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Amyotrophic lateral sclerosis (ALS), the most frequent motor neuron disease (MND) in 

adults, is a fatal neurodegenerative disease characterized by the progressive degeneration of 

motoneurons (MNs) in the motor cortex and spinal cord, leading to muscle weakness and 

paralysis, and death within 2­5 years after the disease onset. The exact mechanisms 

triggering MN degeneration in ALS remain elusive; however, it is suggested that the 

neurodegenerative process results from the combination of several pathogenic mechanisms. 

Most assays are focused on treating a single pathogenic pathway involved, leading to limited 

effectiveness in improving ALS. Therefore, novel and combinatorial therapeutic approaches 

are currently being pursued. 

The aim of this thesis was to assess the therapeutic potential of the simultaneous activation 

of two different targets, the voltage­gated potassium channels 7.2/3 (Kv7.2/3) and the 

mitochondrial translocator protein (TSPO), as a promising approach to improve the course 

of ALS. For this purpose, we tested the novel and dual­mechanism GRT­X drug in an in 

vitro model of spinal organotypic culture (SCOC), and then, in the murine ALS model the 

transgenic SOD1G93A mice.  

Considering that the neuroprotective effects of TSPO activation in the SOD1G93A mice had 

been already demonstrated, we first tested the activation of Kv7.2/3 mediated by the 

selective compound ICA­27243 as a potential therapy. Our findings revealed that 

ICA­27243 prevents MN degeneration in SCOCs exposed to excitotoxicity. Additionally, 

intraperitoneal administration of ICA­27243 to the transgenic SOD1G93A mice enhanced 

neuromuscular function, maintained locomotion and coordination, reduced spinal MN 

death and attenuated glial reactivity, suggesting it is an effective treatment to prevent the 

progression of ALS. 

We then demonstrated that GRT­X increases MN survival in both SCOCs and isolated MN 

cultures exposed to toxicity induced by astrocyte­conditioned medium (ACM) derived 

from primary mouse astrocytes expressing mutant human SOD1 (SOD1G93A­ACM) or from 

ALS astrocytes generated from induced pluripotent stem cells of patients carrying 

disease­causing mutations of SOD1 (SOD1D90A­ACM) or TDP43 (TDP43A90V­ACM) genes. 

Furthermore, we found that one of the mechanisms involved in enhancement of MN survival 

by GRT­X is reduction in ROS levels.  

In vivo, daily oral administration of the GRT­X compound to SOD1G93A mice preserved 

neuromuscular function, and motor activity determined by electrophysiology, rotarod and 
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treadmill tests. Histological studies proved that GRT­X enhanced MN survival and 

neuromuscular junction innervation in treated SOD1G93A mice. However, the effects of 

GRT­X showed some differences between sexes, being more marked in female than in 

male­treated mice. These data proved the effectiveness of GRT­X for the eventual 

treatment of MN degenerative diseases. 

Finally, we explored the synergistic potential of the two molecular targets assessed in this 

thesis. Thus, we simultaneously used the unimodal agonists of each target, ICA­27243 for 

Kv7.2/3 and Olesoxime for TSPO. In vitro studies in spinal cord slices demonstrated a 

synergistic effect of both pathways since MN survival was higher with the dual than with 

single treatments. However, the synergistic effects observed in vitro were not translated to 

in vivo conditions, despite this combination also improved the evolution of neuromuscular 

function and enhanced MN survival in the SOD1G93A mice. 

Collectively, the results of this thesis provided evidence that TSPO and Kv7.2/3 are 

promising targets for ALS and proved that GRT­X, and also ICA­27243, exert 

neuroprotective actions for ALS. 
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ACM: Astrocyte­conditioned 

medium 

ALS: Amyotrophic lateral sclerosis 

ALSFRS­R: ALS functional rating 

scale 

AMPA: α­amino­3­hydroxy­ 

5­methyl­4­isoxazole­propionic 

acid 

Arg­1: Arginase­1 

CaM: Calmodulin 

ChAT: Choline acetyltransferase 

CMAP: Compound muscle action 

potential 

CNS: Central nervous system 

CRAC: Cholesterol recognition 

amino acid consensus 

CSF: Cerebrospinal fluid 

DIV: Days in vitro 

EAAT2: Excitatory amino acid 

transporter 2 

ER: Endoplasmic reticulum 

fALS: Familiar ALS 

FDA: Food and Drug Administration 

FTD: Frrontotemporal dementia 

FUS: Fused in sarcoma 

GABA: γ­Aminobutyric acid 

GSH: glutathione synthase 

hSOD1: Human SOD1 

IMM: Inner mitochondrial 

membrane 

iPSC: Induced pluripotent stem cell 

KIF: Kinesin 

KO: Knock-out 

MEP: Motor evoked potential 

MMP­9: Matrix metalloproteinase 9 

MN: Motoneuron 

MND: Motoneuron disease 

mSOD1: Mice SOD1 

mtFUS: mutant FUS 

mtSOD1: mutant SOD1 

mtTDP43: mutant TDP43 

NMDA: N­methyl­D­aspartate 

NMJ: neuromuscular junction 

OMM: outer mitochondrial 

membrane 

PFA: Paraformaldehyde 

RBP: RNA­binding protein 

ROS: Reactive oxygen species 

sALS: Sporadic ALS 

SCOC: Spinal cord organotypic 

culture 
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SICI: short­interval intracortical 

inhibition 

SMA: Spinal muscular atrophy 

SOD1: Superoxide dismutase 

StAR: Steroidogenic acute regulatory 

protein 

SVC: Slow vital capacity 

TA: Tibialis anterior 

TBOA: DL­threo­β­ 

benzyloxyaspartate 

TDP43: TAR DNA­binding protein 

43 

UPS: Ubiquitin­proteasome pathway 

VDAC1: Voltage­dependent anion 

channel 

VSCN: Ventral spinal cord neuronal 

cultures 

WT: Wild type 
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1. Motor neuron diseases 

Motor neuron diseases (MND) are a set of heterogeneous neurological disorders that 

result in the degeneration of upper motoneurons (MNs) and/or lower MNs. Upper MNs are 

located in the motor cortex and are responsible for the emergence of the corticospinal and 

corticobulbar tracts, while the lower MNs are located in the spinal cord anterior horn and 

motor nuclei of cranial nerves in the brainstem and send their axons within peripheral 

nerves to innervate the skeletal muscles (Tiryaki & Horak, 2014). MNDs exist on a 

spectrum, where the extent of upper and lower MN involvement varies, resulting in 

different degrees of severity. There are four primary phenotypes of MND in adults, 

categorized by the location of origin and the extent of neurological impairment: 

amyotrophic lateral sclerosis (ALS), progressive bulbar palsy, progressive muscular 

atrophy, and primary lateral sclerosis (Statland et al., 2015). The two most commonly 

observed forms of MND are ALS, which predominantly affects adults, and spinal muscular 

atrophy (SMA), a monogenic disorder that affects children. 

 

2. Amyotrophic lateral sclerosis 

ALS, initially known as Charcot’s sclerosis and also known as Lou Gehrig's disease 

in the USA, was first described by Jean­Martin Charcot in 1869. ALS is a heterogeneous 

disease characterized by the selective degeneration of both upper and lower MNs resulting 

in progressive paralysis of voluntary muscle that ultimately leads to death.  ALS incidence 

changes depending on geographic localization, being higher in Europe and North America 

(2.1­3.8/100.000 per year) than in Asia (0.8­1.2/100.000 per year). ALS incidence is higher in 

males than in females being the global sex ratio of 1.2–1.5 (Longinetti & Fang, 2019).  

The main clinical features of ALS include progressive muscle weakness, muscle 

atrophy, fasciculations, muscle cramps, muscle stiffness, spasticity, dysphagia (difficulty 

swallowing) and dysarthria (difficulty speaking) (Masrori & Van Damme, 2020). Although 

the main symptoms are related to motor dysfunction, non–motor manifestations are 

increasingly recognized. Up to 50% of patients experience cognitive and/or behavioral 

impairments during the course of the disease, such as impaired language, impeded working 

memory, apathy and irritability (Goutman et al., 2022). Additionally, approximately 13% of 

patients present the concomitant variant frontotemporal dementia (FTD) (Phukan et al., 

2012).  
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ALS classification is challenging due to the significant variability among patients. 

Some potential classification criteria include age at onset, disease burden, survival rate, 

disease progression, extramotor involvement or the extent of family history (Al–Chalabi et 

al., 2016). A frequently employed classification is based on the origin of MN impairment, 

distinguishing between spinal onset (affecting spinal MNs) and bulbar onset (affecting 

brainstem MNs first). Spinal onset disease accounts for 60% of cases and initially presents 

with muscle weakness and fasciculations in an asymmetric pattern in the upper or lower 

limbs. Bulbar onset disease affects approximately one–third of ALS patients and is 

characterized by the initial involvement of muscles controlling speech, chewing and 

swallowing. Bulbar onset patients generally have a shorter lifespan compared to those with 

spinal onset (Ragagnin et al., 2019). Moreover, in Europe, the majority of men experience 

spinal onset disease, while women show a greater tendency toward bulbar–onset disease 

(Logroscino et al., 2010).  

ALS diagnosis is difficult due to the heterogeneity in clinical presentation and 

overlapping with other neurodegenerative diseases, which delays diagnosis between 10–16 

months (Richards et al., 2020). No definitive test exists for diagnosing ALS; however, the 

well­established approach involves clinical history, examination and electromyography. 

Diagnosis is typically based on the El Escorial or Awaji criteria (Goutman et al., 2022).  

However, new criteria are being developed to facilitate easier and faster ALS diagnosis. For 

example, the novel Gold Coast criteria make diagnosis simpler and may enhance sensitivity 

and specificity (Hannaford et al., 2021). Emerging ALS diagnostic and prognostic 

biomarkers include levels of phosphorylation of the neurofilament heavy chain, as an 

indicator of more aggressive disease and shorter survival, elevated levels of IL­6 in ALS 

patients associated with disease progression, or increased ferritin levels linked to poorer 

survival. Furthermore, the use of magnetic resonance imaging (MRI) and positron emission 

tomography (PET), electroencephalogram and transcranial magnetic stimulation (TMS) 

techniques to analyze cortical neuronal excitability is on the rise (Goutman et al., 2022; 

Verber & Shaw, 2020). 

Currently, the exact etiology of ALS remains unknown. Around 90­95% of the cases 

are sporadic (sporadic ALS, sALS) without apparent genetic link, while the remaining 

5­10% of the cases are related to several genetic mutations (familiar ALS, fALS). 

Nevertheless, patterns of selective MN degeneration and vulnerability are similar between 

both forms of ALS. Since the identification of the first gene involved in fALS, Cu/Zn 
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superoxide dismutase 1 (SOD1) (Rosen et al., 1993), over 200 genetic variants of this gen 

have been identified (https://alsod.ac.uk/output/variant.php/35), accounting for 12–24% of 

fALS cases. Technological advancements in next­generation sequencing have greatly 

influenced ALS research by enabling the identification of numerous genes associated with 

the disease. The most frequently mutated gene, C9orf72, was found in 30­50% of fALS and 

10% of sALS. The non­coding GGGGCC hexanucleotide sequence located in the intronic 

region of human chromosome 9 open reading frame 72 undergoes an abnormal repeat 

expansion resulting in the formation of nuclear RNA foci (DeJesus–Hernandez et al., 2011). 

Mutations in the TARDBP gene, encoding for TDP43, are related to autosomal dominant 

ALS and FTD and account for 1­2% of ALS cases (Neumann et al., 2006). TDP43 is of 

interest in ALS pathology because it is the most predominant protein at the cytosolic 

aggregates in MNs of sALS and fALS patients, with or without TARDBP alterations 

(Brettschneider et al., 2013). In addition to the aforementioned genes, at least 50 other genes 

have been found to be involved in ALS, including fused in sarcoma (FUS), Ataxin2 (ATXN2), 

Alsin2 (ALS2), Sentaxin (SETX), Profilin (PFN1), Sigma non–opioid intracellular receptor (SIGMAR1) 

or Vesicle–associated membrane protein–associated protein B (VAPB), among others (Chia et al., 

2018; Mejzini et al., 2019; Ragagnin et al., 2019).  

Currently, there is no cure for ALS and patients die within 2­5 years after disease 

onset in the classical course. Riluzole was the first drug approved by the Food and Drug 

Administration (FDA) in 1995. Riluzole, categorized as an anti–excitotoxicity drug, slows 

ALS progression by reducing neuronal firing, lowering the persistent Na+ current, 

enhancing Ca2+­dependent K+ channels and decreasing presynaptic neurotransmitter 

release (Bellingham, 2011). Clinically, it only increases patients’ lifespan by two to three 

months (Miller et al., 2012). Despite being the current standard treatment provided to ALS 

patients, it was reported that Riluzole has no beneficial effects on motor performance and 

survival in SOD1G93A, TDP43A315T and FUS (1–359) ALS mice models (Hogg et al., 2018).  

It was not until 2017 that another drug, Edaravone, was approved by the FDA for the 

specific treatment of ALS. Edaravone is a free radical scavenger that eliminates lipid 

peroxides, hydroxyl and peroxyl free radicals (Yoshino, 2019). Two long­term studies 

showed that Edaravone declined the score in the ALS functional rating scale (ALSFRS–R) 

(Okada et al., 2018; Park et al., 2022) and improved long­term survival in ALS patients 

(Okada et al., 2018). Nevertheless, the use of Edaravone is controversial since the beneficial 

outcomes observed in the Asian population were not replicated in studies with Caucasian 

https://alsod.ac.uk/output/variant.php/35
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ALS patients, in whom Edaravone failed in ameliorating ALS symptomatology or extending 

the lifespan (Fortuna et al., 2019; Witzel et al., 2022). 

Recently, two more drugs were approved for the treatment of ALS: Tofersen and 

Relyvrio. Tofersen is an antisense oligonucleotide designed to decrease the synthesis of the 

SOD1 protein through ribonuclease H­dependent degradation of SOD1 mRNA. The first 

phase 3 trial demonstrated a decline in ALSFRS­R score but without significant difference 

compared to placebo. However, they observed lower levels of SOD1 protein in cerebrospinal 

fluid (CSF) and reduced levels of neurofilament light chains in plasma in participants who 

received Tofersen (T. M. Miller et al., 2022). Currently, a separate phase 3 study (ATLAS 

study: NCT04856982) is recruiting patients to assess the effectiveness of Tofersen in 

delaying onset symptoms or slowing decline in motor function in presymptomatic adult 

individuals who carry a SOD1 mutation and have elevated levels of neurofilament (Benatar 

et al., 2022). 

Relyvrio, or AMX0035, is a combination of sodium phenylbutyrate and taurursodiol 

that mitigates endoplasmic reticulum (ER) stress and mitochondrial dysfunction. Sodium 

phenylbutyrate, an inhibitor of histone deacetylase, enhanced the expression of heat shock 

proteins that act as small molecular chaperones ameliorating toxicity from ER stress. 

Taurursodiol restores mitochondrial bioenergetic by reducing mitochondrial permeability 

and preventing apoptotic cell death (Paganoni et al., 2020), Relyvrio slowed functional 

decline assessed by the ALSFRS–R score compared to the placebo over a 24­week period 

(Paganoni et al., 2020) and increased survival by 6.5 months compared to placebo (Paganoni 

et al., 2021). 

Masitinib, an oral tyrosine kinase inhibitor, is close to being approved as an ALS 

treatment. Studies conducted on the SOD1G93A rat treated with Masitinib showed reduced 

neuroinflammation, decreased MN loss and improved survival outcomes (Trias et al., 2016). 

Slowed decline in ALSFRS­R together with lower deterioration in the forced vital capacity 

(FVC) was demonstrated in Masitinib­treated ALS patients (Mora et al., 2020). In 

addition, Masitinib treatment prolongs survival by over 2 years and reduces the risk of death 

by at least 44% as compared with placebo (Mora et al., 2021). 

Although several treatments have been developed in recent years, they have limited 

beneficial effects on patients’ lifespan; therefore, further research to improve the progression 

and finally offer a cure for ALS is still essential.  
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2.1 Pathophysiology of MN degeneration in ALS 

The most characteristic hallmark of ALS is MN degeneration, which leads to loss of 

muscle strength. The growing interest in the disease and the imperative to find effective 

therapeutic approaches have unveiled several pathophysiological mechanisms that 

contribute to MN degeneration including excitotoxicity, oxidative stress, mitochondrial 

dysfunction, protein misfolding, ER stress or neuroinflammation, among others (Hardiman 

et al., 2017; Mancuso & Navarro, 2015; Van Damme et al., 2017). Several authors have 

proposed a cascade of cellular events that results in MN degeneration in ALS by 

summarizing different pathological mechanisms that are known to contribute to the 

progression of the disease (Ragagnin et al., 2019). The exact mechanism underlying MN 

degeneration in ALS is not yet fully understood, but it is likely a combination of multiple 

pathological mechanisms, that are not mutually exclusive, and culminate in a significant 

disruption within the network. Hence, ALS is a multifactorial disease like other 

neurodegenerative disorders. 

Figure 1. Main pathophysiological mechanisms contributing to MN degeneration in ALS. (1) 
Oxidative stress, (2) mitochondrial dysfunction, (3) impaired axonal transport, (4) excitotoxicity, 
(5) protein aggregation, (6) endoplasmic reticulum stress, (7) neuroinflammation, (8) abnormal 
RNA processing, (9) non-neuronal cells, and (10) target muscle contribution. Extracted from 
Mancuso & Navarro, 2015. 
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Mitochondrial dysfunction 

Mitochondria are the main producers of energy in cells through oxidative 

phosphorylation. Additionally, they play important roles in phospholipids biogenesis, Ca2+ 

homeostasis and buffering and apoptosis. Mitochondrial dysfunction has been associated 

with numerous neurodegenerative diseases, including ALS. In fact, many ALS­related genes 

have a role in mitochondrial­associated function, highlighting mitochondrial dysfunction 

as one of the main pathological mechanisms contributing to MN degeneration in ALS. 

However, some authors suggest that mitochondrial dysfunction alone may not be the 

primary cause of ALS but rather a secondary consequence of other disease­related factors, 

such as protein aggregation and excitotoxicity (Smith et al., 2019). 

Mitochondrial abnormalities, including structural alterations or aggregated 

mitochondria, are found throughout the course of the disease. Swollen and vacuolated 

mitochondria were identified in ALS patients (Sasaki & Iwata, 2007). Aggregated, 

fragmented, vacuolated, less elongated or swollen mitochondria can be found in in vitro and 

in vivo models carrying ALS­related mutations, such as TDP43Q331K and TDP43M337V (W. 

Wang et al., 2013), SOD1G93A (Magrané et al., 2014), SODG37R and SOD1G85R (Vande Velde et 

al., 2011), FUSP525L (Sharma et al., 2016), C9orf72 (Dafinca et al., 2016) or Alsin KO (Gautam 

et al., 2015). Moreover, some mutations not only impact the morphology of mitochondria 

but also disrupt their normal functions. It was reported that fALS­mtSOD1 aggregates in 

the mitochondria impaired the electron transport chain and modified the redox state (Ferri 

et al., 2006). MtSOD1 also inhibits the conductance of the voltage­dependent anion channel 

(VDAC1), an integral protein located in the outer mitochondrial membrane (OMM). This 

inhibition diminishes adenosine triphosphate (ATP) synthesis and reduces membrane 

potential. Ultimately, these effects contribute to accelerated disease onset and decreased 

survival in mtSOD1 mice (Israelson et al., 2010). Although not being mitochondrial proteins, 

mutations in other ALS­related genes also impact mitochondrial function. For example, 

mtTDP43 binds to mRNAs from mitochondrial DNA, reducing complex I expression and 

impairing oxidative phosphorylation causing mitochondrial dysfunction (Wang et al., 

2016). Similarly, poly(GR) protein, dipeptide repite protein generated from mtC9orf72,  

preferentially binds to ribosomal proteins needed for the translation of subunits of 

mitochondrial complexes and, therefore, impairs mitochondrial function (Lopez–Gonzalez 

et al., 2016). Furthermore, the reduction in the activity of the four components of the 
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electron transport chain and impaired ATP synthesis was reported in both ALS patients 

(Wiedemann et al., 2002) and in the SOD1G93A mice (Mattiazzi et al., 2002).   

Mitochondrial Ca2+ homeostasis is crucial for cell survival.  A substantial decline in 

the capacity of mitochondrial Ca2+ buffering was observed in the very early stages of the 

disease within the central nervous system (CNS) in SOD1G93A mice (Damiano et al., 2006). 

Moreover, spinal MNs display lower endogenous Ca2+ capacity compared to oculomotor 

MNs, making them highly vulnerable to Ca2+ dysregulation (Alexianu et al., 1994). 

ER­mitochondria contact sites facilitate Ca2+ exchange between the two organelles, and 

disruption of ER­mitochondria communication has been identified as a key factor 

contributing to the alteration of Ca2+ homeostasis in ALS. ER­mitochondria disruption was 

identified in different models with mutations in ALS­related genes such as SOD1 

(Watanabe et al., 2016), TDP43 (Stoica et al., 2014), C9orf72 (Gomez–Suaga et al., 2022)  and 

SigmaR1 (Watanabe et al., 2016). 

Mitochondria play a vital role in apoptosis, which is the cellular mechanism 

activated as a last resort when cells experience irreparable damage. Apoptosis enables the 

controlled removal of damaged cells from the tissue, preventing widespread degeneration. 

In SOD1G93A mice it was detected increased levels of the pro­apoptotic proteins Bax and 

Bad simultaneously with diminished expression of anti­apoptotic protein Bcl­2 (Vukosavic 

et al., 2002). Moreover, it has been observed that the downregulation of specific miRNAs, 

such as miR­335­5p, contributes to an upregulation in the activity of pro–apoptotic 

caspases 3 and 7, along with elevated levels of reactive oxygen species (ROS) and abnormal 

mitochondrial morphology (De Luna et al., 2020).  

Oxidative stress 

Oxidative stress results from an imbalance between the production of ROS and the 

biological system capacity to eliminate ROS or repair ROS­induced damage. Mitochondria 

are the primary source of ROS due to oxidative phosphorylation, whose reactions generate 

free radicals such as hydrogen peroxide (H2O2), superoxide anions (O2
−), and hydroxyl 

radicals (HO−) (Sbodio et al., 2019). While oxidative stress may not be inherently harmful, 

the accumulation of ROS can significantly impair the capacity of the cells to confront an 

underlying pathological condition. In addition, the accumulation of ROS progressively 

damages proteins (Shaw et al., 1995), lipids (Simpson et al., 2004), DNA (Bogdanov et al., 

2002) and RNA species (Chang et al., 2008) resulting in impaired cellular processes, 

neuroinflammation and MN degeneration. Furthermore, levels of 8–hydroxy–20–
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deoxyguanosine, a marker of oxidative DNA damage, are elevated in both sALS patients 

(Fitzmaurice et al., 1996) and SOD1G93A mice (Aguirre et al., 2005). 

Mutations in the SOD1 gene, which encodes the enzyme responsible for catalyzing 

the conversion of superoxide to H2O2, have been implicated as contributors to MN 

degeneration in ALS. This highlighted the significant role of oxidative stress in the 

progression of the disease. Initially, it was hypothesized that mutations in the SOD1 gene 

resulted in a loss of function, leading to an inability to eliminate ROS and, ultimately, 

causing MN loss. However, further studies demonstrated that mtSOD1­protein misfold and 

aggregate, resulting in a toxic gain of function rather than a loss of function (Bruijn et al., 

1998). The mechanism underlying this toxic gain of function is currently unknown. Several 

hypotheses have been proposed to explain this toxic property, but none of them have been 

conclusively proven thus far (reviewed in Cunha–Oliveira et al., 2020). Moreover, it was 

demonstrated that SOD1 knockout (KO) mice develop normally without motor deficits 

(Reaume et al., 1996) but display a distinctive motor axonopathy (Reaume et al., 1996; 

Shefner et al., 1999). 

Although mutations in the SOD1 gene have traditionally been associated with 

oxidative stress, it is not the only ALS­related mutation that can be linked to this 

pathological mechanism. TARDBP mutations were related to impaired levels of glutathione 

synthetase (GSH), increased levels of intracellular lipid peroxidation or compromised 

nuclear factor erythroid 2, an antioxidant response element (Moujalled et al., 2017; Tian et 

al., 2017). Additionally, mutations in C9orf72 have been also associated with increased levels 

of ROS and down­regulation of antioxidant proteins such as SOD1, SOD2 and GSH (Birger 

et al., 2017). In addition, it was reported that several ALS­related proteins including SOD1, 

TDP43 (W. Wang et al., 2016) and C9orf72 (Lopez–Gonzalez et al., 2016) can enter the 

mitochondria and interfere with their regular functioning, leading to higher ROS 

production. This establishes a cross­link between oxidative stress and other pathological 

mechanisms.  

Excitotoxicity 

Excitotoxicity is a pathological process characterized by neuronal cell death 

resulting from excessive or prolonged activation of excitatory neurotransmitters, primarily 

glutamate. It occurs due to an imbalance between the release and clearance of excitatory 

neurotransmitters, leading to an excessive influx of Ca2+ into neurons. This dysregulated 
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Ca2+ influx triggers a cascade of detrimental molecular events, including activation of 

Ca2+­dependent proteases, lipases and nucleases which damage the neuron, oxidative 

stress, mitochondrial dysfunction, and activation of apoptotic signaling pathways, 

highlighting the interaction between the different pathological mechanisms involved in 

ALS.  

Excitotoxicity emerged as one of the first pathological mechanisms described as a 

contributor to MN degeneration. Early observations revealed elevated levels of glutamate in 

the CSF of ALS patients compared to healthy subjects (Rothstein et al., 1990).  

Subsequently, it was reported a specific loss of the astroglial glutamate transporter, 

excitatory amino acid transporter 2 (EAAT2), the main astroglial synaptic glutamate 

reuptake transport protein in ALS patients (Rothstein et al., 1995). This loss of 

EAAT2/GLT1 results in the inability of astrocytes to efficiently clear synaptic glutamate, 

leading to increased glutamate levels and the consequent development of excitotoxicity, 

leading to MN damage.  

Despite the presence of this non­cell autonomous effect, there are also certain 

intrinsic properties of MNs that make them more vulnerable to excitotoxicity. MNs have a 

high number of Ca2+­permeable α­amino­3­hydroxy­5­methyl­4­isoxazole­propionic 

acid (AMPA) receptors, ionotropic glutamate receptors responsible for the fast synaptic 

transmission in the CNS. Indeed, MN death by excitotoxicity is related to Ca2+ influx 

through AMPA receptors (Van Den Bosch et al., 2000).  The Ca2+ conductance of AMPA 

receptors exhibits significant variations based on the presence of the GluR2 subunit. AMPA 

receptors containing at least one GluR2 subunit exhibit low Ca2+ conductance, while those 

lacking a GluR2 subunit demonstrate high Ca2+ permeability. In addition, edited mRNA 

displays low Ca2+ permeability. In vivo, GluR2 mRNA undergoes editing; however, in ALS, 

there is a deficiency in GluR2 editing, resulting in a pathological condition characterized by 

increased Ca2+ permeability  (Kwak & Kawahara, 2005). Concordantly, GluR2­KO 

accelerated MN degeneration and shortened the lifespan of the SOD1G93A mice (Van Damme 

et al., 2005). Altogether, GluR2 has a crucial role in MN vulnerability to excitotoxicity.  

Moreover, MNs have low Ca2+ buffering capacity due to the low expression of 

Ca2+­buffering proteins. Spinal MNs do not express parvalbumin and calbindin D28K (Ince 

et al., 1993). Overexpression of parvalbumin in MNs exhibits a lower rise of intracellular 

Ca2+ and prevents MN loss when cultures are treated with kainic acid (Van Den Bosch et 

al., 2002). Concurrently, overexpression of parvalbumin in the SOD1G93A mice decreased 



Introduction 

28 
 

intracellular Ca2+ elevation, prevented MN loss, delayed disease onset and prolonged 

survival (Beers et al., 2008).  

Impaired protein homeostasis 

Protein homeostasis, also known as proteostasis, is the correct equilibrium between 

the production and the degradation of proteins. This dynamic process involves the 

coordinated control of protein synthesis, folding, assembly, trafficking and clearance. The 

imbalance of this process can lead to protein misfolding and protein aggregation, which is a 

pathological hallmark of several neurodegenerative disorders, including ALS.  

Ubiquitin­positive inclusions are the most common inclusions in ALS 

histopathology and are found in both upper and lower MNs (Neumann et al., 2006).  

However, it is currently uncertain whether the formation of inclusions is directly 

responsible for cellular toxicity in ALS pathogenesis, whether these aggregates are harmless 

neurodegeneration­derived products, or if they actually represent a protective response by 

the cell to decrease levels of toxic proteins within the intracellular environment (Mancuso 

& Navarro, 2015).  

Mutations in several ALS­related genes result in the production of abnormally 

folded proteins that tend to aggregate and form inclusion bodies impairing proteostasis. 

These are particularly SOD1, TDP43, FUS and C9orf72 genes (Ruegsegger & Saxena, 2016). In 

addition, it was reported that mutations in ALS­related genes directly target components 

of the protein homeostasis network such as autophagy, ER homeostasis, and the ubiquitin–

proteasome pathway (UPS) (Medinas et al., 2018; Ruegsegger & Saxena, 2016).   

