present in the cytoplasm, next to post-transcriptional
modifications (Ayala et al., 2008). It is also reported that in patients with ALS or FTD, TDP43 is phosphorylated and excised at C-terminals in the brain cortex and becomes nonfunctional (Neumann et al., 2006). TDP-43 is known to regulate gene expression and is
involved in the regulation of mRNA and non-coding RNA stability, and in the mRNA
transport and translation (Buratti and Baralle, 2010; Tollervey et al., 2011; Ratti and Buratti,
2016). The number of TDP-43 animal models such as Caenorhabditis elegans, Zebrafish,
Drosophila, mice, and rats demonstrated the importance of mutated TDP-43in ALS studies
(Picher-Martel et al., 2016).
1.3.3. Fused in Sarcoma/Translocated in liposarcoma (FUS/TLS)
Another RNA/DNA binding protein, called FUS/TLS, was found to be mutated soon after
the discovery of TDP-34. This mutation is present in 4% of fALS and some rare sALS cases
(Kwiatkowski et al., 2009; Vance et al., 2009). FUS/TLS is a 526 amino acids protein
localized in the nucleus, and mutation is caused mainly at the C-terminal region, which is
responsible for protein-protein interactions, alternative splicing, and nuclear localization
(Lagier-Tourenne et al., 2010). A study found that the cytoplasmic inclusion of FUS/TLS in
neurons and glial cells in the brain and spinal cord of patients. The authors reported that
FUS/TLS binds several microRNAs, some of which are shared with TDP-43, both in mice
and in humans (Lagier-Tourenne et al., 2010).
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1.3.4

Chromosome 9 open reading frame 72 (C9orf72)

In 2011, another ALS mutation was discovered in a non-coding region of C9orf72 (DeJesusHernandez et al., 2011, Renton et al., 2011). This mutation resulted in the expansion of the
GGGGCC repeat hexanucleotide. C9orf72 codes for a protein with unknown domains and
functions but highly conserved across species (Bigio, 2011). It is also expressed in normal
and neoplastic cell (DENN) proteins which are regulators of cytoplasmic and membrane
protein traffic (Levine et al., 2013). C9orf72, represents 20-40% of fALS and 5% of sALS
cases, and 10-30% familial and 2-10% of sporadic forms of FTD (DeJesus-Hernandez et al.,
2011; Renton et al., 2011). ALS and FTD patients show hundreds or even thousands of
hexanucleotide repetitions as compared to healthy individuals that ranged from 2-23
hexanucleotide units (DeJesus-Hernandez et al., 2011; Renton et al., 2011). Two main
mechanisms are involved in the pathology of ALS/FTD: loss of function of the protein,
caused by a decreased expression level of C9orf72, and gain of function of the protein due
to an accumulation of RNA foci in the brains and spinal cord (Taylor et al., 2016).
The loss of function mechanism was confirmed in cell culture studies, in which the depletion
of C9orf72 increased the toxicity of aggregation-prone proteins such as polyglutamineexpanded ataxin 2 (Sellier et al., 2016). The complete removal of C9orf72 in mice did not
cause motor impairment but showed abnormal macrophages and microglia activation as well
as neuroinflammation (Taylor et al., 2016). These observations raise the possibility of a noncell-autonomous contribution to ALS, even if the loss of function of C9orf72 cannot be the
sole driver of the disease (Taylor et al., 2016).
The second hypothesis involves the accumulation of RNA-binding protein that results in the
toxic gain of function (La Spada and Taylor, 2010). In addition, repeat-associated non-AUG
(RAN) translation produced toxicity of dipeptide repeat proteins (DPRs: poly-GA, -GP, GR, -PA, -PR) (Zu et al., 2011). These dipeptides are known to accumulate in the cytoplasm
and nucleus of the brain and spinal cord and result in the inclusion of proteins that are
negative for TDP-43 (Zu et al., 2013; Mackenzie et al., 2013; Ash et al., 2013; Mori et al.,
2013). The total amount of inclusions depends on the DPR protein involved. DPRs are
mainly in the form of poly-GA (Glycine-Alanine) and, to a lesser extent, in other forms such
as poly-GP (Glycine-Proline), poly-GR (Glycine-Arginine), poly-PR (Proline-Arginine),
poly-PA (Proline-Alanine). However, only a slight pathological correlation of poly-GA, but
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not other DPRs, has been reported in C9orf72-associated ALS. The contribution of other
DPRs to pathogenesis is still unclear (Zongbing et al., 2020).
1.4 Pathogenesis of ALS
The neuropathological signs of ALS are defined by loss of the neuromuscular junctions,
axonal retraction, and subsequent cell death of upper and lower motor neurons. It is reported
that several molecular pathways are implicated in the pathogenesis of ALS, such as failure
of proteostasis, excitotoxicity, neuroinflammation, mitochondrial dysfunction, oxidative
stress, oligodendrocyte dysfunction, cytoskeletal disturbances, axonal transport defects,
disturbed RNA metabolism, nucleocytoplasmic transport deficits, and impaired DNA repair
(Taylor et al., 2016).
1.4.1. Oxidative Stress
Oxidative stress (OS) is linked to the pathogenesis of many neurodegenerative diseases. OS
is the result of increased production of ROS and frequent decrease in the antioxidant
defenses (Sies., 2015). During the normal cell life cycle, various molecules are produced
such as hydrogen peroxide (H2O2), superoxide anion (O2-), hydroxyl radical (HO), and
reactive nitrogen species (RNS). Many cell functions require oxygen as a substrate such as
signal transduction, gene transcription, oxidative phosphorylation, and ATP production
(Halliwell, 2006; Uday et al., 1990). In the case of OS, oxygen molecules can damage the
cell structure by causing the oxidation of various molecules such as lipids, protein, and
DNA/RNA (Yu et al., 2009).
Lipid peroxidation results in an increase in membrane fluidity and permeability, which can
increase the entrance of ions into the cell (Brown and Murphy., 2009). Lipid peroxidation
also modifies the structural and functional properties of the cell that results in increased
protein aggregation and proteolysis (Halliwell and Gutteridge., 1984). Mitochondria give
rise to RNS/ROS because of the presence of redox enzymes (Halliwell., 2007).
Mitochondria dysfunctions lead to the apoptosis of cells, neurons and reduce the protective
action of reactive species (Wang et al., 2013; Redza-Dutordoir and Averill-Bates., 2016).
Apart from the SOD1 mutation, OS also been found in C9orf72, TDP-43, and FUS familial
forms of ALS, suggesting a correlation between RNA dysmetabolism and OS. A study
demonstrated that OS causes TDP-43 delocalization from the nucleus to the cytoplasm and
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increases its tendency to aggregate (Cohen et al., 2015). On the other hand, TDP-43, FUS,
and C9orf72 can co-localize with mitochondria and cause OS. ALS patients show decreased
antioxidant response and increased production of free radicals and ROS. For instance, the
nuclear factor erythroid 2-related factor 2 (Nrf2) was decreased in ALS patients (Sarlette et
al., 2008). Nrf2 elevates the synthesis of pro- and anti-inflammatory enzymes, such as
cyclooxygenase-2 (COX-2), iNOS, and heme oxygenase-1 (HO-1) (Petri et al., 2012).
Therefore, many studies focused on Nrf2 activators such as analogs of 2-cyano-3, 12dioxooleana-1,9-dien-28-oic acid (CDDO), tert-butylhydroquinone, DL-sulphoraphane,
lipoic acid, fumaric acid, and curcumin in the SOD1G93A mouse model of ALS to slow down
the disease progression (Neymotin et al., 2011; Petri et al., 2012).
Glial and infiltrated immune cells are the primary producers of ROS and RNS in the CNS
(D'Ambrosi et al., 2018). In ALS, OS also contributes to the degeneration of the
neuromuscular junction. A study on ALS mice showed a decrease in the neuromuscular
junction number due to increased sensitivity of the nerve terminal to ROS. Besides,
overstimulation of MNs result in the abnormal secretion of acetylcholinesterase and
decreased acetylcholine level in the synaptic cleft (Pollari et al., 2014). Some studies
revealed that the level of glutathione (GSH), an antioxidant in mammalian cells, is lower in
the motor cortex of ALS patients as compared to healthy volunteers (Weiduschat et al.,
2014; Cohen et al., 2012). In addition, TDP-43 mutation also induced OS and mitochondrial
damage due to the nuclear accumulation of Nrf2 (Duan et al., 2010; Shodai et al., 2013). A
study on post-mortem tissue of ALS patients showed a decrease in Nrf2 mRNA and protein
levels (Petri et al., 2012), and increasing the level of Nrf2 in astrocytes showed a significant
beneficial effect in ALS mice (Vargas et al., 2006).
1.4.2. Mitochondria Dysfunction
Mitochondria play an important role in cell survival and metabolism. Mitochondria produce
ATP through oxidative phosphorylation and have a major role in phospholipid biogenesis,
calcium homeostasis, and apoptosis. Mitochondria also play a vital role in neurons; despite
only 2% body mass, brain neurons require 20% of body ATP production (Nicholls et al.,
2000; Engl et al., 2015). Furthermore, mitochondria also modulate neurotransmitter release
by modulating calcium dynamics (Rizzuto et al., 2012). Neurons are long-lived cells and
more susceptible to the accumulating damage from mitochondrial dysfunction (Payne et al.,
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2015). Therefore, mitochondrial dysfunction has been linked to many neurodegenerative
disorders including ALS. There are several factors linked to ALS-associated mitochondria
dysfunction such as defective oxidative phosphorylation, production of ROS, impaired
calcium buffering capacity, and defective mitochondrial dynamics.
In ALS patients, structural mitochondria changes are characterized by a swollen and
vacuolated appearance (Atsumi., 1981). Some sporadic ALS patients also display axonal
swellings, neurofilament accumulations, swollen mitochondria, and secondary lysosomes
(Okamoto et al., 1990). Similar features are also present in animal and cell models of ALS
(Hong et al., 2012; Wang et al., 2013). In addition, the SOD1G93A transgenic mice showed
abnormal clusters along the axon (Magrane et al., 2014). Overexpression of ALS mutant
FUS R521G (arginine at codon 521 changed to glycine) or R521H (arginine at codon 521
changed to histidine) in cultured motor neurons resulted in mitochondrial shortening which
was exacerbated by the presence of FUS in the cytosol (Tradewell et al., 2012). Subtle
fragmentation of the mitochondrial network has also been identified in fibroblasts of ALS
patients with C9orf72 repeat expansions (Onesto et al., 2016), and swollen mitochondria
were reported in an iPSC model of C9orf72-associated ALS (Dafinca et al., 2016).
1.4.2.1 ALS-associated proteins interacting with mitochondria
Several proteins that have been linked to familial and sporadic ALS interact with
mitochondria (Deng et al., 2015; Higgins et al., 2002; Wang et al., 2016; Mattiazzi et al.,
2002). The interaction of these ALS-associated proteins with mitochondria leads to
mitochondrial damage. Mutant SOD1 localizes to the intermembrane space, where it
aggregates, and reduces the activity of the electron transport chain complexes (Ferri et al.,
2006; Vijayvergiya et al., 2005). Furthermore, SOD1 aggregates have been proposed to
interfere with the activity of voltage-dependent anion channel 1 (VDAC1) which is
responsible for the exchange of ATP, ADP, and other respiratory substrates across the outer
mitochondrial membrane. Direct interaction of ALS mutant SOD1 with VDAC1 inhibits
channel conductance and reduces its permeability to ADP in pre-symptomatic and
symptomatic disease stages in the spinal cord of SOD1 G93A rats (Israelson et al., 2010).
The accumulation of TDP-43 in mitochondria appears mediated by internal mitochondrial
targeting sequences in TDP-43 (Wang et al., 2016). Mitochondrial localization of FUS
correlated with augmented ROS levels (Deng et al., 2015), and overexpression of FUS
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reduces mitochondrial ATP production (Stoica et al., 2016). Several mitochondrial proteins
have been identified as possible C9orf72-interacting proteins, such as the members of the
inner mitochondrial membrane (IMM) solute carrier family, VDAC3, and translocase of the
IMM. Furthermore, C9orf72 was detected in mitochondria-enriched fractions (Blokhuis et
al., 2016).
1.4.3. Glutamate Excitotoxicity
In physiological conditions, glutamate is released from the presynaptic neuron to activate
the postsynaptic glutamate receptors, which results in an influx of Na+ and Ca2+ ions into
the cell generating the action potential. In 1978, Olney coined the concept of excitotoxicity
that is caused by over-stimulation of the glutamate receptors (Olney 1978). This
overstimulation can damage neurons and leads to several neurodegenerative disorders
including ALS (Coyle 1993, Lipton et al., 1994). Classical and slow excitotoxicity exists
(Doble 1999). Classical excitotoxicity causes neuronal degeneration with increased
extracellular glutamate concentration up to 2–5 μM, while slow excitotoxicity is the death
of a weak postsynaptic neuron in the presence of normal synaptic glutamate levels (Novelli
1998). Glutamatergic neurotransmission plays an important role in both types of
excitotoxicity. Glutamate released from the presynaptic glutamate release activates both
ionotropic and metabotropic glutamate receptors. The ionotropic receptors are divided into
AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid), NMDA (N-methyl-Daspartate), and KA (kainate) receptors (Collingridge 1989). Originally, the NMDA receptor
was responsible for excitotoxicity (Choi 1988). More recently, it became clear that the
activation of AMPA receptors is also important (Prehn et al., 1995). Ca2+ influx through
NMDA receptors, Ca2+ permeable AMPA receptors, or voltage gated Ca2+ channels are the
predominant mediator of neuronal injury (Carriedo et al., 1996, Van Den Bosch et al., 2000).
The influx of Ca2+ ions can result in the activation of several enzymes, such as protein kinase
C, phospholipases, lipases, endonucleases, proteases, protein phosphatases, xanthine
oxidase, and NO synthase. In addition, mitochondrial dysfunction due to increased Ca2+
uptake in mitochondria and subsequent formation of ROS contributes to excitotoxic cell
death (Dykens 1994., Carriedo et al., 2000).
Several studies linked glutamate excitotoxicity and the pathophysiology of ALS. A study on
postmortem tissue from ALS patients showed reduced functional transport of glutamate and
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EAAT2 immunoreactivity (Rothstein et al., 1995). The same study showed that the
depletion of EAAT2 in SOD1G93A mice leads to neuronal death (Rothstein et al., 1996).
Studies on the same mouse model of ALS showed that the loss of EAAT2 contributes to
disease progression. Rats carrying the SOD1G93A mutation show reduced synaptosomal
glutamate uptake and increased extracellular levels of glutamate (Rothstein et al., 2005, Guo
et al., 2003, Howland et al., 2002). The expression of EAAT2 is reduced at pre-symptomatic
stages and abolished at the end stage in some transgenic models (Howland et al., 2002).
Overexpression of EAAT2 in SOD1G93A mice may be neuroprotective, delaying the onset
of motor deficits and reducing activation of caspase 3, a potent promoter of apoptotic cell
death pathways (Guo et al., 2003).
My research group reported that abnormal synaptic glutamate levels could also be sustained
by excessive glutamate release. Utilizing the SOD1G93A mouse, they demonstrated that
neuronal glutamate release induced by stimuli leading to exocytosis, such as high KCl,
ionomycin, or hypertonic sucrose, is elevated in pre-symptomatic and symptomatic G93A
mutant mouse spinal cord (Milanese et al. 2011; Bonifacino et al. 2019). Increased
cytosolic calcium concentration, the associated over-activation of Ca2+/calmodulindependent protein kinase II (CaMK-II), which has been already shown in sporadic ALS
patients (Hu et al., 2003) and, in turn, the phosphorylation of Synapsin I (Syn-I), an event
that contributes to fill up the readily releasable pool of vesicles and to boost vesicles fusion,
support the stimulus-evoked excessive glutamate release. Moreover, increased
phosphorylation of glycogen synthase kinase-3 at the inhibitory sites, an event favouring
SNARE protein assembly, and the consequently detected higher number of SNARE protein
complexes at the nerve terminal membrane further boost this event (Milanese et al. 2011;
Bonifacino et al. 2016)
Exocytotic glutamate release was also excessive by activating presynaptic Group I
metabotropic glutamate receptors (mGluR1 and mGluR5) in the spinal cord of SOD1 G93A
mice (Giribaldi et al., 2013). The authors report that both mGlu1 and mGlu5 were
overexpressed at the nerve terminal level and that receptor activation stimulated the release
of the excitatory amino acid at much lower concentrations of agonists than in control mice.
Glutamate release, as well as mGluR1 and mGluR5 expression, were also enhanced in early
symptomatic SOD1G93A mouse spinal cord (Bonifacino et al., 2019),
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The literature also indicates that both MNs are particularly vulnerable to AMPA receptormediated excitotoxicity. Administration of AMPA receptor agonists induced motor neuron
degeneration in animals which could be reversed by the antagonist of AMPA receptors,
while NMDA failed to damage spinal motor neurons (Corona et al., 2004). Studies showed
that MNs cultured on astrocytes showed Ca2+ influx through Ca2+-permeable AMPA
receptors, which was crucial for inducing motor neuron death. Other neurons were resistant
to AMPA receptor over-stimulation (Carriedo et al., 2000). Little or no effects of agonists
of NMDA receptors was evidenced in these cultured MNs (Van Den Bosch et al., 2006).
1.4.4 Failure of proteostasis
The aggregation of proteins disturbs the normal protein homeostasis and induces cellular
stress. The overload of misfolded proteins leads to their degradation after ubiquitination via
the ubiquitin-proteasome system. Alternatively, protein aggregates can also undergo
lysosomal degradation by the autophagy pathway after binding to p62 (Höhn et al., 2020;
Corti et al., 2020).
Multiple ALS-related genes hold an important role in protein aggregation and impaired
degradation. Indeed, ubiquilin-2 (UBQLN2) has a role in the delivery of ubiquitinated
proteins to the proteasome (Deng et al., 2011). Several mutations are also present in genes
involved in the autophagy pathway, such as SQSTM1 (encoding the protein p62, which
targets ubiquitinated proteins to the phagophore) (Fecto et al., 2011), optineurin (OPTN,
functioning as a receptor for autophagy) (Maruyama et al., 2010), TBK1 (activating OPTN
by phosphorylation) (Freischmidt et al., 2015), valosin-containing protein (Johnson et al.,
2010) and the C9orf72 (Webster et al., 2016).
1.4.5. Disturbed RNA metabolism
Several RNA-binding proteins are involved in the pathogenesis of ALS. Mutations in the
genes of two RNA-binding proteins, TDP-43 and FUS, have introduced to the mechanism
of dysregulation of RNA metabolism to ALS (Buratti et al., 2010). Further mutations in
other RNA-binding proteins were reported in ALS, such as angiogenin, syntaxin, matrin-3,
heterogeneous nuclear ribonucleoproteins A1) and A2B1, and ataxin-2 (Boeynaems et al.,
2016). In ALS, these proteins are mis-localized to the cytoplasm with aggregation resulting
in toxicity.
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1.4.6