Misfolded forms of SOD1 had been consistently reported in sALS and fALS patients’ 

tissue (Shibata et al., 1994), as well as in the SOD1G85R (Bruijn et al., 1998) and SOD1G93A 

mice  (Bendotti et al., 2012). Misfolded SOD1 proteins evade the regular degradation process 

through ubiquitination, impairing both UPS and autophagy. SOD1 proteins directly interact 

with UPS­related proteins such as E3 ubiquitin ligases, CHIP or GP78, among others 

(reviewed in Bendotti et al., 2012). MtSOD1 aggregates also bind directly to autophagy 

proteins such as optineurin reducing mitophagy flux (Tak et al., 2020). Nonetheless, there 

are other mechanisms also associated with the misfolding and aggregation of SOD1 protein. 

Activation markers of ER stress have been identified in the spinal cord of ALS patients  

(Atkin et al., 2008) and ALS models (Kikuchi et al., 2006). In fact, it was found that in the 

SOD1G93A mice, the SOD1 protein accumulates in the lumen of the ER and interacts with 
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Grp78/BiP, thereby affecting its function and ultimately impacting protein degradation by 

the proteasome (Kikuchi et al., 2006). However, this process may not be unidirectional, as 

ER stress increases the susceptibility of SOD1WT protein to aggregate (Medinas et al., 2018). 

In addition, the presence of SOD1 protein aggregates leads to the formation of vacuoles that 

contain components from both the mitochondria and the ER (Salvany et al., 2022). Besides 

the physiological complications linked to SOD1 protein aggregation, it has been observed 

that it functions as a prion­like protein, resembling the behavior seen in other 

neurodegenerative disorders like Alzheimer's disease. Studies demonstrated that mutant 

and misfolded SOD1 can induce misfolding of natively structured SOD1WT protein in a 

prion­like manner (Grad et al., 2011; Münch et al., 2011). 

TDP43 is the main aggregated protein in ALS, and it is found in 97% of ALS patients 

(Neumann et al., 2006). Under normal physiological conditions, the TDP43 protein is 

predominantly found within the nucleus. However, in pathological circumstances, it 

undergoes ubiquitination and hyperphosphorylation, leading to the formation of 

cytoplasmic aggregates in neurons and glial cells (Mackenzie et al., 2010). It was also 

reported that phosphorylated TDP43 aggregates can be in peripheral motor nerves of ALS 

patients (Riva et al., 2022). It is now established that the neurodegeneration caused by 

TDP43 aggregates is due to a gain (White et al., 2018) or loss of function (C. Yang et al., 

2014) since both situations have been observed, and they do not necessarily are mutually 

exclusive (Kabashi et al., 2009). Moreover, it was demonstrated that the TDP43 protein also 

displays prion­protein characteristics (Keating et al., 2023; Nonaka et al., 2013).  

Cytoplasmic aggregates of FUS, another RNA­binding protein, are found in neurons 

and glial cells in ALS patients (Groen et al., 2010; Hewitt et al., 2010). MtFUS generates 

cytoplasmic aggregates sequestering FUSWT (Takanashi & Yamaguchi, 2014). These 

aggregates impaired RNA granule formation (Takanashi & Yamaguchi, 2014), caused RNA 

splicing perturbations (Rezvykh et al., 2023) and compromised protein degradation 

(Marrone et al., 2019). Mutations in genes encoding RNA­binding proteins (TDP43 and 

FUS) entail a direct interplay between two pathological mechanisms of ALS, disrupted 

protein homeostasis and abnormal RNA metabolism (Medinas et al., 2017). 

The intronic expansion of hexanucleotide repeat (G4C2) in the C9orf72 gene is the 

most frequent mutation in ALS. The mechanism through which this expansion contributes 

to ALS is not fully understood. However, three distinct and potentially overlapping 

mechanisms have been proposed: haploinsufficiency of the C9orf72 gene, sequestration of 
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RNA–binding proteins and production of dipeptide repeat proteins (Beckers et al., 2021). 

Five distinct dipeptide repeat proteins have been identified and all of them exhibit toxicity. 

Among them, Poly(GA) is highly toxic and can sequester other dipeptides, promoting their 

aggregation (Lee et al., 2017). Additionally, Poly(GA) can sequester nuclear pore proteins 

such as HR23, disrupting the transport of proteins into and out of the cell nucleus and 

leading to impaired nucleocytoplasmic transport  (Zhang et al., 2016). Poly(GA) also 

triggers neuronal death by inducing ER stress (Zhang et al., 2014) and impairing autophagy 

(Pu et al., 2022). 

Axonal transport 

MNs typically possess remarkably long axons between the soma and distant 

synaptic sites. The synthesis of cellular components primarily occurs within the cell body. 

Consequently, efficient axonal transport becomes essential to effectively deliver the newly 

synthesized materials to the axon. Histological analyses of post–mortem ALS patients have 

demonstrated disorganization of the axonal cytoskeleton and accumulation of 

neurofilament in MN cell bodies. These findings imply a disruption of axonal transport 

within MNs (Hirano et al., 1984; Julien & Mushynski, 1998). The mtSOD1 mouse also 

exhibits cytoskeletal defects, similar to humans, affecting neurofilaments, actin and tubulin 

(Collard et al., 1995). Furthermore, it was demonstrated that impaired axonal transport 

precedes ALS symptomatology (Bilsland et al., 2010). 

Mutations in genes encoding proteins that are part of the cytoskeleton or axonal 

transport machinery, such as kinesins, dyneins, neurofilament heavy chain, peripherin, 

tubulin­β4a, cofilin or profilin, have been associated with ALS (Burk & Pasterkamp, 2019). 

Mutations in the C­terminal region of the KIF5A gene, which encodes for kinesin (KIF)­5A 

protein essential for anterograde axonal transport, have been identified as a cause of ALS 

(Nicolas et al., 2018). Moreover, KIF5A­KO mice develop neurodegeneration and paralysis 

(Xia et al., 2003). ALS­related mutations, such as those in the FUS gene, disrupt the KIF­5C, 

KIF­1B, and KIF­3A mRNA expression (Hoell et al., 2011). Studies also demonstrated that 

mutations in the gene encoding for dynein cause α­MN loss (Hafezparast et al., 1994). In 

addition, mutations in the genes encoding dynein have also been observed in both fALS and 

sALS patients (Munch et al., 2004) and in SOD1G93A mice (Bilsland et al., 2010).  

Mutations in typical ALS–related genes can also be associated with defects in axonal 

transport. MtSOD1 interacts with the dynein–dynactin complex, disrupting its normal 

functioning and forming aggregates prior to the onset of symptoms, which worsens 
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throughout the disease (Zhang et al., 2007). Likewise, the loss of TDP43 negatively impacts 

axonal growth and generates changes in cytoskeletal transcriptions. Furthermore, it 

decreases protein synthesis and impairs mitochondrial function in the axons (Briese et al., 

2020). 

RNA metabolism 

The discovery of TDP43, an RNA­DNA binding protein, as a major component of 

ubiquitinated protein inclusions in ALS patients (Neumann et al., 2006) highlighted RNA 

metabolism alterations as potential pathophysiological mechanisms that contribute to MN 

degeneration in ALS. TDP43 plays a critical role in several steps of RNA processing, 

including splicing, RNA stability and mRNA transport. It has been observed that TDP43 

normally binds to long intronic UG­rich sequences, non­coding regions of RNA or 

untranslated mRNA regions. In fact, when TDP43 expression was blocked, it resulted in 

the alteration of 601 mRNA levels and changes in the splicing pattern of 965 mRNA 

transcripts, including some that are relevant to neurodegeneration (Polymenidou et al., 

2011). Another study demonstrated that the removal of TDP43 leads to the inclusion of 

cryptic exons in an mRNA transcript called UNC13A, and interestingly, this cryptic exon 

was found in samples from ALS patients with TDP43 mutations (Brown et al., 2022; Ma et 

al., 2022). Additionally, a link has been found between RNA metabolism and axonal 

outgrowth. The loss of stathmin 2 (STMN2), an essential protein for axonal elongation and 

regeneration, occurs due to altered splicing in TDP43­KO models (Klim et al., 2019). 

FUS, an RNA­binding protein, plays a crucial role in different RNA metabolism 

processes including transcription, alternative splicing, and nuclear­cytoplasmic mRNA 

transport. Under physiological conditions, it is localized in the nucleus, but in pathological 

conditions like ALS, FUS tends to aggregate and form cytoplasmic inclusions. These 

aggregates hinder FUS from carrying out its normal functions. Mutations in FUS have been 

identified as causes of abnormal splicing in ALS (Rezvykh et al., 2023). Indeed, FUS has 

been linked to more than 650 alternative splicing events, as well as alternative splicing of 

genes involved in neurogenesis and gene expression regulation, such as GLI family zinc 

finger 2 (GLI2), signal transducer and activator of transcription 3 (STAT3) and splicing 

factor proline­ and glutamine­rich (SFPQ) (Zhou et al., 2014). MtFUS models exhibited a 

decrease in overall protein production and protein translation. Furthermore, upon studying 

the protein aggregates, it was observed that the majority of aggregated proteins were 

associated with translation factor activity, tRNA binding, and RNA cap binding. 
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Additionally, it was also noted that fibroblasts from mtFUS­ALS patients displayed an 

overactivation of the nonsense–mediated decay, an mRNA surveillance system, that may 

have deleterious effects on stress response pathways (Kamelgarn et al., 2018). Recently, 

mutations in FUS have been associated with the downregulation of circRNA, a non­coding 

RNA involved in transcriptional regulation, protein interaction or translation enhancement 

(Colantoni et al., 2023).  

Although C9orf72 protein does not encode an RNA­binding protein, C9orf72 is 

involved in RNA toxicity. One of the three proposed mechanisms to explain how mutations 

in C9orf72 can lead to ALS is RNA­mediated gain­of­function by sequestering essential 

RNA–binding proteins (RBPs) into intranuclear RNA foci. These RNA foci are aggregates 

of RNA and RBPs, which ultimately lead to defects in RNA processing and gene expression 

(Kumar et al., 2017). Actually, a distinct transcriptome profile was observed when 

comparing C9orf72­associated ALS and sporadic ALS to control subjects (Prudencio et al., 

2015). Another proposed mechanism involves the production of dipeptide repeat protein, as 

commented above. 

Neuroinflammation 

Neuroinflammation is a common hallmark in multiple neurodegenerative diseases, 

including ALS, and its modulation could offer a therapeutic perspective for slowing disease 

progression. MN degeneration triggers the activation of microglia, astrocytes, and the 

complement system, which collectively contribute to the progression of the pathology. 

Analyses of post–mortem spinal cord tissue from sALS patients revealed the presence of 

inflammatory markers, including increased microglial activation, T­cell infiltration 

(Kawamata et al., 1992) and enhanced astroglial activation (Schiffer et al., 1996). 

Additionally, studies have reported elevated concentrations of certain proinflammatory 

mediators such as monocyte chemoattractant protein 1 (MCP­1) and IL­8 (Kuhle et al., 

2009).  

Microglia are the primary innate immune cells within the CNS, comprising 

approximately 5­12% of CNS cells (Vilhardt et al., 2017). Under physiological conditions, 

microglia exist in a resting state, whose primary function is to maintain homeostasis, while 

also participating in synaptic pruning, adult neurogenesis and modulation of neuronal 

networks. This highly dynamic population constantly interacts with the surrounding 

environment through its long ramifications. In response to stimuli, microglia undergo 

polarization into two distinct phenotypes: the M1 phenotype, associated with toxicity, 
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which releases pro–inflammatory cytokines such as NOX2, TNF­α or IL­1β, and the M2 

phenotype, known for its neuroprotective properties and it releases anti–inflammatory 

cytokines like IGF­1 or IL­10. However, microglial state categorization is an 

oversimplification since microglia show graded and context–specific responses upon 

activation (Geloso et al., 2017).  

In the SOD1G93A mice, an increased number of microglial cells have been reported as 

the disease progresses (Beers et al., 2011; Lewis et al., 2014; Ohgomori et al., 2016). It has 

been hypothesized that during the initial phases of the diseases, microglia undergo a 

polarization toward a neuroprotective state, but rapidly shift toward a toxic state. 

Nevertheless, this transition does not occur simultaneously since temporal and regional 

differences have been observed. In the cervical spinal cord, M2 microglia and infiltrating 

lymphocytes can be found for a longer period compared to the lumbar region of the spinal 

cord (Beers et al., 2011). Although this represents the general dynamic of microglia 

throughout ALS progression, a complex interplay between the two classical phenotypes is 

usually considered. Indeed, alongside the increase in microglial cells, it was reported an 

upregulation of inducible nitric oxide synthase, indicative of M1 polarization, but also an 

elevation in arginase­1 (Arg­1) levels, used for assessing M2 phenotype (Lewis et al., 2014). 

Through the examination of the released cytokines, it was found that both 

pro­inflammatory and anti­inflammatory cytokines were significantly upregulated during 

the final stages of ALS. Nevertheless, the rise in pro­inflammatory cytokines significantly 

outweighs the increase in anti­inflammatory cytokines (Jeyachandran et al., 2015). 

Additionally, there is a decrease in the microglial M1 marker CD68 and increased levels in 

the anti­inflammatory markers Arg­1 and TNF­α (Komiya et al., 2021). Interestingly, 

replacing macrophages along peripheral axons of MNs reduces proinflammatory microglial 

responses and upregulated genes associated with the deletion of symptoms and increase in 

mice survival (Chiot et al., 2020).  

Although the majority of studies involving microglia have focused on SOD1 

transgenic animals, models using other ALS­associated proteins also exhibit microglia 

changes. In the rNLS8 mice, which exhibit cytoplasmic inclusions of hTDP43 and 

recapitulate many features of ALS, no significant changes in microgliosis were observed 

despite MN loss. However, when the exposure to the hTDP43 protein was eliminated, a 

remarkable increase in microglia was observed which further halted MN death, suggesting 

a neuroprotective role of microglia (Spiller et al., 2018). Further studies using this mouse 
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model revealed distinct microglial transcriptomes, with upregulated genes associated with 

phagocytosis or the production of neuroprotective factors (Hunter et al., 2021). In mice 

lacking C9orf72, there is an increased immune response in macrophages and microglial cells, 

leading to a significant upregulation of inflammatory cytokines. Interestingly, despite this 

enhanced immune response, there is no evidence of neurodegeneration or MN loss in these 

mice (O’Rourke et al., 2016).  

Astrocytes are the largest cell population in the CNS and their main functions are 

metabolic support, ionic homeostasis, blood­brain barrier maintenance and immune 

modulation (Barres, 2008). In detrimental situations such as neurodegeneration, astrocytes 

polarize into two states, A1 and A2, similar to M1/M2 polarization of microglia. However, 

more than a binary choice, it should be better perceived as a spectrum. Nonetheless, it has 

been observed that A1 astrocytes release neurotoxic substances harmful to MNs, while A2 

astrocytes have a protective effect by upregulating neurotrophic factors and anti–

inflammatory cytokines (Fan & Huo, 2021).   

It has been long recognized that astrocytes are closely associated with the 

degeneration of MNs, both in ALS patients (Schiffer et al., 1996)  and in the SOD1G93A mouse 

model (Levine et al., 1999). Nevertheless, astrocytes are involved in the progression, as the 

elimination of mSOD1 from astrocytes delays the onset of the disease (Wang et al., 2011). In 

addition, the deletion of astrocyte–activating factors IL­1α, TNFα, and C1q in the SOD1G93A 

mouse results in a significant decrease in astrogliosis and an increase of lifespan 

(Guttenplan et al., 2020). Despite the growing emphasis on the non­cell autonomous effects 

of astrocytes in ALS progression, it has been observed that ALS patients hiPSC–astrocytes 

undergo a cell­autonomous reactive transformation (Taha et al., 2022). Given the 

involvement of glial cells in MN degeneration, novel therapies regulating glial activation 

could hold promise as potential treatments (Filipi et al., 2020; Izrael et al., 2020). 

Contribution of non–neuronal cells 

While ALS primarily affects MNs, several studies demonstrated the impact from 

neighboring cells, such as astrocytes, microglia, oligodendrocytes and Schwann cells. The 

initial evidence of non–autonomous cell effects came from studies showing that the 

expression of SOD1G37R  (Pramatarova et al., 2001), SOD1G93A or SOD1G85R (Lino et al., 2002) 

exclusively in MNs did not result in motor impairment or MN degeneration in mice. 

Nevertheless, in chimeric animals with microglia expressing either WT or mtSOD1, it was 

observed that WT MNs developed ALS signs when surrounded by mtSOD1­expressing glia. 
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Consistently, MNs carrying mtSOD1 survived for a longer time when surrounded by a wild–

type cell environment (Clement et al., 2003). This evidence highlights the significant role of 

non–autonomous cell effects in ALS development and progression.  

To investigate whether the non­neuronal effect of microglia was involved in the 

onset or the progression of the disease, transgenic animals were developed to selectively 

suppress the expression of mtSOD1 either in MNs or in microglia. Depletion of mtSOD1 in 

MNs delayed the onset of the disease but had no impact on its progression. In contrast, 

when SOD1 was eliminated in CD11b+ cells, the disease progression was delayed and the 

mice lifespan was increased (Boillée et al., 2006), indicating that microglia accelerate ALS 

progression. Nonetheless, the development of a double transgenic model with 50% reduced 

glial reactivity in the lumbar spinal cord had no effect on MN degeneration (Gowing et al., 

2008). This study raised the possibility that different states of microglia could be involved 

in neuroprotection or neurodegeneration. Subsequently, it was observed that 

early­activated microglia expressing mSOD1 display a neuroprotective profile, whereas 

end­stage derived mSOD1 microglia exhibit toxic properties (Liao et al., 2012). 

In contrast to microglia, the generation of transgenic animals expressing mtSOD1 in 

astrocytes did not induce MN death (Gong et al., 2000). However, transplantation of 

mtSOD1­expressing astrocytes into WT rats did result in MN degeneration and increased 

astrogliosis, leading to impaired locomotion (Papadeas et al., 2011). Moreover, the 

development of transgenic rats that exclusively express human mtTDP43 in astrocytes 

caused progressive MN degeneration and muscle denervation, resulting in progressive 

paralysis (Tong et al., 2013). This highlights the non­cell autonomous effect of astrocytes in 

ALS. The co–culture of MNs and astrocytes obtained from mtSOD1 models (Di Giorgio et 

al., 2007; Nagai et al., 2007), as well as MN cultures exposed to astrocyte­conditioned 

medium derived from primary mouse ALS astrocytes expressing pathogenic mutant human 

SOD1, TARDBP or C9orf72 has been shown to reduce the viability of healthy WT MNs 

(Arredondo et al., 2022; Fritz et al., 2013; Mishra et al., 2020; Rojas et al., 2014). Similar 

results were obtained when co­culturing MNs with human (i–) astrocytes (or derived 

ACM), carrying mutations in SOD1 (Almad et al., 2022; Gomes et al., 2022; Meyer et al., 

2014),  C9orf72 (Birger et al., 2019; Meyer et al., 2014; Varcianna et al., 2019) or TARDBP 

(Arredondo et al., 2022) genes. The secretion of toxic factors by astrocytes, such as 

prostaglandins, cytokines and chemokines (Di Giorgio et al., 2008), lipids, metabolites, 

microRNAs and extracellular matrix proteins (Ng & Ng, 2022), has been implicated in the 
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degeneration of MNs. Another factor that has been identified is poly­phosphate (polyP). 

Increased levels of polyP have been observed in ACM derived from ALS–astrocytes, as well 

as in the tissue and CSF of both sALS and fALS patients (Arredondo et al., 2022). 

Additionally, the astrocytic non–cell autonomous effect has been associated with 

ALS­related MN degeneration including hyperexcitability (Fritz et al., 2013) or oxidative 

stress (Rojas et al., 2014) and involvement of specific signaling pathways such as c­Abl 

signaling (Rojas et al., 2015), apoptosis regulator BAX (Nagai et al., 2007), apoptosis 

inductor TNF receptor superfamily member 21 (TNFRSF21) (Mishra et al., 2020) or 

necroptosis effectors RIP1 or MLKL (Re et al., 2014). Given the significant release of toxic 

factors by astrocytes, some authors propose investigating the diseased astrocyte secretome 

through proteomics, transcriptomics, metabolomics, and lipidomics approaches to reshape 

the astrocyte secretome with the aim of identifying novel therapeutic strategies (Ng & Ng, 

2022). 

Oligodendrocytes, the myelinating cells in the CNS, play a crucial role in providing 

metabolic support to neurons. Emerging evidence suggests the involvement of 

oligodendrocytes in MN degeneration. Deficits in myelin structures have been observed in 

the spinal cord of SOD1G93A mice (Kang et al., 2013) as well as in ALS patients (Philips et al., 

2013). Co­cultures of human oligodendrocytes from ALS patients carrying SOD1, TDP43, 

FIG4 and C9orf72 mutation with MNs have shown a significant decrease in MN survival 

(Ferraiuolo et al., 2016). Furthermore, the selective depletion of mtSOD1 from 

oligodendrocytes significantly delayed disease onset and increased survival in ALS mice 

(Kang et al., 2013).  Notably, myelin deficits precede the symptomatic phase in SOD1G93A 

mice, indicating that oligodendrocyte alterations may occur prior to MN degeneration and 

directly contribute to disease exacerbation (Bonfanti et al., 2020). Dysfunction of 

oligodendrocytes in ALS pathology has been associated with several pathological processes, 

including the presence of aggregates, potential dysfunction in myelin­related mRNA 

processing or reduced metabolic and trophic support from oligodendrocytes to neurons 

(reviewed in Raffaele et al., 2021).  

Schwann cells have been implicated in the pathogenesis of ALS, although the precise 

mechanisms remain poorly understood. Studies have shown contrasting effects when 

examining specific mutations in Schwann cells. The expression of SOD1G93A exclusively in 

Schwann cells did not significantly impact motor function or mouse survival (Turner et al., 

2010). Conversely, another group reported that reducing active SOD1G37R levels by 70% in 
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Schwann cells accelerated disease (Lobsiger et al., 2009). A third group reported that 

knockdown of SOD1G85R in Schwann cells delayed disease onset and extended survival  (L. 

Wang et al., 2012). Although the precise role of Schwann cells in ALS remains unclear, 

presymptomatic muscular denervation is accompanied by Schwann cell disorganization 

and morphological changes in the SOD1G93A mouse (Carrasco et al., 2016). Furthermore, 

through high­density oligonucleotide microarray analyses in the same model, it has been 

demonstrated that genes associated with cell death, oxidative stress and mitochondrial 

function are deregulated in the sciatic nerve (Alves et al., 2015). Indeed, studies have 

revealed that inflammation of peripheral nerves in ALS patients and SOD1G93A rats is driven 

by Schwann cells through the expression of colony­stimulating factor­1 (CSF1) and IL­34 

(Trias et al., 2020). 

MN vulnerability 

It is well established that different populations of MNs exhibit varying vulnerability 

in ALS. Among the brainstem lower MNs, the hypoglossal MNs are the first to degenerate, 

leading to difficulties in speech, swallowing and breathing, which are typical symptoms of 

ALS of bulbar onset. Conversely, oculomotor MNs withstand the disease progression until 

the late stages, allowing for the maintenance of eye movements. As for the spinal lower MNs, 

α­MNs are primarily affected, with the specific type determining the speed of degeneration. 

The MNs in Onuf's nucleus are resistant to degeneration, thereby preserving sexual and 

bladder function (Rochat et al., 2016; Ragagnin et al., 2019). 

There is a gradient of degeneration within the α­MNs. The fast­twitch fatigable 

MNs are the first to degenerate prior to the symptomatic phase in the SOD1G93A mice. In a 

subsequent wave of degeneration, the fast­twitch fatigue­resistant MNs are affected, 

followed by the slow­twitch fatigue­resistant MNs, which remain relatively preserved 

until the later stages of the disease (Hegedus et al., 2007; Hegedus et al., 2008). The reason 

for this differential vulnerability is not clear, although several mechanisms and pathways 

could be involved in the process. One possible explanation for this differential vulnerability 

could be the role of interneurons. Under physiological conditions, interneurons can inhibit 

both fast–twitch fatigable MNs and slow­twitch fatigue­resistant MNs through glycine 

inhibition. However, in the SOD1G93A mouse, it has been observed that this inhibition is lost 

during the progression of the disease, occurring first in the fast–twitch MNs and 

subsequently affecting the slow­twitch MNs (Allodi et al., 2021). Another possible 

mechanism, which is not necessarily exclusive, is the presence of neuronal matrix 
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metalloproteinase­9 (MMP­9). This protein is upregulated in fast MNs but not found in 

slow MNs, oculomotor MNs and the Onuf's nucleus, suggesting that its absence may 

provide some form of resistance in ALS. Furthermore, studies have shown that offspring 

from crossing SOD1G93A mice with MMP­9 null mice maintain the neuromuscular junctions 

of muscles innervated by fibers dependent on fast MNs, leading to increased survival 

(Kaplan et al., 2014). In line with this, knocking­down MMP­9 in rNLS8 mice promotes 

MN survival and preserves functional neuromuscular junctions (Spiller et al., 2019). 

Nevertheless, MMP­9 is not the only protein that is differentially expressed, GABAAR­α1, 

parvalbumin, and soluble guanylate cyclase subunit alpha­3 are predominantly expressed 

in oculomotor MNs. On the other hand, dynein, peripherin, and GABAAR­α2 are expressed 

in spinal and hypoglossal MNs. Therefore, a distinct pattern of protein expression is 

observed between vulnerable and resistant MNs, which could partially explain the 

resistance of some MNs to degeneration in ALS (Comley et al., 2015). These findings are 

consistent with previous results where differential transcriptional profiles were observed 

between the oculomotor nucleus and the spinal cord using microarray analysis. Among the 

genes of interest, the upregulation of the Glu2 subunit of AMPA receptors was noted, which 

renders these oculomotor MNs less permeable to Ca2+ ions. Additionally, there was an 

upregulation of GABAA receptor subunits, leading to a significant increase in inward Cl– 

currents. These molecular changes contribute to the increased resistance of oculomotor 

MNs to excitotoxicity (Brockington et al., 2013). Despite the identification of these 

differential mechanisms as potential contributors to the different vulnerability of MNs in 

ALS, there are other factors that remain to be explored such as excitatory­inhibitory 

synaptic imbalance, MN excitability properties, aspects related to metabolic specialization 

and motor unit size (Mancuso & Navarro, 2015). 

3. Models of ALS 

Considering the fatality of ALS, the use of experimental models is necessary to 

elucidate the pathogenic mechanisms associated with MN degeneration as well as potential 

therapies. Over the years, in vitro and in vivo models mimicking ALS symptoms have been 

generated, and although each model has its advantages and limitation, they are valuable 

tools for ALS research.  

3.1 In vitro models 

The simplest model is cell lines, which enable the understanding of specific cellular 

mechanisms of neurotoxicity. The most commonly used cell line in ALS research is NSC­34, 
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a hybrid cell line resulting from fusing neuroblastoma cells N18TG2 with MN–enriched 

spinal cord cell preparations. NSC­34 expresses morphological and physiological 

properties of primary MNs, such as the generation of action potential, cytoskeletal 

organization and axonal transports. Additionally, upon differentiation, they can express 

specific MN markers including ChAT, GAP­43 o chromogranin B (Cashman et al., 1992). 

They also express glutamate receptor subunits, but interestingly, these cells are not 

susceptible to glutamate–induced excitotoxicity, as no detrimental effects on NSC­34 

survival are observed even at concentrations of glutamate that are 1000 times higher than 

those considered toxic for other cell types (Hounoum et al., 2016). While these cells are not 

suitable for studying glutamate–dependent excitotoxicity, they do provide a valuable model 

for investigating pathological mechanisms associated with ALS. For instance, they have 

been utilized to examine the prion–like effect of SOD1G93A mutation (Bartlett et al., 2022), 

as well as the toxicity and functional changes associated with the overexpression of ALS–

related proteins like SOD1G93A (Gomes et al., 2010) or C9orf72 (Jiménez–Villegas et al., 

2022). This enables the association of specific mutations with pathological processes 

implicated in the pathophysiology of ALS, such as redox mechanisms, mitochondrial 

dysfunction and protein aggregation. 

Another commonly used in vitro model for ALS research is the primary culture of 

MNs isolated from mouse or rat embryos. The primary limitation of this culture is its 

relatively short maintenance period, usually lasting only a few weeks. Additionally, these 

MNs are in an immature state, and several authors have raised concerns about their 

suitability for studying ALS since it affects fully mature MNs. However, this issue is often 

addressed by supplemented medium and trophic support (Bucchia et al., 2018). 

Nonetheless, these primary MN cultures offer significant advantages in research as they 

allow for the analysis of specific mechanisms occurring in MNs and provide a reliable 

platform for screening potential therapeutic interventions (Bucchia et al., 2018). Primary 

co–culture of MNs and glial cells provided information on the interactions between these 

two cell types (Phatnani et al., 2013). This approach has been a useful tool for studying the 

non–autonomous cell effects of glial cells on MNs in ALS (see above in Contribution of non–

neuronal cells). 

A more complex and physiological model is the spinal cord organotypic culture 

(SCOC), which accurately preserves the anatomical organization of the neuronal circuitry 

enabling the investigation of electrophysiological changes. This model also maintains the 
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neuronal/non–neuronal stoichiometry, thereby allowing for the study of glial cell 

interactions with MNs. SCOCs have proven to be highly suitable for studying glutamate–

induced excitotoxicity. Well­established SCOC models have been developed using either 

direct exposure to glutamate (Guzmán–Lenis et al., 2009) or the selective inhibitor of 

glutamate transport, DL­threo­β­hydroxyaspartic acid (THA) (Rothstein et al., 1993). 

This model allows for evaluating MN degeneration and assessing the neuroprotective 

capabilities of new therapies (Gaja–Capdevila et al., 2021; Herrando–Grabulosa et al., 2016). 

Although these previous models allow us to study the pathophysiology of the 

disease, none of them exhibit a high translational capacity. Therefore, in recent years, the 

use of induced pluripotent stem cells (iPSC) is booming. Using the 4 Yamanaka 

transcription factors (Oct4, Sox2, c­Myc, and Klf4), fibroblasts from patients can be 

derived in iPSC, which have then the ability to differentiate into several neural cell subtypes, 

such as MNs, astrocytes, oligodendrocytes or Schwann cells (Richard & Maragakis, 2015). 

The majority of iPSCs involved in ALS research have been derived from patients with well–

known mutations associated with ALS, such as SOD1, TDP–43 or C9orf72. However, it is 

important to note that these mutations are only present in a small percentage, 

approximately 10%, of ALS patients. Therefore, in order to establish models that encompass 

a broader proportion of patients, iPSCs derived from sALS patients were also developed 

(Fujimori et al., 2018). 

3.2 In vivo models 

The discovery of mutations in genes causing ALS has facilitated the development of 

transgenic animals that recapitulate human disease symptoms. The identification of the first 

mutation in the gene encoding the SOD1 protein (Rosen et al., 1993) has positioned animal 

models based on this protein mutation as the most commonly employed in ALS research. A 

transgenic animal was generated through the induction of genetic expression, specifically 

by constitutively substituting a glycine with an alanine at position 93 in the protein SOD1 

(SOD1G93A). These animals displayed hind limb weakness starting from the third month of 

life, progressing to complete muscular paralysis, and ultimately resulting in death at 5­6 

months of age. These manifestations correlate with loss of MNs in the spinal cord (Gurney 

et al., 1994). Moreover, SOD1G93A mice showed dysfunction of both spinal and cortical MNs 

before the locomotion deficits (Mancuso et al., 2011). Although the SOD1G93A model is the 

most commonly used, it is not the only mouse generated from mutations in the SOD1 

protein. Other examples include SOD1G37R, SOD1D90A and SOD1G85R (Gois et al., 2020). All 
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these models exhibit MN degeneration accompanied by motor deficits, although the onset 

and progression of symptoms may vary. These variations depend on factors such as the 

specific mutation, the number of copies of the mutation, the genetic background and sex 

(Mancuso et al., 2012b). 

 

Different models based on mtTDP43 have also been developed, exhibiting variable 

phenotypes and MN degeneration. One of the early models involved the constitutive 

introduction of a mutated human TDP43 protein, with an alanine replaced by threonine at 

position 315 (TDP43A315T). These animals exhibit ubiquitinated protein aggregates in spinal 

MNs along with severe motor deficits. Interestingly, they do not show cytoplasmic TDP43 

aggregates (Wegorzewska et al., 2009). In contrast, TDP43N390D mice exhibit cytoplasmic 

aggregates of TDP–43 together with alteration in autophagy and proteasome activity, MN 

degeneration and motor dysfunction (Huang et al., 2020). Surprisingly, mice overexpressing 

the TDP43WT protein also exhibit ubiquitinated and phosphorylated TDP43 aggregates that 

coincide with the extremely rapid progression of the disease, manifested by decreased 

Figure 2. Main clinical and histopathological hallmarks of ALS progression in the 
SOD1G93A transgenic mice. Progressive degeneration of upper and lower MN is 
accompanied by a decline in both central and peripheral motor conduction. Furthermore, a 
loss of muscular innervation can be observed. Extracted from Mancuso & Navarro (2015). 
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cortical and spinal MNs, increased astrogliosis, motor deficits and reduced survival (Wils 

et al., 2010). 

The high prevalence of ALS forms caused by C9orf72 mutations has generated 

significant interest in investigating the pathogenic mechanisms associated with the 

G4C2­repeat expansion, hence the need to generate C9orf72 models. The first 

G4C2­repeat expansion mouse model was generated using AVV2/9 and these animals 

exhibited coordination impairment but no MN degeneration (Chew et al., 2015). 

Subsequently, the bacterial artificial chromosome (BAC) DNA clone containing different 

regions of the human C9orf72 was employed. Different outcomes were observed depending 

on the introduced exons and G4C2 copies (Batra & Lee, 2017). In some studies, authors 

reported RNA foci presence without MN degeneration or motor function abnormalities 

(O’Rourke et al., 2015; Peters et al., 2015). Other models displayed mild neurodegeneration 

(Jiang et al., 2016). Finally, a model incorporating all 11 exons of the C9orf72 gene and over 

850 G4C2 copies was generated, exhibiting slight loss of force, muscle denervation, MN 

loss, reduced lifespan and TDP43 aggregates (Y. Liu et al., 2016).  

The Wobbler mouse was proposed as an alternative experimental model of ALS due 

to its ability to recapitulate many of the symptoms observed in the disease. These mice 

display locomotion deficits, MN degeneration, astroglial and microglial reactivity and 

muscular denervation. At molecular levels, they exhibit elevated expression of the TDP43 

protein, which forms cytoplasmatic aggregates, impaired axonal transport, ER stress and 

alterations in mitochondrial structure and function (Moser et al., 2013). 

Using mice generated based on mutations in ALS–related genes represent only a 

small fraction of ALS cases. Therefore, developing novel animal models that can encompass 

a broader spectrum of cases would present a more optimal avenue. A novel model approach 

involves the use of humanized mice. Initially, it was demonstrated that the transplantation 

of derived­glial­rich neuronal progenitors for human iPSC in the lumbar cord of SOD1G93A 

improved motor function and survival (Kondo et al., 2014). Recently, chimeric models have 

been established in which human iPSC–derived microglia is transplanted into the brain to 

study its effects (Fattorelli et al., 2021; Hasselmann et al., 2019). Considering the role of 

microglia in the progression of the disease, the transplantation of iPSC­derived microglia 

from ALS patients into WT mice would be a chimeric model that would provide valuable 

information about the disease, as well as options for developing therapies with high 

translational potential. 
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4. GRT–X 

The GRT–X compound (N–[(3–fluorophenyl)–methyl]–1–(2–methoxyethyl)–4–

methyl–2–oxo–(7–trifluoromethyl)–1H–quinoline–3–caboxylic acid amide) is a small 

molecule whose main characteristic is the ability to activate the neuronal potassium 

channel Kv7.2/3 and the glial protein TSPO. Unpublished preliminary data obtained by 

Grünenthal, the pharmaceutical company that developed the compound, show that GRT­X 

is capable of activating the neuronal Kv7.2/3 channels with high efficiency (EC50 = 0.37 µM) 

generating a potent hyperpolarization. Additionally, the GRT­X compound exhibits a high 

affinity for the glial protein TSPO in rats (ki 66 nM) and in humans (4600 nM). 

 GRT­X was originally discovered as a novel analgesic in a model of neuropathic 

pain and its anti–hyperalgesic effect was attributed, in part, to the activation of TSPO and, 

in part, to the activation of Kv7.2/3 (unpublished data). Furthermore, this analgesic effect 

was also demonstrated in a diabetic neuropathy model (Bloms–Funke et al., 2022a). 

Additionally, in a crush lesion of cervical spinal nerves in rats, GRT­X acted as a 

neuroprotectant and promoted neuroregeneration by enhancing neuronal survival, 

accelerating the growth of MNs and sensory neurons, as well as expediting the recovery of 

normal behavior and sensory responses to cold, heat and mechanical stimuli (Bloms–Funke 

et al., 2022a). Moreover, in an epilepsy model (6­Hz), GRT­X demonstrated remarkable 

efficacy in reducing seizures. The authors attributed this effect to the activation of Kv7.2/3 

channels, which generates hyperpolarization, effectively preventing hyperexcitability. 

Additionally, the increased production of allopregnanolone contributes to enhanced 

GABAergic inhibition at both synaptic and extrasynaptic receptor sites, further increasing 

the anti–seizure effect (Bloms–Funke et al., 2022b). Therefore, due to its unique 

pharmacological profile, which includes the ability to reduce hyperexcitability and generate 

neurosteroids that are neuroprotective, GRT­X was repurposed as a novel therapy for ALS. 

4.1 TSPO 

Translocator protein TSPO, formerly known as peripheral benzodiazepine receptor 

(PBR) is an 18 kDa protein located in the OMM, specifically concentrated at outer/inner 

mitochondrial membrane contact sites (Scarf et al., 2009) in association with VDAC and 

the adenine nucleotide carrier (ANT) (Mcenery et al., 1992). TSPO is composed of 169 highly 

conserved amino acid residues. It is structured into 5 transmembrane α­helical domains, 

where the amino terminus is located in the mitochondrial periplasm and the 

carboxyl­terminal in the cytoplasm (Joseph–Liauzun et al., 1998). Initially, it was thought 
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that TSPO forms complexes of four to six molecules creating a single pore (Boujrad et al., 

1996), but it seems that the TSPO functional form is a dimer (Caballero et al.,  2013). TSPO 

is found in nearly all tissues, although its expression levels vary, being the highest levels 

found in steroidogenic regions such as adrenal and gonadal tissues. In the CNS, TSPO 

expression is relatively low and primarily limited to glial cells, although it is also expressed 

in tanycytes and certain neuronal populations (Lee et al., 2020c; Rupprecht et al., 2010). 

Functions of the TSPO 

TSPO function has been widely associated with steroidogenesis due to its high 

presence in steroid–synthesizing tissues, the presence of a cholesterol 

recognition/interaction amino acid consensus (CRAC) sequence (Li & Papadopoulos, 

1998), changes in steroidogenesis when TSPO agonists or antagonists are added (Mukhin 

et al., 1989; Papadopoulos et al., 1990) or steroidogenesis alterations caused in conditional 

TSPO–KO mice (Fan et al., 2015; Farhan et al., 2021). 

TSPO is believed to play a crucial role in the initial step of cholesterol transport, 

which involves transferring cytoplasmic cholesterol into the mitochondria for steroid 

generation. The exact mechanism by which cholesterol is transported across the OMM is 

not yet fully understood. One possible hypothesis suggests that cytosolic proteins such as 

steroidogenic acute regulatory protein (StAR) StARD4 and StARD5 bind to free cholesterol 

in the cytoplasm and transport it to the OMM. Once there, it may bind to the CRAC motif 

of TSPO, which acts as a pore to facilitate the transfer of cholesterol from the OMM to the 

inner mitochondrial membrane (IMM) (Papadopoulos et al., 1997). The IMM is where the 

P450scc or CYP11A1 protein is located, responsible for catalyzing the initial conversion of 

this pathway, transforming cholesterol into pregnenolone (Liang & Rasmusson, 2018). 

However, there are alternative hypotheses suggesting that TSPO might not be directly 

involved in this process and that the StAR protein itself may be responsible for transporting 

cholesterol to the mitochondria and introducing it into the IMM (Miller & Auchus, 2011). 

Interestingly, StAR­KO mice exhibited reduced levels of steroids indicating the essential 

role of this protein in cholesterol transport (Hasegawa et al., 2000). 
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Controversially, conditional TSPO­KO models were generated in Leydig cells 

(Morohaku et al., 2014), as well as global TSPO­KO models (Banati et al., 2014; Tu et al., 

2014) where TSPO expression was completely eliminated and no alterations were observed 

in steroid levels such as testosterone (Morohaku et al., 2014; Tu et al., 2014), estradiol (Tu 

et al., 2014) or progesterone (Banati et al., 2014; Tu et al., 2014). During these studies, the 

question arose whether the TSPO homolog, TSPO2, could have a compensatory effect. 

TSPO2 exhibits variations compared to TSPO, as it is expressed in the ER and nuclear 

membrane. It was demonstrated that TSPO2 expression did not change when TSPO is 

deleted, indicating no such compensatory effect (Banati et al., 2014). Indeed, it was shown 

that TSPO2 plays a role in distributing cholesterol during erythropoiesis in the bone 

marrow (Fan et al., 2009) and coordinates maturation and proliferation of erythroblasts 

(Kiatpakdee et al., 2020). Therefore, these studies demonstrated that TSPO was not 

OMM 
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TSPO VDAC ANT 
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Figure 3.  Functions TSPO has been associated to. TSPO, which is localized at the OMM, has 
been associated with different cellular functions. TSPO is thought to have a role in the first step of 
steroidogenesis allowing the entrance of cholesterol into the mitochondria. Furthermore, ligands 
of TSPO modulate differentially ROS levels. TSPO ligands can also modify ATP production as well 
as metabolism. Additionally, TSPO is usually used as a neuroinflammation marker, and it can 
influence both M1 and M2 polarization. 
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essential for steroidogenesis, although there are other authors who indicate the opposite, 

suggesting that TSPO is crucial in this process. Thus, while it is evident that TSPO plays a 

role in steroidogenesis, the extent of its essentiality remains uncertain. 

However, steroidogenesis is not the only function associated with TSPO. One of the 

most commonly associated functions of TSPO is neuroinflammation. While TSPO is 

typically poorly expressed under normal conditions (Chen & Guilarte, 2008; Veenman et 

al., 2008) in pathological conditions such as stroke, encephalitis, gliomas and 

neurodegenerative diseases (ALS, Parkinson’s disease, Huntington, Alzheimer’s disease and 

multiple sclerosis) enhanced TSPO levels have been reported mainly in glial cells but also in 

neurons (Papadopoulos et al., 2006; Chen and Guilarte, 2008; Veenman et al., 2008). In fact, 

TSPO has become a widely used marker for neuroinflammation and microglia activation 

(Guilarte et al., 2022)  and it has been employed to detect in vivo glial activation in ALS 

patients (Zürcher et al., 2015). Interestingly, it has been demonstrated that the enhanced 

expression of TSPO could be an adaptive response mechanism. Studies have shown that the 

overexpression of TSPO reduces the production of pro–inflammatory cytokines and 

increases the expression of genes associated with the alternatively activated M2 stage. On 

the other hand, the knockdown of TSPO has the opposite effect, leading to increased pro–

inflammatory responses (Bae et al., 2014). However, it was demonstrated that TSPO KO 

inhibits microglia M1 polarization and microglia M2 state activation (Yao et al., 2020).  

Another function that has long been associated with TSPO is mitochondrial 

bioenergetics (Hirsch et al., 1998). In mouse microglial cells, it has been observed that the 

TSPO KO decreases mitochondrial membrane potential (Bader et al., 2019), as well as 

reduces oxygen consumption, and ATP production (Banati et al., 2014; Yao et al., 2020). The 

authors of this last study suggest a possible link between TSPO and the Fo subunit of ATP 

synthase, mediated by the exchange of ions between VDAC and ANT, proteins that interact 

with TSPO (Banati et al., 2014) In glioma cells, it has been observed that TSPO­KO inhibits 

mitochondrial function, leading to a decrease in oxidative phosphorylation. This is 

accompanied by an increase in glycolytic metabolism, enhanced glucose uptake and its 

conversion to lactic acid (Fu et al., 2020). However, a study culturing microglia from 

TSPO­KO mice demonstrated that glycolytic metabolism is reduced, along with oxidative 

phosphorylation (Yao et al., 2020). Interestingly, when TSPO was transfected into Jurkat 

cells, a cell type that does not express TSPO, it was observed that these cells increased 
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mitochondrial ATP production and upregulated genes involved in mitochondrial 

respiration (Liu et al., 2017). 

Considering the localization of TSPO, it is not surprising that it may also be involved 

in the production of ROS. Different TSPO ligands lead to an increase in ROS production in 

astrocyte, microglia and neuron cultures (Jayakumar et al., 2002). Furthermore, it has been 

demonstrated that overexpression of TSPO disrupts the TSPO:VDAC ratio, resulting in 

elevated ROS levels that hinder the relocation of sequestosome 1 (SQSTM1/p62), inhibiting 

the ubiquitination of proteins and leading to mitochondrial dysfunction (Gatliff et al., 

2014). In glioma cells, TSPO­KO also leads to increased ROS production (Fu et al., 2020). 

Interestingly, there may be a bidirectional effect, as it has been observed that elevated ROS 

levels can induce an increase in TSPO expression. This effect is likely due to TSPO's ability 

to interact with the subunits of the NADPH oxidase 2 (NOX2) protein, which is responsible 

for generating ROS (Loth et al., 2020).  

TSPO activation as potential ALS therapy 

Olesoxime, also known as TRO19622, is a cholesterol­like compound and a ligand 

of TSPO. In primary cultures of MNs in the absence of neurotrophic factors, concentrations 

ranging from 0.1 to 10 µM demonstrated a dose­dependent rescue of MNs (Bordet et al., 

2007). Additionally, Olesoxime increased the survival of human MN derived from ALS–

patient­iPSC (Yang et al., 2013). The researchers also assessed the effect of Olesoxime in the 

SOD1G93A mice and observed a delay in disease onset as determined by a slower decline in 

body weight loss and better performance in the grid test. Furthermore, treatment with 

Olesoxime significantly increased the lifespan of the mice, resulting in a 10% extension 

compared to vehicle­treated mice. Based on these results, the authors concluded that the 

effect of Olesoxime primarily impacted disease onset rather than its progression (Bordet et 

al., 2007).  

Subsequently, a more exhaustive study of Olesoxime in the SOD1G93A mouse model 

was conducted. In contrast to the previous study, the drug was administered via pellets and 

not through subcutaneous administration. This study revealed that Olesoxime preserved 

the integrity of neuromuscular junctions and reduced microglial and astroglial activation. 

Furthermore, it attenuated MN loss by more than 20%. However, it only prevented the 

death of those undergoing FasL­induced death, showing no efficacy against death triggered 

by sLIGHT, two distinct death signaling pathways involved in ALS that affect different 

types of MNs (Sunyach et al., 2012).   
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Based on the promising results obtained in previous studies, where Olesoxime 

demonstrated a reduction in MN degeneration, maintained the integrity of neuromuscular 

junctions and decreased glial reactivity and, most importantly, extended survival, it was 

evaluated in a phase II­III clinical trial. The trial involved 512 patients aged 18­80 with El 

Escorial criteria of defined or probable ALS who were already receiving Riluzole treatment. 

The study lasted 18 months, with the primary efficacy outcome being survival. Secondary 

measures included ALSFRS­R and slow vital capacity (SVC). Unfortunately, no significant 

differences in survival were observed between the Olesoxime group and the placebo group. 

Additionally, there were no significant differences between the groups in terms of 

ALSFRS­R and SVC (Lenglet et al., 2014).  

4.2 Kv7.2/3 

Potassium channels play a pivotal role in a multitude of functions, including 

frequency and duration of the action potential, modulation of membrane potential, muscle 

contraction, neurotransmitter release and hormonal secretion. Over 80 different potassium 

channel variants have been identified and categorized into five families: 1) Voltage­gated 

potassium channels, 2) Inwardly rectifying potassium channels (Kir), 3) Tandem pore 

domain potassium channels (K2P), 4) Slo family, and 5) Ca2+­activated SK family (SKCa) 

(González et al., 2012; Kuang et al., 2015). The voltage­gated potassium channels comprise 

a family that is divided into two groups based on their structure and functionality. On one 

hand, there are channels involved in conductivity (Kv1­4, Kv7, Kv10­12, EAG, and ERG), 

participating in the generation and propagation of action potentials in excitable cells. On 

the other hand, there is the nonconducting group of gating modulators (Kv5­6, Kv8­9), 

which are not directly involved in generating ion currents but play a significant role in 

regulating and modulating the activity of other potassium channels (González et al., 2012). 

The Kv7 family is a five–member K+ channel encoded by KCNQ genes. While Kv7.1 is mainly 

expressed in the heart, Kv7.2–Kv7.5 channels are expressed in the nervous system. For the 

channel to be functional, four KCNQ subunits need to assemble. All KCNQ subunits can 

form homomeric channels, or heteromeric channels formed by specific combinations, such 

as Kv7.2/3 or Kv7.2/5 (Jentsch, 2000).  
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Kv proteins consist of approximately 659–940 amino acids and feature six 

transmembrane domains. The C­terminal and N­terminal regions are located in the 

intracellular space. They have a remarkably long C­terminal domain, which is organized 

into four helices and contains the necessary domains for tetramerization. Additionally, the 

intracellular long C­terminal domain has binding sites for several regulatory proteins, 

including phosphatidylinositol 4,5­bisphosphate (PIP2), calmodulin (CaM), syntaxin 1, 

protein kinase A and C, and ankyrin­G (Barrese et al., 2018). Indeed, CaM binds to the B–

domain of the C­terminal domain of Kv7.3 in a Ca2+­dependent manner, facilitating the 

assembly with Kv7.2, resulting in the heteromeric functional Kv7.2/3 protein. Furthermore, 

in this heteromeric channel, ankyrin–G allows for the accumulation of these channels at the 

Kv7.2 Kv7.3 Agonist 

Figure 4. Kv.2/3 agonist reduces hyperexcitability.  In situations of hyperexcitability, as found in 
ALS, there is a repetitive firing of action potentials. When Kv7.2/3 agonists bind to the channel, they 
allow the efflux of K+, triggering the M­current, a strong hyperpolarizing current that reduces 
neuronal firing frequency, thereby regulating neuronal excitability. 
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axon initial segment, a specialized region involved in the generation and propagation of 

action potentials in neurons (Liu & Devaux, 2014). 

Mutations identified in Kv7.2 or Kv7.3 are primarily linked to epilepsy (Devaux et 

al., 2016; Maghera et al., 2020; Urrutia et al., 2021). Additionally, mutations in the genes 

encoding for these channels have been associated with long­term neurodevelopmental 

outcomes (Lee et al., 2020a) and pain resilience (Yuan et al., 2021). 

Kv7.2 and Kv7.3 channels are clearly implicated in controlling neuronal excitability. 

Since neuronal excitability is one of the pathological mechanisms that can lead to the 

degeneration of MNs in ALS, the activation of these channels represents promising targets 

for reducing excitability due to several reasons: i) They function as outward channels that 

can be activated even at subthreshold potentials (–80 mV); ii) They play a critical role in 

stabilizing the membrane potential in the presence of depolarizing currents; iii) They have 

the ability to suppress spiking activity and reduce repetitive or burst–firing patterns; iv) 

They are predominantly found at the axon initial segment, making them essential regulators 

of action potential threshold (Brown and Passmore, 2009; Shah and Aizenman, 2014; 

Deardorff et al.,  2021). Furthermore, the heteromeric form of Kv7.2/3 channels generates the 

M­current, a slowly activating and non­inactivating potassium current that effectively 

regulates neuronal excitability. By hyperpolarizing the membrane potential and reducing 

the firing rate of action potentials, the M­current exerts significant control over neuronal 

activity. 

Kv7.2/3 activation as potential ALS therapy 

Retigabine (or ezogabine) is a medication that acts as an opener of Kv7.2/3 channels 

and has previously been approved as an antiepileptic drug (Porter et al., 2007). Its primary 

effect is to reduce hyperexcitability by increasing the M­current generated by an efflux of 

K+. 

In studies using rat hypoglossal MN cultures exposed to 

DL­threo­β­benzyloxyaspartate (TBOA), which induces strong hyperexcitability, 

Retigabine prevented TBOA­induced cell death. Moreover, this neuroprotective effect is 

accompanied by a decrease in TBOA–induced ROS production, a reduction of MN bursting 

and alleviation of hyperexcitability by enhancement of the M­Current (Ghezzi et al.,  2018). 

In another study, MNs were generated from iPSC derived from fibroblasts of ALS patients 

harboring mutations in SOD1 (SOD1D90A and SOD1G85R), C9orf72, or FUS (FUSM511FS and 
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FUS H517Q). It was observed that these cells exhibited increased hyperexcitability compared 

to control cells. Remarkably, Retigabine effectively suppressed spontaneous action 

potential firing in these cells, demonstrating its potential to reduce neuronal excitability 

(Wainger et al., 2014). In agreement, Retigabine decreased the mean firing rates of 

MN­iPSC and primary mouse MN (Moakley et al., 2019).  

In a cross­over trial, patients taking only Riluzole were compared to those taking 

Riluzole in combination with a daily dose of 300 mg of Retigabine. In this study, it was 

observed that Retigabine reduced the strength duration time constant while increasing the 

rheobase, which was attributed to a pronounced hyperpolarization of the membrane 

potential. Additionally, a decrease in refractoriness and refractory period was observed, 

consistent with membrane hyperpolarization. Despite observing changes in excitability, no 

significant changes were seen in the ALSFRS­R score (Kovalchuk et al., 2018).  

A phase II randomized clinical trial was subsequently conducted, involving 65 

patients aged 18­80 with a diagnosis of ALS based on El Escorial criteria. Patients could be 

either taking or not a fixed dose of Riluzole and were divided into three groups: placebo and 

two different doses of Retigabine, 600 mg/day or 900 mg/day. The primary outcome of the 

study was the measurement of short­interval intracortical inhibition (SICI), which reflects 

the dynamics of inhibitory cortical motor circuits. A dose­dependent increase in SICI was 

observed, suggesting a reduction in hyperexcitability. Furthermore, the patients in these 

groups showed preserved motor evoked potentials (MEP) and compound muscle action 

potentials (CMAP). In fact, there was a positive correlation between the increase in SICI 

and the increase or maintenance of CMAP amplitude. These results further support the 

notion of reduced hyperexcitability. Unfortunately, Retigabine did not affect disease 

progression, as no differences were observed between the groups in terms of ALSFRS­R or 

SVC. The authors attribute this lack of effect to the relatively short duration of the study, 

which lasted only four weeks (Wainger et al., 2021). Nevertheless, it is important to note 

that the FDA has issued a warning regarding the risk of retinal damage and potential vision 

loss associated with the use of Retigabine (Reference ID: 3369445; accessdata.fda.gov).  

Another compound known as ICA­27243 (N­ (6­chloro­pyridin­3­yl) 

3,4­difluoro­benzamide) acts as a selective opener of Kv7.2/3 channels. This compound 

enhances the M­current and reduces excitability. However, it exhibits a lower affinity for 

homomeric Kv7.4 channels (Blom et al., 2010), Kv7.3 channels (Padilla et al., 2009) and 

heteromeric Kv7.5/3 channels (Padilla et al., 2009; Blom et al., 2010) compared to Retigabine. 
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So far, there have been no published studies specifically investigating the use of ICA­27243 

for treating ALS or other neurodegenerative diseases. However, there is evidence suggesting 

its potential effectiveness in human neuroblastoma cell line SH­SY5Y, in which ICA­27243 

was found to activate the M­current, resulting in hyperpolarization. Additionally, the 

effects of ICA­27243 were examined in both in vitro and in vivo epilepsy models, and in both 

cases, the compound was found to suppress seizure­like activity (Wickenden et al., 2008). 

Other studies treating rodent convulsant models with ICA­27243 also demonstrated 

antiseizure efficacy (Roeloffs et al., 2008). Therefore, these studies provide clear evidence 

that ICA­27243 has the ability to hyperpolarize neurons, suggesting its potential efficacy in 

modulating excitability. Consequently, ICA­27243 emerges as a promising candidate for 

regulating excitability in ALS. 
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Currently, there is no effective treatment for ALS and the approved treatments 

primarily target a single pathogenic pathway involved in MN degeneration, resulting in low 

effectiveness in improving ALS. Consequently, novel and combinatorial therapeutic 

strategies are currently being pursued.  

The hypothesis of this work is that the simultaneous activation of two 

complementary targets, the neuronal voltage–gated potassium channels 7.2/3 and the glial 

mitochondrial translocator protein TSPO, by the novel synthesized GRT–X chemical 

compound could be a novel potential therapeutic strategy for treating ALS. 

The thesis's general objective is to assess if the novel dual–action compound GRT–

X can significantly increase the survival and function of spinal MNs in ALS models.  

To address this general aim, the thesis has been divided into four chapters with the 

following specific objectives:  

Chapter I: ICA­27243 improves neuromuscular function and preserves MNs in the 

transgenic SOD1G93A mice. 

• To evaluate the neuroprotective effect of the compound ICA­27243 on spinal cord 

organotypic cultures (SCOCs) exposed to acute excitotoxic glutamate treatment.  

• To study the effect of ICA­27243 in the SOD1G93A mice by assessing functional 

outcomes by means of electrophysiology and locomotion tests, histological results 

for MN counting, analysis of glial reactivity and preservation of muscle innervation. 

Chapter II: GRT­X prevents degeneration of MN exposed to mouse and human ALS 

astrocyte­conditioned medium. 

• To assess the effects of GRT­X on MN survival in primary ventral spinal cord 

neuronal cultures (VSCNs) and SCOCs exposed to:  

o Astrocyte­conditioned medium (ACM) derived from primary mouse ALS 

astrocytes expressing mutant human SOD1 (SOD1G93A­ACM). 

o Astrocyte­conditioned medium (ACM) derived from ALS patient astrocytes 

generated from iPSC carrying disease–causing mutations of SOD1 

(SOD1D90A­ACM) or TDP43 (TDP43A90V­ACM). 
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Chapter III: The compound GRT­X promotes neuroprotection in the SOD1G93A mice. 