Cytoskeletal disturbances and axonal transport defects

Various protein factors in ALS are involved in the maintenance of cytoskeletal integrity and
axonal transport, such as profilin-1 and tubulin alpha-4A (De Vos et al., 2017). Mutations
in these proteins destabilize the tubulin network and cause axonal transport deficits. Another
complex, the dynactin complex, stabilizes the binding of cargoes and modulates motor
function. Point mutations in the gene encoding the dynactin1 subunit of the dynactin
complex may cause ALS or FTD (Bercier et al., 2019; Munch et al., 2004).
1.5 Clinical Features
The main clinical features of ALS are progressive muscle weakness, followed by muscle
atrophy and slowness of movements with muscle stiffness. This muscle weakness typically
spreads to adjacent body regions and results in developing the disease pathology within the
motor system (Ravits et al., 2009).
ALS is usually demonstrated unilaterally at distal muscles in upper or lower limb muscles
(Turner et al., 2011), with thenar muscles being more affected than hypothenar muscles
(Simon et al., 2014). At the onset of the disease, the first interosseous muscle and finger
extensors are more affected than finger flexors (Margaret et al., 2016). In the lower limb,
the anterior tibial muscle and hamstrings are affected earlier than the gastrocnemius muscle
and quadriceps muscles, respectively (Jenkins et al., 2020).
ALS most commonly present dysarthria or dysphagia, less commonly dysphonia, or reduced
mouth closure or chewing problems. It is also associated with axial muscle weakness and
difficulties with posture in the late stages of the disease (Parvizi et al., 2001). A neurological
examination showed the presence of both upper MNs and lower MNs in patients with classic
ALS. ALS is a complex clinical syndrome with different motor and extra-motor
manifestations that result in distinct phenotypic presentations of the disease with varying
trajectories of the disease (Al-Chalabi et al., 2016).
1.6 Phenotypes of ALS
ALS is known to have multiple phenotypes based on the involvement and regional
distribution of both UMN and LMN (van Es et al., 2017; Al-Chalabi et al., 2016). Due to
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the different life expectancy, degree of cognitive and behavioral impairment, it is important
to recognize the different motor phenotypes (Chiò et al., 2011).
1.6.1. Phenotypes of ALS based on the involvement of upper MN versus lower LMN
The classic ALS showed the symptoms of both upper MN and lower MN loss in one or more
body regions. On the other hand, primary lateral sclerosis (PLS) is described by progressive
spasticity and slowing of movements with isolated UMN (Pringle et al., 1992). The
symptoms should begin in the lower limbs but can start in the bulbar region as well. PLS
represents 3%–5% of all motor neuron diseases and it can involve into ALS after 3 to 4 years
of disease onset. The median survival of PLS patients is more than 20 years but the patients
with UMN predominant ALS have a shorter survival compared to PLS. UMN predominant
ALS has a slower disease progression compared to classic ALS. LMN predominant ALS
patients have very few UMN signs.
Progressive muscular atrophy is identified by progressive isolated LMN signs without
involvement of UMN dysfunction, although up to 30% of progressive muscular atrophy
patients will develop UMN signs during disease progression.
1.6.2. Phenotypes of ALS based on the CNS region involved
Bulbar ALS is a destructive type of ALS occurring in about 30% of patients and is
characterized by a fast decline in patient survival and reduction of disease onset. Bulbar
upper MN dysfunction results in spastic dysarthria, which is identified by slow, labored, and
distorted speech. Bulbar lower MN dysfunction is characterized by tongue wasting and
fasciculation, followed by flaccid dysarthria and dysphagia.
Pseudobulbar palsy is described by the absence of facial expressions, spastic dysarthria,
difficulty in chewing, dysphagia, and tongue protrusion (Finegan et al., 2019). The jaw jerk
is exaggerated or clonic due to the involvement of the upper MN. Pseudobulbar palsy can
be differentiated from progressive bulbar palsy, affecting the lower MNs.
Mill’s syndrome (hemiplegic variant) defines a hemiplegic or asymmetrical pattern. The
symptoms are gradually progressive, and the progression is usually more ascending than
descending. It can also involve the facial muscles.
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About 3% of patients have respiratory ALS, characterized by diaphragm weakness as the
initial problem. These patients have a poor prognosis. In axial variant ALS, the disease starts
in paravertebral muscles, with stooped posture as a presenting symptom.
Flail arm ALS is also known as brachial amyotrophic diplegia, man-in-the-barrel syndrome,
or Vulpian–Bernhardt syndrome and identifies progressive weakness in the upper limbs.
About 77% of patients develop bulbar symptoms and males are more preponderant than
females (male to female ratio 3:1) (Wijesekera et al., 2009).
Flail leg ALS is characterized by progressive weakness of lower limbs, symmetrical as
predominantly charaterizedby by a lower MN pattern of weakness. There is no significant
weakness in the upper limbs and bulbar region up to 12 months from the disease onset, and
progression is slightly slower than classic ALS.
1.6.3 Phenotypes of ALS based on additional frontotemporal involvement
FTD is the most common cause of dementia after Alzheimer’s disease in patients aged 65
years or more. About 50% of ALS patients show degeneration of frontal and anterior
temporal lobes, resulting in language impairments or behavioral changes. This can be
identified by using the Edinburgh cognitive and behavioral ALS (Niven et al., 2015). ALS
without cognitive or behavioral impairment is associated with memory dysfunctions or
reduced visuospatial function (Strong et al., 2017).
1.7 Genetics classification of ALS
Many studies showed that 90% of ALS are sporadic cases with no clear genetic linkage.
However, 10% of cases show a familial heritage (Maruyama et al., 2010, Turner et al.,
2013). In the last few years, there is a rapid increase in the genetic causes of ALS. Moreover,
the correlation between the genetic subtypes and the pathological subtypes has become
clearer. In addition to SOD1, TARDBP, FUS, UBQLN2, and C9orf72, several other genes
are also associated with ALS.
1.7.1 Genetics of fALS
Among those all-genetic causes, 30-50% cases are associated with C9orf72, 20-25% are
caused due to the mutation in the SOD1 gene, 4-5% cases of fALS are the result of a
mutation in TARDBP and FUS genes and the rest are due to other mutations such as alsin,
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senataxin (SETX), spatacsin, vesicle-associated membrane protein-associated protein B
(VAPB). angiogenin (ANG), factor-induced gene 4, optineurin (OPTN).
1.7.1.1 Superoxide Dismutase 1 (SOD1) /ALS1
The first mutation identified in fALS was SOD1, which maps to chromosome 21q22.
Patients with SOD1 mutation present with limb onset, starting in the lower limb rather than
the upper limb. Literature reveals that more than 180 mutations are affecting the functional
domains of SOD1 predominantly in missense mutations. Mutations in SOD1 have been
reported in ~20% of fALS and ~1-4% of sALS (Pasinelli et al., 2006). SOD1 mutant ALS
patients show variation in some factors such as the age of onset, severity, rate of disease
progression, and duration, indicating that the phenotype is modified by genetic and
environmental factors (Maruyama et al., 2010). The SOD1D90A mutation which is inactive
in a Scandinavian population is linked to autosomal dominant ALS in other genetic groups
(Pasinelli et al., 2006). Patients with SOD1 A4V mutations have more death rate and more
penetrance power (Pasinelli et al., 2006). The SOD1A89V mutation has less penetrance,
variable age at onset, and sensory neuropathy (Rezania, et al., 2003). The SOD1I113T
mutation is highly diverse in the age of onset, clinical manifestations, disease progression,
and penetrance (Lopate et al., 2010, Mackenzie et al., 2007).
1.7.1.2 Alsin/ALS2
ALS2 is a rare disease with a mean age of onset of 65 years, characterized by limb and facial
spasticity, spastic dysarthria, uncontrolled laughter, lower motor neuron signs, and bladder
dysfunction (Pasinelli et al., 2006, Hadano et al., 2006). Alsin is a Rab5 and Rac1 guanine
nucleotide exchange factor that promotes neurite outgrowth in cell cultures (Hadano et al.,
2006). Alsin plays a neuroprotective role by protecting cell cultures from mutant SOD1
toxicity (Kanekura et al., 2004). Alsin overexpression inhibits SOD1G93A-induced
endosomal Rac1 activation and reactive oxygen species production. The alsin mutations
disrupt the endolysosomal system and result in the aggregation of immature vesicles and
misfolded proteins in neurons (Li et al., 2011, Otomo et al., 2008). Studies showed that alsin
knock-out mice could result in motor neuron damage, with no specific features consistent
with ALS or other MN diseases. These mice showed increased vulnerability to oxidative
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stress, indicating that alsin mutation might be a risk factor rather than a direct cause of MN
degeneration (Cai et al., 2008, Gros-Louis et al., 2008).
1.7.1.3 Senataxin (SETX)/ALS4
ALS4 is a rare, autosomal dominant ALS form characterized by distal limb weakness and
muscle atrophy. It has slow disease progression consistent with a normal life span (Chance
et al., 2017). ALS4 has linked to chromosome 9q34 and shows three distinct mutations in
the SETX gene in 3 families with ALS (Chen et al., 2004). SETX gene encodes a
ubiquitously expressed DNA/RNA helicase protein involved in DNA repair, replication,
recombination, transcription, RNA processing, transcript stability, and translation initiation
(Moreira et al., 2004, Grohmann et al., 2001). Mutation in the SETX gene caused MN
degeneration that may result from the aberrant RNA processing (Skourti-Stathaki et al.,
2011).
1.7.1.4

Spatacsin (SPG)/ALS5

ALS5 is the most common form of recessive fALS with a mean onset age of 25 years. It has
a prolonged progressive rate, and patients can survive more than three decades. ALS 5 is
linked to chromosome 15q15-21 and mutations in the SPG11 gene (Hentati et al., 1998,
Stevanin et al., 2007). SPG11 gene mutation causes clinical, pathological, and genetic
features of ALS (Orlacchio et al., 2010). SPG11 is a protein with four transmembrane
domains, a leucine zipper, and a coil domain. This protein was identified in the CNS,
especially in the cortical and spinal MNs and in the retina (Murmu et al., 2011).
1.7.1.5 Fused in sarcoma (FUS)/ALS6
ALS6 is characterized by a wide range of disease onset, from 26–80 years, with a mean
duration of 33 months (Pasinelli et al., 2006). Most patients show lower MN predominance,
with no cognition and bulbar region involvement. The locus for ALS6 has been mapped to
chromosome 16p11.2 encoding the FUS gene (Sapp et al., 2003). Mutations in the FUS gene
are identified in a large Cape Verde family with autosomal recessive ALS (Lanson et al.,
2012). They can also be found in patients with frontotemporal dementia (FTD) and juvenile
ALS with basophilic inclusions (Bäumer et al., 2010). Besides, FUS is also involved in
Huntington's disease (HD) (Doi et al., 2010). The N-terminus of the FUS gene plays an
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important role in the transcriptional activation of the gene. Mutation at the C-terminus
interrupts the transport of FUS into the nucleus, which results in the cytoplasmic localization
of FUS and the formation of stress granules (Dormann et al., 2010, Bosco et al., 2010). A
study in the transgenic Drosophila model observed age-dependent progressive motor neuron
damage when WT R524S (arginine at codon 524 changes to serine) or P525L (proline at
codon 525 changed to leucine) mutant FUS is over-expressed in photoreceptors (Chen et al.,
2011).
1.7.1.6 Vesicle associated membrane protein B (VAPB)/ALS8
ALS8 was identified in a large Brazilian family, in which 28 males and females were
affected across four generations. The onset develops between 31-45 years and symptoms are
characterized by postural tremor, fasciculations, slow progressive upper and lower limb
weakness. ALS8 is Linked with a novel locus at chromosome 20q13.3, and the mutation
analysis in the VAPB protein showed the presence of a proline instead of serine in position
56 (Nishimura et al., 2004). VAPB is an integral endoplasmic reticulum (ER) membrane
protein involved in various functions like intracellular vesicle trafficking, lipid transport,
and the unfolded protein response. Mutations in the VAPB domain led to VAPB aggregation
into ER clusters, resulting in a decreased ER anchoring of lipid-binding proteins and motor
neuron degeneration (Nishimura et al., 2004, Chen et al., 2010). The reduced expression of
VAPB in human and mouse models of ALS suggests the involvement of VAPB in ALS
(Teuling et al., 2007, Tudor et al., 2010). However, a study demonstrated that
overexpression of VAPBP56S in mouse spinal cord could produce VAPB aggregates, but it
is not linked with MN degeneration, meaning that the mutant VAPB aggregates may cause
MN degeneration by loss of function rather than gain-of-toxicity (Qiu et al., 2013).
1.7.1.7 Angiogenin (ANG)/ALS9
ALS9 is an autosomal dominant adult-onset disease exhibiting the classic signs of ALS. Few
patients also display the symptoms of Parkinson's and FTD. Angiogenin is positioned at
chromosome 14q11.2 and was first identified in patients from Ireland and Scotland
(Greenway et al., 2004). Few fALS cases bear both ANG and FUS mutations or SOD1
mutations. ANG is a pancreatic ribonuclease that plays an important role in inhibiting the
translation of proteins and helps in rRNA biogenesis and cellular proliferation (Millecamps
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et al., 2010, Luigetti et al., 1924). ANG mediates neovascularization and promotes neurite
outgrowth during early embryonic development. Mutations in the ANG gene results in the
loss of ribonucleolytic activity and nuclear translocation activity (Padhi et al., 2012).
1.7.1.8 TAR DNA binding protein (TARDBP)/ALS10
ALS10 was first reported in fALS cases in 2008. Previous studies showed more than
TARDBP 40 mutations in different groups with an incidence of ~4-5% in fALS and up to
2% in sALS. TARDBP-related ALS patients present with predominant limb onset and a
wide variation in the duration and age of onset (30–77 years). TARDBP mutations have
been recognized in both ALS-FTD and FTD cases. TARDBP is one of the major
components of cytoplasmic inclusions in ALS and FTD (Sreedharan et al., 2008) and it can
be also found in other neurodegenerative disorders such as HD, AD, and PD (Da Cruz et al.,
2011). TDP-43 is a DNA/RNA binding protein, known to be involved in various functions
including gene transcription, RNA splicing, microRNA processing, and stabilization and
transport of mRNA. TDP-43 has many binding targets, such as FUS, vasolin containing
protein (VCP), progranulin, and other transcripts encoding neurodegenerative diseaseassociated proteins as well as many other RNA processing genes (Buratti et al., 2012).
1.7.1.9

FIG 4/ALS11

ALS 11 is an adult-onset ALS with a rapidly progressive course, characterized by early
bulbar involvement and slight cognitive impairment. The causative gene for ALS11 is a
Sac1 domain-containing protein 3 located on chromosome 6q21 (Pasinelli et al., 2006). FIG
4 is a phosphoinositide 5-phosphatase involved in trafficking endosomal vesicles back to
the trans-Golgi network (Michell et al., 2009). Mutations in FIG 4 result in
neurodegeneration in sensory and autonomic ganglia, motor cortex, and striatum (Chow et
al., 2007, Zhang et al., 2007). Moreover, mutant mice without Vac14, the gene coding for a
FIG 4 interactor, show neurodegeneration. Mutations in FIG 4 and Vac14 lead to
cytoplasmic inclusion formation containing p62, LC3-II, and LAMP-2, suggesting that
autophagy may play a role in the gene mutation-induced neurodegeneration (Zhang et al.,
2007).
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1.7.1.10 Optineurin (OPTN)/ALS12
ALS12 has slow disease progression characterized by lower limb onset and upper MN
involvement. A genetic study showed homozygous deletion of exon 5 and another
homozygous nonsense (Q398X) mutation in chromosome 10p13 (Pasinelli et al., 2006). A
cohort study on fALS and sALS patients revealed two homozygous mutations and one
heterozygous missense mutation (E478G). OPTN is known to co-localize with FUS, TDP43,
and SOD1 in inclusion bodies of sALS and fALS patients. This protein is involved in protein
trafficking, maintenance of the Golgi complex, and exocytosis (Maruyama et al., 2010).
Mutations in the OPTN protein induces neurotoxicity through loss of function (Sakaguchi
et al., 2011, Wild et al., 2011). OPTN mutation uninterrupted NF-κB neurotoxicity
(Maruyama et al., 2010). Literature demonstrated the role of OPTN in autophagy through
phosphorylation by TBK1 (Wild et al., 2011) and clearance of protein aggregation via a
ubiquitin-independent way (Korac et al., 2013)
1.7.1.11 Valosin containing protein (VCP)/ALS14
ALS 14 is characterized by limb-onset motor neuron symptoms with an average onset of the
disease of 49 years (Pasinelli et al., 2006). A single heterozygous missense mutation was
reported in an Italian family in the gene coding for VCP, located in chromosome 9p13.3.
Further analysis of 210 fALS patients showed three more VCP mutations in four patients.
VCP mutations are a rare cause of fALS, and clinical features could include FTD, Paget’s
disease, inclusion body myopathy, and parkinsonism (Johnson et al., 2010).
VCP is involved in various cellular functions, such as protein homeostasis through
endoplasmic reticulum-associated degradation (ERAD), Golgi biogenesis, assembly of
peroxisomes, vesicle transport and fusion, and autophagy. VCP can induce ER stress by
activating the unfolded protein response that leads to the aggregation of misfolded proteins
and results in apoptotic cell death (Pasinelli et al., 2006, Johnson et al., 2010). A study on
control and ALS patients showed that the amount of VCP in the skin of ALS patients is
higher than in controls (Ishikawa et al., 2013).
1.7.1.12 Ubiquilin 2 (UBQLN2)/ALS15
ALS15 is an X-linked dominantly inherited disease with upper MN and lower MN
involvement (Pasinelli et al., 2006). Some of the patients also reported dementia. UBQLN2
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gene maps to chromosome Xp11. A genetic study reported a point mutation in the coding
region of the UBQLN2 gene, which substituted proline with histidine (Kaye et al., 2000).
Furthermore, four more missense mutations were identified in four families, all substituting
proline with some other amino acid (Deng et al., 2011). UBQLN2 is a ubiquitin-protein,
which controls protein degradation by delivering ubiquitinated proteins to the proteasome.
Mutations in UBQLN2 disturb the protein degradation pathway, which results in the
aggregation of protein and neurodegeneration. UBQLN2 mutations are also present in other
ALS patients, such as Ubiquitin, p62, TDP-43, FUS, and OPTN, but negative for SOD1
(Deng et al., 2011, Daoud et al., 2011)
1.7.1.13 SIGMAR1/ALS16
ALS 16 is characterized by initial signs of spasticity and hyperreflexia of upper MN, which
can also proceed to lower MN and paralysis. Homozygosity mapping found a linkage on
chromosome 9p13.2-21.3 with the mutation in SIGMA non-opioid intracellular receptor1
(SIGMAR1) gene (Al-Saif et al., 2011). The linkage studies were done in one Dutch and
one Scandinavian family to identify the connection between familial ALS with FTD and the
chromosome 9p13.2-21.3 (Morita et al., 2006). It was found that in the Scandinavian family,
ALS and FTD occur separately; however, in the Dutch family, all the members showed both
ALS and FTD symptoms ((Morita et al., 2006, Luty et al., 2010). A genetic study identified
a nucleotide substitution in the SIGMAR1 gene in a patient with ALS and FTD. The
mutation disrupted the stability of the transcript and dysregulated the channel activity (Luty
et al., 2010).
1.7.1.14 ALS-FTD1 and ALS-FTD2
ALS-FTD1 and ALS-FTD2 are adult-onset disorders that present with the symptoms of both
fALS and FTD. ALS-FTD1 is known to be linked to chromosome 9q21-q22, mapped in 16
ALS-FTD families (Hosler et al., 2000). ALS-FTD2 has been linked to chromosome 9p21.
A hexanucleotide GGGGCC repeat expansions in the C9orf72 gene has recently been
identified as the genetic defect of ALS-FTD2 (DeJesus-Hernandez et al., 2011). Currently,
C9orf72 mutation is the most common genetic cause of fALS and FTD, accounting for
approximately 34.2 and 25.9% of the cases, respectively (van Blitterswijk et al., 2012).
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Along with the FTD and ALS, C9orf72 mutation also shows other features, such as memory
loss, psychosis, akinetic-rigid and cerebellar signs (Rademakers et al., 2012).
1.7.1.15 Dynactin 1 (DCTN1)
DCTN1 mutations determine a slow and progressive autosomal dominant form of ALS
characterized by hereditary motor neuronopathy. The genetic studies first identified the
mutation in the p150 subunit of the DCTN1 gene, mapped on chromosome 2p13. After that,
three more mutations have been found in the DCTN1 gene in sALS, fALS, and ALS-FTD
families (Münch et al., 2004). The dynactin binds with the microtubule motor protein dynein
during the axonal transport of vesicles and organelles (Holzbaur et al., 1996). The mutation
in the DCTN1 gene leads to impaired axonal transport in motor neurons and results in
neurodegeneration. Several studies identified the role of dynactin in the pathogenesis of ALS
(Laird et al., 2008, Puls et al., 2003). G59S (glycine at codon 59 changed to serine) is a
major component of the dynein/dynactin complex, and the mutation in the G59S can cause
motor neurodegeneration. A study demonstrated that G59S p150glued knock-in mice
showed loss of spinal motor neurons, increase of reactive astrogliosis, and excessive
accumulation of cytoskeleton and synaptic vesicle proteins at the neuromuscular junctions
(Lai et al., 2007). Valérie Bercier and colleagues showed that a decrease of DCTN1 mRNA
and protein can lead to sALS (Bercier et al., 2019).
1.7.1.16

Other rare mutations in fALS

A genome analysis used the microsatellite markers on a set of families with ALS cases and
identified a mutation in the D-amino acid oxidase (DAO) gene located on chromosome
12q22-23 in a single three-generation family. This mutation is characterized by the classical
ALS signs, with early bulbar involvement and a limited decline in cognitive skills (Mitchell
et al., 2010). Mutations in the R199W (arginine at codon 199 changed to tryptophan)
position of the DAO gene decrease the cell viability, increase the formation of ubiquitinated
aggregates, and result in the apoptosis of MN cultures (Barker et al., 1977). A co-culture of
MNs and astrocytes with R199W mutation showed motor neuron death (Mitchell et al.,
2010). This neurodegenerative effect could generate either from the accumulation of
aberrant proteins or from impaired enzyme activity. Impaired enzyme activity leads to the
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accumulation of D-serine, which increases glutamate transmission and causes motor neuron
death (Sasabe et al., 2012).
A large European family was identified with ALS3 mapped to chromosome 18q21, which
codes for 50 genes but the exact gene causing the disease is yet to be identified. In one fALS
family, designated as ALS7, ALS patients show signs of adult-onset fALS with rapid disease
progression (Pasinelli et al., 2006).
1.7.2 Genetics of sALS
The major clinical difference between sALS and fALS is the age of onset. sALS is mainly
recognized in older patients. All other clinical features, including extrapyramidal and
cerebellar signs or cognitive involvement, are the same as fALS (Czaplinski et al., 2006).
The proportion of sALS is higher in men than in women (Pasinelli et al., 2006). The exact
cause of sALS in most cases is not known. Some fALS genes such as C9orf72, TDP-43,
FUS, and SOD1 have also been reported in a small proportion of sALS cases (Turner et al.,
2013). The crosslink between genetic and environmental factors may contribute to the
pathogenesis of sALS (Maruyama et al., 2010).
1.7.2.1 Apurinic endonuclease (APEX1)
Mutation analysis in 117 Scottish sALS patients showed an SNP association ending in a
D148E amino-acid change in APEX1 and confirms that APEX1 mutations may cause sALS
in a particular geographic population (Hayward et al., 1999). APEX1 is known to decrease
oxidative stress by participating in the process of DNA repair and DNA binding of
transcription factors. Mutated APEX1 lost the redox activity and failed to stimulate cell
proliferation. APEX1 redox activity also protects neurons from ionizing radiations that
produce reactive oxygen species and oxidative DNA damage (Vasko et al., 2011).
1.7.2.2 Charged multivesicular body protein 2B (CHMP2B)
The CHMP2B mutation was first revealed in a Danish family characterized by a
predominant lower MN phenotype, and one patient also showed signs of FTD. Later, three
missense mutations in the CHMP2B gene were found in 433 ALS patients (Skibinski et al.,
2005). CHMP2B belongs to the CHMP family and is involved in the degradation of surface
receptor proteins and trafficking of proteins between plasma membrane, trans-Golgi
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network, and lysosomes (Skibinski et al., 2005, Cox et al., 2010). Mutation in the CHMP2B
can result in disrupted endosomal structure, dendritic retraction, and autophagosomal
aggregation (Belly et al., 2010, Ghazi-Noori et al., 2012).
1.7.2.3

Neurofilaments

Neurofilaments are neuronal cytoplasmic filaments present in the cytoskeleton of
myelinated axons. Neurofilaments are formed by different molecular mass subunits encoded
as neurofilaments light (NEFL), medium (NEFM), and heavy (NEFH). The overaccumulation of neurofilaments, mainly NEFH, causes ALS in a small proportion of patients
(Al-Chalabi et al., 1999). One study demonstrated that the overexpression of NEFH and
NEFL can cause paralytic symptoms in mice associated with axonal atrophy and motor
dysfunction. NEFL plays a role in neurofilament assembly. One study in NEFL-null mice
showed a reduction in axons (Couillard-Després et al., 1998). Apart from ALS, NEFL
mutations also cause

the Charcot-Marie-Tooth disease, a hereditary sensory and motor

neuropathy (Mersiyanova et al., 2000).
1.7.2.4

Paraoxonase (PON)

PONs is consisted of 3 units named PON1, PON2, and PON3 located on the 80-kb block of
chromosome 7q21.3. PON1 and PON3 are mainly expressed in the liver, enter the blood,
and show protective action against atherosclerosis, whereas PON2 is expressed in many
tissues (Giordano et al., 2011). One study quantified the expression of PON1 and PON2 in
the mouse brain (Giordano et al., 2011, Horner et al., 2003). PON proteins participate in
lactone hydrolysis and detoxification of organophosphate pesticides, neurotoxins, and
aromatic esters, which are associated with sALS (Saeed et al., 2006, Valdmanis et al., 2008).
Recently, a genetic study in fALS and sALS patients identified seven mutations in the PON
genes (Ticozzi et al., 2010). Moreover, PON2 knockout mice induced neurotoxicity caused
by oxidative stress as compared to wild-type mice taking advantage of the neuroprotective
role of PON2 (Giordano et al., 2011).
1.7.2.5

Peripherin (PRPH)

PRPH is a type III intermediate filament present in neurons in the peripheral nervous system.
In neuronal injury, the expression of PRPH increases in the spinal, MNs indicating a role in
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axonal regeneration (Mizuno et al., 1999). A study showed MN degeneration in
overexpressing PRPH mice (Beaulieu et al., 1999). One study conducted on 122 Italian ALS
patients revealed two missense PRPH mutations, named p.R133P (arginine at codon 133
changed to proline) and p.D141Y (aspartic acid at codon 141 changed to tyrosine), that have
a deleterious effect on protein structure and function (Corrado et al., 2011). Some mouse
models show PRPH splice variants, which may contribute to ALS pathogenesis. A
pathogenic isoform of PRPH, named Per61, was found in MNs of both mutant SOD1 and
TDP-43 mice but not in wild-type c mice (Robertson et al., 2003, Schwab et al., 2012). One
recent study reported the overexpression of another PRPH splice variant (Per28) in ALS
patients (Xiao et al., 2008).
1.7.2.6 Survival motor neuron (SMN) 1 and 2
SMN, also known as ‘GEMS’ (Gemini of the coiled bodies, plays an important role in
mRNA metabolism. SMN forms a complex with several spliceosomal small nuclear ribonucleoproteins) (Lefebvre et al., 1997, Veldink et al., 2005). The SMN genes map to
chromosome 5q13 and are present in humans in two copies, the telomeric copy named
SMN1 and the centromeric copy named SMN2 (Lefebvre et al., 1995).
The damage in the assembly and function of the spliceosome could cause motor neuron
degeneration. Mutation in the SMN1 gene (was first identified in SMA, which is the second
most frequent autosomal recessive disorder found in childhood. After this discovery, most
research has focused on the role of these genes in ALS (Corcia et al., 2002). Later, four
studies have described quantitative PCR results of SMN1 or SMN2 genes in sporadic ALS
(Veldink et al., 2001, Corcia et al., 2002, Veldink et al., 2005, Corcia et al., 2006). They
compared the SMN1 copy number of 890 ALS patients with controls. Three out of four
studies stated that the SMN1 copy number increased in the ALS population. A study
conducted on 110 ALS patients and 100 controls detected an increase in the frequency of
SMN2 deletions in sALS patients (Veldink et al., 2005).
1.7.2.7

Vascular endothelial growth factor (VEGF)

VEGF acts as a hypoxia-responsive element and is known to play an important role in
angiogenesis. VEGF is also involved in some other processes, such as inflammation and
tumor progression (Dvorak et al., 1995). In addition to hypoxia, other stimuli regulate the
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expression of the VEGF gene, such as nitric oxide, estrogen, and a large variety of growth
factors, like insulin-like growth factor (IGF-1), tumor necrosis factor-alpha (TNF-α),
epidermal growth factor (EGF), transforming growth factor-beta (TGFβ), interleukin- (IL-)
6, and IL1-β. Six different VEGF factors exist, named VEGF-A, placental growth factor
(PlGF), VEGF-B, VEGF-C, VEGF-D, and VEGF-E. Recent studies showed that VEGF-A,
VEGF-B, and VEGF-C directly affect neural cells (Raab et al., 2007). There are mainly two
classes of VEGF receptors, tyrosine kinase, and the non-tyrosine kinase receptors.
In 2001, the first study was published demonstrating the role of VEGF in ALS (Oosthuyse
et al., 2001). Mutation in the VEGF gene in mice resulted in a new and unexpected role for
VEGF in MN degeneration. The authors produced mice with a homozygous deletion in the
hypoxia response element (HRE) site in the VEGF promoter region. About 60% of mice
died before or around birth due to vascular abnormalities in the lung, and 40% of survived
mice showed symptoms of MN degeneration after five months. After 17 months, these mice
reported losing almost 30% of MNs in the ventral horns of the spinal cord. A study revealed
that deletion in mice of HRE from the VEGF promoter could cause MN degeneration as in
ALS (Oosthuyse et al., 2001). Research conducted in mutant SOD1 rats showed that
intramuscular and intra-cerebroventricular administration of VEGF prolonged survival
(Storkebaum et al., 2005). Literature demonstrated a significant decrease in the expression
of VEGF and its receptors in the spinal cords of ALS patients (Brockington et al., 2006). A
broad study was conducted on ALS patients and controls from Sweden, Belgium, and
England to identify the specific mutations. The results showed that specific SNPs in the
VEGF gene are associated with a lower level of VEGF expression and a higher risk of ALS
(Lambrechts et al., 2009).
1.7.2.8

Progranulin (PGRN)

Progranulin is a highly conserved glycoprotein expressed in multiple cell types, both in the
CNS and in peripheral tissues. It is a precursor of granulins and is involved in functions like
cell growth, survival, repair, and inflammation. PGRN also regulates the lysosomal function
and microglia responses in the CNS (Townley et al., 2018). Previous studies showed the
association of PGRN and activated microglia in several neurodegenerative diseases (Baker
et al., 2006). Mutation in the PGRN gene leads to protein haploinsufficiency, which can
cause neuropathologic frontotemporal lobar degeneration (FTLD) associated with the
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accumulation of TDP-43 inclusions. PGRN mutations also cause neuronal ceroid
lipofuscinosis. A study conducted by Schymick and colleagues showed that PGRN nonsense
and deletion mutations cause ubiquitin-positive, tau negative FTD (Schymick et al., 2007).
1.7.2.9

Ataxin-2 (ATXN2)

Ataxin-2 is a cytoplasmic protein encoded by the ATXN2 gene containing a polyglutamine
(poly Q) tract with normally 22–23 repeats present in the N-terminal part of the protein
(Ross et al., 2011, Sequeiros et al., 2010). In healthy individuals, CAG repeats in ATXN2
are interspersed with CAA codons to form the most common repeat length of 22 repeats
[(CAG)8- CAA(CAG)4CAA(CAG)8] (Imbert et al., 1996). Spinal cerebellar ataxia type 2
(SCA2) was the first disease associated with polyQ repeat expansions in ATXN2 (Gispert
et al., 1993). Sequencing showed that SCA2 consists of 37 uninterrupted CAG repeats (Pulst
et al., 1996, Sanpei et al., 1996). In rare late-onset diseases, long lengths (32–33) CAG
repeats were found, and intermediate-length polyQ repeats (23–34) were found in ALS
patients (Pasinelli et al., 2006)
ATXN2 is known to interact with two common ALS proteins, FUS and TDP-43, and
modifies their cellular toxicity. ATXN2 and TDP-43 form an RNA-dependent complex, and
long polyQ repeats stabilize ATXN2 and increase its interaction with TDP-43. This leads to
enhanced dislocation of TDP-43 into the cytoplasm in the spinal cord MNs of ALS patients
(van den Heuvel et al., 2014, Elden et al., 2010).
1.8 Metabotropic Glutamate Receptors
As described above, ionotropic glutamate receptors are ligand-gated ion channels and
mediate fast excitatory synaptic signalling and have a key role in synaptic plasticity
(Wollmuth, 2018). Metabotropic glutamate receptors (mGluRs) are G protein-coupled
receptors (GPCRs) that modulate synaptic transmission and neuronal excitability. They are
mainly divided into three groups based on their sequence homology, pharmacology, and
transduction mechanism (Kim et al., 2020).


Excitatory Group I receptors (mGluR1 and mGluR5)



Inhibitory Group II receptors (mGluR2 and mGluR3)



Inhibitory Group III receptors (mGluR4, mGluR6, mGluR7, mGluR8)

UNIVERSITY OF GENOVA

36

The structure of GPCRs shares a common domain composed of 7 transmembrane helices,
an extracellular N-terminal domain, and an intracellular C-terminal domain. This structure
allowed the identification of several families of GPCRs (Pin et al., 2003). mGluRs were
marked as a new family of GPCRs, which were discovered when the mGluRs were cloned
(Houamed et al., 1991; Masu et al., 1991). The structure of mGluRs consists of a large Nterminal extracellular signal sequence, a hydrophilic extracellular agonist-binding domain
that contains nineteen cysteine residues, the seven transmembrane domains (7TM), and a
cytoplasmic C-terminal domain variable in length (Conn and Pin, 1997). The cysteine-rich
extracellular domain and the extracellular loops are maintained among all the members of
the mGluR family. Another characteristic shared by these receptor family is the N-terminal
binding site, composed of two globular domains with a hinge region that can deeply modify
its conformation depending on the ligand interaction (Conn and Pin, 1997).
1.8.1

Group I Metabotropic Glutamate Receptors

Group-I type of mGluRs includes mGluR1 and mGluR5 and is mainly distributed in the
CNS, specifically at synaptic and extrasynaptic sites in both neurons and glia. Depending
on the different C-terminal domains, they can be classified into various variants such as
mGluR1a, 1b, 1c, 1d, and mGluR5a, 5b. Apart from the postsynaptic location, several
studies demonstrated the expression of group I mGluRs also in presynaptic terminals by
immunocytochemical and biochemical analyses (Pin et al., 2003; Raiteri, 2008; Schoepp,
2001; Muly et al., 2003; Musante et al., 2008). Various studies reported the functional
interaction between heterodimers of mGluR1 and mGluR5 (Fazal et al., 2003; Musante et
al., 2008). The composition of the heterodimer also plays a role in the case of knocking
down mGluR1 or mGluR5 (Milanese et al., 2014; Bonifacino et al., 2017).
Both mGluR1 and mGluR5 can exert different functions based on their localization in the
brain (Moroni et al., 1998; Reid et al., 1999; Fazal et al., 2003). The literature showed that
mGluR1 is highly involved in the regulation of sensory and motor functions while mGluR5
is mainly involved in synaptic plasticity, learning and memory.
mGluR1 and mGluR5 expressed in microglia participate in cell migration (Liu et al., 2009)
and modulate the inflammatory phenotype (Pinteaux-Jones et al., 2008). Similarly, the
expression of mGluR5 in astrocytes participates in enhancing cell repair after injury, either

UNIVERSITY OF GENOVA

37

through the actions of neurotrophins and growth factors or through the production of
cytokines and inflammatory mediators (Planas-Fontanez, 2020).
Group I mGluRs are activatory by coupling with Gq/11 protein that results in the stimulation
of various downstream pathways (Nicoletti et al., 2011). Moreover, Group I mGluRs can
modulate additional downstream of Gq/11 protein, as well as signalling pathways regulated
by Gi/o, Gs, and by other molecules independent from G proteins (Hermans and Challis
2001). Accordingly, the PLC and PKC activation and the increase of intracellular Ca2+ levels
are not the unique consequences of Group I mGluR activation. An example is represented
by a study carried in-vitro in rat cerebral cortical astrocytes expressing a high level of mGlu5
receptors. The mGluR1 and mGluR5 agonist, 3,5-dihydroxyphenylglycine (3,5-DHPG),
caused an accumulation of cyclic AMP (cAMP) in these cells. Even though the direct link
between mGluR5 and Gs protein has not been demonstrated, the mechanism is independent
of PKC, PLC, and intracellular Ca2+ level (Balazs et al., 1998).
The G proteins coupling is mainly controlled by the intracellular loops 2 and 3, and by the
C-terminal domain (De Blasi et al., 2001). A study revealed that the long C-terminal domain
of mGluR1a enhances the coupling efficiency by exerting a small agonist-independent
activity (Prezeau et al., 1996). In addition, this domain also interacts with scaffolding
proteins such as Homer-1, which can interact with mGluR5 and mGluR1a and regulate the
insertion and the clustering in the cellular membrane or other cellular compartments (Pin et
al., 2003). Homer-1 is known to interact with phosphatidylinositide 3-kinase enhancer L and
activates the phosphatidylinositide 3-kinase (PI3K) (Ahn and Ye, 2005). This interaction is
linked with the activation of a PI3K-dependent anti-apoptotic signaling pathway that
supports neuronal survival and sheds light on the relationship between NMDA and
mGluR1a. Accordingly, Ca2+ rise by NMDAR activation results in calpain-mediated
truncation of the C-terminal domain of mGluR1a. The truncated mGluR1a maintains its
ability to increase cytosolic Ca2+ and no longer activates the neuroprotective PIK3dependent signalling pathway (Caraci et al., 2012; Xu et al., 2006).
Another pathway that connects Group I mGluRs and NMDARs is tyrosine-protein kinase
Src. The activation of mGluR5 induces phosphorylation of NR2A and NR2B domains of
the NMDAR, increasing Ca2+ currents. Dysregulation of this pathway leads to increased
excitotoxicity and results in neuronal death (Takagi N et al., 2012). The extracellular signal-
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regulated kinases (ERK) cascade pathway is also linked with Group I mGluRs, which
regulate gene expression, cell proliferation, differentiation, and survival (Thandi et al.,
2002). Group I mGluRs have been shown to activate ERK in cortical glia (Peavy RD and
Conn PJ, 1998) and primary astrocytes (Schinkmann et al., 2000). The ERK pathway is
activated via Gi/o protein (Thandi et al., 2002). These data suggest that mGluR1 and
mGluR5 not only exhibit different anatomical and cellular distributions in the CNS (Hubert
et al., 2001; Valenti et al., 2002), but they also differ in the downstream signalling partners
and the resulting activated pathways (Thandi et al., 2002).
1.8.2 Group I Metabotropic Glutamate Receptors: Activation and Pharmacology
Recent evidence supports the heterodimerization of GPCRs, making it possible to interact
via different sequence elements to target the protein-protein interaction interfaces (Milligan,
2006; Milligan and Smith, 2007). The same emerged for mGluRs (Doumazane et al., 2011).
Various studies looking at protein shared sequences of the extracellular N-terminal domains
of the mGluRs allowed elucidating the structure and function of these metabotropic
receptors.
Briefly, the extracellular N-terminal domain of mGluRs revealed a bilobate structure. The
lobes (LBs) are separated by a cleft where glutamate binds. These LBs are usually in an
open state in the absence of ligand, and they close in its presence (Pin et al., 2003). Whereas
quivering was observed between the open and closed states even without ligand, stabilizing
in the closed state. Because of these structural characteristics, such a protein domain was
called the Venus Flytrap domain (VFD). This constant equilibrium between the two states
is crucial for the ligand affinity to the receptor (Pin et al., 2003). A very first study on
mGluR1 showed that in the open form glutamate exclusively binds lobe 1 (LB1), whereas,
in the closed state, it makes additional contacts with residues of lobe 2 (LB2), stabilizing the
closed condition of mGluR1 (Pin et al 2003). VFD can also change from an active to a
resting state. Accordingly, in the absence of the ligand, the two VFDs likely will be in an
open state, and this orientation corresponds to the resting state. Upon binding the agonist to
at least one VFD, this closes to the other, allowing the correct association between the two
LBs, stabilizing the active orientation of the dimer. The active orientation is further
stabilized upon binding the agonist in the second VFD and after the association with a cation
(like Ca2+) at the interface between the two LBs (Pin et al., 2003). Open and closed
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conformations depend on the distance between the LB1 and LB2 to form a unique VFD
domain; thus, the active and resting states are linked to the distance between the two LBs.
A number of Group I mGluRs agonists have been identified such as 3-hydroxyphenylglycine
(3-HPG) and (S)-3,5-dihydroxyphenylglycine (3,5-DHPG). They selectively activate Group
I mGluRs, but not Group II and III s. Moreover, mGluR5 can be specifically activated by
(R,S)-2-Amino-2-(2-chloro-5-hydroxyphenyl)acetic acid (CHPG) (Doherty et al., 1997;
Conn and Pin, 1997).
Moreover, several antagonists and allosteric modulators can bind Group I mGluRs mainly
in the heptahelical domains of mGluRs and alter the conformational state of the receptors
(Stansley and Conn, 2019). CPCCOEt was the first negative allosteric modulator of mGluR1
identified (Annoura et al., 1996). This compound inhibits the mGluR1 signaling without
affecting glutamate binding (Litschig, et al., 1999). Another compound, 2-chloro-4-((2,5dimethyl-1-(4-((trifluoromethoxy)phenyl)-1H-imidazol-4-yl(ethynyl)pyridine (CTEP), an
oral bioavailable mGluR5 negative allosteric modulator optimized for chronic in-vivo
treatments in rodents (Lindemann et al., 2011) and already tested in mouse models of
Huntington’s and Parkinson’s diseases (Abd-Elrahman et al., 2017; Farmer et al., 2020).
Also, some other very potent and selective mGluR1 antagonists were identified such as
LY367385 (Clark et al., 1997), SIB-1757, SIB-1893 (Varney et al., 1999), and fenobam
(Porter et al., 2005). More recently, MPEP showed an in-vitro protective effect against
excitotoxicity induced by AMPA and NMDA (D’Antoni et al., 2011; Takagi et al., 2012).
Several PAMs active at Group I mGluRs have also been developed, including the selective
mGluR5 PAMs, such as DFB, CPPHA, CDDPB (VU29, and ADX47273, and PAMs
specific for mGluR1, such as Ro 67-7476Ro 67-4853VU71 (Niswender and Conn, 2010).
1.8.3

Group I Metabotropic Glutamate Receptors: Regulation and Desensitisation

Group I mGluRs undergo homologous or heterologous changes after their activation,
similarly to the other GPCR families (De Blasi et al., 20 01). Multiple mechanisms are
responsible for these changes, however, the PKC activation-induced phosphorylation of the
intracellular residues of threonine and serine of mGluR1 and mGluR5 plays a major role.
This mechanism has been verified in several systems, including primary neuronal cultures,
hippocampal slices, astrocytes, and synaptosomes (De Blasi et al., 2001).