• To determine the maximum tolerated dose of GRT­X for B6JSL mice. 

• To confirm that GRT­X crosses the blood­brain barrier in mice. 

• To test the potential therapeutic effect of GRT­X in the SOD1G93A mice, by analyzing 

electrophysiology, motor function, MN survival and preservation of muscular 

innervation.  

Chapter IV: Synergistic effect between the unimodal compounds Olesoxime and 

ICA­27243 

• To investigate the potential synergy between Kv7.2/3 and TSPO for protecting MNs 

in SCOCs using the unimodal agonists, Olesoxime and ICA–27243. 

• To analyze the potential synergistic effect of the two targets in the SOD1G93A mice. 
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Chapter I. ICA–27243 improves neuromuscular function and preserves MNs in the 

transgenic SOD1G93A mice 

In this first chapter, the neuroprotective effects of ICA–27243 and its potential as a 

therapy for ALS are assessed. 

Firstly, we have investigated the neuroprotective effects of ICA–27243 on MN 

survival in an in vitro MN degeneration model, using spinal cord organotypic cultures 

(SCOCs) exposed to acute glutamate addition to induce excitotoxic cell death.  

Secondly, we treated daily female SOD1G93A mice from the 8th until the 16th week of 

age. Throughout this period, we conducted electrophysiology and locomotion tests. After 

euthanasia, we evaluated MN survival, glial reactivity and preservation of neuromuscular 

junctions.  
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Chapter II. GRT–X prevents degeneration of MN exposed to mouse and human ALS 

astrocyte­conditioned medium 

The main objective of this second chapter is to demonstrate the neuroprotective 

potential of the dual­mechanism novel drug GRT­X in two in vitro models.  

Primary ventral spinal cord neuronal cultures (VSCNs) were prepared from rat E14 

pups and spinal cord organotypic cultures (SCOCs) from rat P8 pups. Both cultures were 

exposed to astrocyte–conditioned medium (ACM) derived from primary mouse ALS 

astrocyte expressing human SOD1G93A (SOD1G93A­ACM) or from ALS patients astrocytes 

generated from induced pluripotent stem cells (iPSC) carrying ALS­causing mutations of 

SOD1 (SOD1D90A­ACM) or TDP43 (TDP43A90V­ACM). All cultures were cotreated with 

GRT–X. Then we evaluated MN survival by assessing SMI­32+ cells in VSCNs and SCOCs. 

Additionally, intracellular ROS/RNS levels were assessed in VSCNs.  
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Chapter III. The compound GRT­X promotes neuroprotection in the SOD1G93A mice  

The third chapter of the thesis is focused on the preclinical evaluation of the 

therapeutical potential of GRT­X for ALS. 

First, we analyzed the potential toxicity of the compound in the B6SJL mice and 

corroborated if it can cross the blood­brain barrier (BBB) reaching the CNS.  

Second, we treated SOD1G93A mice daily with GRT­X by gavage from the 8th until 

the 16th week of age. During this period, we performed electrophysiology and locomotion 

tests. Following euthanasia, we assessed MN survival and preservation of neuromuscular 

junctions.  
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Chapter IV. Synergistic effect between the unimodal compounds Olesoxime and 

ICA­27243  

The aim of this annex is to assess the possible synergy between the two targets used 

in this thesis, the glial protein TSPO and the neuronal Kv7.2/3 channel, using the unimodals 

agonist ICA–27243 and Olesoxime.  

Initially, we determined the therapeutic potential of Olesoxime individually in 

SCOCs exposed to acute glutamate. Subsequently, we treated simultaneously SCOCs 

exposed to acute glutamate with a combination of Olesoxime and ICA–27243 to investigate 

the possible synergy between the targets.  

Secondly, we administered daily female SOD1G93A with a combination of ICA–27243 

and Olesoxime from the 8th until the 16th week of age. During this period, we conducted 

electrophysiology and locomotion test. After euthanasia, we assessed MN survival, glial 

reactivity and preservation of neuromuscular junctions.  
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ABSTRACT 

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease 

characterized by the death of upper and lower motor neurons (MNs). Excessive neuronal 

excitability has been implicated in MN degeneration; thus, modulation of hyperexcitability 

appears as a promising therapeutic strategy. Potassium channels are attractive targets since 

they can be activated at subthreshold voltages and can regulate neuronal excitability. In this 

study, we assayed the effects of N–(6–Chloro–pyridin–3–yl)–3,4–difluorobenzamide 

compound, known as ICA­27243, as a potential treatment for ALS. ICA­27243 is a highly 

selective Kv7.2/7.3 opener used mainly in epilepsy models. In the in vitro model of spinal cord 

organotypic culture (SCOCs) exposed to acute excitotoxicity, ICA­27243 prevented MN 

degeneration in a dose­dependent manner. Administration of ICA­27243 to transgenic 

SOD1G93A ALS mice improved the decline of neuromuscular function, maintained 

locomotion and coordination in the rotarod, decreased spinal MN death and attenuated 

glial reactivity. In conclusion, we report here for the first time that ICA­27243 is an effective 

treatment for ALS, emphasizing the potential of targeting Kv channels to reduce neuronal 

hyperexcitability.  

 

 

Keywords: ICA­27243, amyotrophic lateral sclerosis, SOD1G93A transgenic mice, 

motoneuron degeneration, hyperexcitability.
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INTRODUCTION 

Amyotrophic lateral sclerosis (ALS), the most common motor neuron disease 

(MND), is a fatal neurodegenerative disorder characterized by the selective death of upper 

and lower motor neurons (MNs). The progressive loss of spinal and cortical MNs results in 

muscle weakness, paralysis, and ultimately death within 2­5 years after diagnosis. Most 

cases of ALS are sporadic with no apparent cause (sporadic ALS, sALS), while 

approximately 5­10% of cases exhibit inheritance (familial ALS, fALS) with mutations in 

some genes such as Cu/Zn superoxide dismutase 1 (SOD1), hexanucleotide repeat 

expansions in chromosome 9 open reading frame 72 (C9ORF72), TAR DNA­binding protein 

43 (TARDBP), among others (Mejzini et al., 2019). 

Several physiopathological mechanisms have been identified as contributors to MN 

degeneration in ALS pathology, including mitochondrial dysfunction, oxidative stress, ER 

stress, excitotoxicity, protein misfolding, and others (Hardiman et al., 2017; Mancuso & 

Navarro, 2015). One of the most relevant mechanisms is neuronal hyperexcitability, a state 

where the neuron displays an abnormally high level of excitability, leading to a decreased 

threshold for firing action potentials when the neuron is stimulated  (Starr & Sattler, 2018). 

Hyperexcitability induces massive Ca2+ inflow through voltage­dependent Ca2+ channels, 

damaging the cells by triggering calcium–dependent proteases, lipases and nucleases (Van 

Den Bosch et al., 2006). Different causes have been proposed for this hyperexcitability, 

including an increase in Na+ conductance and decreased K+ conductance (Kanai et al., 2006; 

Kuo et al., 2005), loss of inhibitory function in GABAergic and glycinergic interneurons 

(Allodi et al., 2021) and disruptions in K+ homeostasis due to perisynaptic astrocyte 

dysfunction (Do–Ha et al., 2018). Hyperexcitability has been found in both ALS patients 

and ALS animal models (J. S. Bae et al., 2013). Moreover, studies have demonstrated 

hyperexcitability occurs in the early stages of the disease, prior to MN loss (Devlin et al., 

2015; Iwai et al., 2016). As the disease progresses, a shift from hyperexcitability to a 

hypoexcitability state takes place (Devlin et al., 2015; Naujock et al., 2016). However, other 

studies suggest hypoexcitability at early stages, occurring before the motor axons withdraw 

from the neuromuscular junction (NMJ) (Martínez–Silva et al., 2018). Nonetheless, both 

cortical and axonal hyperexcitability have been observed before MN degeneration. Cortical 

hyperexcitability is attributed to a persistent increase in Na+ current density and a 

hypothesized reduction in K+ conductance  (Pieri et al., 2009). Therefore, we propose that 
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activating Kv7.2/7.3 channels in order to enhance K+ conductance, and thereby reduce 

membrane excitability, could be an effective therapy for ALS. 

The Kv7 family is a five­member K+ channel encoded by KCNQ genes. While Kv7.1 

is mainly expressed in the heart, Kv7.2­Kv7.5 are expressed in the nervous system. The 

KCNQ proteins, which have six transmembrane domains, form tetrameric channels that 

can be assembled as either homomers or heteromers (Jentsch, 2000). S1 and S4 

transmembrane segments form the voltage­sensing domain (VSD) and channel gating 

depends on the S4 segment. The pore domain (PD) is formed by the S5 and S6 segments 

along with the interconnecting loop. Kv7 channels are characterized by a lengthy 

intracellular C–terminus organized in four helices that contain domains necessary for 

tetramerization. In addition, it contains most of the binding sites for regulatory proteins 

such as phosphatidylinositol 4,5­bisphosphate (PIP2), calmodulin (CaM), syntaxin 1, 

protein kinase A and C, and ankyrin­G (Barrese et al., 2018).  

KCQN channels are attractive targets to reduce excitability because: i) they are 

outwards channels that can be activated at subthreshold potential (–80 mV); ii) they 

stabilize the membrane potential in the presence of depolarizing currents; iii) they can 

suppress spiking activity and reduce repetitive or burst–firing; iv) they are present at the 

axon initial segment, meaning they are crucial in regulating action potential threshold 

(Brown & Passmore, 2009; Deardorff et al., 2021; Shah et al., 2013). Additionally, the 

heteromeric form of Kv7.2/7.3 underlies the M­current, a slowly activating and non–

inactivating potassium current that regulates neuronal excitability by hyperpolarizing the 

membrane potential and reducing the firing rate of action potentials.  

Based on its intrinsic characteristics, the Kv7.2/7.3 channel activation has been used 

for the treatment of conditions associated with neuronal hyperexcitability, such as epilepsy, 

migraine, anxiety and addiction to psychostimulants (Brown & Passmore, 2009). In spinal 

cord organotypic cultures (SCOCs) of mouse pups, enhanced activity of Kv7 channels was 

found to be involved in the decrease of excitability of spinal MNs (Lombardo et al., 2018). 

Pharmacological treatment has also been used in order to evaluate the effects of Kv7.2/7.3 

channel activation. Retigabine, a specific activator of Kv7.2/7.3, reduces hyperexcitability, 

ROS production and MN bursting and prevents MN loss in rat hypoglossal MN cultures 

exposed to DL­threo­β­benzyloxyaspartate (TBOA), which blocks glutamate elimination 

generating excitotoxicity (Ghezzi et al., 2018). Moreover, Retigabine blocked 

hyperexcitability and dose–dependently increased the survival of SOD1A4V/+ ALS 
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hiPSC­derived MNs (Wainger et al., 2014). Retigabine treatment also decreased the firing 

rate of hPSC–derived and mouse MNs (Moakley et al., 2019). Retigabine was shown to 

reduce both cortical and spinal excitability in ALS patients (Kovalchuk et al., 2018; Wainger 

et al., 2021). However, the FDA issued a warning regarding the risk of retinal damage and 

potential vision loss associated with the use of Retigabine (Reference ID: 3369445; 

accessdata.fda.gov).  

Another selective ligand of Kv7.2/7.3 channels is the N–(6–Chloro–pyridin–3–yl)–

3,4–difluorobenzamide compound, also known as ICA­27243. In an SH­SY5Y cell culture, 

it was reported that ICA­27243 shifted the voltage–dependence of Kv7.2/7.3 activation to 

hyperpolarized potential and suppressed seizure–like activity (Wickenden et al., 2008). Its 

anti–seizure efficacy was demonstrated in different rodent seizure models (Roeloffs et al., 

2008). ICA­27243 and retigabine could also attenuate chronic inflammatory pain (Hayashi 

et al., 2014). However, ICA­27243 has not been tested in any MND model. In this study, we 

assayed for the first time the effectiveness of the therapy with the Kv7.2/7.3 channel 

activator ICA­27243 in in vitro and in vivo models of MN degeneration.  
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METHODS 

Spinal cord organotypic cultures 

Spinal cord organotypic cultures (SCOCs) were prepared as previously described 

(Rothstein et al., 1993; Mòdol–Caballero et al., 2018). Shortly, spinal cords from P7–P8 

Sprague–Dawley rats were aseptically collected and placed in ice–cold Gey’s Balanced Salt 

Solution (Cat. #G9779, Sigma–Aldrich) containing glucose (6.4 mg/mL). After removing the 

meninges, the spinal cords were sliced transversely into 350 µm thick sections using a 

McIlwain Tissue Chopper (The Mickle Laboratory Engineering Co.). The L4­L5 lumbar 

sections were then transferred onto Millicell–CM porous membranes (0.4 µm; Millipore, 

Burlington, MA, USA) and placed in a six–well plate containing 1 mL of incubation medium, 

consisting of 50% MEM (Cat. #M5775, Sigma), 25 mM Hepes (Cat. #H4034–25G, Sigma), 

25% heat–inactivated Horse Serum (Cat. #2605088, Gibco), 2 mM glutamine (Cat. #101806, 

INC Biomedical Inc.), and 25% Hank’s Balanced Salt Solution (HBSS) supplemented with 

25.6 mg/ml glucose (Cat. #14175–095, Gibco; pH 7.2). After 7 days in vitro (DIV) at 37°C and 

5% CO2 for culture stabilization, the medium was changed twice a week until 15 DIV.  

At 15 DIV, excitotoxicity was induced in SCOCs by exposing slices to Locke 

solution (137 mM NaCl, 2.5 mM CaCl2, 5 mM KCl, 5.6 mM D–glucose, 0.3 mM KH2PO4, 4 

mM NaHCO3, 0.3 mM Na2HPO4, 0.01 mM glycine and 10mM HEPES; pH 7.2) containing 

L–glutamic acid (Cat. # G8415, Sigma–Aldrich,) at a final concentration of 50 μM for 30 

minutes. Immediately after, ICA­27243 (N–(6–chloro–pyridin–3–yl)–3,4–difluoro–

benzamide, synthesized by Grünenthal GmbH, was added at 2.5 μM, 5 μM, 10 μM and 20 

μM in DMSO. Locke solution without glutamate was added to the control. Slices were 

maintained until 20 DIV at 37°C and 5% CO2. Next, slices were fixed with 4% 

paraformaldehyde (PFA), and immunostained to assess MN survival, as described below. 

MN viability assessment 

As previously described (Herrando–Grabulosa et al., 2020), slices were blocked 

with 5% normal horse serum (Cat. #S0910500, Biowest) and 0.3% Triton­X­100 in PBS 

(PBS–TX) and incubated for 48 hours with primary anti–neurofilament H 

non­phosphorylated antibody (SMI­32; 1:250, Cat. #801701, Biolegend). Subsequently, 

slices were incubated with secondary antibody Alexa Fluor 488 donkey anti–mouse IgG 

(1:500, Cat. # A21202, Invitrogen), washed and mounted on glass slides. Z­stack 

fluorescence images were acquired with a Zeiss LSM 510 Meta confocal microscope. MNs 
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were identified by SMI­32 positive immunostaining, localization in the ventral horn and 

morphological features. Blind counting of all MNs meeting these criteria was performed in 

each spinal cord hemisection using the Cell Counter tool from ImageJ software. Each 

condition was replicated in 3­4 independent cultures. 

Animals and treatment 

Female transgenic SOD1G93A mice (B6SJL­Tg [SOD1–G93A] 1Gur) and their non–

transgenic wild–type (WT) littermates were utilized in the study. Transgenic offspring 

were identified by PCR amplification of DNA extracted from the tail using the next primer 

sequences: 1) hSOD1­forward CATCAG CCCTAATCCATCTGA, 2) hSOD1­reverse 

CGCGACTAACAA TCAAAGTGA, 3) mIL2­forward CTAGGCCACAGAATTGAA 

AGATCT and 4) mIL2­reverse GTAGGTGGAAATTCTAGC ATCATCC. All animals were 

maintained under standard conditions and handled in accordance with the guidelines set 

by the European Union Council (Directive 2010/63/EU). The experimental protocols were 

approved by the Ethics Committee of the Universitat Autònoma de Barcelona. 

To assess the neuroprotective effect of ICA–27243 female mice were distributed in 

the following experimental groups: WT untreated (n=7), WT + ICA­27243 10mg/kg (n=6), 

SOD1G93A + vehicle (n=5), and SOD1G93A + ICA–27243 10mg/kg (n=6). ICA­27243 was 

administered daily intraperitoneally (i.p.) throughout the experiment at 10 mg/kg/day. 

ICA–27243 was dissolved in 5% dimethyl sulfoxide (DMSO) + 95% hydroxypropyl 

methylcellulose 0.5% (HPMC) (Cat. #H9262, Sigma), adding 2% Tween 80 (Cat. #1754, 

Sigma).   

Electrophysiological tests 

Baseline motor nerve conduction tests were performed at 7 weeks of age (prior to 

drug administration) to balance the groups. Then, tests were carried out at 8, 12, 14 and 16 

weeks of age.  The sciatic nerve was stimulated using single pulses of 20 µs duration 

delivered from a Grass S88 stimulator via needle electrodes placed at the sciatic notch. The 

compound muscle action potential (CMAP) was recorded from the tibialis anterior (TA) 

and plantar interossei (PL) muscles with microneedle electrodes, with the active electrode 

placed on the muscle and the reference at the fourth toe (Mancuso et al., 2011). Muscle 

evoked potentials (MEP) were recorded from TA muscle to assess the central descending 

pathways by stimulating the motor cortex with subcutaneous needle electrodes.  

 



Results | Chapter I 
 

80 
 

Locomotion tests 

Motor coordination and locomotion were assessed using the rotarod test and 

treadmill test. The rotarod test was conducted by placing mice on a rotating rod at 14 rpm 

and measuring the longest latency before falling, with an arbitrary cut­off time of 180 s. This 

test was carried out weekly from 8 to 16 weeks of age and the first week in which mice were 

unable to walk for the full 180 s was determined as the onset of disease. The treadmill test 

was carried out at the end of the follow–up. It consists of gradually increasing the speed 

from 6 rpm to 30 rpm, and recording the maximum velocity at which mice could maintain 

the treadmill pace. 

Histological and immunofluorescence analyses 

At 16 weeks of age, mice were euthanized by administering an overdose of sodium 

pentobarbital and transcardially perfused with 4% paraformaldehyde in PBS. The lumbar 

segment of the spinal cord and the TA muscle were harvested and cryopreserved in 30% 

sucrose solution in PBS. To assess MN survival, the L4­L5 segment of the spinal cord was 

serially cut into 20 µm thick transverse sections using a cryostat (Leica) and collected 

sequentially on 10 slides. Cresyl violet 3.1 mM stain was applied to the slices for 3 hours. 

Then, slides were washed, dehydrated, and mounted with DPX. MNs were identified based 

on their location in the lateral ventral horn and strict morphological and size criteria, 

including polygonal shape, prominent nucleoli, and diameter larger than 20 µm. 

To assess microglial and astroglial reactivity, other series of lumbar sections were 

blocked with 10% normal donkey serum (Cat. #S30, Millipore) with 0.2 mM glycine (Cat. 

#G8898, Sigma) in PBS–Tx 0.3% Then, sections were incubated overnight at 4°C with 

primary antibody rabbit anti–ionized calcium–binding adapter molecule 1 (Iba­1; 1:500, 

Cat. #019–19741, Wako) and rat anti–glial fibrillary acidic protein (GFAP; 1:500, Cat. #13–

0300, Invitrogen). Following several washes, the sections were incubated with the 

appropriate secondary antibody: Cy3 donkey anti–rabbit (1:500; Cat. #AP182C, Millipore) 

and Alexa Fluor 488 donkey anti–rat (1:500; Cat. #A–21208, Invitrogen). Sections were 

dehydrated and mounted with DPX (Thermofisher). To assess glial cell reactivity, images of 

the ventral horn of slices were captured at 40x with a fluorescence microscope (Olympus 

BX51) under identical conditions. The integrated density was measured using Image J 

software.  
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In order to evaluate the innervation of neuromuscular junctions (NMJ), the TA 

muscle was longitudinally cut into 50 µm thick sections. Sections were blocked with 10% 

normal donkey serum in PBS–Tx 0.3% for 1 hour, and then incubated for 48 hours at 4°C 

with primary antibodies including anti–neurofilament 200 (NF200) (1:1000; Cat. #AB5539, 

Millipore) and anti­synaptophysin (1:500; Cat. #AB32127, Abcam). Sections were washed 

and incubated overnight at 4°C with Alexa Fluor 594 conjugated secondary antibody (1:200; 

Cat. #A11042 and #A21207, Invitrogen) and Alexa Fluor 488 conjugated alfa–bungarotoxin 

(1:200; Cat. #B13422, Life Technologies). The sections were mounted in Fluoromount–G 

medium (SouthernBiotech, USA) and Z­stack fluorescence images were obtained using a 

Zeiss LSM 510 Meta confocal microscope. The proportion of innervated NMJs was 

determined by categorizing each endplate as occupied (innervated or partially innervated) 

or vacant (denervated), with at least 60 endplates analyzed per animal. 

Statistical analysis 

Data analyses were conducted using GraphPad Prism 9 software. All data are 

expressed as mean ± SEM. The electrophysiological and functional measurements were 

subjected to repeated–measures two–way ANOVA, while histological data were analyzed 

using one–way ANOVA. Multiple comparisons were performed using the post–hoc 

Bonferroni test. Differences were considered significant at *p<0.05. 
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RESULTS 

ICA­27243 dose­dependently prevents MN degeneration in SCOCs under excitotoxic 

conditions 

In SCOCs, the number of MNs preserved, assessed as the number of SMI–32+ cells 

in the ventral horn, was significantly reduced with the addition of 50 µM glutamate for 30 

minutes (61 ± 2 % MN preserved) compared to control slices (100 ± 3 % MN preserved) (Fig. 

1). We found that the application of 10 µM ICA­27243 significantly prevented MN death, 

with MN survival rate of 82% (82 ± 5 %), while doses of 2.5, 5 and 20 μM were ineffective 

(65 ± 2; 68 ± 2; 67 ± 9 % MN preserved, respectively). 

 

ICA­27243 treatment preserves neuromuscular function and slows disease progression 

in SOD1G93A mice 

The neuroprotective effect of ICA­27243 was assessed in female transgenic 

SOD1G93A mice administered daily at 10 mg/kg/day, compared with SOD1G93A mice receiving 

vehicle. All the mouse groups maintained a substantial gain in body weight throughout the 

study. WT and SOD1G93A mice treated with ICA­27243 did not show significant differences 

in body weight compared to their respective controls, although weight differences are 

observed between SOD1G93A and WT mice, as expected (Fig. 2A). Additionally, no secondary 

Figure 1 | ICA­27243 prevents MN death in SCOCs exposed to glutamate. (A) Representative 
confocal images of the ventral horn of spinal cord hemislices labeled for SMI­32, at 20 DIV of tested 
conditions. Scale bar 100 µm. (B) Bar graph showing neuroprotective effect of 10 µM ICA­27243 in 
SCOCs exposed to glutamate. Data are shown as mean ± SEM (n= 12­35 hemisections per 
treatment). One–way ANOVA followed by Bonferroni’s post hoc test:  ****p<0.0001 and ***p<0.001 
versus Glutamate condition. 
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effects were observed in the treated mice, indicating that ICA­27243 at the dosage used did 

not induce any toxicity.   

Figure 2 | ICA­27243 treatment enhances neuromuscular function in SOD1G93A mice. (A) Plot 
showing body weight (expressed as percentage of baseline) throughout the experiment. (B­C) 
Plots of the CMAP amplitude of plantar interossei (Plantar) and tibialis anterior (TA) muscles along 
follow­up. (D) Plot of the initial latency of the CMAP of the Plantar muscle along follow­up. (E) 
Plot of the duration of the M wave of the Plantar CMAP during follow­up. (F) Plots of the 
amplitude of the first and of the second component of the MEP recorded in the TA muscle. Data are 
mean ± SEM, analyzed by One­way (F) and Two­way (A­E) ANOVA followed by Bonferroni’s post 
hoc test. ****p < 0.0001; **p < 0.01; *p < 0.05 vs SOD1G93A vehicle group. Animals per group: WT, n=7; 
WT + ICA-27243, n= 6; SOD1G93A  + vehicle, n=5;  SOD1G93A + ICA-27243, n= 6. 
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Electrophysiological tests were conducted to record CMAPs and MEPs of the TA 

and PL muscles, at the asymptomatic stage (8 weeks), early symptomatic stage (12 weeks), 

mid­symptomatic stage (14 weeks) and at the end of the follow­up (16 weeks). Motor nerve 

conduction test indicated that ICA­27243 significantly preserved the amplitude of the 

CMAP of the TA muscle of treated SOD1G93A mice at 12, 14 and 16 weeks of age (Fig 2C), 

whereas it had a low effect preventing the CMAP decline in the PL muscle at late stages of 

the disease (Fig. 2B), compared to vehicle SOD1G93A mice. Electrophysiological results 

showed a slower latency to the onset of the M wave of the PL muscle in the SOD1G93A vehicle 

group and SOD1G93A mice treated with ICA­27243, compared to WT groups (Fig. 2D), as 

previously demonstrated (Mancuso et al., 2011). However, no differences were found 

between treated and untreated groups. Similarly, no differences were observed in the M 

wave duration between all groups (Fig. 2E). Regarding the MEPs recorded in the TA 

muscles, SOD1G93A mice treated with ICA–27243 had significantly higher amplitude in the 

first component and a tendency in the second component compared to vehicle SOD1G93A 

mice (Fig. 2F).  

The results of the rotarod test indicated that ICA­27243 treatment significantly 

improved the functional outcome at both 15 and 16 weeks (Fig. 3A). Thus, the onset of motor 

impairment in SOD1G93A mice treated with ICA­27243 was delayed by at least two weeks, 

since vehicle mice exhibited decline in the rotarod from 14 weeks whereas treated mice 

maintained on the rod for the 180 sec until the end of the follow­up (Fig. 3B). In the treadmill 

test, the performance of SOD1G93A mice was also notably enhanced with administration of 

ICA–27243 (Fig. 3C). In summary, ICA­27243 treatment showed significant improvement 

in all tests of motor activity in the SOD1G93A mice.  

The assessment of NMJ innervation of the TA muscles at the end of the study 

showed that ICA­27243 treatment significantly increased the proportion of occupied 

endplates (75 ± 6 % occupied endplates) compared to untreated SOD1G93A mice (31 ± 8 % 

occupied endplates). This finding supports the preservation of CMAP amplitudes observed 

in nerve conduction tests and the improvement in locomotion tests. 
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Figure 3 | ICA­27243 administration maintains motor activity in SOD1G93A mice. (A) Graph 
showing the impact of ICA­27243 treatment on motor function, evaluated by the rotarod test. (B) 
Clinical disease onset determined as the first day when a decline in performance was observed in 
the rotarod test. (C) Graph showing the effect of ICA­27243 on locomotion measured as the 
maximum speed supported on the treadmill test. (D) Plot graph showing histological analyses of 
NMJ of the TA muscle, represented as the proportion of occupied endplates at 16 weeks of age. (E) 
Representative confocal images of NMJ in the TA muscle of WT and SOD1G93A mice with or without 
ICA­27243 treatment at 16 weeks of age. Scale bar: 50 µm. Data are mean ± SEM. One­way (C­D) 
and Two­way (A) ANOVA followed by Bonferroni’s post hoc test: ****p < 0.0001; ***p < 0.001; *p 
< 0.05 vs SOD1G93A vehicle group.  
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ICA­27243 promotes MN survival in the lumbar spinal cord and reduces glial 

activation in the SOD1G93A mice 

The quantification of MNs in the ventral horn of L4­L5 spinal cord slices 

demonstrated that untreated SOD1G93A mice had only 33% of surviving MNs (7.4 ± 1 MNs) 

at 16 weeks of age, compared to untreated WT mice (22.3 ± 0.4 MNs) and WT ICA­27243 

treated mice (22.2 ± 0.5 MNs) (Fig. 4A­B). In contrast, SOD1G93A mice treated with 

ICA­27243 had a significantly higher number of spinal MNs (13.0 ± 0.3 surviving MNs) than 

untreated SOD1G93A mice, reaching up to 58% of MN found in WT mice.  

Both astroglial and microglial reactivity were markedly increased in SOD1G93A mice 

compared to both groups of WT mice. Treatment with ICA­27243 attenuated glial 

reactivity, even though it did not reach a significant difference compared to SOD1G93A mice 

(Fig. 5A­C).  