UNIVERSITY OF GENOVA

40

Nevertheless, PKC activation is not the sole mechanism since G-protein-coupled receptor
kinases (GRKs) are also involved in this phenomenon. These proteins (GRK1-GRK6) are
targeted to the membrane protein and phosphorylate some residues of the C-terminal domain
of the receptor. Phosphorylation allows β-arrestin to bind at the newly generated binding
site to uncouple the receptor from the G protein, and induce its internalization (De Blasi et
al., 2001). Other proteins involved are CaMKII, huntingtin-binding protein optineurin, and
second messenger-dependent protein kinases (Dhami and Ferguson, 2006).
1.8.4

Group I Metabotropic Glutamate Receptors: Pathological Aspects

Group, I mGluRs are mainly involved in the dysregulation of glutamate neurotransmission
in several neurodegenerative diseases such as ALS, epilepsy, AD, PD, HD, ischemia and
stroke, Fragile x mental disorder, stress disorders, and anxiety (Recanses et al., 2007;
Ribeiro et al., 2017). Overexpression of mGluR5 has been reported in reactive astrocytes
surroundings Aβ plaques, spinal cord lesions, multiple sclerosis (MS) lesions, hippocampal
astrocytes from Down syndrome patients, and in ALS (Spampinato et al., 2018).
Group I mGluRs play an important role in ALS. Studies demonstrated that in healthy
humans, mGluR1 is mainly expressed in the spinal cord ventral horn neurons and mGluR5
in the dorsal horn neurons (Tomiyama et al., 2001; Aronica et al, 2001), while astrocytes
express low levels of These receptors. In ALS patients, reactive glial cells show a high
expression of mGluR1 and mGluR5 in the gray and white matter (Aronica et al., 2001). An
in-vitro study confirmed this finding by adding cerebrospinal fluid (CSF) from ALS patients
to rodent astrocyte cultures, which resulted in significant increases in astrocyte proliferation
(Anneser et al., 2004). Another study showed that the activation of Group I mGluRs with
the non-selective agonist 3,5-DHPG negatively altered the phenotype of astrocytes and
microglia that surround motor neurons, whereas the treatment with receptors antagonists
inhibited the gliosis (Anneser et al., 2004). A study evidenced the overexpression of Group
I mGluRs in the striatum, hippocampus, and frontal cortex of SOD1G93A mice during the
progression of the disease (Brownell et al., 2015). The involvement of astrocytes and the
link with mGluR5 expression during ALS progression were also confirmed by Rossi and
colleagues, who showed that SOD1G93A astrocytes are very vulnerable to glutamate and
undergo cell death mediated by mGluR5 (Rossi et al., 2008).
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Several studies proposed the selective blockade of Group I mGluRs as a therapeutic strategy
in ALS. Rossi and colleagues showed that the non-competitive mGluR5 antagonist MPEP
slows down astrocyte degeneration, delays the onset of the disease, and prolongs the
SOD1G93A mice survival (Rossi et al., 2008). This activity was also confirmed in neurons by
the reduction of AMPA-mediated toxicity (D’Antoni et al., 2011).
SOD1G93A mice showed an increase in glutamate release in response to Group I mGluRs
activation (Giribaldi et al., 2013). mGluRs regulate the glutamate synaptic transmission
through several transduction pathways and influence the expression of glutamate
transporters GLT-1 and GLAST expressed by astrocytes (Aronica et al., 2003). A study
provides in-vitro evidence for a crosstalk between mGluR5 and GLT-1 in SOD1G93A rat
astrocytes, advancing the hypothesis that mGluR5 acts as a sensor of synaptic glutamate
concentration, which modulates the uptake activity in glial cells (Vermeiren et al., 2005).
1.8.5

Effects of the Downregulation of Group I mGluRs in the SOD1G93A Mouse Model

of ALS
Based on previous results published by my research group, which showed the abnormal
exocytotic release of glutamate in pre-symptomatic and late symptomatic SOD1G93A mice
(Milanese et al., 2011; Bonifacino et al., 2016) and which is associated with the increase in
the activity and overexpression of Group I mGluRs (Giribaldi et al., 2013; Bonifacino et al.,
2019b). They also evaluated the impact of mGluR1 in ALS by downregulating mGluR1 in
the SOD1G93A genetic background. Halving mGluR1 significantly decreased the disease
onset and progression, increased the life span, reduced astrogliosis and microgliosis, and
increased the number of motor neurons in spinal cord. They also identified that glutamate
release induced by 30μm 3,5-DHPG in SOD1G93A and WT mice lacking mGluR1 was lower
than in controls, suggesting that the mGluR1 reduction abolishes the excessive glutamate
release (Milanese et al., 2014). Similar results were obtained in SOD1G93A mice (Bonifacino
et al., 2017; 2019a). The authors bred SOD1G93A mice with mGluR5 knock-down mice to
halve the receptor expression. They bred the F1 generation again with mGluR5 knock-down
mice to obtain a SOD1G93A mouse knock out for mGluR5. These animals showed the
encouraging results seen in the case of mGluR1 knock down mice. They were more evident
with the complete ablation of the receptor (Bonifacino et al., 2017; 2019a).
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This genetically based evidence underly the importance of verifying whether the
pharmacological blockade of mGluR1 and/or mGluR5 can represent a valid approach for
ALS treatment. In a recent study, we orally treated SOD1G93A mice with the mGluR5
negative allosteric modulator CTEP starting at an early symptomatic stage of the disease (90
days of life) until the late stage. Treated mice exhibited a more favourable clinical course in
motor performance and life span, being female mice more responsive to the drug treatment.
These results were accompanied by enhanced motor neuron preservation and decreased
astrogliosis and microgliosis (Milanese et al., 2021)
1.9

Non-Cell Autonomous Aspects of ALS

ALS is a neurodegenerative and multifactorial disease that involves different cell types such
as astrocytes, neurons, microglia, and oligodendrocytes (Ilieva et al., 2009, Lee et al., 2012).
Mutated genes are expressed in multiple cell types. Thus, ALS can arise from a combination
of damaged MNs and their glial partners rather than only from the neuronal lineage. Several
studies supported this statement. Using a mouse model of ALS with genetic mutation
restricted to neurons, the authors showed that ALS progression slowed down (Pramatarova
et al., 2001, Lino et al., 2002). Also, the literature showed slow ALS progression when the
mSOD1 was conditionally deleted in individual glial populations (microglia, astrocytes, or
oligodendrocytes) but not in MNs (Boillée et al., 2006, Kang et al., 2013). These results
indicated that glial cells play an essential role in the disease onset and progression and
highlighted a solid non-neuronal signature in ALS.
1.9.1 Astrocytes in ALS
Astrocytes are the most abundant non-neuronal cells in the CNS known to play numerous
functions in the brain. Astrocytes provide metabolic support to the neurons and maintain the
neurotransmitter homeostasis and blood brain barrier (BBB) integrity. Therefore, there is
increasing evidence that astrocytes strongly contribute to neurodegeneration, and our
understanding of the processes, which occur in the damaged CNS, is crucial for potential
therapy development.
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1.9.1.1 Downregulation of Glutamate Transporters in Astrocytes
Glutamate buffering is one of the significant functions of astrocytes. Glutamate clearance
from the excitatory synapses is essential in normal synaptic transmission, and its impairment
leads to neuron damage (Armada-Moreira et al., 2020). Multiple amino acid transporters
(EAATs) mediate glutamate uptake in healthy tissue. EAAT1 and EAAT2 are mainly
expressed in astrocytic membranes, and they take up most of the synaptic glutamate
(Mahmoud et al., 2019). During ALS progression, astrocytes may lose the majority of
EAAT2 in the spinal cord of the SOD1G93A murine models, and astrocyte transplantation
restores the function (Lepore et al., 2008, Qian et al., 2017). Caspase-3 plays a role in
glutamate transport and disease by producing two fragments from EAAT2 protein (BostonHowes et al., 2006). These fragments are accumulated in the astrocyte nuclei in the spinal
cord and lead to disease progression (Gibb et al., 2007). This accumulation causes
morphological changes in astrocytes, and the aggregation of EAAT2 dysregulates astrocytic
gene expression. These genes are related to mitochondrial functions and cellular respiration
(Foran et al., 2011). The reduction of EAAT2 expression results in the imbalance of
glutamate transport into the astrocytes. Therefore, excessive glutamate accumulates in the
synaptic cleft and causes pathological neuronal stimulation, disrupting ionic homeostasis in
neurons. This process may result in MNs damage and death in ALS (Gibb et al., 2007, Foran
et al., 2011, Rosenblum et al., 2017).
1.9.1.2 Reactive Astrogliosis
Studies have shown that astrocytes change their morphology during ALS, and become
reactive in response to various stimuli, such as soluble factors secreted by microglia. This
process leads to the secretion from astrocytes of various pro- and anti-inflammatory
cytokines, chemokines, interferons, and growth factors, along with components of the
extracellular matrix (Zamanian et al., 2012). Reactive astrocytes reduce neuronal
degeneration by preventing the spread of lesions and restricting ongoing inflammation by
preventing infiltration of activated immune cells (Faulkner et al., 2004). Besides, the
modifications of the extracellular matrix, which are an essential part of reactive astrogliosis
and glial scar formation, contribute to the inhibition of axonal regeneration and growth.
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However, activated astrocytes in ALS have slightly different properties (Qian et al., 2017,
Haidet-Phillips et al., 2011). Astrocytes obtained from SOD1G93A mice have higher
proliferative potential in vitro than wild-type astrocytes (Díaz-Amarilla et al., 2011) and are
larger in situ than healthy tissue, with more hypertrophied processes (Qian et al., 2017).
They showed high expression of typical markers for astrogliosis, such as non-filamentous
GFAP (Lepore et al., 2008). This elevation becomes substantial during disease progression
(Díaz-Amarilla et al., 2011, Almad et al., 2016). In addition, SOD1G93A astrocytes
overexpress the Na+/K+ ATPase (Gallardo G et al., 2014) and reduce EAAT2 levels.
1.9.1.3 Non-cell Autonomous Effect
Activated astrocytes are known to decrease the survival and recovery of MNs (Liddelow et
al., 2017, Tyzack et al., 2017). This non-cell-autonomous damaging effect has been
established in several studies using astrocyte-conditioned media for MN culture (Nagai et
al., 2007, Meyer et al., 2014, Tripathi et al., 2017). This effect is mediated by astrocytespecific soluble factors such as cytokines or growth factors (IL-6, CXCL1, 10 and 12, tumor
necrosis factor-alpha (TNF-α) or transforming growth factor-beta (TGF-β). In ALS
astrocytes, these molecules are highly expressed and secreted to the surrounding tissue and
cause morphological changes in MN, specifically smaller cellular bodies and shorter axons
(Tripathi et al., 2017). Apart from the morphological changes, secreted substances can cause
axonal swelling and accumulation of mutated SOD1 and ubiquitin-positive aggregates in
MN axons. Aggregates continue to rise during ALS (Gomes et al., 2019), which corresponds
with the progress of reactive astrogliosis. The accumulation of mutated SOD1 protein leads
to MN degeneration through the impairment of mitochondrial functions (Shi et al., 2010),
together with increasing nitrosative stress (Rojas et al., 2014, Madill et al., 2017). Defective
mitochondria release various pro-cell death factors and result in MN necroptosis (Re et al.,
2014). Like SOD1astrocytes, astrocytes obtained from humans and mice with C9orf72 or
TDP-43 mutation also damaged MNs (Hautbergue et al., 2017, Gupta et al., 2017). Studies
demonstrate that astrocytes obtained from C9orf72 patients showed reduced metabolic and
proteasome functions (Gupta et al., 2017, Mordes et al., 2018). A recent study on human
astrocytes conducted by Allen and colleagues found a reduced ability of the astrocytes to
metabolize glycogen and thus utilize cellular energy sources (Allen et al., 2019). Besides,
astrocytes from both mSOD1 and C9orf72 decrease the glutamate transporters, which results
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in the accumulation of glutamate in the synaptic cleft and excitotoxicity to MNs (Fomin V
et al., 2018). Aside from soluble molecules, C9orf72 astrocytes known to release
extracellular vesicles containing specific microRNAs, which can cause axonal retraction and
worsen overall MN survival (Varcianna et al., 2019). On the other hand, TDP-43 astrocytes
showed to form intracellular cytoplasmic inclusions, called stress granules (Ishii et al., 2017,
Khalfallah et al., 2018). These stress granules consist of insoluble phosphorylated TDP-43
protein together with ubiquitin and alpha-synuclein (Koga et al., 2018, Mackenzie et al.,
2017). Like the other ALS models, the TDP-43M337V astrocytes become reactive and show
increased oxidative damage (Moujalled et al., 2017, Ke et al., 2015). The reactive astrocytes
then upregulate small HSPs (Gorter et al., 2019), which usually respond to cellular damage
as a protective and stress response (Webster et al., 2019).
1.9.2 Microglia in ALS
Microglia are one of the primary immune-competent cells of the brain and spinal cord and
play an important role in supporting normal CNS function. Microglia exist in two states,
resting and activated (Cherry et al., 2014). A two-photon imaging study demonstrated that
the healthy adult brain has a dynamic number of ‘‘resting’’ microglia (Nimmerjahn et al.,
2005), which play an essential role in maintaining homeostasis (Luo and Chen, 2012). On
the other hand, ‘‘surveillant’’ microglia participate in many physiological functions, such as
synaptic pruning, adult neurogenesis, and modulation of neuronal networks (Kettenmann et
al., 2013). Microglia activation is a major factor in the pathogenesis of ALS. However,
literature demonstrated that microglial activation could play neuronal protection and injury.
During the activation stage, microglia exhibit changes in cell number, morphology, surface
receptor expression, and production of growth factors and cytokines. These changes altered
the activation state of microglia. Macrophages induced the activation of M1 phenotype,
whereas IL-10 induces activation of M2 polarization. M1 microglia promote neuronal injury
by triggering the release of proinflammatory cytokines such as TNF-α and IL-1β and
increasing oxidative stress by reducing the expression and release of trophic factors In
contrast, M2 microglia promote tissue repair by blocking the release of proinflammatory
cytokines and supporting Th2 functions that enhance neuronal survival (Benoit et al., 2008,
Geissmann et al., 2008, Martinez et al., 2008).
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Several studies demonstrated that M1 microglia show hyper-reactivity to inflammation in
ALS (Kreft et al., 2007; Spector et al., 2007; Nicolini et al., 2018). A study conducted on
TDP-43 ALS patients showed activation of microglia that resulted in the upregulation of
pro-inflammatory NOX2, TNF- α, and IL-1β (Zhao et al., 2015). Similarly, in the SOD1G93A
model, morphological and functional activation of microglia upregulates the ROS and
cytokine release (Zhao et al., 2010). In addition, SOD1G93A microglia are involved in the
toxic pathway by significantly increasing the expression of ER stress pathways (Vickers et
al., 2017). Therefore, modulating the microglia phenotype or inhibiting the M1 toxicity may
represent a therapeutic approach to ALS. Several findings also showed the coexistence of
the two opposite phenotypes, more than the transition from M2 to M1 during ALS
progression. For example, beneficial components of inflammation, such as insulin growth
factor-1 (IGF-1), whose release is suppressed in a proinflammatory (M1) environment but
encouraged in an M2 protective one (Suh et al., 2013), are overexpressed by SOD1G93A
microglia not only in the pre-symptomatic stage but also in the end-stage (Kreft et al., 2007).
1.9.2.1 T Cell Regulation of Microglial Activation
The presence of T cells plays an important role in the disease progression in animal models
of fALS. In association with M2 microglia, T cells, infiltrate the CNS in the early disease
stage and stabilize the disease progression (Beers et al. 2008; Chiu et al. 2008). T cells are
not present at the late stage of the disease, which rapidly affects survival. Studies found
increased proinflammatory cytokines and reduced mRNA of trophic factors, suggesting that
functional CD4+ T cells are required to induce M2 microglia during the slow phase of the
disease (Beers et al., 2008). Transplantation of CD4+T cells significantly improved survival
and restored the M2 microglia phenotype (Beers et al., 2008). A recent study confirmed that
passively transferred CD4+ and CD25+ cells delayed motoneuron loss, improved neurological
function, and increased life expectancy of SOD1 mice (Banerjee et al., 2008). These results
demonstrated that CD4+T cells promote the M2 microglia phenotype and extend disease
duration by prolonging the disease slow phase, thus supporting the concept of a wellorchestrated and complex dialog among microglia, T cells, and neurons.
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1.9.2.2 Neuroprotective Microglia
Microglia release trophic and anti-inflammatory factors that prompt neuroprotective effects
and survival in WT and mutated SOD1 mice (Beers et al. 2006; Boillée et al. 2006b).
Previous studies showed that WT microglia release neurotrophic factors such as IGF-1 and
attenuated free radicals and proinflammatory cytokines (Xiao et al. 2007; Beers et al. 2006;
Weydt et al. 2004). Moreover, microglial treated with IL-4 suppressed the M1 microglia
phenotype, reduced ROS release, enhanced IGF-1 secretion, and improved motoneuron
survival (Zhao et al. 2006). Furthermore, a study regulated microglia neurotoxicity using
CX3CR1, which modulates the neuron-to-microglia signalling (Cardona et al. 2006). These
reports suggest that WT microglia treated with IL-4 or CX3CL1 show more M2 phenotype
characteristics which may promote neuroprotection in ALS mice.
1.9.2.3 Neurotoxic Microglia
Apart from the neuroprotective activity, microglia can also exert neurotoxic actions by
releasing ROS and inflammatory factors. In the case of ALS, microglia appear to switch
from the M2 phenotype to the M1 phenotype, with increased expression of NADPH oxidase
2 and proinflammatory cytokines, including TNF-α and IL-1β (Beers et al. 2008; Henkel et
al. 2006; Hensley et al., 2002; Alexianu et al., 2001). M1 activation known to be enhanced
after repeated injection of LPS, resulting in reduced survival (Nguyen et al. 2004). LPS
increases microglial activation and motoneuron toxicity by blocking NOX activity (Li et al.,
2008; He et al., 2002). Therefore, microglia can play neuroprotective and neurotoxic roles
depending on the different phenotypic activation states.
1.9.3 Oligodendrocytes in ALS
Oligodendrocytes play an essential role in CNS with the primary functions to form myelin
sheath and provide neurons with metabolic support (Lee et al., 2012; Morrison et al., 2013).
Myelin sheath helps maintain the long-term axonal integrity using metabolic and trophic
support and is essential for rapid electrical nerve conduction Abnormalities in these
functions can cause several neurodegenerative diseases (Nave et al., 2010; Nave et al.,
2010). Injury to oligodendrocytes leads to damaged myelin structure and demyelination.
After injury, remyelination can start where activated oligodendrocytes migrate and
differentiate to replace cells lost during pathological conditions (Franklin et al., 2017).
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However, the efficacy of this repair process is generally low, which results in permanent
deficits and functional impairments (Gruchot et al., 2019). Oligodendrocytes provide
neurons with energy support by transporting various energy substrates, including lactate,
pyruvate, and ketone bodies, across the membranes by monocarboxylate transporters
(MCTs). These transporters are mainly expressed by oligodendrocytes (Pierre et al., 2005;
Rinholm et al., 2011). Downregulation or inhibition of these transporters results in axon
degeneration (Morrison et al., 2013).
The involvement of oligodendrocytes has been studied in ALS. Studies showed pathological
inclusions in oligodendrocytes in the post-mortem tissue of ALS patients. These aggregates
were mainly found in the cytoplasm of both sALS and fALS patients (Murray et al., 2011,
Seilhean et al., 2009). Moreover, oligodendrocytes degenerate also in the gray matter of the
ventral spinal cord of ALS patients. In addition to oligodendrocytes, NG2+ oligodendroglia
precursor cells show reactive changes. A study reported the increase in NG2
immunoreactivity and thick hypertrophic NG2+ in ALS patients as compared to control
(Kang et al., 2013).
1.9.3.1 Mechanisms Contributing to Oligodendrocyte Pathology And Dysfunction in ALS
- ALS-causing mutant genes
The overexpression of mutant ALS-associated genes, such as SOD1, is harmful to
oligodendrocytes, can induce demyelination, and promote MN degeneration (Kim et al.,
2020). Two mechanisms can cause MN degeneration by oligodendrocyte. The first is
associated with poor lactate release due to MCT1 downregulation, and the second involves
cell-cell interaction between axons and enwrapping oligodendrocytes (Ferraiuolo et al.,
2016). Furthermore, other ALS mutations such as TDP-43 and FUS also triggered
oligodendrocyte degeneration and increased the tendency to form toxic aggregates
(Mackenzie et al., 2011; Brettschneider et al., 2014).
Moreover, mutations of the polyubiquitin-binding protein OPTN, reported in familial and
sporadic ALS forms (Maruyama et al., 2010), were involved in various pathways, such as
neuroinflammation, necroptosis, and autophagy, these are dysregulated in ALS patients
(Markovinovic et al., 2017). A study showed that the genetic ablation of OPTN in
oligodendrocytes or microglia, but not in MNs and astrocytes, induces progressive axonal
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pathology and myelin abnormalities in the mouse spinal cord. Another study showed that
OPTN deficiency activated RIPK-1, which increased oligodendrocyte vulnerability to
necroptosis (Ito et al., 2016).
- Impaired mRNA processing
A recently developing aspect of oligodendrocyte dysfunction in ALS includes alterations in
mRNA metabolism (Barton et al., 2019; Hoch-Kraft et al., 2020). Most of the genes mutated
in ALS are involved in RNA trafficking, including TDP-43, FUS, and C9orf72 (Barton et
al., 2019). Therefore, impaired transport of mRNAs and translation into functional myelin
proteins can cause myelin defects in ALS patients (Hoch-Kraft et al., 2020). Interestingly,
TDP-43 aggregates have been detected in spinal cord OLs from ALS patients and found to
be associated with impaired MBP mRNA translation and myelin abnormalities in ALS
patients (Brettschneider et al., 2014). Myelin damage has also been described in mature
oligodendrocytes bearing mutant FUS aggregates (Mackenzie et al., 2011). Furthermore,
mice with the FUS form of ALS exhibit a toxic gain-of-function and cytoplasmic
mislocalization of this protein, both MNs and oligodendrocytes, and showed the
downregulation of myelin-related genes (Scekic-Zahirovic et al., 2017). These results
suggest that, in the presence of FUS mutations, oligodendrocyte dysfunction develops
independently of MN damage and primarily contributes to functional deficits.
- Neuroinflammation
Glial cell activation plays an important role in neuroinflammation during the pathogenesis
of ALS (Liu et al., 2017). After activation, these cells induce a detrimental phenotype and
lead to the death of MNs (Boillée et al., 2006; Yamanaka et al., 2008). The association
between oligodendrocytes and CNS-resident neuroinflammatory cells is necessary for to
maintain myelin (Nutma et al., 2020; Lloyd et al., 2019). Microglia and astrocytes broadly
interact with oligodendrocytes to control myelin homeostasis during development and
adulthood by providing lipids and other nutrients necessary for myelination (Camargo et al.,
2017). Therefore, the pro-inflammatory activation of microglia and astrocytes may
contribute to myelin damage and promote oligodendrocyte and MN degeneration (Beers et
al., 2011; Guttenplan et al., 2020).
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- Oxidative Stress
The detrimental activation of glial cells and the impairment of mitochondrial metabolism
leads to increased oxidative damage in oligodendrocytes (Pegoretti et al., 2020). This
increased oxidative stress represents one of the main pathological mechanisms involved in
ALS patients and animal models (Carrera-Juliá et al., 2020). The oligodendrocyte integrity
is negatively affected by oxidative stress due to the reduction in antioxidant enzymes and
the reserve pool of progenitors needed for myelin repair (Back et al., 1998). Oxidative stress
is the consequence of exposure to ROS and other free radicals (French et al., 2009). On this
basis, radical scavengers can be an appropriate therapeutic approach.

For example,

edaravone, a ROS scavenger drug, has already been approved for ALS treatment in Japan
and USA (Carrera-Juliá et al., 2020).
1.10

ALS Treatment

The molecular mechanisms of neuronal death in ALS are still largely unknown. Scientists
showed several hypotheses that can causes neuronal death, such as oxidative stress, a deficit
in trophic factors, chronic inflammation, and possibly glutamate-induced excitotoxicity
(Jackson et al., 2002; McGeer et al., 2005). Various factors are also responsible for the
survival MNs, such as their targets, skeletal muscle, and myelinated Schwann cells
surrounding the peripheral axons (Grieshammer et al., 1998; Riedel et al., 1996). At present,
there are no effective drugs for the treatment of ALS. Riluzole is the only approved drug in
Europe and inhibits glutamate release (Rowland et al., 2001). The antioxidant edaravone has
been approved in Japan and USA. The European Medicine Agency asked for further
evidence to approve the drug. In this chapter, I will discuss the potential compounds, the use
of stem cells, and immunotherapy for ALS treatment.
1.10.1 Drug Therapy
Riluzole was the first drug approved by the Food and Drug Administration in 1995 to treat
ALS. This drug was approved mainly for its anti-excitotoxic properties (Miller et al., 2012).
It exerts its neuroprotective action by blocking the Na+ channels and reducing glutamate
release (Schwartz et al, 2002). Moreover, it also works as an anti-glutamatergic agent,
mainly reducing the NMDA receptor activity and increasing glutamate uptake by activating
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glutamate transporters (Wang et al., 2004). However, it can prolong survival in patients only
from three to six months, with no improvement in muscle strength and only a small positive
effect on patients’ quality of life (Miller et al., 2012).
Edaravone is the second drug approved in Japan in 2015, USA in 2017 and Canada in 2019.
Edaravone is a ROS scavenger and inhibits peroxyl radical-induced peroxidation. It protects
cells from oxidative stress by scavenging the H2O2, upregulating the peroxiredoxin‐2,
downregulating the protein disulfide isomerase A3, and inhibiting apoptosis (Jaiswal, 2019).
Apart from the therapeutic effect, edaravone has some limitations, such as it requires
repeated intravenous administration and is effective when administered in the early phase of
the disease only. Due to very little data, it is challenging for clinicians to prescribe this drug
for long-term therapy (Hardiman and van den Berg, 2017).
Researchers are continuously studying various new therapeutic approaches. Several drugs
in the pipelines focus on different targets. In the past, many preclinical studies fostered the
activation of clinical trials by using drugs reducing, for instance, excitotoxicity by various
mechanisms (Ben-Ami et al., 2009; Pascuzzi et al., 2010; Berry et al., 2013), the
inflammatory components of ALS (Pasinetti 2006; Nowicka et al., 2019), oxidative stress
(Ikeda et al., 2005; 2011), or protein aggregation (Cudkowicz et al., 2008). Unfortunately,
all attempts failed till now. At present, about 50 therapeutic clinical trials are recruiting
patients

(https://clinicaltrials.gov/ct2/results?cond=ALS+%28Amyotrophic+Lateral+

Sclerosis%29&Search=Apply&recrs=a&age_v=&gndr=&type=&rslt=)
1.10.2

Stem Cell Therapy

Stem cell therapy is a new and promising approach to treat ALS because of its ability to
slow the progression of MN disease or even replace motor neurons (Harper et al., 2004). It
is known that mouse embryonic stem cells can be converted into specific neuronal subtypes
such as MNs (Wichterle et al., 2002). Stem cells can be obtained from multiple sources.
Embryonic stem cells can be converted into pluripotent cells, which can differentiate into
different cell types (Pandya et al., 2012). A study converted embryonic neural cells into
neural stem cells, to differentiate them to astrocytes (Kriegstein et al., 2009). Another study
showed the beneficial effect of the human fetal neural stem cells transplanted into the spinal
cords of SOD1 mutant mice. They provide a neuroprotective effect by forming synapses and
increasing MNs (Hefferan et al., 2012). In addition, neural progenitor cells have the property
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to secrete glial cell line-derived neurotrophic factor (GDNF) and brain-derived neurotrophic
factor (BDNF) (Klein et al., 2005).
Stem cell-derived mesenchymal stem cells (MSCs) are known to release trophic factors,
anti-inflammatory cytokines, and immunomodulatory chemokines to delay disease
progression (Mazzini et al., 2012). A clinical trial revealed the safety and
immunomodulatory activity of MSCs in ALS patients (Karussis et al., 2010). Another study
reported the therapeutic use of human skeletal muscle-derived stem cells in ALS mice. They
significantly delayed ALS symptoms and improved motor activity (Canzi et al., 2012). The
systemic injection of MSC in SOD1G93A mice led to a high MN number and, consequently,
delayed symptoms and bettered motor performance (Uccelli et al., 2012). A patent proposed
using stem cell-derived from the placenta for ALS treatment. This therapy promoted stem
cell differentiation into adipocyte, chondrocyte, and osteocyte lineages. (Hariri et al., 2013).
Finally, induced pluripotent stem cells (iPSC) are somatic cells and can be obtained by
converting adult fibroblasts into pluripotent stem cells (O'Connor et al., 2012). The iPSCderived cells can be used to model the disease and to test potential compounds in vitro.
Moreover, a study stated that human iPSC-differentiated into mature neurons showed
beneficial results in the SOD1 G93A mouse model (Popescu et al., 2013). Another study
confirmed that iPSCs obtained from fibroblasts of a senior ALS patient differentiated into
MNs (Dimos et al., 2008).
1.10.3

Immunotherapy

Mutation in the SOD1 enzyme induces oxidative stress or accumulation of free radicals that
contribute to the progression of ALS. This cytotoxic activity is associated with protein
misfolding/aggregation, leading to a focus on immunotherapy in ALS (Watanabe et al.,
2001). Mouse monoclonal antibodies against SOD1 were produced to determine
effectiveness as a passive immunization for ALS. A study showed that administration of the
D3H5 antibody for 42 days significantly decreased toxic SOD1 in the spinal cord, reduced
the weight loss, and extended the lifespan of SOD1G93A mice (Gros-Louis et al., 2010).
Another study used the recombinant WT-apo SOD1 vaccine to induce protective immunity.
The treatment significantly increased lifespan and delayed the onset of the disease in
transgenic mice models (Takeuchi et al., 2010).
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2. AIMS AND OBJECTIVES
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This project consists of two parts:
1) Evaluation of the role of endoplasmic reticulum in the differential endurance against
redox stress in cortical and spinal astrocytes from new-born SOD1G93A mice.
2) Evaluation of the effect of CTEP in pharmacological modulation of mGluR5 receptors
on the activation state and metabolic functions of astrocytes obtained from human ALS
patients.
As to the first aim, many studies demonstrated the degeneration of upper and lower MNs in
(ALS, which represents a non-cell-autonomous disease modulated by astrocytes (Dewil et
al., 2007; Ferraiuolo et al., 2016). Indeed, the increase of ROS (Bowling et al., 1995; Singh
et al., 2019) in these glial cells results in neuronal damage in ALS patients and precedes the
motor impairment in experimental disease models (Mizielinska et al., 2013; Forsberg et al.,
2011; Bruijn et al., 1997). The absence of non-invasive methods to evaluate redox stress in
the central nervous system did not permit the estimation of the role of astrocyte dysfunction
in the progression of ALS in patients. Nevertheless, recent evidence indicates a direct
relationship between [18F]-fluorodeoxyglucose (FDG) uptake and oxidative stress,
reporting a link between tracer retention and the activation of a specific pentose phosphate
pathway (PPP) dedicated to the reduction of NADP to NADPH (Thurfjell et al., 2014).
This pathway is triggered by the enzyme hexose-6P dehydrogenase (H6PD) (Nishimura et
al., 2011; Csala et al., 2006; Marini et al., 2016), which can process FDG and FDG6P, as
well as many phosphorylated and free hexoses within the endoplasmic reticulum (ER).
Moreover, the association of ER-PPP has been found to play an important role in FDG
uptake in cancer cells (Cossu et al., 2020; Cossu et al., 2020b), skeletal muscles (Bauckneht
et al., 2020; Marini et al., 2020), cardiomyocytes (Bauckneht et al., 2020), and, more
importantly, neurons and astrocytes (Cossu et al., 2019). Accordingly, the high FDG uptake
in the SC, recently documented in symptomatic ALS patients (Marini et al., 2016), can cause
enhanced redox stress in the environment surrounding the lower motor neurons.
Interestingly, this same observation was found in the motor cortex (MC) (Marini et al.,
2018), suggesting that the different FDG uptake in MC and SC might indicate the presence
of different metabolic patterns in the environments of upper and lower motor neurons.
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Thus, to evaluate the mechanisms underlying the different metabolic patterns of the MC and
SC, the present study evaluated the redox balance, mitochondrial function, ultrastructure,
and FDG uptake of astrocytes harvested from the MC and SC of new-born SOD1G93A mice.

The second aim focussed on the critical role of human astrocytes (in ALS). At the beginning
of my Ph.D., I was supposed to spend a period at the Sheffield Institute for Translational
Neuroscience, the University of Sheffield, in the laboratory of Prof. Laura Ferraiuolo to
learn how to obtain the inducible neural pluripotent cell(iNPC)-derived human astrocytes (iastrocytes). Unfortunately, due to the COVID-19 pandemic, this was impossible. Thanks to
the collaboration with the Sheffield team, we managed to set up the protocol to differentiate
iNPSc into i-astrocytes at the University of Genova. However, we had to skip obtaining
iNPSc from human skin fibroblast by using different retroviral vectors (Meyer et al., 2014).
As we explained in the introduction, astrocytes have several physiological functions in the
CNS. Astrocytes help to remove toxin metabolites, control ions levels and neurotransmitters
in the extracellular space, release trophic factors and nutrients, favour synapse maturation,
enhance pre-and postsynaptic function (Barres, 2008). They also participate in the formation
of blood vessels and the blood-brain barrier (Volterra and Meldolesi, 2005; Sykova and
Chavatal, 1993), sustain the neuronal energy demands (Magistretti, 2006; Tsacopoulus and
Magistretti, 1996), and regulate the immune response (Philips et al., 2014).
During neurodegeneration, astrocytes get into a reactive state, called astrogliosis, and
change their morphology and gene expression profile (Liddelow and Barres, 2015; Liddelow
et al., 2017). Accordingly, several changes in astrocytic phenotype have been found in ALS
models (Rossi et al., 2008; Diaz-Amarilla et al., 2011; Papadeas et al., 2011; Lepore et al.,
2008; Yamanaka and Komine, 2018; Guttenplan et al., 2020) and ALS patients’ tissues
(Hamby and Sofroniew, 2010; Rossi and Volterra, 2009).
An interesting link between these cells and glutamate excitotoxicity is represented by the
overexpression of Group I metabotropic receptors in activated astrocytes (Aronica et al,
2001). Interestingly, a treatment with receptor antagonists reduces astrogliosis, slows down
astrocytic degeneration, and prolongs SOD1G93A mouse survival (Anneser et al., 2004; Rossi
et al., 2008). Based on these data and focussing on our encouraging results, indicating that
in vivo knocking down and knocking out of mGluR5 as well as by a pharmacological
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negative allosteric modulation of mGluR5 in SOD1G93A mice, reduced astrogliosis
(Bonifacino et al., 2017; Bonifacino et al., 2019a; Milanese et al., 2021), we planned to
investigate the impact of mGluR5 blockade in human astrocytes. For this purpose, we
characterize the phenotype of human astrocytes obtained from iNPSc of human patients with
SOD1 and C9orf72 mutations after reducing mGluR5 activity by treating in-vitro iastrocytes with the negative allosteric modulator of mGluR5, CTEP.
The literature also reports alterations in the energy metabolism in ALS animal models and
ALS patients (Dupuis et al., 2011; Browne et al., 2006). Mitochondria show altered
morphology in skeletal muscle, liver, spinal cord, and motor cortex neurons (Sasaki et al.,
1999; Martin., 2011; Marini et al., 2020) and defects in Ca2+ buffering (Mattiazzi et al.,
2002; Kawamata et al., 2010). These findings support the assumption that alterations of
energy metabolism play a pivotal role in ALS onset but at present, these events have not
been characterized in ALS i-astrocytes. Here, we focused on the mitochondrial metabolism
of i-astrocytes obtained from iNPSc.
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3. MATERIAL AND METHODS
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3.1 Animals
B6SJL-Tg (SOD1*G93A)1Gur mice expressing a high copy number of mutant human SOD1
with a Gly93Ala substitution (SOD1G93A mice) were originally obtained from Jackson
Laboratories (Bar Harbor, ME, USA) and maintained by crossing SOD1 G93A male mice with
background-matched B6SJL wildtype (WT) females (Gurney et al., 1994). SOD1G93A mice
represent the most widely used animal model for ALS preclinical studies since it
recapitulates several pathological hallmarks of ALS in human patients (Kim et al., 2016).
Mice carrying the SOD1G93A mutation were identified by analyzing the tissue extracts from
tail tips (Bonifacino et al., 2017). Briefly, tissue was homogenized and freeze-thawed twice.
SOD1 was evaluated by staining for its enzymatic activity on 10% non-denaturing
polyacrylamide gel electrophoresis by incubation for 15 min under shaking with 4-nitro blue
tetrazolium chloride (NTB; Merck, Darmstadt, Germany) and then with riboflavin (Merck,
Darmstadt, Germany), supplemented with tetramethyl ethylenediamine (Carl Roth GmbH
Karlsruhe, Germany). Gels were illuminated with a white-light box for 10–15 min: under
light exposure, riboflavin is reduced, leading to the production of O2−, which reduces NBT
to form formazan, a dark blue colour precipitate.
Experiments were conducted in accordance with the European Communities Council
Directive (EU Directive 114 2010/63/EU for animal experiments) and with the Italian D.L.
No. 26/2014 and were approved by the local ethical committee and by the Italian Ministry
of Health (project authorization No. 482/2017-PR). All efforts were made in minimizing
animal suffering and using the minimal number of animals necessary to produce statistically
reliable results
3.2 Human Tissue Samples
Human skin fibroblast samples were obtained from Laura Ferraiuolo, Professor at
University of Sheffield. Informed consent forms were obtained from all subjects before
sample collection.
3.3 Mouse Astrocytes Preparation
Astrocytes were isolated from the MC and SC of 2 days old SOD1G93A or WT mice
according to Paluzzi and colleagues with some modifications (Paluzzi et al., 2007). Two
days after birth, pups (P1-2) were anesthetized and sacrificed by cervical dislocation to
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remove MC and SC under binocular dissection (Nikon SMZ-2T, Japan) in HBSS at 4 °C.
Each dissected SC was gently homogenized in 1 mL Dulbecco’s modified Eagle medium
(DMEM; Euroclone, Cat# ECM0728L) containing 10% fetal bovine serum (Euroclone,
Cat#

ECS0180L),

1%

glutamine

(Euroclone,

Cat#

ECB3004D)

and

1%

penicillin/streptomycin (Euroclone, Cat# ECB3001D). Then, tissue suspension was seeded
in a 35 mm Petri dish (Euroclone, Cat# ET2035), precoated with poly-L-ornithine
hydrochloride (1.5 μg/mL; Sigma, Cat# P2533) and laminin (3 μg/mL; Sigma, Cat# L2020).
MC was isolated from the brain under binocular dissection (Nikon SMZ-2T, Japan, CAT#
2049) and homogenized in 8 mL of complete DMEM as above. Tissue suspension was
seeded in two 25 cm2 flasks (Euroclone, Cat# ET7026). Samples were placed at 37 °C in
humidified 5% CO2 incubator, and the medium containing tissue fragments was replaced
with fresh complete DMEM after 24 h and then every 48 h. After 7 days in vitro (DIV),
astrocytes were shaken for 15 min to remove microglia cells, detached by Trypsin-EDTA
(Euroclone, Cat# ECB3052B), replated and cultured to confluence. After 15 DIV, cell
cultures were again shaken for 15 min, and astrocytes were collected for the experiments.
For immunofluorescence (IF) studies, astrocytes were detached after 7 DIV, as described
above, and replated onto 12 mm diameter poly-L-ornithine and laminin precoated glass
coverslips placed at the bottom of 24-well plates. After 15 DIV, astrocytes were processes
for IF staining.

3.4 Human iNPCs Maintenance Protocol
We received the iNPCs samples from the University of Sheffield. Sample were frozen in
liquid nitrogen for future experiment.
3.4.1 Split iNPCs into Human iNPCs Proliferation Media
For iNPCs proliferation, the human iNPCs proliferation medium, consisting of DMEM/F12, 1% N2, 1% B27, 20 ng/mL FGF2, 4 mg/mL and 1x accutase (Gibco, catalog number:
11599686) was used. Tissue culture plates (10 cm) coated with human fibronectin (1mg/ml
in PBS; Sigma-Aldrich, catalog number: FC010-10MG) at room temperature. After 5
minutes, the coating solution was removed, and iNPCs were cultured in 12 ml of human
iNPCs proliferation media for 5 days by changing the medium every 48 hours.
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After 5 days of culture, iNPCs were split. The proliferation medium was removed, and cells
were washed in 5 ml room temperature PBS. Then, 1ml accutase was added to the iNPCs,
and cells were incubated at 37°C for 4 min. iNPCs were detached by gently shaking the
plates, added with 5 ml room temperature PBS and transferred to 15 ml Falcon tubes
(Greiner-Bio, catalog number: 188271). iNPCs were centrifuged at 200 x g for 4 min at
room temperature and resuspended in human iNPCs proliferation medium. iNPCs were
plated in fibronectin-coated 10 cm tissue culture plates. iNPCs were incubated at 37°C in a
5% CO2 atmosphere for 2-4 days, or until the iNPCs reached 80-90% confluency, and then
split again as described above (Figure 1).

Figure 1: Experimental Protocol for iNPCs to i-astrocytes

3.5 Differentiation of iNPCs into i-astrocytes
For differentiation of iNPCs into i-astrocytes, human fibronectin-coated (1 mg/ml) in PBS
1:400; 5 min) tissue culture plates were prepared. Human iNPCs proliferation medium was
removed from iNPCs cultures, and cells were washed with 5 ml room temperature PBS.
After removing PBS, cells added with 1 ml accutase. iNPCs were incubated with accutase
at 37°C for 4 min. iNPCs were detached by gently shaking the plates, added with 5 ml room
temperature PBS, and transferred to 15 ml Falcon tubes. iNPCs were centrifuged at 200 x g
for 4 min at room temperature and resuspended in human iNPCs proliferation medium. At
this point, 12 ml warm human i-astrocyte differentiation medium consisting of DMEM/F12,

UNIVERSITY OF GENOVA

61

0.5% N2, 10% FBS, 1% Pen Strep was added to the 10 cm tissue culture plates coated with
fibronectin. Resuspended iNPCs were then introduced in the tissue culture plates. The iAstrocyte differentiating cells were incubated at 37 °C in a 5% CO2 atmosphere for 5 days
or until the i-astrocytes reach 80-90% confluency, and then split the i-astrocytes on different
plates according to the experiment (figure 2).

Figure 2: Differentiation of iNPCs to i-astrocytes

3.6. Pharmacological treatment with CTEP
Control, SOD1A4V, and C9orf72 i-astrocytes were seeded at a density of 2-3 x 104 cells/well
in 24-well plates containing 12 mm diameter pre-coated glass coverslips. The
pharmacological treatment with CTEP, synthesized, purified, and kindly provided by Prof.
Silvana Alfei [Organic Chemistry Unit of the Department of Pharmacy, University of Genoa
(Alfei and Baig, 2017)], was performed as follows: i-astrocytes were treated for three days
either with 0.1 μM CTEP dissolved in 140 μM DMSO or with the vehicle. CTEP/DMSO
and DMSO were diluted in complete DMEM to the correct final concentration and replaced
every 48 h. On day 5 cells were washed twice with PBS 1X and complete i-astrocytes media
was added for a further 24 h. Then, i-astrocytes were fixed with 4% PFA and
immunofluorescence analysis was performed, as previously described, to investigate
astrogliosis (figure 3).
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Figure 3: Pharmacological treatment plan of i-astrocytes with CTEP

3.7 Flow Cytometry
MC and SC neonatal astrocytes from WT or SOD1G93A pups were detached by trypsinEDTA and centrifuged for 5 min at 500×g. About 5 × 105 cells were resuspended and
saturated for unspecific bonds by incubating with 0.5% bovine serum albumin (BSA) in
phosphate-buffered saline (PBS, pH 7.4) for 15 min at RT. Aliquots of the suspension were
stained (1h at RT) with the following fluorochrome-conjugated antibodies for flow
cytometry: mouse monoclonal anti-GFAP antibody conjugated with Alexa Fluor A488
(Thermo Fisher Scientific, Cat# 53-9892-82), rat monoclonal anti-ACSA2 antibody
conjugated with phycoerythrin (PE) (Miltenyi Biotec, Cat# 130-102-365) and rat
monoclonal anti-TMEM119 antibody conjugated with Alexa Fluor A488 (Abcam, Cat#
ab225497). For GFAP staining, cell suspensions were previously fixed and permeabilized,
20min at 4°C, by using the Cytofix/Cytoperm Fixation/Permeabilization Kit (BD
Bioscience, Cat# 554714). After staining, cells were centrifuged (5min at 500×g) and pellets
were resuspended in PBS for flow cytometry analyses. Cell debris and dead cells were
excluded from analysis by 7-aminoactinomycin D (7-AAD) labelling. Data were acquired
on a Guava easyCyte 6 flow cytometer (Merck Millipore, Burlington, MA, USA) and
processed using the GuavaSoft 3.1.1 software (Merck Millipore).

3.8 Confocal Microscopy Immunofluorescence
3.8.1 Mouse astrocytes
SC and MC neonatal astrocytes from WT or SOD1G93A pups were cultured onto 12 mm glass
coverslips. Cells were washed three times with PBS and postfixed with 4%
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paraformaldehyde (Sigma-Aldrich, Cat#47608) in PBS for 15min at RT. Cells were
permeabilized with methanol for 5 min at −20°C, washed three times with PBS and saturated
with 0.5% BSA in PBS for 15 min at RT. Samples were incubated with mouse monoclonal
anti-glial fibrillary acid protein (GFAP, 1:500; Sigma Aldrich, Cat#G3893) and rat
monoclonal anti-integrin alpha-M/beta-2 (CD11b, 1:500; Abcam, Cat#ab8878) primary
antibodies overnight at 4°C. Astrocytes were then washed three times with 0.5% BSA in
PBS and incubated with donkey anti-mouse Alexa Fluor A488-conjugated (1:3000; Thermo
Fisher Scientific, Cat# R37118) and goat anti-rat Alexa Fluor A647-conjugated (1:3000;
Thermo Fisher Scientific, Cat# A-21247) secondary antibodies for 1 h at RT. Cells were
washed three times with PBS, and coverslips were assembled on microscopy glass slides by
using ProLong Gold antifade mountant (Thermo Fisher Scientific, Cat# P10144).
Fluorescence image (512 × 512 × 8 bit) acquisition was performed by a three-channel Leica
TCS SP5 laser-scanning confocal microscope, equipped with 458, 476, 488, 514, 543 and
633 nm excitation lines, through a plan apochromatic oil immersion objective 63x (1.4 NA).
Light collection configuration was optimized according to the combination of chosen
fluorochromes, and sequential channel acquisition was performed to avoid crosstalk. Leica
“LAS AF” software package was used for image acquisition.
3.8.2 Human i-astrocytes
WT, SOD1A4V, and C9orf72 i-astrocytes, seeded on coated 12 mm diameter glass coverslips
were washed three times with PBS 1X and fixed with 4% paraformaldehyde (PFA, SigmaAldrich, Cat# 47608) for 15 min at RT, in the dark. After fixing, cells were permeabilized
with methanol for 5 min at -20 °C, washed three times with PBS 1X (3 x 5 min), and treated
with a solution of 0.5% bovine serum albumin (BSA) in PBS 1X (0.5% PBS/BSA) for 15
min at RT. Primary antibodies were properly diluted in 3% PBS/BSA and incubation was
performed overnight at 4 °C. The list of antibodies and their final dilutions are reported in
Table 1. The day after, astrocytes were washed three times with 0.5% PBS/BSA (3 x 5 min)
and labeled with secondary antibodies diluted 1:3000 in 3% PBS/BSA for 1 h at RT (Table
1). Cells were washed three times with PBS 1X, and the coverslips were assembled on a
microscopy glass slide by using Fluoroshield TM containing DAPI (Sigma-Aldrich, Cat#
F6057), to label nuclei. Fluorescence image (512 x 512 x 8 bit) acquisition was performed
by a three-channel TCS SP5 laser-scanning confocal microscope (Leica, Wetzlar, Germany)
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equipped with 458, 476, 488, 514, and 633 nm excitation lines, through a plan-apochromatic
oil immersion objective 63x/1.4. The light collection was optimized according to the
combination of the chosen fluorochromes, and sequential channel acquisition was performed
to avoid crosstalk. The Leica “LAS AF” software package was used for image acquisition.
The quantitative analyses of co-localization and the relative protein expression level were
obtained by calculating co-localization coefficients (Manders et al., 1992) and normalizing
the results with the expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), the
housekeeping marker.