 

Figure 4 | Neuroprotective effects of ICA­27243 administration on MNs in SOD1G93A mice at 

16 weeks. (A) Representative images of the ventral horn of L4­L5 spinal cord stained with Cresyl 

violet of WT and SOD1G93A mice with or without ICA­27243 treatment at 16 weeks of age. Scale 

bar 100 µm. (B) Bar graph showing the neuroprotective effect of 10 mg/kg of ICA­27243, with 
significantly more MNs per section of the spinal cord than in vehicle SOD1G93A mice. Data are mean 

± SEM. One­way ANOVA followed by Bonferroni’s post hoc test: ****p < 0.0001 vs SOD1G93A vehicle 
group. 
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Figure 5 | Administration of ICA­27243 attenuates glial reactivity in SOD1G93A mice at 16 
weeks. Bar graphs showing astroglial (A) and microglial (B) reactivity represented as the integrated 
density in the ventral horn of the spinal cord. (C) Representative images of glia immunoreactivity 
assessed by GFAP and IBA­1 labeling in the ventral horn of L4­L5 spinal cord slices of WT and 
SOD1G93A mice with or without ICA­27243 treatment at 16 weeks of age. Scale bar: 50 µm. Data are 
mean ± SEM. One­way (A­B) ANOVA followed by Bonferroni’s post hoc test: ***p < 0.001; **p < 
0.01 vs SOD1G93A  vehicle group. 
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DISCUSSION 

The present study demonstrates for the first time that ICA­27243 exhibits 

neuroprotective effects on spinal cord MNs. In vitro, ICA­27243 prevented MN loss in 

SCOCs treated with glutamate to generate excitotoxicity. In vivo, ICA­27243 maintained 

neuromuscular function, enhanced motor activity, reduced the loss of MNs and attenuated 

glial activation in the spinal cord of the ALS transgenic SOD1G93A female mice. These 

findings highlight the interest of compounds modulating neuronal excitability as suitable 

therapeutic agents. 

ICA­27243 was first tested in a SCOC excitotoxic model. The SCOC provides a 

reliable in vitro system for assessing the neuroprotective impact on MNs. It maintains the 

synaptic connectivity, anatomical organization of the neural circuitry and cellular 

stoichiometry of both neuronal and non­neuronal elements within the spinal cord slice. 

This integrated perspective renders SCOC a valuable tool for testing novel drugs for MND 

therapy before in vivo testing (Rothstein et al., 1993; Guzmán–Lenis et al., 2009; Mòdol–

Caballero et al., 2018). After the excitotoxic insult, cultures treated with 10 µM of 

ICA­27243 presented a higher number of α­MNs, indicating a neuroprotective effect. Since 

ICA­27243 has not direct action on glutamate excitotoxic effects, the beneficial results can 

be interpreted as an enhancement in other protective mechanisms in response to the insult. 

ICA­27243 is a M­current activator with high selectivity for Kv7.2/7.3, and it can induce a 

hyperpolarizing shift in the voltage­dependent activation of its target (Wickenden et al., 

2008). Furthermore, the addition of KCl, which increases extracellular K+, to mouse SCOCs 

reduces the intrinsic excitability due to the increase of the M­current (Lombardo et al., 

2018). Hence, the primary impact of ICA­27243 would be to enhance the M­current, 

thereby diminishing hyperexcitability and providing an explanation for the neuroprotective 

effects observed in our model. 

To assess the neuroprotective effects in the context of ALS, we tested ICA­27243 in 

the SOD1G93A transgenic mice, the most widely used ALS preclinical model, since they 

reproduce most of the clinical and histopathological characteristics of ALS disease (Ripps 

et al., 1995). We have found that a daily dose of 10 mg/kg of ICA­27243 attenuates the 

progressive decrease in the CMAP amplitude of hindlimb muscles and, importantly, of the 

MEPs in the treated compared with the vehicle SOD1G93A mice, indicating effective 

preservation of the peripheral and the central motor pathways. There were not differences 
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in the latency to the onset and the duration of the M wave, indicating no changes in the 

conduction velocity of remaining motor fibers (Mancuso et al., 2011).  In contrast, treatment 

of SOD1G93A mice with Riluzole, commonly used in the clinic, was not able to improve the 

decline of the CMAP amplitude, that was similar to vehicle SOD1G93A mice (Li et al., 2013).  

Furthermore, our findings revealed that the administration of ICA­27243 resulted in 

improved outcomes in locomotion tests compared to vehicle SOD1G93A mice. Previous 

studies have demonstrated the positive effects of ICA­27243 on locomotion in female 

Sprague–Dawley rats, where a dosage of 10 mg/kg reduced abnormal involuntary 

movements in L–Dopa–induced dyskinesias (Sander et al., 2012). ICA­27243 likely 

contributes to maintaining the NMJ integrity, probably due to a reduction of the persistent 

depolarization observed in the motor axon in the SOD1 model (Boërio et al., 2010; Moldovan 

et al., 2012). This reduction in depolarization is likely achieved through an increase of K+ 

outflow currents. Collectively, ICA­27243 effectively preserves motor function and 

behavior in the SOD1G93A ALS transgenic mice. 

Treatment with ICA­27243 significantly prevented MN degeneration in the 

SOD1G93A mice. As previously discussed, ICA­27243 enhances the M­current reducing 

excitability. Therefore, we may expect a reduced influx of Ca2+ and a downregulation of the 

Ca2+­dependent cascade of cytotoxic events, such as mitochondrial dysfunction or 

increased ROS levels (Lewinski & Keller, 2005; Van Den Bosch et al., 2006). In fact, a 

decrease in the production of ROS was observed in cultured hypoglossal MNs treated with 

Retigabine and DL­threo­β­benzyloxyaspartate, concomitant with increased MN survival 

rate, enhancement of the M–current and reduction of hyperexcitability (Ghezzi et al., 2018). 

In a different study, MN survival in ALS­patients iPSC treated with Retigabine was related 

to ER–stress downregulation (Wainger et al., 2014). Numerous studies have shown that 

hyperexcitability, excitotoxicity, oxidative stress and mitochondrial dysfunction are 

interacting molecular pathways being altered throughout the progression of ALS pathology 

(Hardiman et al., 2017). In this way, we hypothesize that since Retigabine and ICA­27243 

have a common target, the Kv7.2/3 channel, the neuroprotective effect seen in our study 

with ICA­27243 could be due to modifications in membrane excitability that positively 

impact on one or more of the molecular pathways mentioned. Although both Retigabine 

and ICA­27243 increase K+ efflux enhancing M­current, their binding sites are different 

(Padilla et al., 2009), thus, the derived effects may vary between the two compounds. 

ICA­27243 specifically enhances the activation Kv7.2/7.3 channels, having little impact on 

Kv7.5/3 or Kv7.3 channels, whereas Retigabine indiscriminately increases all Kv7 channel 
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currents (Padilla et al., 2009). Hence, further studies are needed to better understand the 

neuroprotective properties of ICA­27243 in ALS models.  

In addition, we observed that ICA­27243 can attenuate astroglial and microglial 

reactivity. This action cannot be directly attributable to ICA­27243 effects, since Kv7.2/7.3 

channels are predominantly located in the axon initial segment and Ranvier nodes of 

neurons (Deardorff et al., 2021), and may be secondary to the reduced neuronal death. 

However, when Retigabine was administered in an experimental autoimmune 

encephalomyelitis mouse model, the infiltration of Iba–1+ cells was decreased (Kapell et al., 

2023).  

In conclusion, we have demonstrated for the first time that ICA­27243 is an effective 

treatment that can preserve neuromuscular function, enhance motor activity and prevent 

MN degeneration in the spinal cord of SOD1G93A mice and in SCOCs. These data highlight 

that Kv channels, specially Kv7.2/3, represent a potential target for mitigating 

hyperexcitability in a range of diseases including ALS.
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ABSTRACT 

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease, affecting 

motoneurons (MNs). Non­cell autonomous mechanisms contribute to ALS, wherein 

astrocytes release toxic factor(s) detrimental to MNs. Despite the multifactorial nature of 

ALS, single­pathway­focused therapies have limited effectiveness in improving ALS. 

Therefore, novel combinatorial therapies are currently being pursued. Here, we evaluate 

whether the simultaneous activation of two complementary targets, the voltage­gated 

potassium channels 7.2/3 (Kv7.2/3) and the mitochondrial translocator protein (TSPO), by 

a novel synthesized GRT­X compound is an effective neuroprotective treatment in ALS in 

vitro models. We exposed primary ventral spinal cord neuronal cultures and spinal cord 

organotypic cultures to astrocyte–conditioned medium (ACM) derived from primary 

mouse ALS astrocytes expressing mutant human SOD1 (SOD1G93A­ACM) or from ALS 

patient astrocytes generated from induced pluripotent stem cells carrying disease–causing 

mutations of SOD1 (SOD1D90A­ACM) or TDP43 (TDP43A90V­ACM). We report that the 

diverse human and mouse ALS­ACM compromise MN viability that is protected by 

GRT­X. Moreover, ALS­ACM increases oxidative stress levels that are diminished with 

GRT­X treatment. Together, we show that the complementary activation of TSPO and 

Kv7.2/3 by GRT­X could be a potential treatment for ALS due to its capacity to protect 

MNs from non­cell­autonomous toxicity induced by diseased astrocytes.  

 

Keywords: GRT–X, astrocyte conditioned medium, amyotrophic lateral sclerosis, 

motoneuron death, ROS
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INTRODUCTION 

Motoneuron diseases are a heterogeneous group of diseases that cause the 

progressive degeneration of the motoneurons (MNs). The most common is amyotrophic 

lateral sclerosis (ALS), a devastating neurodegenerative disease characterized by the 

selective degeneration of both upper and lower MNs, resulting in death, in most cases, by 

respiratory failure within 2­5 years after diagnosis. Around 90­95% of the cases are 

sporadic with no apparent genetic link (sporadic ALS, sALS), while the remaining 5­10% 

of the cases are related to several genetic mutations (familiar ALS, fALS) (Hardiman et al., 

2017). Since the first gene was discovered in fALS, superoxide dismutase 1 (SOD1) more than 

200 genetic variants of this gene have been reported 

(https://alsod.ac.uk/output/variant.php/35). SOD1G93A variant led to the development of the 

first mouse model for ALS where mutant human SOD1G93A is ubiquitously overexpressed 

(Gurney et al., 1994). Among other ALS­causing genes, mutations in the TARDBP gene 

(encoding for 43 kDa TAR DNA­binding protein (TDP43) are related to autosomal 

dominant ALS and account for 1­2% of ALS cases (Neumann et al., 2006). At least 50 other 

genes have been identified to be involved in ALS such as C9orf72 or fused in sarcoma (FUS), 

among others (Mejzini et al., 2019). 

Many pathogenic mechanisms contribute to MN degeneration in ALS such as 

oxidative stress, glutamate excitotoxicity, endoplasmic reticulum stress, protein 

misfolding, hyperexcitability, and others (Mancuso & Navarro, 2015; Hardiman et al., 2017). 

Moreover, the contribution of non–neuronal cells to ALS progression was demonstrated 

since wild­type MNs developed ALS signs when surrounded by ALS mutant 

genes­expressing non­neuronal cells such as astrocytes (Clement et al., 1996). Cultures of 

wild–type MNs with mouse or human astrocytes harboring ALS/FTD mutant genes also 

evidenced the astrocytic non­cell autonomous effect in MN degeneration (Van Harten et 

al., 2021; Stoklund Dittlau et al., 2023). Thus, primary ALS and ALS/FTD astrocytes derived 

from transgenic mouse models harboring pathogenic gene mutations in SOD1, TARDBP and 

C9orf72 reduce healthy wild­type MNs in co­cultures or after application of 

astrocyte­conditioned medium (ACM) (Di Giorgio et al., 2007; Nagai et al., 2007; Fritz et 

al., 2013; Rojas et al., 2014; Mishra et al., 2020; Arredondo et al., 2022). Chronic infusion of 

ACM obtained from astrocyte harboring SOD1G93A mutation triggers spinal MN death and 

neuromuscular dysfunction in healthy rats (Ramírez–Jarquín et al., 2017). Decreased MN 

survival was also found in studies with human (i–) astrocytes (or derived ACM), carrying 
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mutations in SOD1 (Meyer et al., 2014; Almad et al., 2022), C9orf72 (Meyer et al., 2014; Birger 

et al., 2019), or TARDBP (Arredondo et al., 2022) genes.  

Currently, there is no effective therapy for ALS; therefore, finding novel and 

combinational therapeutic strategies is currently being pursued. Here, we used the GRT­X 

compound (N­ [(3­fluorophenyl) ­methyl] ­1­ (2­methoxyethyl) ­4­methyl­2­oxo­ 

(7­trifluoromethyl) ­1H­quinoline­3­caboxylic acid amide), a small molecule whose main 

characteristic is the capacity of targeting the mitochondrial translocator protein (TSPO) 

and the voltage–gated potassium channels 7.2/3 (Kv7.2/3) simultaneously. It has been 

recently demonstrated that GRT­X has a neuroprotective and neuroregenerative effect after 

a lesion of cervical spinal nerves in rats (Bloms–Funke et al., 2022a). Furthermore, GRT­X 

was effective as an anti–seizure drug in rodent models of epilepsy (Bloms–Funke et al., 

2022b). 

TSPO is expressed in glial cells, neurons and endothelial and ependymal cells and 

localized in the outer mitochondrial membrane in enriched steroidogenic regions 

(Papadopoulos et al., 1990). Its function has been widely associated with steroidogenesis 

(Fan et al., 2015), but also linked to other functions such as mitochondrial bioenergetics 

(Liu et al., 2017; Fu et al., 2020), redox mechanisms (Jayakumar et al., 2002; Gatliff et al., 

2014) and neuroinflammation (Chen & Guilarte, 2008). Enhanced TSPO levels in glial cells 

and neurons were reported in pathological conditions, including ALS, although under 

physiological conditions TSPO is poorly expressed (Veenman & Gavish, 2000). Thus, TSPO 

has been considered an interesting target for ALS.  

Olesoxime, a ligand of TSPO, increased dose–dependently MN survival, reduced 

oxidative stress levels and promoted neurite outgrowth in in vitro studies (Bordet et al., 

2007). In the SOD1G93A mice, Olesoxime improved the decline of performance on the grid 

test and rotarod and increased survival (Bordet et al., 2007). Reduced microglial and 

astroglial activation and attenuated MN loss and muscle denervation were observed in 

Olesoxime–treated ALS mice (Sunyach et al., 2012). Unfortunately, in a phase II–III clinical 

trial, Olesoxime did not produce significant beneficial effects on ALS patients (Lenglet et 

al., 2014).  

Heteromeric Kv7.2/3 channels underly the M–current, which stabilizes the resting 

membrane potential and reduces neuronal excitability (Soldovieri et al., 2011). Since 

hyperexcitability is a common feature of ALS (van Zundert et al., 2008), potassium channels 
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are an attractive target for ameliorating the disease. Retigabine was shown to reduce 

hyperexcitability, ROS production, MN bursting and prevent MN loss in rat hypoglossal 

MN cultures (Ghezzi et al., 2018). Retigabine also blocked hyperexcitability and increased 

in vitro survival of SOD1A4V/+ ALS hiPSC­derived MNs (Wainger et al., 2014), and a phase II 

randomized clinical trial demonstrated its effectiveness in reducing MN excitability in ALS 

patients (Wainger et al., 2021).  

In this study, we assayed if the simultaneous activation of these two complementary 

targets, TSPO and Kv7.2/3, by the GRT­X compound, may prevent MN loss and ROS 

production in primary spinal cord MN cultures (VSCNs) and spinal cord organotypic 

cultures (SCOC) treated with ACM collected from human and mouse astrocytes with 

ALS/FTD–linked mutations in SOD1 and TARDBP genes. 
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MATERIALS AND METHODS 

Animals for primary spinal cord neural cultures (VSCNs) 

All protocols involving rodents (including rat spinal cord cultures; see below) were 

carried out according to the NIH and ARRIVE guidelines and were approved by the Ethical 

and Bio–security Committees of Universidad Andres Bello. Sprague–Dawley rats, to obtain 

embryonic ventral spinal cord cultures (E14) were maintained and bred at the animal 

facility of Universidad Andres Bello. 

The animal experimental procedure was approved by the Ethics Committee of 

Universitat Autònoma de Barcelona and followed the European Communities Council 

Directive 2010/63/EU and ARRIVE guidelines.  

Astrocyte­conditioned medium preparation from primary mouse astrocyte cultures  

Primary mouse astrocyte cultures and astrocyte­conditioned medium (ACM) were 

prepared as described previously (Fritz et al., 2013; Rojas et al., 2014; Arredondo et al., 2022). 

Briefly, cultures of astrocytes were prepared from P1­P2 transgenic mice expressing human 

SOD1WT and SOD1G93A. Cultures were maintained in DMEM (Hyclone, Cat. #SH30081.02) 

containing 10% FBS (Gibco, Cat. #16000–044), 1% L–glutamine (Gibco, Cat. #25030–081) 

and 1% penicillin–streptomycin (Gibco, Cat. #15140–122) at 37°C and 5% CO2. After 3 

weeks, cultures reached confluence and contained >95% GFAP+ astrocytes. Using an orbital 

shaker (200 rpm in the incubator), residual microglia was removed overnight (7h), leaving 

cultures enriched for S100β and Aldh1L1. Medium was replaced with neuronal growth 

medium: 70% MEM (Gibco, Cat. #11090–073), 25% Neurobasal Medium (Gibco, Cat– 

#21103–049), 1% N2 supplement (Gibco, Cat. #17502–048), 1% L–glutamine (Gibco, Cat. 

#2503–081), 1% penicillin–streptomycin (Gibco, Cat. #15140–122), 2% horse serum (Gibco, 

Cat. #15060–114) and 1% sodium pyruvate (Gibco, Cat. #11360–070). ACM was collected 

after 7 days, supplemented with 4.5 mg/ml D–glucose (final concentration) and stored at –

80°C. The SOD1WT­ACM and SOD1G93A­ACM used to evaluate MN survival were diluted 

8–fold in primary MN spinal cord cultures [Minimal essential medium (MEM) 

supplemented with Neurobasal medium, N2 supplement, L–glutamine, penicillin–

streptomycin, horse serum and sodium pyruvate] and 9–fold in SCOCs medium [MEM 

medium supplemented with HEPES, heat–inactivated horse serum, glutamine and HBSS 

supplemented with glucose]. 
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Astrocyte–conditioned medium preparation from human iPSC–induced astrocytes 

cultures  

Human mutant SOD1 (Chen et al., 2014) and mutant TDP43 (Zhang et al., 2013) 

astrocytes were generated from fully reprogrammed iPSC lines that were previously 

induced from skin fibroblasts biopsies by retroviral transduction using the four Yamanaka 

factors (OCT4, SOX2, KLF4, and cMYC). The SOD1D90A iPSC line (commercially available 

from WiCell, WC034i) was generated from a 50–year–old female ALS patient and the 

control iPSC line was generated from an age–matched (50–year–old) healthy female 

(WiCell, STAN140i–243C1). The TDP43A90V iPSC line was generated from an ALS/FTD 75–

year–old male patient carrying an A90V mutation in TARDBP (TDP43A90V) and from a 

healthy subject (56–year–old female, termed control), a family member without mutations 

(Zhang et al., 2013). Differentiation to NPCs (Zhang et al., 2013; Arredondo et al., 2022) and 

mature astrocytes were performed as described previously for mutant TDP43 and control 

subject iPSCs (Arredondo et al., 2022). Same protocol was used here for mutant SOD1 and 

control subject iPSCs. Briefly, iPSCs were maintained in feeder–free conditions using 

mTeSR1 medium (STEMCELL Technologies, Cat. # 85850). EBs were generated in EB 

Differentiation Medium [KnockOut DMEM/F12 media (Gibco, Cat. #12660–012) 

supplemented with 10% KnockOut serum replacement (Gibco, Cat. #10828–028), 1x 

GlutaMax (Gibco, Cat. #35050–061), 1x NEAA (Gibco, Cat. #11140–050), and 2–

mercaptoethanol (Sigma–Aldrich, Cat. #M3148)] and maintained in suspension for one 

week. Rosette–shaped neuroepithelial cells were obtained after plating the EBs in plates 

coated with poly–L–ornithine (Sigma–Aldrich, Cat. #P4957) and laminin (Sigma–Aldrich, 

Cat. #L2020) and grown for one week in Neural Induction Medium [KnockOut DMEM/F12 

supplemented with N2 (Gibco, Cat. #17502–048), NEAA, 2 mg/mL heparin (Sigma–

Aldrich, Cat. #H3149), and 10 ng/mL βFGF (Gibco, Cat. #PHG0021)]. Rosettes were 

manually isolated under the microscope, re–plated in plates pre–treated with Matrigel 

(Corning, Cat. #354277) and grown for one more week in Neural Expansion Medium 

[Neurobasal supplemented with Glutamax, NEAA, B–27 (Gibco, Cat. #17504–044), and 

βFGF]. Rosettes were disaggregated using Accutase Cell Detachment Solution (EMD 

Millipore, Cat. # SCR005) to generate a monolayer culture of Neural Progenitor Cells 

(NPCs). NPCs were differentiated to astrocyte precursor cells by culturing for 2 weeks in 

astrocyte precursor medium [KO DMEM/F12, 1x StemPro NSCs Supplement (Gibco, Cat. 

#A10508–01), 10 ng/mL Activin A (Gibco, Cat. #PHC9564), 10 ng/mL Heregulin (R&D 
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Systems, Cat. #377–HB–050), 200 ng/mL IGF1 (R&D System, Cat. #P291–G1–200), 20 

ng/mL βFGF, 20 ng/mL EGF (Gibco, Cat. #PHG0311), 1x GlutaMAX] (Shaltouki et al., 

2013). Then, precursor cells were incubated for 2 additional weeks in astrocyte maturation 

and maintenance medium [DMEM/F12, B27, 10 ng/mL Heregulin, 5 ng/mL BMP2 

(BioVision, Cat. #4577–50) and 2 ng/mL CNTF (R&D Systems, Cat. #257–NT–010)] 

(Malik et al., 2014). Immunofluorescence assays were performed to confirm the 

development from NPCs (Nestin+) to APCs (CD44+) and to a mature astrocytic phenotype 

(Cx43+ and S100β+) of these cultures (as in (Arredondo et al., 2022)). In parallel, medium of 

d28 human iPSC–induced astrocyte cultures was replaced with Neuronal Growth Medium 

[MEM (Gibco, Cat. #11090–073) supplemented with 25% Neurobasal media (Gibco, Cat. 

#21103–049), 1% N2 supplement (Gibco, Cat. #17502–048), 1% L–glutamine (Gibco, Cat. 

#25030–081), 1% penicillin–streptomycin (Gibco, Cat. #15140–122), 2% horse serum 

(Gibco, Cat. #15060–114; lot 1517711) and 1% sodium pyruvate (Gibco, Cat. #11360–070)]. 

ACM was collected after 7 days, supplemented with 4.5 mg/ml D–glucose (final 

concentration) and stored at ­80°C. TDP43WT­ACM, TDP43A90V­ACM, SOD1WT­ACM 

and SOD1D90A­ACM used to evaluate MN survival were diluted 6–fold. 

Primary MN spinal cord cultures 

Pregnant Sprague–Dawley rats were anesthetized with CO2, and primary ventral 

spinal cultures (VSCNs) were prepared from E14 pups (Fritz et al., 2013; Rojas et al., 2014; 

Arredondo et al., 2022). Briefly, spinal cords were removed and placed into ice­cold HBSS 

(Gibco, Cat. #14185–052) with 50 μg/ml penicillin/streptomycin (Gibco, Cat. #15070–063). 

Using a small razor blade, the spinal cord's dorsal part was removed from the ventral part. 

The ventral cord was grinded and enzymatically treated by incubating for 20 min at 37°C in 

pre–warmed HBSS containing 0.25% trypsin (Gibco, Cat. #15090–046). Cells were 

maintained in neuronal growth medium (see above) for 7–9 DIV at 37°C under 5% CO2, and 

supplemented with 45 µg/ml E18 chick leg extract; medium was refreshed every 3 days. 

After 7 DIV cells were fixed for MN survival analysis. 

Spinal cord organotypic cultures 

Spinal cord organotypic cultures (SCOCs) were prepared as previously described 

(Rothstein et al., 1993; Herrando–Grabulosa et al., 2016). Briefly, spinal cords from P7­P8 

Sprague–Dawley rats were aseptically harvested and placed in ice­cold Gey’s Balanced Salt 

Solution (Sigma–Aldrich) containing glucose (6,4 mg/mL). Once meninges were removed, 
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spinal cords were transversally cut into 350 µm thick slices using a McIlwainTissue 

Chopper (The Mickle Laboratory Engineering Co.). L4­L5 lumbar sections were 

transferred on Millicell­CM porous membranes (0.4 µm; Millipore, Burlington, MA, USA) 

into a six–well plate containing 1 mL of incubation medium: 50% MEM (Sigma, Cat. 

#M5775), 25 mM Hepes (Sigma, Cat. #H4034–25G), 25% heat–inactivated Horse Serum 

(Gibco, Cat. #2605088), 2 mM glutamine (INC Biomedical Inc, Cat. #101806) and 25% 

Hank’s Balanced Salt Solution (HBSS) supplemented with 25.6 mg/ml glucose (Gibco, Cat. 

#14175–095). Cultures were left to stabilize for 7 DIV at 37°C and 5% CO2, and thereafter 

the medium was changed twice a week until stress induction.  

GRT­X dose­response curve 

Dose­response curve of GRT­X was performed in VSCNs. After 4 DIV, the MN 

cultures were treated at 0.1 μM, 0.5 μM, 1 μM, 2.5 μM, 5 μM, 7.5 μM and 10 μM of GRT­X 

and DMSO as vehicle (at the highest concentration used for GRT–X treatment) for 3 days. 

At 7 DIV, cultures were fixed, and survival analysis was performed as detailed below in the 

immunofluorescence section. 

GRT­X treatment under excitotoxic stress 

Excitotoxicity was induced at 15 DIV in SCOCs by transferring slices to Locke 

solution (137 mM NaCl, 2.5 mM CaCl2, 5 mM KCl, 5.6 mM D­glucose, 0.3 mM KH2PO4, 4 

mM NaHCO3, 0.3 mM Na2HPO4, 0.01 mM glycine and 10mM Hepes; pH 7.2) containing 

L­glutamic acid (Sigma–Aldrich, Cat. #G8415) at a final concentration of 50 μM for 30 min. 

GRT­X at 6.25 μM, 12.5 μM and 25 μM was added simultaneously. DMSO at the highest 

concentration used for GRT­X treatment was added as vehicle condition. Locke solution 

was also added to control and vehicle conditions without glutamate. After treatments, slices 

under the different conditions were maintained for 5 DIV, then, fixed with 4% 

paraformaldehyde (PFA) and immunostained to determine MN survival as detailed below. 

GRT­X treatment under ACM 

VSCNs were exposed at 4 DIV to the mouse SOD1WT­ACM and SOD1G93A­ACM 

(both diluted 1:8) or to the human SOD1WT­ACM, SOD1D90A­ACM, TDP43WT­ACM and 

TDP43A90V­ACM (all diluted 1:6). For studies performed with mouse ACMs, GRT­X was 

used at 0.5 μM, for the ones with human ACMs, pharmacological treatment with GRT­X 

was applied at concentrations of 1 μM and 2.5 μM. Culture medium without ACM was used 
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as control (CTRL medium). At 7 DIV, cultures were fixed and immunostaining analysis was 

performed to determine MN survival.  

The SCOCs were exposed at 7 DIV to the same mouse ACM (1:9) or human ACM 

(1:6) used in VSCNs. GRT­X was applied at 6.25 μM, 12.5 μM and 25 μM in SCOCs until 11 

DIV. Culture medium without ACM was added as control (CTRL medium). Finally, 

immunofluorescence was performed for MN counting.  

MN viability analysis by immunofluorescence  

In VSCNs, MNs and interneurons were immunolabeled and counted as previously 

described (Fritz et al., 2013; Arredondo et al., 2022). Briefly, cultures were fixed with 4% 

PFA at 7 DIV and incubated with primary antibody against microtubule­associated protein 

2 (MAP2, 1:200; Invitrogen; Cat. #OSM00030W) to label interneurons and MN and with 

anti–neurofilament H non–phosphorylated (SMI­32, 1:1,000, Biolegend; Cat. #8071701), 

specifically expressed in MNs in culture (Arredondo et al., 2022). After incubation of the 

appropriate fluorescent secondary antibodies, MNs were visualized with epifluorescent 

illumination on an Olympus IX81 microscope (equipped with a Q–Imaging Micropublisher 

3.3 Real–Time Viewing camera) using a 20x objective. MAP2­ and SMI32­positive neurons 

were counted off–line using Fuji ImageJ. At least 12 randomly chosen fields were analyzed 

to calculate the percentage of SMI–32–positive MNs within the total number of 

MAP2­positive cells per condition. Each condition was replicated in 3–4 independent 

cultures. 

In SCOCs, MNs were immunolabeled as previously described (Herrando–Grabulosa 

et al., 2016). Shortly, slices were fixed with 4% PFA, blocked with 5% normal horse serum 

(Biowest; Cat. # S0910500) and 0.3% Triton–X–100 in PBS (PBS–TX) and incubated with 

primary antibody against SMI­32 (1:250, Biolegend; Cat. #801701) for 48h. After incubation 

of secondary antibody Alexa Fluor488 donkey anti–mouse IgG (1:500, Invitrogen; Cat. 