Primary Antibody

Working Dilution

Manufacturer and
Catalogue number

Mouse monoclonal anti-glial fibrillary
acid protein (GFAP) antibody

1:1000

Sigma Aldrich, Cat# G3893

Mouse monoclonal anti-S100β antibody

1:500

Merck Millipore, Cat# MAB079

Rabbit polyclonal ant-mGluR5 antibody

1:500

Abcam, Cat# ab53090

Rabbit polyclonal anti- nuclear factor
erythroid 2–related factor 2 (Nrf-2)
antibody

1:500

Abcam, Cat#ab31163

Rabbit monoclonal anti- NLR family
pyrin domain containing 3 (NLRP-3)
antibody

1:500

Cell Signalling, Cat#15101

Rabbit monoclonal anti-complement C3
antibody

1:1000

Prodotti Gianni, Cat#EPR19394

Mouse monoclonal anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH)
antibody

1:1000

Sigma Aldrich, Cat# G8795

Rabbit polyclonal anti-glyceraldehyde 3phosphate dehydrogenase (GAPDH)
antibody

1:1000

Sigma Aldrich, Cat# G9545

Secondary Antibody

Working Dilution

Manufacturer and
Catalogue number

Donkey anti-rabbit Alexa Fluor A488conjugated

1:3000

Thermo fisher Scientific, Cat#
R37118

Donkey anti-mouse Alexa Fluor A488conjugated
Donkey anti-mouse Alexa Fluor A647conjugated

1:3000

Thermo fisher Scientific, Cat#
A21202
Thermo fisher Scientific, Cat#
A31571

Donkey anti-rabbit Alexa Fluor A647conjugated

1:3000
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Table 1: List of primary and secondary antibodies with the respective working dilution, the supplier company,
and the catalogue number.

3.9 Enzymatic Assays
Cultured cells were centrifuged at 1000×g for 2 min to remove the growth medium. The
pellet was suspended in PBS supplemented by protease inhibitors. Obtained homogenates
were thus sonicated twice for 10s in ice, with a break of 30s. The activity of H6PD and
glucose-6-phosphate dehydrogenase (G6PD) was assayed using a double-beam
spectrophotometer (UNICAM UV2, Analytical S.n.c., Italy) to follow the reduction of
NADP at 340 nm (Csala et al., 2006; Marini et al., 2016). H6PD enzymatic function was
tested in the presence of Tris-HCl Ph 7.4 100 mM, 2-deoxyglucose-6P (2DG6P) 10 mM and
NADP 0.5 mM. By contrast, G6PD activity was assayed in the presence of Tris-HCl pH 7.4
100 mM, G6P 10 mM and NADP 0.5 mM. Complex I activity was assayed following the
reduction of ferrocyanide (FeCN), at 420 nm, using the following solution: TRIS7.4, NADH
0.6 mM, antimycin 50 μM and FeCN 0.8 mM. Antioxidant capacity was evaluated following
the instructions of the manufacturer of a dedicated kit (Abcam; Cat #ab65329) that provides
a complete description of the total cell antioxidant power associated with the endogenous
scavengers, expressed as Trolox equivalent antioxidant capacity content (Cossu et al., 2020;
Marini et al., 2020). Similarly, NADP/NADPH ratio was tested using a dedicated Assay Kit
(Abcam;

Cat#ab65349),

following

the

manufacturer’s

instructions.

Finally,

malondialdehyde (MDA) levels were evaluated by the thiobarbituric acid reactive
substances assay (Marini et al., 2020; Miceli et al., 2020). In all cases, enzymatic activity
was normalized for total protein concentrations tested using Bradford analysis (Kruger.,
2009).

3.10 Seahorse Analysis
Astrocyte oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were
determined using a Seahorse XFp Extracellular Flux Analyzer (Agilent Technologies).
Twenty-four hours prior to the assay, 10,000 astrocytes/well were seeded in XF plates. OCR
and ECAR were monitored according to the manufacturer’s instructions. Briefly, the day of
the experiment, the medium was replaced with Agilent Seahorse DMEM, pH 7.4, enriched
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with glucose (11 mM), glutamine (2 mM) and pyruvate (1 mM). Three measurements of
OCR and ECAR were taken for the baseline and after sequential injection of the ATPsynthase inhibitor oligomycin A (1 μM) and the ATP synthesis uncoupler carbonyl cyanide4-trifluoromethoxyphenylhydrazone (FCCP) (0.8 μM).
3.11 In Vitro FDG Extraction
In vitro FDG uptake of astrocytes was evaluated using the LigandTracer White instrument
(Ridgeview, Uppsala, SE) according to our previously validated procedure (Cossu et al.,
2020; Bauckneht et al., 2020; Scussolini et al., 2019). Briefly, the device consists of a betaemission detector and a rotating platform harboring a standard Petri dish. The rotation axis
is inclined at 30° from the vertical so that the organ alternates its position from the nadir (for
incubation) to the zenith (for counting) every minute. For each group, 600,000 astrocytes
were seeded the day before the experiments under standard conditions. Soon before the
experiment, culture medium was replaced with DMEM containing glucose at 5.5 mM and
enriched with 1.8 to 2.2 MBq/mL FDG. Tracer kinetic uptake was measured over 120 min
of experiments. All experiments were performed in triplicate, and data were normalized for
cell number.

3.12 Western Blot Analysis
3.12.1 Mouse Astrocytes
Whole-cell lysates of SC and MC neonatal astrocytes from WT or SOD1 G93A pups were
prepared using EB Lysis Buffer (HEPES pH 7.4 20 mM, NaCl 150 mM, glycerol 10% and
Triton X-100 1%) with protease inhibitor cocktail and phosphatase inhibitors (PhosStop)
(Roche, Basel, Switzerland) and sodium orthovanadate. Petri dishes were scraped to collect
the whole lysates and incubated on ice for 15 min. Lysates were finally centrifuged for 5
min at 13,200 rpm at 4 °C to remove cellular debris. Protein cell extracts and SDS
polyacrylamide gel electrophoresis (NW04120box, BOLT Bis-Tris plus 4–12%, Invitrogen)
were performed using standard protocols. Proteins were detected with ECL Detection
Reagent (BioRad, Hercules, CA, USA). Protein quantification was performed using
Bradford protein assay (BioRad, Hercules, CA, USA). Antivinculin (Sigma, V9131) was
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used as loading control. We tested the following antibodies: anti-cytochrome c (Santa Cruz
Biotechnology, inc., H-104, Cat# sc-7159) and anti-mitofusin 2 (Mfn2, Thermo Fisher, Cat#
PA5-72811). Secondary antibodies were horseradish peroxidase-conjugated anti-mouse
(Cat#G21040) and anti-rabbit (Cat# G21234) (Molecular Probes, Thermo Fisher Scientific,
Waltham, MA, USA), and the detection of proteins was performed with ECL Detection
Reagent (BioRad, Hercules, CA, USA).
3.12.2 Human i-astrocytes
Control, SOD1A4V and C9orf72 i-astrocytes were detached with accutase 1X, diluted in 3
volumes complete i-astrocytes media to block the enzymatic activity and centrifuged at 700
x g for 5 min at RT. Pellet was washed in PBS 1X and centrifuged at 17,000 x g for 5 min
at 4°C. PBS was removed and cell pellet stored at -80°C. Western blot analyses were
conducted using standard procedures. Cell pellets were lysed using lysis Buffer (150 mM
NaCl, 20 mM TRIS-HCl pH 7.4, 2 mM EDTA and 1 % NP40) containing a protease
inhibitor cocktail for mammalian cells (Sigma Aldrich, Cat# P8340) and total protein was
measured by Bradford assay (Bradford MM, 1976). Samples were incubated with a
denaturing solution containing: 8% w/v SDS, 125 mM Tris-HCl (pH 6.8), and 1.25% v/v
DTT. After 10 min of incubation at 37 ºC, the sample was boiled for 5 min and 40% w/v
sucrose, and 0.008% bromophenol blue were added.
Electrophoresis was carried out using a Mini Protean III (Bio-Rad Laboratories, Hercules,
CA, USA) apparatus, in which both faces of the gel sandwich were immersed in the buffer.
To a better resolution of both middle and low-molecular weight proteins, 4-20% precast
gradient gels (Bio-Rad, Cat# 4568094) were used. The electrophoretic run was performed
at 4 ºC, setting constant current at 70 mA, with denaturing running buffer. Proteins separated
by SDS-PAGE were transferred onto nitrocellulose membrane (NC, Bio-Rad Laboratories)
by electroblotting at 400 mA for 2 h in Tris-glycine buffer (50 mM Tris, 380 mM glycine)
plus 20% methanol. The membrane was blocked with PBS/0.1% Tween 20 (PBSt)
containing 5% non-fat dry milk for 1 h and incubated over night at 4 °C with primary
antibodies (Table 2), The list of antibodies and their final dilutions are reported in Table 2.
After 3 washes with PBS, NC was incubated for 1 h at RT with specific secondary antibodies
conjugated with horse radish peroxidase (HRP) (Bio-Rad Laboratories) and developed with
Clarity Western ECL Substrate (Bio-Rad Laboratories). Bands were detected and analyzed

UNIVERSITY OF GENOVA

68

for density using the Alliance 6.7 WL 20 M enhanced chemiluminescence system and UV1D
software (UVITEC, Cambridge, UK). Each band was converted by into a densitometric trace
allowing calculations of intensity; signals were normalized to the signal of GAPDH, and
results expressed as Relative Optical Density (R.O.D.).

Primary Antibody

Working Dilution

Manufacturer and
Catalogue number

Mouse monoclonal anti-glial fibrillary
acid protein (GFAP) antibody

1:1000

Sigma Aldrich, Cat# G3893

Mouse monoclonal anti-S100β antibody

1:500

Merck Millipore, Cat# MAB079

Rabbit polyclonal ant-mGluR5 antibody

1:500

Abcam, Cat# ab53090

Rabbit polyclonal anti- nuclear factor
erythroid 2–related factor 2 (Nrf-2)
antibody

1:500

Abcam, Cat#ab31163

Rabbit monoclonal anti- NLR family
pyrin domain containing 3 (NLRP-3)
antibody

1:500

Cell Signalling, Cat#15101

Rabbit monoclonal anti-complement C3
antibody

1:1000

Prodotti Gianni, Cat#EPR19394

Mouse monoclonal anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH)
antibody

1:1000

Sigma Aldrich, Cat# G8795

Rabbit polyclonal anti-glyceraldehyde 3phosphate dehydrogenase (GAPDH)
antibody

1:1000

Sigma Aldrich, Cat# G9545

Secondary Antibody

Working Dilution

Manufacturer and
Catalogue number

goat polyclonal anti-mouse IgG (HRP)
antibody

1:3000

Bio-Rad, Cat# 0300-0108P

goat polyclonal anti-rabbit IgG (HRP)
antibody

1:3000

Bio-Rad, Cat# STAR124P

Table 2: List of primary and secondary antibodies used to perform western blot analysis, reporting the working
dilution, the supplier company, and the catalogue number.

3.13 Evaluation of Malondialdehyde
To assess lipid peroxidation, malondialdehyde (MDA) concentration was evaluated using
the thiobarbituric acid reactive substances (TBARS) assay. This test is based on the reaction
of MDA, a breakdown product of lipid peroxides, with thiobarbituric acid (TBA). The
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TBARS solution contained 15% trichloroacetic acid (TCA) in 0.25 N HCl and 26 mM
thiobarbituric acid. To evaluate the basal concentration of MDA, 600 μL of TBARS solution
were added to 50 μg of total protein dissolved in 300 μL of Milli-Q water. The mix was
incubated for 60 min at 95°C. Afterward, the sample was centrifuged at 14,000 rpm for 2
min and the supernatant was spectrophotometrically analyzed at 532 nm (Cappelli et al.,
2020).

3.14 Enzymatic Antioxidant Defences Assay
All assays were performed on 50 μg of total protein and data were normalized on the sample
protein content. Glucose 6-phosphate dehydrogenase (G6PD) activity was evaluated as a
marker of antioxidant defences, following the NADP reduction, at 340 nm. The assay
mixture contained: 100 mM Tris HCl pH 7.5, 5 mM MgCl2, 10 mM glucose-6-phosphate,
and 0.5 mM NADP (Ravera et al., 2021).
Glutathione reductase (GR) activity was spectrophotometrically assayed, following the
oxidation of NADPH at 340 nm. The assay mix contained 100 mM Tris HCl, pH 7.4, 1 mM
EDTA, 5 mM GSSH, and 0.2 mM NADPH (Marini et al., 2020).
Glutathione peroxidase (GP) activity was spectrophotometrically assayed, following the
decomposition of H2O2 at 240 nm. The assay mix contained 100 mM Tris HCl, pH 7.4, 5
mM H2O2, 5 mM GSH (Marini et al., 2020).
Catalase activity was spectrophotometrically assayed, following the decomposition of H2O2
at 240 nm. The assay mix contained 50 mM phosphate buffer, pH 7.0, and 5 mM H2O2 (Villa
et al., 2021).

3.15 Statistical Analysis
All experimental groups were studied in triplicate. Data are presented as mean ± standard
deviation (SD). Differences among the experimental conditions were tested using t-test, twoway analysis of variance (ANOVA), and the Bonferroni test was used to test the statistical
hypothesis. Significance was considered for p values <0.05. All analyses were performed
using SPSS software Advanced Models 15.0 (Chicago, IL, USA).
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4. RESULTS
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Results Section 1: role of endoplasmic reticulum in the differential endurance against
redox stress in cortical and spinal astrocytes from new-born SOD1G93A mice
4.1 Purity of WT and SOD1G93A New-born Astrocyte Cell Cultures
In the first set of experiments, we investigated the purity of neonatal astrocytes cultured
from the spinal cord of SOD1G93A P2 mouse pups by flow cytometry, labelling cell
suspension with antibodies for GFAP or astrocyte cell surface antigen-2 (ACSA2), specific
astrocyte markers (Kantzer et al., 2017), and Transmembrane Protein 119 (TMEM119), a
specific microglia marker (Bennett et al., 2016).
Figure 4a (g–m) shows that astrocyte preparations indeed express both the astroglial markers
GFAP and ACSA2 [Figure 4a (g and k), 95.03 ± 3.38% GFAP positive cells; figure 4a (h
and l), 94.46 ± 1.92% ACSA2 positive cells; figure 1a (i), 98.34 ± 1.42% GFAP and ACSA2
positive cells) when compared to the respective unstained controls [Figure 4a (d, e)].
Moreover, cell suspensions showed very low contamination of microglia cells, labelled with
TMEM119 (2.42 ± 0.69% TMEM119-positive cells, Figure 4a (j, m)), compared to the
respective unstained control (Figure 4a (f)). We also performed confocal microscopy studies
staining WT and SOD1G93A spinal cord neonatal astrocytes with antibodies for GFAP and
integrin alpha-M/beta-2 (CD11b; specific microglia marker). Representative images
reported in Figure 4b (a–f) indicate that both WT and SOD1G93A astrocytes are efficiently
stained with GFAP (green fluorescence), while they do not show contamination by microglia
cells, labelled with CD11b (red fluorescence). These results indicate that the neonatal
astrocyte primary cell culture preparations used here were not contaminated by microglia
cells.
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Figure 4a: Astrocyte cell culture purity. Spinal cord neonatal astrocyte primary cell cultures were prepared
from WT and SOD1G93A P2 pups, and their purity has been verified by flow cytometry (a–m). (a–c)
Representative flow cytometry dot plots of SOD1G93A astrocytes showing the cell population gated by (a) side
scatter (SSCALog) vs. forward scatter (FSC-HLin), (b) SSC-ALog vs. forward scatter (FSC-ALog) and (c)
SSC-Alog vs. side scatter (SSC-HLog). (d–f) Representative dot plots of SOD1G93A unstained SOD1G93A
astrocytes. (g–j) Representative dot plots of SOD1G93A astrocytes after incubation with fluorophore-conjugated
antibodies for (g) GFAP (astrocyte marker; green fluorescence), (h,i) ACSA2 (astrocyte marker; yellow
fluorescence) and (j) TMEM119 (microglia marker; green fluorescence). (k–m) Representative flow
cytometry histogram plots of SOD1G93A astrocytes showing the expression of (k) GFAP, (l) ACSA2 and (m)
TMEM, compared to the respective unstained controls. For quantization, n = 4 biological replicates per group
were analysed
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Figure 4b: Astrocyte cell culture purity. Spinal cord neonatal astrocyte primary cell cultures were prepared
from WT and SOD1G93A P2 pups, and their purity has been verified by immunofluorescence (a–f).
Representative confocal microscopy images of WT and SOD1G93A spinal cord neonatal astrocyte primary cell
cultures stained with selective antibodies for (a, d) GFAP (green fluorescence) and (b, e) CD11b (specific
microglia marker; red fluorescence); (c, f) merge panels. For quantization, n = 3 biological replicates per group
were analysed, with each value defined in triplicate.

4.2 Redox Stress Response in Cortical and Spinal SOD1G93A New-born Astrocytes
Multiple pathological studies have reported evidence of increased oxidative stress in ALS
tissue compared to control (Bonnefont et al., 2000; Siciliano et al., 2002; Rosen et al., 1993).
MDA evaluates lipid peroxidation. Some studies showed increased oxidative stress in
astrocytes, measured as MDA-modified proteins 8 hydroxy-deoxyguanosine, and
nitrotyrosine products (Calingasan et al., 2005; Ferrante et al., 1997). In this study,
astrocytes were isolated from the MC and SC of SOD1 G93A mice and WT littermates. In
SOD1G93A MC astrocytes, the intensity of H2DCFDA fluorescence was higher than in WT
astrocytes, indicating a selective increase in ROS content (Figure 5a), as confirmed by a
significant increase in lipid peroxidation evaluated by malondialdehyde (MDA) levels
(Figure 5b). The enhanced redox stress at least partially reflected an inadequate response of
antioxidant pathways. Indeed, total antioxidant capacity was decreased in MC SOD1G93A
astrocytes with respect to their WT counterpart (Figure 5c).
Redox balance was remarkably different in SC cultures. Indeed, H 2DCFDA staining
intensity and thus ROS content were higher in SC WT astrocytes as compared to MC WT
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ones (Figure 5a). This difference was, however, not paralleled by increased lipid
peroxidation, suggesting a higher endurance against the redox stress in the spinal district of
WT mice (Figure 5b). This pattern was virtually abolished in the experimental ALS model.
Indeed, H2DCFDA fluorescence of SC SOD1G93A astrocytes was markedly increased and
became similar to the intensity observed in corresponding MC cultures. Nevertheless, MDA
content was only slightly increased (Figure 5a, b). These findings nicely agreed with the
behaviour of total antioxidant capacity that was selectively enhanced in mutated SC
astrocytes (Figure 5c).
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Figure 5: Astrocyte antioxidant response and oxidative stress. (a) ROS levels measured using H2DCFDA
mean fluorescence index (MFI), (b) malondialdehyde content (MDA), (c) antioxidant capacity in wildtype
(blue) and SOD1G93A (red) astrocytes harvested from MC and SC. Data are shown as the mean ± SD. n = 3
experiments per group, with each value defined in triplicate. * p < 0.05, *** p < 0.001 (WT SC astrocytes vs.
WT MC astrocytes and SOD1G93A SC astrocytes vs. SOD1G93A MC astrocytes) (Two-way ANOVA followed
by Bonferroni post hoc test).