#A21202) and DAPI (1:2000, Sigma; Cat. #D9564–10MG) Z­stack fluorescence images were 

captured using a Zeiss LSM 510 Meta confocal microscope. MNs in the slices were 

identified by SMI­32 immunostaining and their localization in the ventral horn and 

morphology. All identified MNs were counted in each hemispinal cord by the Cell Counter 

tool of ImageJ software. Each condition was replicated in 3­4 independent cultures. 
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Intracellular ROS/RNS measurement with CM­H2DCF­DA 

Intracellular levels of reactive oxygen species (ROS) and reactive nitrogen species 

(RNS) were measured with CM­H2DCF­DA (Invitrogen, Cat. #C6827). CM­H2DCF­DA 

solution (5 mM) was prepared in DMSO and diluted in culture medium to a final 

concentration of 1 μM. To facilitate CM­H2DCF­DA membrane penetration, avoid 

hydrolysis and maintain cell integrity, 0.004% Pluronic acid F­127 (Invitrogen, Cat. No. P–

3000MP) was added to the culture medium (Appaix et al., 2012).  

After the application of ACM in VSCNs, cells were washed to remove ACMs and 

exposed to CM­H2DCF­DA 37°C in the dark, labeling both MNs and interneurons. 

CM­H2DCF­DA­containing culture medium was removed and cultures were suspended 

in fresh culture medium (500 μl final volume). Next, cells were immediately imaged using 

an inverted Nikon Eclipse Ti­U microscope equipped with a SPOT Pursuit™ USB 

CameraCCD (14–bit), Epi­fl Illuminator, mercury lamp, and Sutter SmartShutter with a 

lambda SC controller. Exposure time was kept below 4s with excitation and emission 

wavelengths 492­495nm and 517­527nm, respectively. At least three independent fields 

were used for each condition (all fields were exposed for the exact same amount of time) 

and at least 10 cells per field were used for the quantification of the fluorescence signal. 

Fluorescence intensity was calculated for each region of interest of the cell body using the 

image analysis module in ImageJ software. Cells with a relative intensity unit (RIU) of ≥1.5 

were counted as positive.  

Data analyses 

All data are expressed as mean ± SEM. One­way ANOVA, followed by Bonferroni’s 

post­hoc test was used to detect significant changes. Differences were considered 

significant at *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. At least 3­4 independent 

cultures/conditions. 
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RESULTS 

GRT­X up to 2.5 µM does not generate toxicity in primary VSCNs 

A dose­response curve of GRT­X was performed to determine the maximum 

concentration of GRT­X tolerated by MNs in VSCNs when treated from 4 to 7 DIV. At 7 

DIV, spinal cord cultures were fixed and neuronal survival was assayed by double 

immunostaining for MAP2 to identify all neurons and SMI32 to selectively identify MNs. 

The data show that concentrations up to 2.5 µM of GRT­X did not significantly reduce MN 

survival (Fig. 1A­B). Therefore, concentrations of 0.5 μM, 1 μM and 2.5 μM of GRT–X were 

chosen for further studies performed in VSCNs.    

GRT­X prevents MN degeneration in SCOCs exposed to glutamate  

Due to the different cellular and culture medium composition of the SCOCs 

compared with primary MN cultures, we investigated the effectiveness of different GRT­X 

concentrations to exert neuroprotection in SCOCs exposed to glutamate. Acute excitotoxic 

damage induced by adding glutamate at 50 μM for 30 minutes reduced the number of 

SMI­32+ MNs in the ventral horn by 45% (55 ± 2 % MN preserved), compared to untreated 

slices (control, 100 ± 2 % MN preserved; Fig. 1C–E). The addition of GRT­X at 6.25, 12.5 and 

25 μM showed a significant dose­dependent reduction in MN death (45 ± 4; 76 ± 3; 85 ± 3 

% MN preserved, respectively) reaching a maximum protective effect at 25 μM. No MN loss 

was detected in SCOCs under vehicle (DMSO), when exposed to Locke solution without 

glutamate. 
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Figure 1. Dose­response effect of GRT­X in spinal cord cultures and spinal cord slices (A) 
Experimental design of GRT­X toxicity assessment in spinal MN cultures derived from WT rats. 
(B) Graph showing the percentage of MN survival (SMI32+/MAP2+ cells) in VSCNs exposed to 
increasing concentrations of GRT­X from 0.1 to 10 μM. Untreated (CTRL) and vehicle (DMSO) 
were used as controls. (C) Experimental design of the evaluation of GRT­X neuroprotective 
capacity in SCOCs under excitotoxicity conditions (50 μM glutamate exposure for 30 min). (D) Plot 
showing the percentage of SMI­32+ surviving MNs in the ventral horn of spinal cord hemislices after 
glutamate exposure with or without GRT­X treatment. Untreated slices (CTRL medium) and 
vehicle (DMSO) were used as controls. (E) Representative images of 20 DIV spinal cord ventral 
horns exposed to glutamate (GLUT 50 μM) in the presence and absence of GRT­X at three 
concentrations (6.25, 12.5 and 25 μM). MNs were visualized in fixed slices with 
immunofluorescence staining for SMI32+ (green). Scale bar 100 μm.  Data are shown as mean ± SEM. 
One­way ANOVA with Bonferroni’s post hoc test: ****p < 0.0001 versus Glutamate condition or 
Control condition). 

––– 
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GRT­X rescues MNs from death in VSCNs and SCOCs when exposed to mouse 

SOD1G93A­ACM 

 

Next, we explored the beneficial effects of GRT­X in ALS in vitro models with 

wild­type MNs and ALS­ACM harvested from primary astrocyte cultures that were 

generated from mice overexpressing the human SOD1WT and human SOD1G93A protein. 

These ACMs were added at 1:8 dilution to VSCNs at 4 DIV for 3 days (Fig. 2A). In agreement 

Figure 2. GRT­X treatment rescues MNs from cell death induced by mouse SOD1G93A­ACM. 
(A) Experimental design to test the effects of GRT­X treatment on VSCNs exposed to mouse 
SOD1G93A­ACM. (B) Bar graph showing that GRT­X (0.5 μM) rescues MNs in VSCNs treated with 
SOD1G93A­ACM. (C) Experimental design to test the effects of GRT­X treatment on SCOCs 
exposed to SOD1G93A­ACM. (D) Bar graph showing that GRT­X at 12.5 and 25 μM rescues MNs in 
SCOCs treated with SOD1G93A­ACM. (E) Representative images of SMI32+­MNs (green) in the 
ventral horn of spinal cords at 11 DIV under the tested conditions. Scale bar 100 μm. Data are shown 
as mean ± SEM. One­way ANOVA with Bonferroni’s post hoc test: ****p < 0.0001 and **p < 0.01 
versus SOD1G93A­ACM condition. 
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with previous studies (Fritz et al., 2013; Rojas et al., 2014; Arredondo et al., 2022), exposure 

of the VSCNs to SOD1G93A­ACM, but not SOD1WT­ACM, induced 46% of MN death (54 ± 

1 % MN preserved) (Fig. 2B). We found that the addition of 0.5 μM GRT­X to these cultures 

partially prevented MN death, with MN survival rates of 75%. 

In addition, we assessed the effects on MN survival in the ventral horn of wild­type 

rat SCOCs exposed to ALS­ACM in the absence and presence of GRT–X (Fig. 2C). In these 

SCOCs, exposure to SOD1WT­ACM led to a significant MN loss of around 25% (74 ± 2 % 

MN preserved) compared to the control condition. The toxic effect of SOD1WT­ACM might 

be related to previous studies in which aged human SOD1WT mice triggered astrocytic 

reactivity and MN loss in the mouse spinal cord (Jaarsma et al., 2000). Addition of 

SOD1G93A­ACM to SCOCs induced a more severe MN loss, around 40% (62 ± 2 % MN 

preserved), reaching significant difference between control and SOD1WT­ACM (Fig. 2D–E). 

When GRT­X was added simultaneously with the ACMs to the SCOCs, the 6.25 μM dose 

was ineffective, while higher GRT­X doses of 12.5 μM and 25 μM significantly preserved 

MN viability (81 ± 3; 77 ± 3 % MN preserved, respectively) (Fig. 2D–E).  

GRT­X treatment preserves MN survival in VSCNs exposed to human SOD1D90A­ACM 

We also wanted to determine the beneficial effects of GRT–X using human ALS 

astrocyte–conditioned medium. For this, we generated mature astrocytes from ALS patient 

iPSCs carrying the D90A mutation in SOD1 (SOD1D90A) and from control subject iPSCs; we 

used similar protocols as recently described for the generation of TDP43 and control subject 

mature astrocytes (Arredondo et al., 2022). Immunofluorescence assays were performed to 

confirm that an efficient mature astrocyte phenotype (Cx43 and S100β) was achieved for 

both control and ALS patient–derived iPSCs (Supplementary Fig. 1). Next, we collected 

conditioned medium from the human ALS astrocytes and assessed the toxicity of SOD1D90A–

ACM (1:6 dilution) to MNs in VSCNs (Fig. 3A–B). Controls included SODWT–ACM and 

control medium. In agreement with previous studies studying human iPSC– or iNPC–

derived astrocytes ACM carrying mutations in SOD1 (Meyer et al., 2014; Almad et al., 2022), 

we found that SOD1D90A–ACM, but not controls, led to a robust 40% MN death (59 ± 6 % 

MN preserved) (Fig. 3B). Next, two different concentrations of GRT–X compound, 1 and 2.5 

μM, were tested to evaluate its neuroprotective capacity against SOD1D90A–ACM. Results 

showed a dose–dependent rescue capacity of GRT–X, being statistically significant at both 

doses tested (89 ± 2; 104 ± 5 % MN preserved) (Fig. 3B).  
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Figure 3. GRT-X treatment rescues MNs from cell death induced by human SOD1D90A-ACM. 
(A) Experimental design to test the effects of GRT-X treatment on VSCNs exposed to human 
SOD1D90A-ACM (diluted 1:6). (B) Bar graph showing that GRT-X rescues MNs in VSCNs treated 
with human SOD1D90A-ACM. (C) Quantification of the intracellular ROS/RNS levels in VSCNs by 
measurement of DCF fluorescent neurons shows that GRT-X reduces ROS generation. (D) 
Experimental design to test beneficial effects of GRT-X treatment on SCOCs exposed to human 
SOD1D90A-ACM. (E) Bar graph showing that GRT-X at all tested concentrations rescues MNs from 
cell death induced by human SOD1D90A-ACM. (F) Representative images of SMI32+-MNs (green) in 
the ventral horn of spinal cord hemislices at 11 DIV under the tested conditions. Scale bar 100 μm. 
Data are mean ± SEM. One-way ANOVA with Bonferroni’s post hoc test: ****p < 0.0001; ***p < 0.001; 
**p < 0.01 versus human SOD1D90A-ACM condition and Control medium.  
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Increased ROS/RNS levels in VSCNs exposed to human SOD1D90A–ACM are reduced 

by GRT–X  

Increased ROS/RNS levels are a shared feature of ALS patients and in vitro and in vivo 

ALS models. As previously demonstrated, mouse SOD1G93A­ACM, SOD1G86R­ACM and 

TDP43A315T­ACM led to rapid increases in intracellular ROS/RNS levels in VSCNs, 

measured with DCF (Fritz et al., 2013; Rojas et al., 2014) CM­H2DCF­DA is a 

non­fluorescent dye that is hydrolyzed intracellularly and the oxidation of the DCFH group 

results in the formation of the fluorescent product DCF. Therefore, increases in fluorescent 

DCF intensities denote increased intracellular ROS/RNS levels. While under control 

conditions very few neurons exhibited detectable DCF levels, the application of 

SOD1D90A­ACM strongly increased neuronal DCF levels (17 ± 2 DCF positive cells). 

Application of both doses of GRT­X, 1 and 2.5 μM, markedly reduced DCF levels (0.2 ± 0.1; 

0.8 ± 0.4 DCF positive cells, respectively) (Fig. 3C). 

GRT­X treatment preserves the number of MNs in SCOCs exposed to human 

SOD1D90A­ACM  

In SCOCs, MN survival was assessed at 11 DIV after 4 days of chronic exposure to 

human SOD1D90A­ACM, SOD1WT­ACM or control ACM (Fig. 3D–F). The presence of 

human SOD1WT­ACM in SCOCs caused a significant MN death of around 20% (80 ± 3 % 

MN preserved) compared to control slices, similarly to the effect observed after mouse 

SOD1WT­ACM addition. The exposure to SOD1D90A­ACM, however, induced a significantly 

stronger reduction of 32% (68 ± 3 % MN preserved) in the number of SMI­32 labeled MNs 

in the ventral horn. The three concentrations of GRT­X tested (6.25, 12.5 and 25 μM) 

significantly rescued MN death induced by SOD1D90A­ACM (80 ± 2; 84 ± 3; 83 ± 3 % MN 

preserved, respectively) (Fig. 3E–F).  

GRT­X treatment preserves the number of MNs in VSCNs exposed to human 

TDP43A90V­ACM 

We also evaluated the toxicity of ACM collected from human iPSC­derived 

astrocytes generated from an ALS/FTD patient carrying an A90V mutation in TARDBP 

(TDP43A90V) and a healthy family member (Zhang et al., 2013; Arredondo et al., 2022). In 

agreement with our previous study (Arredondo et al., 2022), chronic exposure of VSCNs for 

4 days to TDP43A90V­ACM, unlike TDP43WT­ACM, induced around 50% of MN death (48 
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± 5 % MN preserved).  We found that both doses tested of GRT­X (1 and 2.5 mM) 

effectively reduced the TDP43A90V­ACM induced MN death (Fig. 4A–B). 

Figure 4. GRT­X treatment rescues MNs from cell death induced by human TDP43A90V­ACM. 
(A) Experimental design to test the effects of GRT­X treatment on VSCNs exposed to human 
TDP43A90V­ACM (diluted 1:6). (B) Bar graph showing that GRT­X preserves MN survival in VSCNs 
treated with human TDP43A90V­ACM. (C) Quantification of the intracellular ROS/RNS levels in 
VSCNs by measurement of DCF fluorescent neurons, showing that GRT­X reduces ROS generation. 
(D) Experimental design to test the effects of GRT­X treatment on SCOCs exposed to human 
TDP43A90V­ACM. (E) Bar graph showing that 25 mM GRT­X rescues MNs from cell death induced 
by TDP43A90V­ACM in SCOCs. (F) Representative images of SMI32+­MNs (green) in the ventral 
horn of spinal cord hemislices at 11 DIV under the tested conditions. Scale bar 100 μm. Data are mean 
± SEM. One­way ANOVA followed with Bonferroni’s post hoc test: ****p < 0.0001, ***p < 0.001; **p 

< 0.01 versus TDP43A90V­ACM condition. 
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Increased ROS/RNS levels in VSCNs exposed to TDP43A90V­ACM are reduced after 

GRT­X treatment 

Similar to SOD1D90A­ACM, the application of human TDP43A90V­ACM led to an 

increase in DCF levels (15.3 ± 0.7 DCF positive cells) compared to the control medium (0.8 

± 0.6 DCF positive cells). We found that the addition of GRT­X, at 1 μM and especially at 

2.5 μM, strongly reduced DCF levels (0.9 ± 0.2; 0.3 ± 0.3 DCF positive cells, respectively), 

leading to DCF levels found in the control condition (Fig. 4C). 

GRT­X treatment partially preserves the number of MNs from toxic human 

TDP43A90V­ACM in SCOCs 

SCOCs were exposed to TDP43A90V­ACM or TDP43WT­ACM at 7 DIV for 4 days 

(Fig. 4D). As for previous experiments with ACM in SCOCs, TDP43WT­ACM induced a 

small but significant cell death (85 ± 3 % MN preserved) compared to control medium, an 

effect that might be explained by reported results in which ACM from TDP43WT induces 

neuronal death (S. Lee et al., 2020b). Application of TDP43A90V­ACM to SCOCs caused 

significantly more MN death (68 ± 2 % MN preserved) compared to TDP43WT­ACM and 

control conditions (Fig. 4E–F) that was partially reverted by the treatment with GRT­X at 

25 µM (85 ± 3 % MN preserved). Lower doses of GRT­X did not cause significant MN 

preservation (74 ± 3; 76 ± 2 % MN preserved) compared to ACM­TDP43A90V alone.  
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DISCUSSION 

The results of the present study provide evidence of the neuroprotective effects 

exerted on ALS in vitro models by GRT­X, a drug that simultaneously activates the 

mitochondrial protein TSPO and the Kv7.2/3 potassium channel. GRT­X preserves MN 

survival in SCOCs exposed to an acute excitotoxic damage and rescues MNs from cell death 

in primary VSCNs and SCOCs exposed to ACM derived from astrocytes harvested from 

transgenic mice carrying ALS­causing mutation SOD1G93A and from human astrocytes 

generated from patients iPSCs carrying pathogenic mutated SOD1D90A or TDP43A90V. 

Altogether, these data suggest that GRT­X is a good candidate to be explored for the 

treatment of ALS.  

In order to evaluate the neuroprotective capacity of the GRT­X compound, we used 

in vitro models exposed to ACMs. In agreement with previous studies, we found that mouse 

SOD1­ACM (Nagai et al., 2007; Rojas et al., 2014; Arredondo et al., 2022), human 

SOD1­ACM (Meyer et al., 2014; Almad et al., 2022) and human TDP43­ACM (Arredondo 

et al., 2022) induce robust MN cell death in healthy MN spinal cord cultures. Interestingly, 

here we show for the first time that these human and mouse ALS/FTD­ACMs also cause 

the death of MNs in organotypic spinal cord cultures. SCOC is a more complex in vitro model 

to evaluate the neuroprotective effects on MNs since the anatomical organization of the 

neural circuitry and neuronal/non­neuronal cellular stoichiometry are preserved in the 

cultured spinal cord. These characteristics make SCOCs a good model to test the effects of 

new drugs that may be studied from an integrated perspective (Guzmán–Lenis et al., 2009; 

Herrando–Grabulosa et al., 2016). In the present study, we also found that human 

SOD1WT­ACM and TDP43WT­ACM led to a detrimental effect on MNs in SCOCs. We 

hypothesize that the astrocytes present in these slice cultures might be activated in the 

presence of ACM derived from unmutated cell cultures and produce a deleterious effect. 

ALS is a multifactorial disease in which several molecular mechanisms are involved, 

including excitotoxicity, hyperexcitability, oxidative stress, mitochondrial dysfunction, 

impaired protein homeostasis and aberrant RNA metabolism  (Hardiman et al., 2017; 

Mancuso & Navarro, 2015; van Zundert et al., 2012). Most of the used in vitro models focused 

only on one of the several altered mechanisms identified in ALS pathology, such as 

excitotoxicity. We report here that the GRT­X compound preserves MNs from excitotoxic 

damage, similarly to Riluzole, the first treatment approved for ALS, which is classified as an 

anti–excitotoxicity drug (Bellingham, 2011) . While Riluzole has a wide range of effects, at 
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clinical relevant concentrations this pharmacological agent preserves MNs mainly by 

reducing repetitive firing (inhibiting Na+ currents and potentiating K+ channels) and 

glutamatergic neurotransmitter release (Bellingham, 2011; Doble, 1996). Even though 

GRT­X differs in targets from Riluzole, the activation of Kv7.2/3 generates a robust 

stabilization of the membrane resting potential that could counteract the disease 

hyperexcitability. GRT­X acts similarly to other Kv7.2/3 activators, such as retigabine 

(Ghezzi et al., 2018), but it has a higher affinity to Kv7.2/3 than retigabine (Bloms–Funke et 

al., 2022a). 

We have shown that GRT­X reduces ROS/RNS levels in VSCNs when exposed to 

SOD1D90A­ACM and TDP43A90V­ACM. Previous studies using TSPO ligands have shown 

reduced ROS production in different cell types, such as isolated cardiomyocytes (de 

Tassigny et al., 2013) and endothelial cells (Biswas et al., 2018; Joo et al., 2015). While the 

exact mechanism has not been elucidated, it was demonstrated in endothelial cells treated 

with TSPO ligands decreased (or reverted increased) ROS production and increased 

catalase activity and glutathione levels (Biswas et al., 2018). Therefore, we hypothesize that 

GRT­X acts similarly to other TSPO ligands in reducing ROS/RNS levels in our 

experiments.  

TSPO function has been also linked to mitochondrial energetic metabolism. The 

treatment with TSPO agonists Ro5­4864 and PK11195 had a stimulatory effect on basal 

respiration and ATP­related respiration in BV2 microglial cells (Bader et al., 2019). Besides, 

TSPO KO reduces mitochondrial membrane potential, impairment of mitochondrial 

function and inhibition of oxidative phosphorylation in BV2 microglial cells (Yao et al., 

2020). Thus, activation of TSPO by GRT­X could contribute to maintaining mitochondrial 

energetic metabolism and, consequently, participate in MN preservation.  

There is some controversy regarding the involvement of TSPO in steroidogenesis. 

Despite it was reported that the knock–out of TSPO did not induce changes in 

steroidogenesis (Banati et al., 2014; Morohaku et al., 2014; Tu et al., 2014), other studies 

showed that TSPO–KO mice have altered steroidogenic flux and reduced total 

steroidogenic output (Barron et al., 2018) and CRISPR/Cas9 TSPO deficiency reduced 

progesterone levels and steroid formation (Fan et al., 2015). A previous study using GRT­X 

in a model of cervical root injury demonstrated an increase of intramitochondrial cholesterol 

transport and stimulation of neurosteroidogenesis (Bloms–Funke et al., 2022a). Increased 

neurosteroid levels are beneficial due to their neuroprotective constitution by attenuating 
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excitotoxicity, neuroinflammation, oxidative stress or neuronal degeneration (Borowicz et 

al., 2011).   

In summary, the significant neuroprotective effects of GRT­X on MNs exposed to 

glutamate to induce excitotoxicity or to human or mouse ALS/FTD­ACM are likely 

mediated by the dual­mode­action of this drug, targeting TSPO and Kv7.2/3 channels. Our 

data suggest that the decrease in hyperexcitability, reduction of ROS/RNS levels, 

maintenance of mitochondrial energetic metabolism and homeostasis, and stimulation of 

neurosteroidogenesis contribute to this neuroprotective effect. Our data may open a new 

therapeutic window to protect MNs pharmacologically by using GRT­X in MN 

degenerative pathologies. 
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SUPPLEMENTARY FIGURES 

 
Supplementary Figure 1. Differentiation and characterization of iPSC­derived astrocytes of a 
control subject and an ALS patient harboring mutant SOD1D90A. (A) Schematic protocol showing 
the differentiation process from iPSCs to EBs, NPCs, APCs and finally mature astrocytes. (B) 
Representative fluorescence microscopy images for NPCs (day 0, d0) derived from a control subject 
and an ALS patient harboring mutant SOD1D90A, both showing robust immunofluorescence staining 
with the NPC marker Nestin (green). (C) Immunofluorescence analysis performed from Control 
subject cells at d0 (NPCs), d14 (APCs) and d28 (mature astrocytes), showing staining with the APC 
marker CD44 from d0 and mature astrocyte marker Cx43 at d28. (D) Immunofluorescence analysis 
performed with phalloidin (violet) and mature astrocyte marker S100b (red). Note that a similar 
mature astrocytic phenotype is found in mature astrocytes derived from SOD1D90A patients and 
control iPSCs. Cell nuclei were stained with Nucblue (blue).  
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ABSTRACT 

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by 

the progressive degeneration of motoneurons (MNs) in the motor cortex and spinal cord. 

Currently, there is no effective therapy for ALS and patients die within 2­5 years after the 

disease onset. Given ALS is a multifactorial disease in which a wide variety of 

pathophysiological mechanisms have been reported to contribute to MN degeneration, 

targeting several of these altered mechanisms may be a better strategy for ALS treatment. In 

this study, we assessed the potential neuroprotective efficacy of the newly synthesized 

GRT­X compound, which produces simultaneous activation of the voltage­gated 

potassium channels Kv7.2/3 and the mitochondrial translocator protein (TSPO), in the 

SOD1G93A ALS mice. GRT­X did not induce toxicity in the mice and readily crossed the 

blood­brain barrier. GRT­X was then administered daily by gavage from 8 to 16 weeks of 

age and disease progression was assessed using electrophysiology and locomotion tests. Our 

results showed that the GRT­X compound at 50 mg/kg, but not at lower doses, improves 

the decline of neuromuscular function and motor activity in SOD1G93A mice. The beneficial 

effects were more marked in female than in male mice. Histological analysis proved that 

GRT­X promotes MN survival and neuromuscular junction innervation in treated 

SOD1G93A mice. Altogether, these data highlight the effectiveness of the GRT­X compound 

for the treatment of ALS pathology.  
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INTRODUCTION 

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder 

characterized by progressive motor neuron (MN) degeneration in the motor cortex and 

spinal cord, leading to muscle weakness and atrophy. Most ALS cases are sporadic 

(sporadic ALS, sALS) and their cause remains unknown, while approximately 5­10%, are 

linked to several genetic mutations (familiar ALS, fALS). The most common cause of 

fALS cases is the repeat expansion (G4C2) open reading frame 72 (C9orf72) region of 

the human chromosome 9 (DeJesus-Hernandez et al., 2011) followed by mutations in the 

SOD copper­zinc (SOD1) gene (Rosen et al., 1993) and, in less proportion, by mutations 

in genes encoding for 43kDa TAR DNA­binding protein (TDP­43) (Gitcho et al., 2008), 

among others. The SOD1G93A mice which constitutively express high levels of the human 

SOD1 protein carrying the substitution of glycine for alanine at position 93 is the most 

explored model in ALS research. SOD1G93A transgenic mice show a severe loss of MN in 

the ventral spinal cord that results in hindlimb weakness by the third month of age and 

progresses to muscle paralysis and finally death at 5­6 months recapitulating most of the 

clinical and histopathological features of ALS (Ripps et al., 1995). 

Currently, there is no effective therapy for ALS. Treatments used for ALS are 

symptomatic, in addition to Riluzole or other drugs for specific patient populations, all 

of them have limited improvement on patient lifespan (Houzen et al., 2021; R. G. Miller 

et al., 2012). Hence, new therapies need to be assessed. Since ALS is a multifactorial 

disease in which a wide variety of pathophysiological mechanisms have been reported to 

contribute to MN degeneration, including excitotoxicity, mitochondrial dysfunction, 

oxidative stress, cytoplasmic protein aggregation, hyperexcitability, and others 

(Mancuso & Navarro, 2015; Van Damme et al., 2017), targeting several of these altered 

mechanisms at the same time could result in better outcome.  

Therefore, based on this hypothesis and the encouraging results previously 

observed with single­action compounds, we propose a combinational therapy with the 

novel compound GRT­X in the SOD1G93A mouse model of ALS. GRT­X has a unique 

pharmacological profile since it belongs to a novel class of small molecules able to 

activate both the mitochondrial translocator protein (TSPO) and the voltage­gated 

potassium channels 7.2/3 (Kv7.2/3) simultaneously. GRT­X was originally discovered as 

an analgesic, but due to its pharmacological profile, it was repurposed as a novel ALS 

therapy. GRT­X exhibits neuroprotective and neuroregenerative properties after 

cervical spinal nerve crush lesion in rats (Bloms–Funke et al., 2022a). Besides, we have 
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previously demonstrated that GRT­X exerts MN protection and restores increased 

oxidative levels when primary neuronal and spinal cord slice cultures are exposed to 

ALS­astrocyte conditioned medium (ACM) (see Chapter II).  

The two molecular targets of GRT­X have been previously proposed for ALS 

therapy. TSPO is an 18 kDa integral protein localized in the outer mitochondrial 

membrane expressed in glial cells, neurons and endothelial and ependymal cells in the 

central nervous system. Although the role of TSPO in neurosteroidogenesis is well 

established (J. Fan et al., 2018; Mukhin et al., 1989; Papadopoulos et al., 1990), studies 

using TSPO knockout mice revealed that TSPO is also involved in other cellular 

processes, such as regulation of mitochondrial function, energy metabolism and 

oxidative stress (Banati et al., 2014; Gatliff et al., 2014; Tu et al., 2014). Interestingly, 

Olesoxime, an activator of TSPO, was found to promote MN survival and decrease 

oxidative stress (Bordet et al., 2007). In addition, Olesoxime decreased microglial and 

astroglial activation, prevented MN death, preserved NMJ integrity and increased the 

lifespan of SOD1G93A mice (Bordet et al., 2007; Sunyach et al., 2012). However, a clinical 

trial demonstrated that Olesoxime did not provide significant beneficial effects for ALS 

patients (Lenglet et al., 2014). 

The second target of GRT­X is the heteromeric form of Kv7.2 and Kv7.3, mainly 

localized in the nervous system and sensory organs. Kv7.2/3 plays a crucial role in 

maintaining the resting membrane potential by generating the M­current, which 

suppresses the tendency of neurons to burst repetitive action potentials in response to 

excitatory stimuli (Soldovieri et al., 2011). The activation of Kv7 channels is a promising 

target since they can be activated at subthreshold voltages and effectively regulate 

neuronal excitability. The activation of Kv7.2/3 by retigabine dose­dependently blocked 

hyperexcitability and enhanced survival of SOD1A4V/+ ALS MNs (Wainger et al., 2014). 

In addition, the activation of Kv7.2/3 decreased the mean firing rate of hPSC­derived and 

mouse MNs (Moakley et al., 2019). In two different clinical trials, it was demonstrated 

that the activation of Kv7.2/3 with retigabine reduced axonal excitability in ALS patients 

(Kovalchuk et al., 2018; Wainger et al., 2021). In the study in Chapter I, we also 

demonstrated that a more selective compound for Kv7.2/3, ICA­27243, 

dose­dependently prevented MN degeneration in spinal cord culture and in the 

transgenic SOD1G93A mice. 

Therefore, TSPO and Kv7.2/3 channels are potential combinatory targets for ALS 

therapy, since they act downstream on different cellular processes. Considering the 
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above evidence and the beneficial outcomes of GRT­X treatment in vivo and in vitro 

models of MN death, we aimed to assess its effectiveness in the ALS SOD1G93A mice.  
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MATERIALS AND METHODS 

Animals  

Transgenic SOD1G93A mice (B6SJL­Tg [SOD1­G93A] 1Gur) and non­transgenic 

wild­type (WT) littermates were used. Identification of transgenic offspring was carried 

out through PCR amplification of DNA extracted from the tail, using the following 

primer sequences: 1) hSOD1­forward CATCAG CCCTAATCCATCTGA, 2) 

hSOD1­reverse CGCGACTAACAA TCAAAGTGA, 3) mIL2­forward 

CTAGGCCACAGAATTGAA AGATCT and 4) mIL2­reverse 

GTAGGTGGAAATTCTAGC ATCATCC. All animals were kept under standard 

conditions and handled according to guidelines established by the European Union 

Council (Directive 2010/63/EU). The experimental procedures were approved by the 

Ethics Committee of the Universitat Autònoma de Barcelona.  

This study included groups of WT mice, one group untreated or treated with 

GRT­X and groups of SOD1G93A mice, treated with the vehicle solution or different doses 

of GRT­X. Specified in each procedure. All experiments were carried out with female 

and male mice.  

Pharmacological treatment 

GRT­X (N­ [(3­fluorophenyl) ­methyl] ­1­ (2­methoxyethyl) 

­4­methyl­2­oxo­ (7­trifluoromethyl) ­1H­quinoline­3­caboxylic acid amide) was 

synthesized by Grünenthal GmbH (Aachen, Germany). Mice were treated with 10, 30 or 

50 mg/kg of GRT­X. The drug was administered daily by oral gavage in a volume of 10 

ml/kg between 7 and 16 weeks of age (specified in each experiment). GRT­X compound 

was dissolved in HPMC (Cat. #H9262, Sigma) 1% with 0.5% Tween 80 (Cat. #1754, 

Sigma).  

Toxicity study 

Wild­type B6SJL female and male mice were treated daily by gavage with vehicle, 

10 mg/kg and 30 mg/kg of GRT­X for 4 weeks, starting at week 13th of age. Body weight 

and locomotor test (rotarod and treadmill) were performed. Then, animals were 

euthanized with an overdose of pentobarbital sodium and perfused with 4% 

paraformaldehyde in PBS to perform a histopathological evaluation of different organs: 

brain, lung, liver, kidney, small and large bowel. The harvested samples were analyzed by 
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the accredited Service of Animal Research (SIAL) of the UAB. Briefly, samples were cut 

5 mm thick and hematoxylin­eosin staining was performed. Histopathological 

examinations were performed in order to determine the toxicological profile of GRT­X. 

Lesions were graded from less severe to more severe considering if they could be 

attributed to the treatment, had pathological significance, and could affect the animal 

welfare or survival. The groups included in the toxicity study were: WT + vehicle (n=3), 

WT + GRT­X 10 mg/kg (n=6), WT + GRT­X 30 mg/kg (n=6). 

BBB assay 

Male and female SOD1G93A mice at 16 weeks of age were treated with 30 mg/kg 

and 50 mg/kg GRT­X and after 4 hours post­administration brain samples were 

obtained. Samples were analyzed by the Service of Drug Analysis of the UAB, where the 

drug detection technique has been set up purposely. The analytical method is based on 

protein precipitation and subsequent separation and detection of GRT­X using 

HPLC­MS/MS. For the BBB assay, two groups of SOD1G93A mice treated with GRT­X 

were used, one group with a dose of 30 mg/kg [n=4 (Female (F))/ 5 (Male (M))] and the 

other with 50 mg/kg [n=3 (F)/ 6 (M)].  

Electrophysiological test 

Motor nerve conduction tests were performed at 8, 12 and 16 weeks of age. Briefly, 

the sciatic nerve was stimulated with single pulses of 20 µs and increasing intensity 

delivered at the sciatic notch. The compound muscle action potential (CMAP) was 

recorded from tibialis anterior (TA) and plantar interossei (PL) muscles with 

microneedle electrodes (Mancuso et al., 2011). Muscle evoked potentials (MEP) were 

recorded from the TA muscle to assess the central descending pathways by stimulating 

the motor cortex with needless placed over the skull (Mancuso et al., 2011). 

The functional studies included the following SOD1G93A mice: SOD1G93A + vehicle 

[n=12 (F)/ 13 (M)], SOD1G93A + GRT­X 30 mg/kg [n=10 (F)], SOD1G93A + GRT­X 50 mg/kg 

[n=8 (F)/ 7 (M)], in addition to untreated WT littermates [n=7 (F) /9 (M)].  

Locomotion tests 

Rotarod test and treadmill test were performed to evaluate motor performance 

and locomotion. Rotarod test was performed weekly from 8 to 16 weeks of age by placing 

mice onto the rod at 14 rpm and recording the longest time of three trials without falling, 
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with a cut­off time at 180 s. Treadmill test was performed at 16 weeks of age. Mice were 

placed on a treadmill and the speed was increased from 6 rpm to 30 rpm. The maximum 

speed was recorded when animals could no longer keep up on the treadmill velocity.    

Immunohistochemical analyses 

Mice were euthanized at 16 weeks of age by an overdose of sodium pentobarbital 

and transcardially perfused with 4% paraformaldehyde in PBS. The lumbar segment of 

the spinal cord was post­fixed for 2 hours and cryopreserved in 30% sucrose solution in 

PBS while hindlimb muscles were directly cryopreserved. The spinal cord was cut 

serially in 20 µm thick transverse sections using a cryostat (Leica), collected sequentially 

on 10 slides. A solution of cresyl violet 3.1 mM was applied for 3h to slices corresponding 

to L4­L5 spinal segments. Then, the slides were washed, dehydrated and mounted with 

DPX. Identification of MNs relied on their location in the lateral ventral horn and strict 

morphological and size criteria: polygonal shape, prominent nucleoli and diameter larger 

than 20 µm.  

To assess neuromuscular junctions (NMJ), TA muscle was serially cut into 50 µm 

thick longitudinal sections, collected in sequential series. Sections were blocked with 

blocking solution [10% normal donkey serum (Cat. #S30, Millipore) in PBS­Tx 0.3%] for 

1 hour and incubated for 48 hours at 4°C with primary antibodies anti­neurofilament 

200 (NF200) (1:1000; Cat. #AB5539, Millipore) and anti­synaptophysin (1:500; Cat. 

#AB32127, Abcam). After washes in PBS with 0.1% Tween­20, sections were incubated 

overnight at 4°C with Alexa Fluor 594­conjugated secondary antibody (1:200; Cat. 

#A11042 and #A21207, Invitrogen) and Alexa Fluor 488­conjugated alfa­bungarotoxin 

(1:200; Cat. #B13422, Life Technologies). Sections were mounted in Fluoromount­G 

medium (SouthernBiotech, USA). Z­stack fluorescence images were captured using a 

Zeiss LSM 510 Meta confocal microscope. The proportion of innervated NMJs was 

calculated by categorizing each endplate as occupied (innervated and partially 

innervated) or vacant (denervated).  At least 60 endplates were analyzed per animal.  

Groups for histological analysis at 16 weeks: SOD1G93A + vehicle [n=8], SOD1G93A + 

GRT­X 30 mg/kg [n=5], SOD1G93A + GRT­X 50 mg/kg [n=8 (F)/ 7 (M)], in addition to 

untreated WT littermates [n=7 (F) /9 (M)]. 

 

 



Results | Chapter III 

131 
 

Statistical Analysis 

All data are expressed as mean ± SEM. GraphPad Prism 9 software was used for 

data analyses. Electrophysiological and functional measurements were analyzed by 

repeated measurement two­way ANOVA. Histological and molecular data were 

analyzed using One­way ANOVA, followed by post­hoc Bonferroni’s test for multiple 

comparisons. Differences were considered significant at p ≤ 0.05. 
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RESULTS 

GRT­X does not generate toxicity in mice  

First, we evaluated the possible toxicity generated by GRT­X compound in 

wild­type B6SJL female and male mice. During the period of administration, body weight 

was maintained in the three groups analyzed, in female (Fig. 1A) as well as male mice (Fig. 

S1A). No changes were observed in locomotor performance on the rotarod (Fig. 1B and Fig. 

S1B) and treadmill tests (Fig. 1C and Fig. S1C).  

Figure 1 | Treatment with GRT­X does not generate toxicity in female WT mice (A) 
Body weight (in percentage) was monitored weekly throughout the experiment, from 13 
to 16 weeks of age (B) Graph showing motor coordination outcome assessed by the 
rotarod test at the beginning and end of the study (C) Plot showing the effect of GRT­X 
on locomotion performance at the end of the study by distance ran in the treadmill (D) 
Representative images (40X) of brain, lung, liver, kidney and small and large bowel of 
all experimental conditions stained with eosin and hematoxylin. Data are mean ± SEM, 
analyzed by One­way (B, C) and Two­way (A) ANOVA followed with Bonferroni’s post 
hoc test. 
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Additionally, we performed necropsy and histopathological evaluation. No 

abnormalities were observed in the histopathological examinations in wild­type B6SJL 

females (Fig. 1D) and males (Fig. S1D). Therefore, we can conclude that GRT­X 

administration is safe and non­toxic. 

GRT­X crosses the blood­brain barrier 

GRT­X was administered as a single dose of 30 mg/kg and 50 mg/kg to female 

and male SOD1G93A mice. Significant levels of GRT­X were found in the brain of the mice 

extracted 4 hours later, with higher levels in male than in female mice and at higher levels 

with the 50 than with the 30 mg/kg dose (Fig. 2A and S2A). Therefore, GRT­X has a good 

biodisposition and permeability through the BBB in ALS SOD1G93A mice.  

GRT­X preserved neuromuscular function in SOD1G93A mice 

Female and male SOD1G93A mice treated with GRT­X at 30 mg/kg or 50 mg/kg 

maintained a gain of body weight as vehicle mice throughout the study, and did not show 

secondary effects, indicating that the compound does not cause toxicity even with the 

high dose of 50 mg/kg (Fig. 2B; Fig. S2B).  

Regarding the nerve conduction tests GRT­X at 50 mg/kg, but not at 30 mg/kg, 

significantly preserved the CMAP amplitude of the TA muscle of female SOD1G93A mice 

at 16 weeks (Fig. 2D), but not of the PL muscle (Fig. 2C). In male SOD1G93A mice treated 

with 50 mg/kg of GRT­X, there were mild positive effects in the CMAP of the PL at 12 

and 16 weeks of age (Fig. S2C), but no differences for the TA muscle (Fig. S2D).  The MEP 

recorded on the TA muscle had significantly higher amplitude in female SOD1G93A mice 

treated with 50 mg/kg GRT­X, but not 30 mg/kg (Fig. 1E­F), indicating preserved 

function of the upper MNs. In male SOD1G93A mice treated with 50 mg/kg GRT­X, there 

is a tendency for higher MEP amplitude in the second component of the TA muscle (Fig. 

S2E­F).  
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Figure 2 | Treatment with GRT­X enhances neuromuscular function in female SOD1G93A 
mice (A) Plot showing the concentration of GRT­X compound in the brain of SOD1G93A mice 
(B) Body weight (in percentage) was monitored weekly throughout the experiment, from 8 to 
16 weeks of age (C­D) Values of the amplitude of compound muscle action potentials (CMAP) 
of tibialis anterior (TA) and plantar interosseus muscles (E­F) Plot of the amplitudes of first (E) 
and second (F) component of the motor evoked potentials (MEP) of TA muscle. Data are mean 
± SEM, analyzed by One­way (A, E, F) and Two­way (B, C, D) ANOVA followed with 
Bonferroni’s post hoc test: ****p < 0.0001; ***p<0.001; **p < 0.01 *p < 0.05 vs SOD1G93A ­vehicle 
condition. 
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To analyze locomotor activity, rotarod and treadmill tests were performed. 

Rotarod test results showed that 50 mg/kg, but not 30 mg/kg, of GRT­X improved 

locomotor activity in female (Fig. 3A) and male (Fig. S3A) SOD1G93A mice, with significant 

differences compared to vehicle mice from the 15th week of age. The disease onset, 

measured as the first time at which each mouse was not able to maintain 180 s on the 

rotarod, was delayed by 6 weeks (15 weeks of age) in female mice treated with 50 mg/kg 

GRT­X compound versus the vehicle group (9 weeks) (Fig. 3B), and by 3 weeks in male 

mice treated with 50 mg/kg GRT­X compound (15 weeks of age) compared to the vehicle 

group (12 weeks) (Fig. S3B).  There were no significant differences between the vehicle 

group and the group treated with 30 mg/kg of GRT­X in either sex. 

Treadmill test results showed that treatment with 50 mg/kg, but not with 30 

mg/kg, of GRT­X significantly improved performance on the treadmill of female 

SOD1G93A mice (Fig. 3C). In male SOD1G93A mice, none of the doses tested improved the 

performance on the treadmill test (Fig. S3C). 

The innervation of NMJ of the TA muscle was assessed at 16 weeks of age. Female 

SOD1G93A mice treated with 50 mg/kg, but not 30 mg/kg, of GRT­X, had a significantly 

higher number of innervated endplates (Fig. 3D), supporting the preservation of CMAP 

and MEP amplitudes observed in the electrophysiology tests. In male SOD1G93A mice, 

none of the tested doses enhanced NMJ preservation (Fig. S3D). 
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Figure 3 | Treatment with GRT­X improves coordination and motor activity in female 
SOD1G93A mice (A) Graph showing the effect of different doses of GRT­X treatment on functional 
outcome assessed by the rotarod test. (B) The probability of clinical disease onset was evaluated 
based on the decline in performance observed in the rotarod test. (C) Graph showing the effect of 
different doses on maximum speed assessed by the treadmill test (D) Graph of the percentage of 
occupied NMJ in the different experimental groups. (E) Representative confocal images of the TA 
NMJs at 16 weeks of age of all experimental groups shown as maximum projection. Scale bar 100 
μm. Data are mean ± SEM. One­way (C­D) and Two­way (A) ANOVA followed with Bonferroni’s 
post hoc test: ****p < 0.0001; **p < 0.01 *p < 0.05 vs SOD1G93A -vehicle condition. 
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GRT­X promotes MN survival in the lumbar spinal cord in SOD1G93A mice  

The counts of α­MNs in the ventral horn of the lumbar spinal cord showed that 50 

mg/kg of GRT­X increased the number of surviving MNs in female SOD1G93A mice (60 ± 5% 

MN preserved), compared to vehicle­treated SOD1G93A mice (41 ± 2% MN preserved), 

whereas 30 mg/kg GRT­X had no noticeable effect (41 ± 3% MN preserved) (Fig. 4A­B).  

This effect on MN preservation was not observed in male SOD1G93A mice treated with 30 or 

50 m/kg of GRT­X (Fig. S4A­B). 

 

 

 

 

 

 

 

 

 

Figure 4 | GRT­X promotes MN survival in the lumbar spinal cord in female SOD1G93A mice 
(A) Representative spinal cord images of MNs stained with cresyl violet. Scale bar 50 μm. (B) 
Quantification of surviving MNs (expressed as % of surviving MN vs. WT mice). Data are mean ± 
SEM. One­way ANOVA followed with Bonferroni’s post hoc test: ****p < 0.0001; **p < 0.01  vs 
SOD1G93A ­vehicle condition. 
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DISCUSSION 

The results of this study demonstrated that the simultaneous activation of the 

mitochondrial protein TSPO and Kv7.2/3 potassium channel by the newly synthesized 

compound GRT­X exerts neuroprotection in the ALS SOD1G93A mice. GRT­X has a safe 

toxicological profile and can cross the BBB reaching the CNS. The 50 mg/kg GRT­X 

compound dose improved electrophysiological and functional outcomes and delayed 

disease onset in the SOD1G93A transgenic mice. Furthermore, this dose of GRT­X preserved 

the number of surviving MNs in the spinal cord and the innervation of NMJ in treated 

female SOD1G93A mice, although it had only marginal benefit in male SOD1G93A mice. The 

effects are, thus, sex and dose dependent, since we did not find positive outcomes with the 

lower dose of 30 mg/kg.  

Further studies will be needed to assess the exact mechanisms underlying GRT­X 

MN neuroprotection. However, we can hypothesize several neuroprotective mechanisms 

for GRT­X. In previous studies performed in our lab, GRT­X reduced ROS/RNS levels in 

primary MN spinal cord cultures exposed to astrocyte­conditioned medium generated from 

ALS patient astrocytes derived from induced pluripotent stem cells carrying 

disease­causing mutations of SOD1 or TDP­43 (see Chapter II). In line with these results, 

other TSPO agonists have been shown to reduce oxidative stress (Biswas et al., 2018; 

Jayakumar et al., 2002). Therefore, GRT­X, as a TSPO agonist, could be acting similarly in 

SOD1G93A mice, decreasing oxidative stress levels, and contributing to the survival of MNs. 

Additionally, TSPO was identified as an essential element in neurosteroidogenesis (Mukhin 

et al., 1989) where it is involved in the entrance of cholesterol in the mitochondria. Different 

TSPO agonists have also been found to increase neurosteroid production (Mukhin et al., 

1989; Bader et al., 2019). In fact, a study using 10 mg/kg of GRT­X compound in a model of 

injury of the cervical spinal nerves demonstrated enhanced brain levels of pregnenolone, 

3α,5α­tetrahydroprogesterone, 3α,5α­tetrahydrodeoxycorticosterone and their precursors 

5α­dihydroprogesterone and 5α­deoxycorticosterone (Bloms­Funke et al., 2022a). 

Neurosteroids have a neuroprotective role for CNS and PNS injuries, ischemia, or 

neurodegenerative diseases (Borowicz et al., 2011). Therefore, stimulation of the 

neurosteroidogenesis pathway might be a mechanism contributing to MN survival. 

Additionally, dysregulations in hormone receptors, steroids and steroidogenic enzymes in 

the spinal cord of SOD1G93A mice have already been demonstrated (McLeod et al., 2020), 

suggesting this cellular pathway as a novel approach to treat ALS.  
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The activation of the Kv7.2/3 channel by GRT­X may also contribute to MN 

preservation, considering that it tends to hyperpolarize the resting membrane potential, 

regulating neuronal firing and reducing hyperexcitability. Previous studies have shown that 

the activation of Kv7.2/3 by Retigabine, decreases cortical and spinal neurons excitability 

(Wainger et al 2021). Thereby, we may expect that GRT­X works similarly diminishing 

excitability as a neuroprotective mechanism of GRT­X.  Nevertheless, it was proved that 

GRT­X has a greater ability and effectiveness in activating neuronal Kv7.2/3 channels 

compared to Ezogabine (Bloms–Funke et al., 2022a), encouraging GRT­X as a possible 

treatment for ALS.  

Therefore, the neuroprotective effects of GRT­X in SOD1G93A ALS mice may be 

attributed to the combined activation of Kv7.2/3 potassium channels and the mitochondrial 

protein TSPO, which may lead to a reduction of hyperexcitability, oxidative stress and 

modulation of mitophagy. Thus, our study agrees with previous studies highlighting 

combinational therapies as promising treatments for ALS. These combination therapies use 

two different drugs for example Masinitib and Riluzole. Masinitib, a highly selective 

tyrosine kinase inhibition, was added to the Riluzole treatment in a phase II clinical trial, 

resulting in an elongation of survival of about two years compared to Riluzole plus placebo 

group (Mora et al., 2020); this treatment resulted in hyperexcitability reduction and 

microglia activation. Likewise, AMX0035 (or sodium phenylbutyrate (PB) and taurursodiol 

(TURSO). PB, a histone deacetylase and TURSO, a hydrophilic bile acid, slowed ALS 

progression and prolonged long­term survival by 6.5 months longer (Paganoni et al., 2021). 

Currently, both combinations are used in an international multicenter Phase III study 

(ClinicalTrials.gov; Masinitib: NCT03127267 and AMX0035: NCT05021536). Considering 

the current lack of knowledge regarding the exact mechanism underlying MN degeneration 

in ALS, combinatory therapies, such as represented by GRT­X administration, may 

represent a promising option for ALS therapy in the future. 
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SUPPLEMENTARY FIGURES 

 

 

  

Supplementary Figure 1 | Treatment with GRT­X does not generate toxicity in male WT mice 
(A) Body weight (in percentage) was monitored weekly throughout the experiment, from 13 to 16 
weeks of age (B) Graph showing motor coordination outcome assessed by the rotarod test at the 
beginning and end of the study (C) Plot showing the effect of GRT­X on locomotion performance 
at the end of the study by distance ran in the treadmill (D) Representative images (40X) of brain, 
lung, liver, kidney and small and large bowel of all experimental conditions stained with eosin and 
hematoxylin. Data are mean ± SEM, analyzed by One­way (B, C) and Two­way (A) ANOVA 
followed with Bonferroni’s post hoc test. 
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Supplementary Figure 2 | Treatment with GRT­X enhances neuromuscular function in male 
SOD1G93A mice (A) Plot showing the concentration of GRT­X compound in the brain of SOD1G93A 
mice (B) Body weight (in percentage) was monitored weekly throughout the experiment, from 8 to 
16 weeks of age (C­D) Values of the amplitude of compound muscle action potentials (CMAP) of 
tibialis anterior (TA) and plantar interosseus muscles (E­F) Plot of the amplitudes of first (E) and 
second (F) component of the motor evoked potentials (MEP) of TA muscle. Data are mean ± SEM, 
analyzed by One­way (A, E, F) and Two­way (B, C, D) ANOVA followed with Bonferroni’s post 
hoc test: ****p < 0.0001; ***p<0.001; **p < 0.01 *p < 0.05 vs SOD1G93A ­vehicle condition. 
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Supplementary Figure 3 | Treatment with GRT­X improves coordination and motor activity 
in male SOD1G93A mice (A) Graph showing the effect of different doses of GRT­X treatment on 
functional outcome assessed by the rotarod test. (B) The probability of clinical disease onset was 
evaluated based on the decline in performance observed in the rotarod test. (C) Graph showing the 
effect of different doses on maximum speed assessed by the treadmill test (D) Graph of the 
percentage of occupied NMJ in the different experimental groups. (E) Representative confocal 
images of the TA NMJs at 16 weeks of age of all experimental groups shown as maximum projection. 
Scale bar 100 μm. Data are mean ± SEM. One­way (B-C) and Two­way (A) ANOVA followed with 
Bonferroni’s post hoc test: ****p < 0.0001; ***p < 0.001; **p < 0.01 *p < 0.05 vs SOD1G93A­vehicle 
condition. 
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Supplementary Figure 4 |GRT­X does not promote MN survival in the lumbar spinal cord in 
male SOD1G93A mice (A) Representative spinal cord images of MNs stained with cresyl violet. Scale 
bar 50 μm. (B) Quantification of surviving MNs (expressed as % of surviving MN vs. WT mice). Data 
are mean ± SEM. One­way ANOVA followed with Bonferroni’s post hoc test: ****p < 0.0001 vs 
SOD1G93A ­vehicle condition. 
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INTRODUCTION 

In this thesis, our primary focus has been to assess the simultaneous activation of 

the neuronal Kv7.2/3 channel and the mitochondrial protein TSPO using the novel 

compound GRT­X as a promising therapy for ALS. We have demonstrated the interest of 

such simultaneous activation of these two targets, both in in vitro and in vivo models of MN 

degeneration. Previous evidence has highlighted the individual potential of these targets. It 

was proved that activating the Kv7.2/3 channel using Retigabine could be an effective 

therapy for ALS (Wainger et al., 2014, 2021). Similarly, we have shown that Kv7.2/3 channel 

activation via another drug, ICA­27243, also holds promise as a potential therapy, as it 

preserves neuromuscular function and mitigates MN loss. Additionally, TSPO activation 

through Olesoxime exhibited improved neuromuscular function and MN preservation in 

SOD1G93A mice (Bordet et al., 2007; Sunyach et al., 2012), however, it failed to exhibit 

efficacy compared to the placebo group in clinical trials (Lenglet et al., 2014). Therefore, the 

hypothesis that activation of these two targets may be a good approach as an ALS therapy, 

since the two targets act through different, non–overlapping pathways appeared granted. 

After establishing the efficacy of activating both targets, in this last section we have 

assessed whether they exhibit synergistic potential. Furthermore, this study determines 

whether the GRT­X compound represents a more effective therapeutic option compared to 

the combination of two unimodal agonists. For this objective, we employed a combination 

of Olesoxime and ICA­27243, which have been demonstrated to be effective as an ALS 

therapy when administered solely. This combination was evaluated both in vitro, using 

SCOCs exposed to acute glutamate, and in vivo, using the SOD1G93A mice. 

MATERIALS AND METHODS 

The methodology employed in this work was the same as in the preceding chapters, 

for both in vitro and in vivo experimental models. 
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RESULTS 

Combination of ICA­27243 and Olesoxime synergistically preserves MN survival in 

SCOCs under excitotoxicity  

We first assessed the combined impact of Olesoxime and ICA­27243 on MN 

viability within glutamate­exposed SCOCs. Initially, we established the therapeutic 

window of Olesoxime since we already demonstrated the profile of ICA­27243 in the 

chapter 1. SCOCs, prepared as previously described, were subjected to excitotoxicity by 

exposing the slices to Locke’s Solution containing L–glutamic acid at a concentration of 50 

µM for 30 minutes at 15 DIV. Following, Olesoxime was administered at doses of 2.5 μM, 5 

μM, 10 μM, and 20 μM, all dissolved in dimethyl sulfoxide (DMSO). The cultures were 

maintained until the 20 DIV.  

Cultures were fixed and MN viability was analyzed through immunostaining to 

neurofilament H non­phosphorylated (SMI­32; 1:250, Cat. #801701, Biolegend). The 

number of MNs preserved, evaluated as SMI­32+ cells within the ventral horn of L4­L5 

slices, was significantly reduced by adding 50 µM glutamate (60 ± 2 % MN preserved) 

compared to control slices (100 ± 2 % MN preserved). Olesoxime treatment at 5 μM, 10 μM, 

and 20 μM showed a bell­shaped dose­response reduction in MN death (72 ± 5; 90 ± 5; 75 

± 5 % MN preserved, respectively). Dose of 2.5 was ineffective in preserving MN (53 ± 2 % 

MN preserved) (Fig. 1). 

Figure 1 | Olesoxime prevents MN death in SCOCs exposed to glutamate. (A) Representative 
confocal images of the ventral horn of spinal cord hemislices immunostained with SMI­32 at 20 
DIV of tested conditions. Scale bar 100 µm. (B) Bar graph showing the neuroprotective effect of 5 
µM, 10 µM and 20 µM of Olesoxime in SCOCs exposed to glutamate. Data are shown as mean ± 
SEM (n= 15­35 hemisections per treatment). One­way ANOVA followed by Bonferroni’s post hoc 
test:  ****p<0.0001; **p<0.01; *p < 0.05 versus Glutamate condition. 
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Once the therapeutic windows of Olesoxime and the ICA­27243 were established, 

we replicated the same protocol in the SCOCs, but in this case, the treatment consisted of 

the simultaneous administration of the same doses of both drugs: 2.5 μM, 5 μM, and 10 μM 

each. Once again, the addition of glutamate significantly reduced the number of MNs by 

38% (62 ± 2% MN preserved) compared to control slices (100 ± 3% MN preserved). 

Treatment with the combination of Olesoxime and ICA­27243 significantly preserved 

MNs, with doses of 2.5 and 5 proving effective (98 ± 3; 92 ± 3 % MN preserved). However, 

the 10 μM dose was inefficient (66 ± 3 % MN preserved) (Fig. 2A­B). Interestingly, in the in 

vitro setting, a clear synergistic effect is observed with the 2.5 μM and 5 μM doses; however, 

the 10 μM dose, which exhibited efficacy individually, did not yield the same results when 

both drugs were added (Fig. 2C, Fig. 3).  

 

 

 

 

 

 

Figure 2 | The combination of ICA­27243 and Olesoxime synergistically preserves MN 
survival in SCOCs exposed to glutamate.  (A) Representative confocal images of the ventral horn 
of spinal cord hemislices immunostained with SMI­32 at 20 DIV of tested conditions. Scale bar 100 
µm. (B) Bar graph showing the neuroprotective effect of 2.5 µM and 5 µM of each compound in 
SCOCs exposed to glutamate. Data are shown as mean ± SEM (n= 20­31 hemisections per 
treatment). One­way ANOVA followed by Bonferroni’s post hoc test:  ****p<0.0001 versus 
Glutamate condition. 
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As a summary of the results obtained in the SCOC model, Figure 3 shows the 

synergistic neuroprotection effect of the tested compounds used at all the conditions. 