4.3 Antioxidant Response in Cortical and Spinal SOD1G93A New-born Astrocytes
In eukaryotic cells, ROS scavenging largely involves the availability of NADPH reductive
power whose main source is represented by the cytosolic PPP (Riganti et al., 2012). The
catalytic function of its triggering enzyme G6PD, evaluated by spectrophotometric assay,
was increased in mutated MC astrocytes (p < 0.05, Figure 6a). Then, obtained data suggest
an acceleration of cytosolic PPP that should be associated with an enhanced reduction of
NADP+ to NADPH. Nevertheless, the overall NADPH content and the NADPH/NADP+
ratio was remarkably decreased in MC astrocytes (Figure 6b, c), suggesting that the highrate utilization of this reducing cofactor was not counterbalanced by cytosolic PPP, despite
the enhanced activity of its triggering enzyme.
This response was at least partially independent of the cytosolic PPP since G6PD activity of
WT SC cells was significantly lower than in MC cells and was not affected by SOD1 G93A
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mutation (Figure 6a). A different behaviour was displayed by H6PD: its activity was
undetectable in all cultures except from mutated SC astrocytes in which its activity
accounted for 4.97 ± 0.8 Mu/mg of proteins. However, the NADPH content and the
NADPH/NADP+ ratio was similarly decreased with respect to mutated MC astrocytes
(Figure 6b, c), suggesting that the high-rate utilization of this reducing cofactor was not
counterbalanced by cytosolic or reticular PPP activity (Figure 6a-c).
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Figure 6: Astrocyte antioxidant response and oxidative stress. (a) G6PD activity in wildtype (blue) and
SOD1G93A (red) astrocytes harvested from motor cortex (MC) and spinal cord (SC). (b) NADPH level in
wildtype (light blue) and SOD1G93A (pink) astrocytes and NADP+ level in wildtype (blue) and mutated cells
(red). (c) NADPH/NADP+ ratio in wildtype (blue) and SOD1G93A (red) astrocytes in wildtype (blue) and
SOD1G93A (red) astrocytes harvested from MC and SC. Data are shown as the mean ± SD. n = 3 experiments
per group, with each value defined in triplicate. *p < 0.05, *** p < 0.001 (WT SC astrocytes vs. WT MC
astrocytes and SOD1G93A SC astrocytes vs. SOD1G93A MC astrocytes) (two-way ANOVA followed by
Bonferroni post hoc test).

4.4 Mitochondrial Redox Status in Cortical and Spinal SOD1G93A New-born Astrocytes
It is well known that mitochondria play a double role in oxidative stress, representing, at the
same time, a main source of ROS and a primary target of ROS-induced damage. We thus
estimated the mitochondrial redox status, using Mito-SOX Red, a specific and
mitochondrial-targeted detection probe for superoxide radical (O2). As reported in figure
4b, fluorescence intensity was comparable in mutated vs. WT MC or SC cultures. Similarly,
the affinity for the mitochondrial probe was only slightly, and not significantly, decreased
by SOD1G93A mutation in SC astrocytes with respect to both mutated MC and WT SC cells
(Figure 7a). A similar conclusion also applied to the evaluation of mitochondrial membrane
polarization. Indeed, Mito-Tracker Red staining provided largely variable results without
any significant difference among all groups of tested cultures (Figure 7b).
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Altogether, these data thus indicated that SOD1G93A mutation is associated with an early
enhancement of redox stress that selectively affects MC astrocytes harvested 2 days after
birth. However, this oxidative environment seems to not be explained by mitochondrial
damage, indicating the possible role of other cell structures or functions in the redox
impairment of MC astrocytes.
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Figure 7: Astrocyte antioxidant response and oxidative stress. (a) Mean fluorescence intensity (MFI) of
MitoSOX and (b) MitoTracker in wildtype (blue) and SOD1G93A (red) astrocytes harvested from MC and SC.
Data are shown as the mean ± SD. n = 3 experiments per group, with each value defined in triplicate. (Twoway ANOVA followed by Bonferroni post hoc test).

4.5 Oxidative Phosphorylation Coupling and Glycolytic Flux in Cortical and Spinal
SOD1G93A New-born Astrocytes
To evaluate the mechanisms underlying the apparent mismatch of increased redox damage
not paralleled by evident mitochondrial alterations, we extended our evaluation to the
respiratory function and glycolytic flux, using the Seahorse technology. In new-born MC
astrocytes, SOD1G93A mutation left unaltered both baseline and maximal oxidative
phosphorylation (OXPHOS) rates evaluated under control conditions and during respiratory
uncoupling by FCCP (Figure 8a, c, e). However, the mutation caused a relative respiratory
uncoupling since OCR under ATP-synthase blockade by oligomycin was higher in mutated
than in WT MC cultures (Figure 8a, d), suggesting a relative decrease in OXPHOS-linked
ATP production. This abnormality was markedly less evident in SC astrocytes, in which
SOD1G93A mutation left unaltered basal, ATP-linked, and maximal OCRs (Figure 8b–e).
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Figure 8: Mitochondrial energetic function in SOD1G93A astrocytes. Basal oxygen consumption rate (OCR)
measured in presence of glucose (11 mM), glutamine (2 mM) and pyruvate (1 mM) and after sequential
injection of the ATP-synthase inhibitor oligomycin A (1 mM) and the ATP synthesis uncoupler FCCP (0.8
μM) in (a) motor cortex (MC) and (b) spinal cord (SC) astrocytes, in wildtype (blue) and SOD1G93A astrocytes
(red). (c) Basal, (d) uncoupled and (e) maximal OCRs in wildtype (blue) and SOD1G93A (red) astrocytes
harvested from MC and SC. Data are shown as the mean ± SD. n = 3 experiments per group, with each value
defined in triplicate. ns = not significant, *p < 0.05 vs. corresponding WT astrocytes (Two-way ANOVA
followed by Bonferroni post hoc test).

The differential OXPHOS efficiency of the two central nervous system regions was
reproduced by the Western blot analysis of electron transport between complexes III and IV.
Indeed, SOD1G93A genotype was associated with a significant decrease in total cytochrome
c levels in MC astrocytes, as opposed to an increase in SC ones (Figure 9a, b). In addition,
complex I activity function was significantly decreased in SOD1 G93A MC astrocytes, while
it remained unchanged in SC cultures (Figure 9c).
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Figure 9: Mitochondrial energetic function in SOD1G93A astrocytes. Western blot analysis and relative
densitometric quantitative analyses of cytochrome c in MC (a) and SC (b) astrocytes. (c) Complex I activity
in wildtype (blue) and SOD1G93A (red) astrocytes harvested from MC and SC. Data are shown as the mean ±
SD. n = 3 experiments per group, with each value defined in triplicate. ns = not significant, *p < 0.05 vs.
corresponding WT astrocytes (One-way ANOVA followed by Bonferroni post hoc test).
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Results Section 2: effect of CTEP in pharmacological modulation of mGluR5 receptors
on the activation state and metabolic functions of astrocytes obtained from human ALS
patients.
4.6 Human Astrocytes Characterization
Human astrocytes were differentiated from fibroblasts derived from two ALS patients
carrying the SOD1A4V mutation (patients’ number 100 and 102), two C9orf72 mutation
(patients’ number 78 and 183) and one healthy donor (individual number 155). After four
weeks of differentiation protocol to obtain inducible neural progenitor cells (iNPCs),
astrocytes were prepared by switching iNPCs medium with astrocyte medium.
To confirm the efficacy of the differentiation protocol, the expression of GFAP, vimentin
and CD44, selective markers for astrocytes, was analysed on i-astrocytes obtained from
healthy donor by immunofluorescence. i-astrocytes result highly positive to these markers
(Meyer et al., 2014). These results confirm that an extensive enrichment in astrocyte-like
cells was obtained following the differentiation protocol (Figure 10).

Figure 10: Immunocytochemical characterization of human astrocytes from control and ALS patients.
Representative images of human astrocytes (i-astrocytes) differentiated from fibroblasts derived from control
and ALS patients. i-astrocytes were stained for (A)GFAP (red) and DAPI (blue), (B)Vimentin (green) and
DAPI (blue), and (C)CD44 (green) and DAPI (blue). Scale bar: 100 µm
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4.7 Effect of CTEP on the expression of proteins characterizing the phenotype of
control, C9orf72 and SOD1A4V i-astrocytes
4.7.1 Effect of CTEP on GFAP expression level in control, C9orf72 and SOD1A4V iastrocytes
Astrogliosis is a key feature of ALS (Rossi et al., 2008, Lasiene and Yamanaka., 2011),
often characterized by overexpression of specific astrocytic marker, GFAP (Benninger et
al., 2016). GFAP is a monomeric intermediate filament protein found in the astroglial
cytoskeleton. This protein is not routinely secreted in blood and is only released after cell
death or injury. These characteristics suggest that GFAP may be an ideal marker for
activated astrocytes.
Here, the expression of GFAP was quantified in control, C9orf72, and SOD1A4V i-astrocytes
by both WB (Figure 11) and immunofluorescence analysis (Figure 12). Figure 11a
represents the immunoreactive bands for GFAP in treated and non-treated i-astrocytes.
Figure 11b represents the quantification of GFAP expression after the CTEP treatment in iastrocytes obtained from control, C9orf72, and SOD1A4V patients. The CTEP treatment
significantly reduced the expression of GFAP (P<0.01) as compared to non-treated iastrocytes (Figure 11).
The same GFAP expression trend was confirmed by IF analysis (figure 12). Figure 12a
shows representative immunocytochemical images of GFAP (green) and GAPDH (red)
expression and co-localization (yellow) in control, C9orf72, and SOD1 A4V i-astrocytes.
Figure 12b reports the quantification of immunocytochemical images and reveal that the
expression of GFAP was significantly reduced (P<0.001) in CTEP treated C9orf72 and
SOD1A4V i-astrocytes, compared to non-treated i-astrocytes.
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Figure 11: Western blot quantification of GFAP expression in cell lysates from human astrocytes obtained
from control, C9orf72, SOD1A4V and CTEP treatment i-astrocytes. (a) Representative immunoreactive bands
for GFAP and GAPDH. (b) Quantification of protein expression as per scanned band density in control,
C9orf72, SOD1A4V vehicle (Gray) or CTEP-treated (Red) i-astrocytes; Protein expression level was calculated
as relative density, normalized to the housekeeping protein GAPDH. Data presented are means ± SD of three
independent experiments. *P<0.001 vs. non treated i-astrocytes (t-test).
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Figure 12: Immunocytochemical quantification of GFAP expression in i-astrocytes obtained from control,
C9orf72, SOD1A4V and CTEP treatment. (a) The panel represents the confocal microscopy
immunocytochemical images of GFAP (green) and GAPDH (red) in control, C9orf72 and SOD1A4V vehicle(left) or CTEP- (right) treated i-astrocytes cultured on coverslip and labelled with the appropriate primary and
secondary antibodies. The merge panels represent the co-expression of GFAP and GAPDH. Scale bar: 10 μm.
(b) Quantification of protein expression, as per relative fluorescence intensity, was performed calculating the
co-localization coefficients (Manders et al., 1992) using Image-J software analyses. Data are expressed as
relative fluorescence intensity of GFAP normalized respect to the fluorescence intensity of the housekeeping
protein GAPDH. The relative intensity of non-treated i-astrocytes is reported as 100. Data presented are means
± SD of three independent experiments run in triplicate (three different coverslips for each experimental
condition); statistical analysis was performed by t-test *P<0.001 vs. non treated i-astrocytes.
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4.7.2 Effect of CTEP on S100β expression level in control, C9orf72 and SOD1A4V iastrocytes
In ALS patients, S100β has been shown to increase in cortical and spinal cord astrocytes
(Kamo et al., 1987). The protein was also overexpressed in astrocytes in the spinal cord of
ALS rodent models (Serrano et al., 2017). It is worth considering that the overexpression of
S100β has been observed in a specific subpopulation of astrocytes (Dıaz-Amarilla et al.,
2011).
Here, the expression of S100β was quantified in control, C9orf72, and SOD1A4V i-astrocytes
by WB (Figure 13) and immunofluorescence analysis (Figure 14). Figure 13a represents the
immunoreactive bands for S100β in treated and non-treated i-astrocytes. Figure 13b
represents the quantification of S100β expression after the CTEP treatment on i-astrocytes
obtained from control, C9orf72, and SOD1 A4V patients. CTEP treatment significantly
reduced the overexpression of S100β (P<0.01) in C9orf72 and SOD1 A4V mutated iastrocytes but not in control i-astrocytes, the reason of this discrepancy is difficult to
understand at present (Figure 13).
The same S100β expression trend was confirmed by immunofluorescence except for the
control I-astrocytes (figure 14). Figure 14a shows representative immunocytochemical
images of S100β (green) and GAPDH (red) expression and co-localization (yellow) in
control, C9orf72, and SOD1 A4V i-astrocytes. Figure 14b represent the quantification of
immunocytochemical images reveal that the expression of S100β was significantly reduced
(P<0.01) in CTEP treated C9orf72 and SOD1A4V i-astrocytes, compared to non-treated iastrocytes.
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Figure 13: Western blot quantification of S100β expression in cell lysates from i-astrocytes obtained from
control, C9orf72, SOD1A4V and CTEP treatment. (a) Representative immunoreactive bands for S100β and
GAPDH; (b) Quantification of protein expression as per scanned band density in control, C9orf72, SOD1A4V,
vehicle (Gray) or CTEP-treated (Red) i-astrocytes. Protein expression level was calculated as relative density,
normalized to the housekeeping protein GAPDH. Data presented are means ± SD of three independent
experiments. *P<0.001 vs. non treated i-astrocytes (t-test).
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Figure 14: Immunocytochemical quantification of S100β expression in i-astrocytes obtained from control,
C9orf72, SOD1A4V and CTEP treatment. (a) The panel represents the confocal microscopy
immunocytochemical images of S100β (green) and GAPDH (red) in control, C9orf72 and SOD1A4V vehicle(left) or CTEP- (right) treated i-astrocytes cultured on coverslip and labelled with the appropriate primary and
secondary antibodies. The merge panels represent the co-expression of S100β and GAPDH. Scale bar: 10 μm.
(b) Quantification of protein expression, as per relative fluorescence intensity, was performed calculating the
co-localization coefficients (Manders et al., 1992) using Image-J software analyses. Data are expressed as
relative fluorescence intensity of S100β normalized respect to the fluorescence intensity of the housekeeping
protein GAPDH. The relative intensity of non-treated i-astrocytes is reported as 100. Data presented are means
± SD of three independent experiments run in triplicate (three different coverslips for each experimental
condition); statistical analysis was performed by t-test *P<0.001 vs. non treated i-astrocytes.
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4.7.3 Effect of CTEP treatment on C3 expression level in control, C9orf72 and SOD1A4V
i-astrocytes
Several lines of evidence indicate that aberrant activation of the complement system in the
central nervous may be involved in the pathophysiology of ALS. Within the complement
signalling cascade C3 is regarded as potent inflammatory and immunomodulatory peptide
with various biological functions. In the CNS their functions include chemotaxis and
proliferation of microglia and astrocytes; generation of superoxide radicals; and induction
of pro-inflammatory cytokine synthesis. Some of these functions have been observed in
neurodegenerative disease, suggesting that these complement factors may play a role in ALS
pathogenesis (Kjældgaard et al., 2018).
The expression of C3 was quantified in control, C9orf72, and SOD1A4V i-astrocytes by WB
(Figure 15) and IF analysis (Figure 16). Figure 15a represents the C3 immunoreactive bands
in treated and non-treated i-astrocytes. Figure 15b represents the quantification of C3
expression after CTEP treatment in i-astrocytes obtained from control, C9orf72, and
SOD1A4V patients. Figure 15 shows that CTEP treatment significantly reduced C3
expression (P<0.001) in control, C9orf72, and SOD1A4V i-astrocytes.
The same C3 expression trend was confirmed by immunofluorescence analysis (figure 16).
Figure 16a shows representative immunocytochemical images of C3 (green) and GAPDH
(green) expression and co-localization (yellow) in control, C9orf72, and SOD1 A4V iastrocytes. Figure 16b reports the quantification of immunocytochemical images and reveal
that the C3 expression was significantly reduced (P<0.001) in CTEP treated control,
C9orf72 and SOD1A4V i-astrocyte, compared to non-treated i-astrocytes (Figure 16).
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Figure 15: Western blot quantification of C3 expression in cell lysates from i-astrocytes obtained from
control, C9orf72, SOD1A4V and CTEP treatment. (a) Representative immunoreactive bands for C3 and
GAPDH; (b) Quantification of protein expression as per scanned band density in control, C9orf72, SOD1A4V
vehicle (Gray)- or CTEP-treated (Red) i-astrocytes. Protein expression level was calculated as relative density,
normalized to the housekeeping protein GAPDH. Data presented are means ± SD of three independent
experiments. *P<0.001 vs. Non treated i-astrocytes (t-test).
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Figure 16: Immunocytochemical quantification of C3 expression in i-astrocytes obtained from control,
C9orf72, SOD1A4V and CTEP treatment. (a) The panel represents the confocal microscopy
immunocytochemical images of C3 (green) and GAPDH (red) in control, C9orf72 and SOD1A4V vehicle- (left)
or CTEP- (right) treated i-astrocytes cultured on coverslip and labelled with the appropriate primary and
secondary antibodies. The merge panels represent the co-expression of C3 and GAPDH. Scale bar: 10 μm. (b)
Quantification of protein expression, as per relative fluorescence intensity, was performed calculating the colocalization coefficients (Manders et al., 1992) using Image-J software analyses. Data are expressed as relative
fluorescence intensity of C3 normalized respect to the fluorescence intensity of the housekeeping protein
GAPDH. The relative intensity of non-treated i-astrocytes is reported as 100. Data presented are means ± SD
of three independent experiments run in triplicate (three different coverslips for each experimental condition);
statistical analysis was performed by t-test *P<0.001 vs. non treated i-astrocytes.
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4.7.4 Effect of CTEP treatment on NLRP3 inflammasome expression level in control,
C9orf72 and SOD1A4V i-astrocytes
NLRP3 is a protein complex strictly related to inflammation. Its assembly determines the
cleavage of IL-1β and IL-18 through caspase-1 and the subsequent conversion of these
cytokines into their active form, exacerbating neuroinflammation and inducing cell
apoptosis and necroptosis (Mangan et al., 2018).
We here investigated the effect of CTEP treatment on NLRP3 expression in control,
C9orf72, and SOD1A4V i-astrocytes by WB (figure 17) and IF (figure 18). Figure 17a
represents the immunoreactive bands for NLRP3 in treated and non-treated i-astrocytes.
Figure 17b reports the quantification of NLRP3 expression after the CTEP treatment in iastrocytes obtained from control, C9orf72, and SOD1A4V patients. Figure 17 show that
CTEP treatment significantly lowers the expression of NLRP3 in control, C9orf72 and
SOD1A4V i-astrocytes as compared to non-treated i-astrocytes (P<0.001).
A similar NLRP3 expression trend was confirmed by IF analysis (figure 18). Figure 18a
shows representative immunocytochemical images of NLRP3 (green) and GAPDH (red)
expression and co-localization (yellow) in control, C9orf72, and SOD1 A4V i-astrocytes.
Figure 18b reports the quantification of immunocytochemical images and reveal that the
expression of NLRP3 (50% decrease; P<0.01) in CTEP treated control, and C9orf72astrocytes but not in mutated SOD1A4V patients, compared to non-treated i-astrocytes
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Figure 17: Western blot quantification of NLRP3 expression in cell lysates from i-astrocytes obtained from
control, C9orf72, SOD1A4V and CTEP treatment. (a) Representative immunoreactive bands for NLRP3 and
GAPDH; (b) Quantification of protein expression as per scanned band density in control, C9orf72, and
SOD1A4V vehicle (Gray) or CTEP-treated (Red) i-astrocytes. Protein expression level was calculated as relative
density, normalized to the housekeeping protein GAPDH. Data presented are means ± SD of three independent
experiments. *P<0.001 vs. Non treated astrocytes (t-test).
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Figure 18: Immunocytochemical quantification of NLRP3 expression in i-astrocytes obtained from control,
C9orf72, SOD1A4V and CTEP treatment. (a) The panel represents the confocal microscopy
immunocytochemical images of NLRP3 (green) and GAPDH (red) in control, C9orf72 and SOD1A4V vehicle(left) or CTEP- (right) treated i-astrocytes cultured on coverslip and labelled with the appropriate primary and
secondary antibodies. The merge panels represent the co-expression of NLRP3 and GAPDH. Scale bar: 10
μm. (b) Quantification of protein expression, as per relative fluorescence intensity, was performed calculating
the co-localization coefficients (Manders et al., 1992) using Image-J software analyses. Data are expressed as
relative fluorescence intensity of NLRP3 normalized respect to the fluorescence intensity of the housekeeping
protein GAPDH. The relative intensity of non-treated i-astrocytes is reported as 100. Data presented are means
± SD of three independent experiments run in triplicate (three different coverslips for each experimental
condition); statistical analysis was performed by t-test *P<0.001 vs. non treated i-astrocytes
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4.7.5 CTEP treatment reduce the NRF2 expression in control, C9orf72 and SOD1A4V iastrocytes
Nrf2 represents a transcriptional factor promoting the transcription of ARE and the synthesis
of antioxidant proteins. Therefore, an increased nuclear localization is potentially linked
with stronger activation of pathways protecting the cell from oxidative stress (Petri et al.,
2012).
The resistance to oxidative stress was measured by quantifying the total cellular expression
of Nrf2 in control, C9orf72, and SOD1A4V and CTEP treated i-astrocytes (Figure 19). Figure
19a represents the quantification of NRF2 expression after the CTEP treatment on iastrocytes obtained from control, C9orf72, and SOD1A4V patients. Figure 19b represents the
immunoreactive NRF2 bands in treated and non-treated i-astrocytes. Figure 19 show that
CTEP treatment significantly improved the total cellular expression of Nrf2 in C9orf72 and
SOD1A4V (P < 0.001) i-astrocytes, compared to non-treated i-astrocytes (Figure 19).
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Figure 19: Western blot quantification of NRF2 expression in cell lysates from i-astrocytes obtained from
control, C9orf72, SOD1A4V and CTEP treatment. (a) Quantification of protein expression as per scanned band
density in control, C9orf72, SOD1A4V vehicle (Gray)- or CTEP-treated (Red) i-astrocytes; (b) Representative
immunoreactive bands for NRF2 and GAPDH. Protein expression level was calculated as relative density,
normalized to the housekeeping protein GAPDH. Data presented are means ± SD of three independent
experiments. *P<0.001 vs. Non treated astrocytes (t-test).
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4.7.6. Effect of CTEP on the expression level of mGluR5 in control, C9orf72, and
SOD1A4V i-astrocytes
Group-I mGluRs, comprising mGluR1 and mGluR5, are excitatory because of positive
coupling to phosphatidylinositol breakdown (Conn and Pin, 1997, De Blasi et al., 2001,
Ferraguti et al., 2008). Thus, hyperactivation of glutamate receptors may lead to an
excessive increase of intracellular calcium due to either its entry through ionotropic Glu
receptors and/or to its release from intracellular stores mediated by Group I mGluRs and
contributing to excitotoxicity and cell death. Evidence implicating glutamate -mediated
excitotoxicity in ALS is mainly based on the presence of elevated levels of extracellular
glutamate in a high percentage of sporadic and familial ALS patients (Perry et al., 1990).
Here, we investigated the effect of CTEP on mGluR5 expression in i-astrocytes obtained
from control, C9orf72, and SOD1A4V patients by WB (figure 20) and IF (figure 21) analysis.
Figure 20a represents the immunoreactive bands for mGluR5 in treated and non-treated iastrocytes. Figure 20b represents the quantification of mGluR5 expression after the CTEP
treatment on i-astrocytes obtained from control, C9orf72, and SOD1A4V patients. Figure 20
shows that CTEP treatment significantly lowers the expression of mGluR5 in control,
C9orf72, and SOD1A4V i-astrocytes as compared to non-treated i-astrocytes (P<0.001). The
higher reduction in C9 and SOD1A4V i-astrocytes should indicate that the contribution of
mGluR5 to excitatory transmission is reduced by CTEP more in in ALS that in control.
The same mGluR5 expression trend was confirmed by IF analysis (figure 21). Figure 21a
shows representative immunocytochemical images of mGluR5 (green) and GAPDH (red)
expression and co-localization (yellow) in control, C9orf72, and SOD1 A4V i-astrocytes.
Figure 21b represent the quantification of immunocytochemical images that shows
significant reduction in the expression level of mGluR5 in CTEP treated control, C9orf72,
and SOD1A4V i-astrocytes as compared to non-treated i-astrocytes (Figure 21).
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Figure 20: Western blot quantification of mGluR5 expression in cell lysates from i-astrocytes obtained from
control, C9orf72, SOD1A4V and CTEP treatment. (a) Representative immunoreactive bands for mGluR5 and
GAPDH; (b) Quantification of protein expression as per scanned band density in control, C9orf72, SOD1
vehicle (Gray) or CTEP-treated (Red) i-astrocytes. Protein expression level was calculated as relative density,
normalized to the housekeeping protein GAPDH. Data presented are means ± SD of three independent
experiments. *P<0.001 vs. non-treated i-astrocytes (t-test).
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Figure 21: Immunocytochemical quantification of mGluR5 expression in i-astrocytes obtained from
control, C9orf72, SOD1A4V and CTEP treatment. (a) The panel represents the confocal microscopy
immunocytochemical images of mGluR5 (green) and GAPDH (red) in control, C9orf72 and SOD1A4V vehicle(left) or CTEP- (right) treated i-astrocytes cultured on coverslip and labelled with the appropriate primary and
secondary antibodies. The merge panels represent the co-expression of mGluR5 and GAPDH. Scale bar: 10
μm. (b) Quantification of protein expression, as per relative fluorescence intensity, was performed calculating
the co-localization coefficients (Manders et al., 1992) using Image-J software analyses. Data are expressed as
relative fluorescence intensity of mGluR5 normalized respect to the fluorescence intensity of the housekeeping
protein GAPDH. The relative intensity of non-treated i-astrocytes is reported as 100. Data presented are means
± SD of three independent experiments run in triplicate (three different coverslips for each experimental
condition); statistical analysis was performed by t-test *P<0.001 vs. non treated i-astrocytes
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4.8 Effects of CTEP treatment on Lipid Peroxidation and Redox Status in control,
C9orf72 and SOD1A4V i-astrocytes
Although the pathogenic mechanisms of the selective loss of MNs in ALS are unknown,
there is increasing evidence that oxidative stress-related mitochondrial involvement is a
determinant of MN degeneration. Oxidative stress, that includes lipid peroxidation, has been
reported in patients with either fALS or sALS. Malondialdehyde (MDA), the oxidative stress
biomarker in sALS patients, have been found in urine, cerebrospinal fluid (blood, and
tissues) (Siciliano et al., 2002).
We investigated the effect of CTEP on MDA levels in i-astrocytes obtained from control,
C9orf72, SOD1A4V patients. Figure 22 shows that i-astrocytes carrying the SOD1 A4V or
C9orf72 mutation express a higher level of MDA, a marker of lipid peroxidation, compared
to control controls. However, a significant reduction of MDA accumulation was observed
in patients after CTEP treatment (p<0.0001).
Since oxidative stress is always associated with the cellular antioxidant capacity, the activity
of some enzymes involved in the antioxidant response, i.e., G6PD, GR, GP, and catalase,
have been assayed. Data show that all enzyme activity was enhanced in i-astrocytes carrying
the SOD1A4V and C9orf72 mutation compared to control samples. The treatment with CTEP
completely abated the enhancement of the enzyme activity in SOD1A4V and C9orf72 patients
(p<0.0001). Interestingly, CTEP treatment seems not to affect the control sample (Figure
22).
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Figure 22: Oxidative stress production and antioxidant defenses in i-astrocytes obtained from control,
C9orf72, SOD1A4V and CTEP treatment. (a) intracellular level of malondialdehyde, marker of lipid
peroxidation, and (b-e) G6PD, GR, GP, and catalase, markers of endogenous antioxidant enzymatic defenses,
activities, in control, C9orf72 and SOD1A4V vehicle- or CTEP-treated i-astrocytes. Data presented are means
± SD of three independent experiments. *P<0.0001 vs. non treated i-astrocytes (t-test).
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5. DISCUSSION
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5.1 Studies in Mouse Astrocytes
The main finding of our project is the divergent effect of SOD1 G93A mutation on the redox
balance of MC and SC astrocytes cultured for 10 days under standard conditions. This
difference was paralleled by the metabolic response since the boost in G6PD activity of MC
mutated astrocytes faced the enhancement of H6PD catalytic function in corresponding SC
ones. The ER-PPP activation empowered SOD1G93A SC astrocytes with the capability to
ameliorate the impairment of ER-mitochondria connection that was instead well evident in
mutated MC cultures, despite a similar degree of ER enlargement.
In agreement with previous observations in different cells and tissues (Marini et al., 2016;
Cossu et al., 2020; Bauckneht et al., 2020), the increase in H6PD catalytic function was
indexed by an enhanced FDG uptake. Altogether, these observations indicate that the
divergent tracer retention, observed in SC and MC of symptomatic ALS patients, at least
partially reflects a selective response of ER metabolism to the redox stress associated with
SOD1G93A mutation. The link between ER-PPP activation and tolerance to irreversible
oxidative stress in the environments surrounding the upper and lower motor neurons
configures the reticular redox balance as a possible target to better understand the
mechanisms underlying ALS progression.
A study conducted by Sokoloff et al in 1977 demonstrated that FDG uptake is an index of
overall glucose consumption because after entering the cytosol through GLUT-facilitated
transmembrane transport, this is phosphorylated to FDG6P that cannot be recognized by
downstream enzymes channelling glucose to glycolysis or cytosolic PPP (Bachelard., 1971)
and thus accumulates as a function of overall glucose phosphorylation (G6P). Nevertheless,
a measurable FDG loss has been observed in virtually all studied tissues, indicating the
hydrolyzation of FDG6P by G6P phosphatase (Sokoloff et al., 1997). The detention of this
enzyme within the ER has two important implications. On one side, it implies a carrier able
to transfer the polar FDG6P across the reticular membrane (Caracó et al., 2000). On the
other side, it implies the presence of an enzymatic function able to prevent the hydrolytic
reaction catalysed by G6P-phosphatase. As confirmed by a series of studies (Bánhegyi et
al., 2004; Marini et al., 2016; Cossu et al., 2020), H6PD fits these characteristics due to its
capability to process FDG6P and its reticular location.
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The present data agree with the role of the H6PD reticular PPP in FDG uptake. Indeed, the
selective increase in tracer retention of mutated SC astrocytes was associated with an
enhancement in H6PD activity and with an invariance of both directly measured glycolytic
flux and cytosolic PPP. By contrast, the enhancement of G6PD only occurred in mutated
MC cultures and was not associated with any change in FDG uptake, in agreement with the
notion that this phosphorylated hexose is not recognized and thus processed by this enzyme
(Bachelard., 1971).
The data obtained in this project are in line with previous studies that demonstrated the
relationship between SC and brain metabolism in symptomatic ALS patients (Marini et al.,
2018). They also confirm that the different FDG uptake of MC and SC reflects a different
ER involvement empowering the reaction to the redox stress, thus extending to astrocytes
the previous observation in skeletal muscles of SOD1G93A mice. Indeed, the high
susceptibility of MC astrocytes to oxidative damage might eventually accelerate their
degeneration. Accordingly, the decreased tracer retention observed in the brain cortex of
symptomatic ALS patients seems to rather reflect the consequence of cortical atrophy
featuring the symptomatic disease phase (Marini et al., 2018). This consideration
characterizes FDG retention as a combined index of the metabolic activation of ER in each
investigated volume of central nervous tissue, multiplied for the number of cells entailed in
it.
In the present study, H6PD activity was considered an important factor in PPP flux within
the reticular lumen. This concept was justified by the notion that isolated ER membranes
contain the enzymatic asset to manage the full sequence of PPP reactions (Bublitz et al.,
1988). This activity is distributed in all mammalian tissues (Sambuceti et al., 2021),
although relatively less represented in brain astrocytes (Cossu et al., 2019). In agreement
with these previous observations, the H6PD catalytic function remained under the
detectability threshold of our method in all cultures except the mutated SC ones. On the
other hand, its response confirms the notion that ER is empowered with specific pathways
able to overcome the membrane impermeability and the consequent inaccessibility of
NADPH reductive power, allowing the regulation of luminal redox balance. The relevance
of this empowerment is confirmed by the protective role of ER activation in the SC district
against the irreversible consequences of the redox damage induced by SOD1 G93A mutation.
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Homogenate of MC astrocytes displayed a decreased function of complex-I coupled with
lower levels of cytochrome C. However, these abnormalities were only associated with
moderate OXPHOS impairment in intact cells. Finally, MitoSOX and MitoTracker staining
indicated a scarce contribution of mitochondrial ROS generation. On the other side, SC
astrocytes displayed higher ROS levels with respect to MC ones also in WT mice, thus
reproducing the finding of a higher O2- generation in SC naïve motor neurons compared
with MC ones (Sullivan et al., 2004). This difference was paralleled by a higher
intermembrane distance of ER-mitochondria contacts points in WT cultures that, however,
partially prevented the detaching induced by SOD1 G93A mutation. Altogether, these data thus
suggest the presence of different mechanisms underlying the antioxidant response in SC and
MC astrocytes. In other words, the highly oxidative environment in normal SC seems to
tailor the metabolic phenotype to prevent the irreversible consequences of the oxidative
damage induced by SOD1G93A mutation. Although not fully defined by the present data, the
mechanisms underlying this selective endurance should entail the ER-mitochondria
connections and the configuration of mitochondria-associated membrane proteins (MAMs),
whose role in cellular redox control has been already documented in different cell models
(van et al., 2014). In agreement with this hypothesis, the MAM constituent Mfn2 showed an
increase in SC astrocytes as opposed to a decrease in MC ones, corroborating the hypothesis
of a differential ER involvement in the cellular redox control of these two districts.
5.2 Studies in Human Astrocytes
The present study highlights the role of mGluR5 in reactive phenotype of i-astrocytes
derived from iNPCs of controls, C9orf72, and SOD1A4V ALS patients. I demonstrated that
the in-vitro treatment with CTEP ameliorated the phenotype of C9orf72 and SOD1 iastrocytes by reducing; i) the upregulation of mGluR5 expression; ii) the activation state, as
demonstrated by the reduced expression of GFAP and S100β; iii) the inflammation state,
underlined by the reduced expression of the NRF2 inflammasome complex; iv) the
uncoupling between oxygen consumption and ATP synthesis and the impairment of
mitochondria function; v) the overexpression of complement C3 protein.
Several lines of evidence demonstrated that mGluR5 is mainly detected at synaptic terminals
(Yin and Niswender, 2014), at astrocytes (D’Antoni et al., 2008), microglia (Liu et al.,
2009), and at oligodendrocyte progenitor cells (Luyt et al., 2006). These receptors are known
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to be involved in the regulation of several cellular processes altered in ALS (Nicoletti et al.,
2011; Aronica et al., 2001; Martorana et al., 2012; Anneser et al., 2004a; Anneser et al.,
2004b; Rossi et al., 2008; Vergouts et al., 2018). In physiological conditions, astrocytes
have a low level of mGluR5 but in ALS patients they show higher expression of these
receptors in reactive glial cells (Aronica et al., 2001). Overexpression was also detected in
the striatum, hippocampus, frontal cortex, and spinal cord of ALS mice, starting from the
pre-symptomatic stages and during the progression of the disease (Martorana et al., 2012;
Brownell et al., 2015; Bonifacino et al., 2019b). In astrocyte cultures, the mGluR5
contributes to modulating the glial response to changes in local excitatory tone (D’Antoni et
al., 2008; Verkhratsky and Kirchhoff, 2007).
mGluR5 has been suggested to be involved in neuronal growth, regulation of synaptic
activity, neuroprotection, and excitotoxicity (Viwatpinyo and Chongthammakun, 2009).
Indeed, its activation leads to several effects such as astrocyte proliferation, the release of
BDNF (Jean et al., 2008) and glio-transmitters, such as ATP and glutamate (Bezzi and
Volterra, 2014; Panatier et al., 2011), increased glutamate uptake (Aronica et al., 2003;
Vermeiren et al., 2005) and modulation of inflammatory responses (Shah et al., 2012). This
receptor is also reported to be involved in various molecular mechanisms causing astroglial
damage (Rossi et al., 2008).
Apart from ALS, similar findings have been reported also in other models of neurological
diseases, such as HD (Ribeiro et al., 2014), AD (Hamilton et al., 2016), epilepsy (Ure et al.,
2006), and fragile X syndrome (Dolen and Bear, 2008) or in cultured astrocytes exposed to
metabolic stress (Paquet et al., 2013). However, notwithstanding the involvement of
mGluR5 in ALS and in other neurological disorders, neither the role of astrocyte mGluR5
nor the alteration of signalling pathways have been ever deeply investigated.
In our previous studies carried out in-vivo, both the knocking down (Bonifacino et al., 2017)
and the complete knock out (Bonifacino et al., 2019a) of mGluR5 resulted in amelioration
of the pathological phenotype of SOD1G93A mice and led to reduced astrogliosis. Similar
results were recently obtained after the in-vivo treatment of SOD1G93A mice with CTEP, a
mGluR5 allosteric modulators (NAM) (Milanese et al., 2021). In this project, we tried to
evaluate the effects of in-vitro CTEP treatment on human astrocytes derived from iNPCs of
ALS patients. To this purpose, i-astrocytes were differentiated from iNPCs isolated from
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skin fibroblast cells of SOD1A4V, C9orf72 ALS patients and healthy donors were utilized.
This is an important aspect of my experiments. Indeed, despite the difficulties of culturing
and expanding i-astrocytes from iNPCs, we believe that iNPCs derived i-astrocytes better
recapitulate the cellular and molecular modifications of the human disease and complete the
data we obtained studying the effect of mGluR5 manipulation in SOD1 G93A mouse astrocyte
in our laboratory (Torazza et al., manuscript in preparation). The results largely confirmed
in human samples, the rodent results that reducing the activity of mGluR5 ameliorates the
disease progression in-vivo and the astrocyte phenotype in vitro.
The i-astrocytes obtained from both non-treated SOD1A4V, C9or72 ALS patients and healthy
donor showed higher levels of mGluR5 expression as compared to treated i-astrocytes. Thus,
CTEP treatment significantly reduced the expression of the receptor protein. Using Western
blot, I investigated the total cell expression of the receptor in the cell homogenate but further
analyses should be carried out to determine the specific membrane expression of mGluR5,
which represents the pharmacologically targetable form of the receptor. In any case, the
modulation of the cell status by reducing mGluR5 expression, demonstrated by the
experiments discussed below, strongly supports that modulation of mGluR5 total expression
likely face the membrane expression of the receptor.
Downregulating mGluR5 also positively affected the reactive state of i-astrocytes. In
physiological conditions, astrocyte activation represents the ability of astrocytes to provide
a neuroprotective and regenerative defence toward MNs, related to their so-called A2 status.
However, in neurodegenerative diseases, such as ALS, this mechanism is exacerbated and
astrocytes gain A1-related toxic functions (Verkhratsky and Zorec, 2018).
Astrogliosis is often characterized by overexpression of GFAP and S100β (Benninger et al.,
2016). GFAP is a structural component of i-astrocytes cytoskeleton and constitutes the type
III intermediate filaments of these cells (Tardy et al., 1990). Its expression is modulated by
several factors including cell maturation and environmental challenges (Li et al., 2019). In
physiological conditions, GFAP plays an important role in cell communication, BBB
formation, and astrocytic plasticity (Kamphuis et al., 2014). However, an abnormal
expression and regulation of the protein cause astrocytes activation, characterized by cell
proliferation and hypertrophy of the cell body and processes (Li et al., 2019). The
upregulation and rearrangements of GFAP can also concur in many neurological diseases,
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among which inflammation, ischemic stroke, traumatic brain injury, and neurodegeneration
(Hol and Pekny, 2015; Olabarria M and Goldman JE, 2017). S100β is a calcium-binding
protein selectively expressed by glial cells. It is involved in several homeostatic functions,
such as microtubule assembly, axonal proliferation, astrogliosis, calcium concentration,
inflammation, and is often dysregulated in ALS. Accordingly, S100β expression is increased
in the CSF of patients affected by the disease, and its levels are directly correlated with the
prognosis of the disease and in the cerebral cortex and spinal cord astrocytes and motor
neurons of post-mortem ALS patient tissue (Serrano et al., 2017). In line with the literature
(Migheli et al., 1999; Benninger et al., 2016), the current experiments demonstrated that iastrocytes obtained from both non-treated SOD1A4V, and C9orf72 ALS patients and healthy
donor display an elevated expression of GFAP and S100β related CTEP-treated i-astrocytes.
Thus, SOD1A4V and C9orf72 CTEP-treated i-astrocytes show a significantly reduced level
of GFAP and S100β compared to untreated i-astrocytes.
Several findings have suggested an essential role of the complement system in the
pathophysiology of ALS (Kjældgaard et al., 2018). Dysfunctional complement activation
also seems to be present during the progression of ALS (Heurich et al., 2011; Woodruff et
al., 2014). In the present study, we measured the expression of the component C3 of the
complement pathway: non-treated SOD1A4V and C9orf72 patients and healthy donors
showed higher levels of complement C3 protein as compared with non-treated i-astrocytes.
Thus, CTEP significantly decreased the expression of C3 protein in SOD1A4V and C9orf72
i-astrocytes.
Another protein strictly related to inflammation is NLRP3. Its activation leads to the
cleavage of pro-IL-1β and pro-IL-18 to the respective active forms and, consequently, to
their secretion by the cell (Mangan et al., 2018). NLRP3 has been reported to be increased
in ALS (Johann et al., 2015; Gugliandolo et al., 2018). In accordance, we detected a
dramatic decrease of NLRP3 in CTEP-treated i-astrocytes obtained from both SOD1A4V,
C9orf72 and healthy donors compared to non-treated i-astrocytes.
Another well-recognized parameter in ALS patients is the impairment of the energetic
metabolism (Tefera and Borges, 2016). The present study confirmed that iNPCs derived iastrocytes from SOD1A4V and C9orf72 patients are characterized by an increment of
oxidative stress, as confirmed by the increased MDA expression in i-astrocytes carrying the
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SOD1A4V and C9orf72, despite the increment of the enzymatic activities associated with the
cellular antioxidant defences. In other words, data reported in Figure 19 suggest that mutated
i-astrocytes can induce an adaptive response against the high level of oxidative stress,
activating antioxidant pathways, which, however, is not sufficient to counterbalance
oxidative stress production. Noteworthy, CTEP treatment caused a decrement of MDA
expression compared to the untreated samples, suggesting that the drug reduced the
oxidative stress. This hypothesis is confirmed by the decrement of the activity of the
antioxidant enzymes G6PD, GR, GP, and catalase activity.
Altogether, these data highlight a significant improvement with respect to previous studies
in the SOD1G93A mouse model. First, they demonstrate that pharmacologically counteracting
mGluR5 betters the astrocyte phenotype in ALS patients; second, they suggest that ASL
mutations other than SOD1G93A could benefit from the treatment. These considerations will
pave the way for a translational application of blocking mGluR5 in patients. Noteworthy,
other mGlu5 receptor negative allosteric modulators were studied in human clinical trials to
treat fragile X syndrome, depression, levodopa induced, and Huntington's disease (Reilmann
et al., 2015; Trenkwalder et al., 2016). Among them, basimglurant, an analogue of CTEP,
showed favourable pharmacokinetics and toxicology in human studies (Jaeschke et al., 2015;
Lindemann et al., 2015) and was successfully tested for the cure of depression and fragile X
syndrome (Quiroz et al., 2016; Youssef et al., 2018).
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6. CONCLUSIONS
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The results obtained from the animal’s study indicate that the activation of cytosolic PPP
does not counterbalance the irreversible oxidative damage associated with the SOD1 G93A
mutation. By contrast, the activation of the ER-PPP provides relative protection despite the
marked alteration of this organelle that characterizes the studies in experimental models and
specimens from ALS patients. The signals that activate this pathway in SC astrocytes remain
to be elucidated. However, their comprehension might configure new pathways to
understand ALS progression mechanisms. Data obtained in human studies focussed on
investigating the effects of the mGlur5 NAM CTEP in iNPCs derived i-astrocytes, thus
recalling the previously obtained data in-vivo SOD1G93AGrm5-/+ and CTEP-treated mice,
emphasizing the role of mGluR5 in ALS progression. The downregulation of mGluR5 in
iNPCs-derived i-astrocytes determined an amelioration of the reactive state, particularly of
the inflammatory phenotype of these cells, and modulated several downstream pathways
typically affected in ALS astrocytes. However, these findings demonstrated that mGluR5
can be a target to modulate the astrocyte reactive phenotype suggesting that mGluR5
blockade can reasonably turn out to be effective in counteracting ALS.
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