 

 

 

Combination of ICA–27243 and Olesoxime treatment preserves neuromuscular 

function and slows disease progression in the SOD1G93A mice 

In this experiment, female SOD1G93A mice were distributed in SOD1G93A + vehicle 

(n=5) and SOD1G93A + Olesoxime 3mg/kg and ICA­27243 10 mg/kg, plus a group of WT 

untreated mice (n=7). The doses and the route of administration were chosen based on 

previous studies using Olesoxime in which this dose was proven to be neuroprotective in 

SOD1G93A mice (Bordet et al., 2007). The effective dose and route of administration of 

ICA­27243 were demonstrated in chapter I. Mice were treated daily intraperitoneally from 

Figure 3 | The combination of ICA­27243 and Olesoxime treatment synergistically enhances 
MN survival in glutamate­exposed SCOCs. (A) Bar graph showing the synergistic 
neuroprotection effect of 2.5 µM and 5 µM of each compound, compared to their individual effect 
in SCOCs exposed to glutamate. 
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the 8th to the 16th week of age at 10 mg/kg/day. Olesoxime and ICA­27243 were dissolved 

in 5% dimethyl sulfoxide (DMSO) + 95% hydroxypropyl methylcellulose 0.5% (HPMC) 

(Cat. #H9262, Sigma), adding 2% Tween 80 (Cat. #1754, Sigma).   

 

 

 

 

 

 

Figure 4 | ICA­27243 and Olesoxime treatment enhances neuromuscular function in SOD1G93A 
mice. (A) Plot showing body weight (expressed as percentage of baseline) throughout the 
experiment. (B­C) Plots of the CMAP amplitude of plantar interossei (Plantar) and tibialis anterior 
(TA) muscles along follow­up. (D) Plot displaying the initial latency of the CMAP of the Plantar 
muscle during the follow­up period. (E) Plot of the duration of the Plantar CMAP during follow-
up. (F) Plots showing the amplitude of both the first and second components of the MEP recorded 
in the TA muscle at 16 weeks.  Data are mean ± SEM, analyzed by One­way (F) and Two­way (A-
E) ANOVA followed by Bonferroni’s post hoc test. ****p < 0.0001; **p < 0.01; *p < 0.05 vs SOD1G93A 

vehicle group. Animals per group: WT, n=7; SOD1G93A vehicle, n=5; SOD1G93A + ICA­27243 + 
Olesoxime, n= 6. 
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Weekly weight analyses revealed continuous weight gain for all three groups until 

week 14. Subsequently, WT mice exhibited ongoing weight gain, whereas both SOD1G93A 

mice groups, treated and untreated, remained stable without important weight variations 

(Fig. 4A).  

 Electrophysiological tests were conducted at weeks 8, 12, 14, and 16. The results 

demonstrated that the combination of Olesoxime and ICA­27243 effectively maintained the 

amplitude of the CMAP in the TA muscle of treated SOD1G93A mice at 14 and 16 weeks of 

age (Fig. 4C). However, its impact on preserving the CMAP decline in the PL muscle was 

limited (Fig. 4B), compared to vehicle SOD1G93A mice. Differences were noted in the initial 

latency of the M wave of the PL muscle at the end of the study in the SOD1G93A mice 

compared to WT groups, being the first slightly delayed (Fig. 4D). However, no differences 

were observed between groups in the M wave duration (Fig. 4E). Regarding the MEPs of 

the TA muscles, treated SOD1G93A mice showed significantly higher amplitude in the first 

component and a tendency in the second component compared to vehicle SOD1G93A mice 

(Fig. 4F). 

In the rotarod test, in which we measured the maximum time mice could maintain 

on the rotating rod at a consistent speed of 14 rpm, with a 180–second cut–off time, 

SOD1G93A group treated with Olesoxime and ICA­27243 exhibited enhanced performance 

compared to the SOD1G93A vehicle group (Fig. 5A). This improvement translated into a one–

week delay in motor impairment, as motor deficits were evident in the untreated SOD1G93A 

group from week 14 onward, whereas in the treated group, they manifested from week 15 

(Fig. 5B). Furthermore, at week 16, the treadmill test was conducted. This trial revealed 

improved performance of mice treated with Olesoxime and ICA­27243 in comparison to 

the vehicle–treated SOD1 group (Fig. 5C). The findings from both electrophysiology and 

motor tests were further supported by the analysis of neuromuscular junctions (NMJ) at 16 

weeks. The treatment significantly increased the percentage of occupied endplates in the 

SOD1G93A mice compared to untreated SOD1 mice (Fig. 5D­E). 
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Figure 5 | The combination of ICA­27243 and Olesoxime maintains motor activity in SOD1G93A 
mice. (A) Graph showing the influence of ICA­27243 and Olesoxime treatment on motor function, 
assessed by the rotarod test. (B) Clinical disease onset determined as the initial day when a decline 
in rotator test performance was observed. (C) Graph showing the effect of ICA­27243 and 
Olesoxime on locomotion measured as the maximum speed achieved on the treadmill test. (D) Plot 
graph showing histological analyses of NMJ of the TA muscle represented as the proportion of 
occupied endplates at 16 weeks of age. (E) Representative confocal images of NMJ in the TA muscle 
of WT, SOD1G93A mice with or without ICA­27243 and Olesoxime treatment at 16 weeks of age. 
Scale bar: 50 µm. Data are mean ± SEM. One­way (C-D) and Two­way (A) ANOVA followed by 
Bonferroni’s post hoc test: ****p < 0.0001; *p < 0.05 vs SOD1G93A vehicle group.  
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Combination of ICA­27243 and Olesoxime preserves MN survival and attenuates glial 

activation in the lumbar spinal cord of SOD1G93A mice 

At 16 weeks mice were euthanized and transcardially perfused with 4% PFA in PBS. 

The lumbar segment of the spinal cord was harvested and L4­L5 was serially and 

transversally cut into 20 um sections. The evaluation of MN survival in slices stained with 

Cresyl violet, showed that at 16 weeks of age, SOD1G93A vehicle mice had a 67% decline in 

MN number (7 ± 1 MNs) compared to WT mice (22 ± 0.3 MNs). Notably, SOD1G93A mice 

treated with ICA­27243 and Olesoxime had significantly less spinal MN death (11 ± 1 MNs) 

compared to untreated SOD1G93A mice (Fig. 6). 

 

To assess astroglial and microglial reactivity, lumbar sections were incubated with 

primary antibodies against GFAP and Iba­1. The treatment with Olesoxime and ICA­27243 

mitigated both microglial and astroglial reactivity, although without reaching statistical 

significance in comparison to SOD1G93A mice (Fig. 7). 

 

 

Figure 6 | Neuroprotective effects of ICA­27243 and Olesoxime treatment on MNs in SOD1G93A 
mice at 16 weeks. (A) Representative images of the ventral horn of L4­L5 spinal cord stained with 
Cresyl violet of WT, SOD1G93A vehicle and SOD1G93A with the ICA­27243 and Olesoxime treatment 
at 16 weeks of age. Scale bar 100 µm. (B) Bar graph showing a higher number of MNs preserved per 
section of the spinal cord in the SOD1G93A mice treated with the combination of 10 mg/kg of 
ICA­27243 plus 3 mg/kg of Olesoxime, in comparison to vehicle SOD1G93A mice. Data are mean ± 
SEM. One­way ANOVA followed by Bonferroni’s post hoc test: ****p < 0.0001; ***p < 0.001 vs 
SOD1G93A vehicle group.  
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DISCUSSION  

The discussion of the data described in this chapter is integrated into the global 

discussion of the thesis. 

Figure 7 | Administration of ICA­27243 mitigates both astroglial and microglial reactivity in 
SOD1G93A mice at 16 weeks. Bar graphs showing astroglial (A) and microglial (B) reactivity 
represented as integrated density within the ventral horn of the lumbar spinal cord. (C) 
Representative images of glia immunoreactivity assessed by GFAP and Iba­1 labeling in the ventral 
horn of L4­L5 spinal cord slices of WT, SOD1G93A vehicle and SOD1G93A with the combination of 
ICA­27243 and Olesoxime treatment at 16 weeks of age. Scale bar: 50 µm. Data are mean ± SEM. 
One­way (A­B) ANOVA followed by Bonferroni’s post hoc test: ***p < 0.001 vs SOD1G93A  vehicle 
group. 
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Despite ALS being one of the most prevalent neurodegenerative diseases, its exact origin 

remains unknown and a cure has yet to be discovered. However, extensive research has 

revealed several underlying pathophysiological mechanisms contributing to MN 

degeneration throughout the progression of the disease. Currently, it is considered that this 

degenerative process results from a combination of multiple pathogenic mechanisms, which 

ultimately lead to a disruption of the broader neural network. Despite this understanding, 

most proved treatments primarily focus on targeting one of the involved pathways, resulting 

in low effectiveness in improving ALS. Therefore, novel and combinatorial therapeutic 

strategies are currently being pursued. Here, we have focused on studying the responses to 

complementary activation of the translocator protein TSPO and the voltage–gated 

potassium channel Kv7.2/3 as a promising approach to alleviate ALS symptoms. Both are 

potential targets for ALS based on their localization and function. 

Potassium channel Kv7.2/3 is expressed exclusively in the nervous system (Jentsch, 

2000), specifically this heteromeric form is located in the initial segment of the axon and 

the nodes of Ranvier (Devaux et al., 2004; Liu & Devaux, 2014), thereby offering the 

potential to control neuronal excitability through its regulation. Additionally, these 

channels underlie the M­current, which is a potent hyperpolarizing current. Therefore, 

their activation would allow for the control of neuronal hyperexcitability observed in ALS 

patients and experimental models (Bae et al., 2013). Retigabine, a Kv7.2/3 activator, reduces 

hyperexcitability and increases survival in a dose­dependent manner in iPSC–MNs 

(Wainger et al., 2014). In ALS patients, retigabine also decreased hyperexcitability 

(Wainger et al., 2021), although currently, no studies have been published regarding patient 

survival. Interestingly, there are no studies in MND models using ICA­27243, another 

activator of Kv7.2/3, which exhibits higher specificity for these channels and has a lower 

EC50 of 0.38 µM compared to 1.6 µM for Retigabine.  

Glial translocator protein TSPO has been widely associated with the stimulation of 

neurosteroidogenesis, leading to an increase in the production of neurosteroids that have 

been described as neuroprotectants (Borowicz et al., 2011). In fact, subcutaneous 

administration of progesterone was observed to provide neuroprotection in the Wobbler 

mice (Gonzalez–Deniselle et al., 2002) by reducing MN vacuolation, decreasing ROS levels, 

restoring mitochondrial respiratory chain activity, diminishing astrogliosis and microgliosis 

and increasing mouse survival. Furthermore, administration of allopregnanolone, 

metabolized from progesterone, decreased oxidative stress and glial reactivity (De Nicola et 
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al., 2022). Additionally, allopregnanolone is a positive modulator of GABAA receptors that 

hyperpolarizes or prolongs the channel opening time, resulting in increased intracellular 

Cl­, which could contribute to the neuroprotective effect (Liang & Rasmusson, 2018). An 

anti­glutamatergic effect of allopregnanolone exerted upon NMDA receptors may also 

contribute to neuroprotection (De Nicola et al., 2022). TSPO has also been associated with 

other functions, such as neuroinflammation, where upregulation of its expression has been 

observed in pathological conditions like ALS (Chen et al., 2008). It plays a role in 

mitochondrial bioenergetics, where its activation is generally linked to increased 

mitochondrial activity (Yao et al., 2020; Banati et al., 2014). Furthermore, TSPO ligands 

contribute to ROS generation in neurons, astrocytes and microglia (Jayakumar et al., 2002). 

Therefore, modulating TSPO would affect a range of physiological mechanisms that have 

been identified as contributors to MN degeneration. PK11195 y Ro5­4864, an antagonist and 

an agonist of TSPO, respectively, are the most commonly used ligands for TSPO research. 

However, these have not been used to treat ALS models. Instead, Olesoxime, an agonist of 

TSPO, has been investigated and shown to have neuroprotective effects in iPSC­derived 

MN cultures (Yang et al., 2013) and in the SOD1G93A mouse model (Bordet et al., 2007; 

Sunyach et al., 2012), although these results have not translated into successful treatments 

for ALS patients (Lenglet et al., 2014). 

Therefore, in this thesis, we have assessed the activation of these two targets in 

combination, as a more efficient therapy for ALS. First, to screen the therapeutic potential 

of these compounds, we used the in vitro SCOCs. These cultures are suitable to study MN 

degeneration due to their ability to maintain the anatomical organization and cellular 

stoichiometry of the spinal cord. In our study, we employed the well–established model of 

acute excitotoxicity induced by glutamate exposure to investigate the effects of ICA­27243, 

Olesoxime, the combination of ICA­27243 and Olesoxime, and GRT­X on MN survival in 

SCOCs.  

We consistently observed that glutamate exposure resulted in severe MN death in 

the SCOCs, as previously described by Guzmán­Lenis et al., 2009. Our results 

demonstrated that specific doses of all the tested compounds prevented MN death, thereby, 

highlighting their potential as therapeutics for ALS. Studies revealed a bell–shaped dose–

response of ICA­27243 and Olesoxime, while this effect is not found in GRT­X nor in the 

combination of both ICA­27243 and Olesoxime. Furthermore, we observed a synergistic 

effect of TSPO and Kv7.2/3, as the simultaneous activation of both targets by their respective 
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unimodal agonists preserved the highest percentage of MNs. Surprisingly, the compound 

GRT­X, which acts on both targets simultaneously, did not preserve as many MNs as the 

combination of ICA­27243 and Olesoxime. Additionally, we must consider the difference 

in dosage between the two cases, as the dosage of GRT­X is five times higher than the 

combination of both compounds. A possible explanation for this difference could be the 

drug half–life or its affinity for different targets. However, it has been described that GRT­X 

exhibits a higher affinity for TSPO than Olesoxime and a higher affinity than ICA­27243 for 

Kv7.2/3 (Bloms–Funke et al., 2022a; Bloms–Funke et al., 2022b). Nonetheless, it is 

important to note that all tested compounds protected MNs against excitotoxicity, 

highlighting TSPO and Kv7.2/3 as potential targets for ALS. 

By exposing the culture to glutamate, we are mimicking one of the pathological 

mechanisms associated with ALS, glutamate excitotoxicity. This leads to a massive influx 

of Ca2+, resulting in oxidative stress, mitochondrial dysfunction and activation of apoptosis, 

among other effects. When considering the mechanisms that may protect MNs, it is crucial 

to focus on specific targets. In the case of Kv7.2/3, its activation, by compounds such as 

ICA­27243 or GRT­X, generates a robust outward K+ current. Activation of this channel 

with ICA­27243 effectively prevents seizure activity in hippocampal slices, possibly due to 

ICA­27243 ability to shift the voltage–dependence of Kv7.2/3 activation to a hyperpolarized 

potential and generate the M–current (Wickenden et al., 2008). Traslating these findings 

to our spinal cord model, we can hypothesize that administering ICA­27243 or GRT­X 

induces a change in the polarization state of Kv7.2/3 channels, leading to an outward flow 

of K+, regulating neuronal excitability and consequently reducing MN degeneration. This 

hypothesis is supported by observations that increasing Kv7 channel activity effectively 

decreases the excitability of spinal MNs in SCOCs derived from mouse pups (Lombardo et 

al., 2018). Furthermore, it has been described that Cl– influx exacerbates the excitotoxic 

effect of glutamate, impacting neuronal viability (Van Damme et al., 2003). As a result, 

therapies blocking inward K+ channels or compounds that promote K+ efflux, such as 

ligands of the KCC2 transporter, have been suggested.  

Regarding TSPO, it is more challenging to determine the mechanisms that could be 

protecting MNs. On one hand, it could involve a neuroprotective effect generated by the 

stimulation of neurosteroidogenesis. Other TSPO agonists, such as Ro5­4864, XBD173 and 

SSR180575, have been shown to increase pregnenolone levels (Hallé et al., 2017), which also 

have been shown to be neuroprotective in ALS models (De Nicola et al., 2022; Gonzalez 
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Deniselle et al., 2002). Although this effect has not been demonstrated with Olesoxime, it 

has been observed that GRT­X stimulates steroidogenesis (Bloms–Funke et al., 2022a). On 

the other hand, it could be related to the maintenance of mitochondrial homeostasis, since 

knocking out TSPO decreases mitochondrial membrane potential (Bader et al., 2019), and 

the agonist Ro5­4864 has been found to increase mitochondrial membrane potential 

(Rosenberg et al., 2018). Additionally, this hypothesis is supported by the fact that 

Olesoxime seems to affect the mitochondrial permeability transition pore (Martin, 2010). 

Therefore, both GRT­X and the combination of ICA­27243 and Olesoxime were 

expected to protect MNs due to a summatory or synergistic effect of these neuroprotective 

actions. 

ALS is a multifactorial pathology in which, among multiple mechanisms involved, 

non–neuronal cells seem to contribute to MN degeneration (Hardiman et al., 2017; Mancuso 

& Navarro et al., 2015). Here, we tested astrocyte­conditioned medium (ACM) derived 

from primary mouse ALS astrocytes expressing mutant human SOD1 (SOD1G93A­ACM) or 

from ALS patient astrocytes generated from induced pluripotent stem cells carrying 

disease–causing mutations of SOD1 (SOD1D90A­ACM) or TDP43 (TDP43A90V­ACM) in 

order to generate an ALS–like environment.  For this purpose, we have used two different 

primary cultures, VSCNs and SCOCs, both exposed to the three ACMs. This is a relatively 

novel approach that improves the relevance and translational application of in vitro MN 

degeneration models (Arredondo et al., 2022), 

In the case of VSCNs, we observed that different mtACMs cause between 40% and 

50% MN death, whereas in SCOCs it is around 30% to 40%. The difference in the 

percentages of neuronal death is due to variations in the cultures themselves, with SCOCs 

requiring a higher dose of ACM to generate the same percentage of neuronal death. 

Nonetheless, our results show similar outcomes to previous studies using ACMs 

(Arredondo et al., 2022). More importantly, we found that GRT­X preserves MNs in both 

VSCNs and SCOCs cultures exposed to SOD1G93A­ACM, SOD1D90A­ACM and 

TDP43A90V­ACM. The main difference between the two types of cultures is that ACMWT 

does not generate MN degeneration in VSCNs, whereas it has a detrimental effect in 

SCOCs. We hypothesize that the presence of glial cells in the SCOCs may be responsible 

for this effect. Thus, astrocytes present in the slice cultures may be activated by products in 

the ACM derived from unmutated cell cultures, leading to a deleterious effect. Moreover, 

this detrimental effect could also be attributed to microglia, since there is a crosstalk 
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between astrocytes and microglia polarization (Kim & Son, 2021). In fact, in a primary 

microglia culture, the addition of ACM leads to glial branching due to astrocyte­derived 

TGF–β (Zhang et al., 2020).  

Moreover, in VSCNs, we demonstrated a significant increase in neuronal ROS levels 

upon application of SOD1G93A­ACM, SOD1D90A­ACM and TDP43A90V­ACM, consistent 

with other studies (Rojas et al., 2014; Fritz et al., 2013; Arredondo et al., 2022). Application 

of GRT­X at different doses markedly reduced ROS levels induced by SOD1D90A­ACM and 

TDP43A90V–ACM. This is in line with previous research, where TSPO agonists Etifoxine 

and XBD­173 reduced ROS production and enhanced antioxidant capacity in endothelial 

cells (Biswas et al., 2018) and the application of the antagonist PK11195 increased ROS levels 

in rat cortical neuron cultures (Jayakumar et al., 2002). In contrast, in cardiomyocyte 

cultures, the application of both the agonist TRO40303 and the antagonist 

4’­chlorodiazepam resulted in a significant reduction in ROS production (de Tassigny et 

al., 2013). Therefore, the effect of TSPO ligands on ROS production may vary depending on 

the cell type and culture conditions. Nonetheless, GRT­X effectively reduces oxidative 

stress in VSCNs, which is another mechanism contributing to the survival of MNs. 

In the following in vivo studies, we analyzed the therapeutic potential of ICA­27243, 

GRT­X and the combination of ICA­27243 and Olesoxime in the animal model most used 

in ALS research, the SOD1G93A mice. In the case of GRT­X, as it is a new­generation 

compound, we first conducted a toxicity study, including the major organs that could be 

affected, such as the liver and kidneys. After this study, we concluded that GRT­X did not 

induce toxicity in the B6SJL mice. Furthermore, it was essential to verify that the drug could 

cross the blood­brain barrier and reach the CNS in the WT as wells as in the SOD1G93A mice, 

which exhibit a breakdown of this barrier (Garbuzova–Davis & Sanberg, 2014). We 

observed that both tested doses, 30 mg/Kg and 50 mg/Kg, reached the brain. Additionally, 

we noticed that higher doses administered resulted in higher GRT­X concentrations in the 

brain. However, it is important to mention the difference in GRT­X concentration between 

males and females, with a significantly higher concentration in males. Several studies have 

reported sex­related differences in the pharmacokinetics of CNS drugs. The results 

regarding sex­related differences in drug concentrations are not consistent across all drugs; 

however, in some cases, concentrations are higher in one of the two sexes. It is hypothesized 

that the variation between males and females may be due to female hormonal status, such 

as the estrous cycle (Romanescu et al., 2022).  



Discussion 

164 
 

We tested the daily administration of ICA­27243 (10 mg/Kg), GRT–X (30mg/Kg 

and 50 mg/Kg) and the combination of ICA­27243 (10 mg/kg) and Olesoxime (3 mg/Kg) 

from 8 to 16 weeks of age in the female SOD1G93A mouse. In fact, we described for the first 

time that the daily administration of all these compounds had a neuroprotective effect in 

the female SOD1G93A mice, preserving the neuromuscular function of the hindlimbs assessed 

by electrophysiology and locomotion tests and preventing MN degeneration in the lumbar 

spinal cord.  

Electrophysiology is a useful technique for assessing the MN function both cortical 

and spinal. We have analyzed the CMAP and MEP, to evaluate lower MN function and the 

motor central pathways in the CNS, respectively (Mancuso et al., 2011). Focusing on the 

CMAP of the TA muscle, animals treated with GRT­X (50 mg/kg) and ICA­27243 

maintained a 20% and 25% higher amplitude in this muscle compared to their respective 

SOD1G93A vehicles, respectively. However, neither GRT­X (30 mg/kg) nor the combination 

of ICA­27243 with Olesoxime are significantly different from than SOD1G93A vehicle group, 

even though they showed a 10% and 19% improvement in motor function compared to their 

SOD1G93A vehicles.  Both GRT­X (50 mg/kg) and ICA­27243 treatments resulted in higher 

CMAP amplitude compared to vehicle­treated SOD1G93A mice, in contrast to Riluzole 

treatment, which showed no differences in CMAP amplitude compared to vehicle SOD1G93A 

mice (Li et al., 2013). Therefore, these treatments are effective in preserving the function of 

lower MNs in SOD1G93A mice. Regarding the effects of the treatments on MEPs, our findings 

revealed that both GRT–X (50 mg/kg) and ICA­27243 treatments, but also the combination 

of ICA­27243 and Olesoxime, exhibited significant improvement from their respective 

SOD1G93A vehicle groups. However, GRT–X (30 mg/kg) did not show any noticeable effects. 

Therefore, these treatments also improve the functional status of upper MNs in female 

SOD1G93A mice. The preservation of both upper and lower MNs due to the treatment may 

be related to a decrease in hyperexcitability, since in ALS patients the activation of Kv7.2/3 

by Retigabine decreased both cortical and spinal MN excitability (Wainger et al., 2021).  

Regarding the preservation of the motor function, the positive effects were also 

evident in the different locomotion tests performed, rotarod and treadmill tests. Similar to 

electrophysiology results, mice treated with the dose of 30 mg/Kg of GRT­X did not show 

significantly better outcomes in these tests performed in comparison to the vehicle group. 

Indeed, they exhibit a similar profile to the vehicle group, with an important decline at 15 

weeks in the rotarod test. In contrast, mice treated with ICA­27243, GRT­X (50 mg/Kg) 
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and the combination of ICA­27243 and Olesoxime show significantly better outcomes 

compared to vehicles, with ICA­27243 standing out in rotarod test and GRT­X in the 

treadmill test. Importantly, it was found that Riluzole does not improve motor function in 

the SOD1G93A mice analyzed by rotarod (Hogg et al., 2018).   

Therefore, we can conclude that ICA­27243, GRT­X (50 mg/Kg) and the 

combination of ICA­27243 and Olesoxime are effective in preserving motor function in the 

ALS mice. 

We have demonstrated that these three treatments also prevent MN degeneration 

in the lumbar spinal cord of female SOD1G93A mice, while the dose of 30 mg/kg of GRT­X 

was inefficient. In line with the observations in the in vitro cultures regarding MN 

preservation, both ICA–27243 and 50 mg/kg of GRT–X demonstrate a similar ability to 

promote MN survival and prove to be the most effective ones in these studies. Surprisingly, 

the in vivo results with the combination of ICA­27243 and Olesoxime were less potent that 

the in vitro results found in SCOCs. Despite the previously demonstrated neuroprotective 

effect of Olesoxime at 3 mg/kg in the SOD1G93A mice (Bordet et al., 2007; Sunyach et al., 

2012), we lacked a SOD1G93A mice group treated with Olesoxime to further confirm its 

effects. One option is that the individual doses that show efficacy may not have the same 

effect when administered combined, similar to what we observed with the 10 µm doses in 

vitro. Another explanation is that there might be a threshold of improvement in the 

SOD1G93A mice that we are unable to surpass. Notably, differences between the SOD1G93A 

and WT mice can be observed as early as 8 weeks (Mancuso et al., 2011), which is when we 

initiated the treatment. Due to the rapid neuronal degeneration of the model, it seems that 

as effective as the treatments may be, they might not be potent enough to fully halt the loss 

of MNs, initiated weeks earlier, which could potentially explain the observed threshold of 

improvement of around 50%­60%, as we found with our treatment and also observed in 

other studies in our laboratory (Mancuso et al., 2012a; Gaja–Capdevila et al., 2021). 

Unfortunately, the results in male mice were not as promising as in female mice. 

Similar to females, the dose of 30 mg/kg of GRT­X did not preserve either motor function 

or the number of MNs in the spinal cord. In contrast, the dose of 50 mg/kg did slightly 

preserve motor function as demonstrated by both electrophysiology and locomotion tests. 

However, we did not observe a corresponding improvement at the histological level in the 

number of preserved MNs in the spinal cord. One possible explanation could be that, as the 
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disease progresses more rapidly in the male SOD1G93A mice (Mancuso et al., 2012b), the 

treatment starting at 8 weeks may be less effective for males, and it is possible that a higher 

dose might be necessary. 

Additionally, further evaluation of signaling pathways is necessary to determine the 

neuroprotective mechanisms of each drug. For example, the activation of Kv7.2/3 has been 

linked to a reduction in ROS production (Ghezzi et al., 2018) and downregulation of ER 

stress (Wainger et al., 2014). On the other hand, investigating the relationship between 

TSPO and neuroinflammation would be an intriguing avenue, especially considering its 

implication in ALS. Given TSPO’s localization, we could explore several aspects related to 

mitochondria, such as potential changes in metabolism (Fu et al., 2020), alterations in 

oxygen consumption (Yao et al., 2020) or even the morphology of the mitochondria itself. 

TSPO was also linked to steroidogenesis; in fact, GRT­X treatment has been associated 

with an increase in neurosteroid production (Bloms–Funke et al., 2022a; Bloms–Funke et 

al., 2022b). Additionally, other TSPO agonists such as Ro5­4864 (Mukhin et al., 1989), 

DAA1097 and DAA1106 (Okuyama et al., 1999), as well as XBD173 (Bader et al., 2019) have 

also been demonstrated to stimulate mitochondrial neurosteroid synthesis. Therefore, at the 

molecular level, there remain further studies to be conducted that would shed light on how 

the different drugs tested in this thesis generate neuroprotection in the different models 

examined. 

Further evaluation of the survival of SOD1G93A mice treated with ICA­27243 and the 

combination of ICA­27243 and Olesoxime would be necessary. Survival of SOD1G93A mice 

treated with GRT–X (50 mg/kg) was analyzed at our collaborators' laboratory at the 

University of Massachusets (data not shown). Unfortunately, no differences were observed 

between the GRT–X and the vehicle treated SOD1G93A mice. This is not surprising, since 

there are other drugs that delay disease onset but do not have an impact on mice survival 

(Wintz et al., 2023).  

Overall, the results presented in this thesis provide evidence that TSPO and Kv7.2/3 

are potentially valid targets for ALS. We have demonstrated that the activation of these 

targets, either individually or in combination, improved motor function and maintained the 

number of surviving MN in the SOD1G93A mice at the symptomatic stage of the disease. 

These findings suggest that ICA­27243 and GRT­X hold potential as therapies for ALS.  
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Chapter I. ICA­27243 improves neuromuscular function and preserves motoneurons 

in the transgenic SOD1G93A mice  

• ICA­27243 dose­dependently prevents MN degeneration in SCOCs under 

excitotoxic conditions. 

• Administration of ICA­27243 (at 10 mg/kg) improves neuromuscular function 

decline in the SOD1G93A mice, preventing the decline in CMAP and MEP amplitude, 

and delaying the reduction of motor activity.  

• ICA­27243 promotes MN survival in the lumbar spinal cord and mitigates glial 

activation in the SOD1G93A mice. 

Chapter II. GRT­X prevents degeneration of MN exposed to mouse and human ALS 

astrocyte–conditioned medium 

• GRT­X shows a dose­dependently effect preventing MN degeneration in SCOCs 

under excitotoxic conditions.  

• ACM produced by primary astrocytes of mice expressing mutant human SOD1 

(SOD1G93A­ACM) and by astrocytes generated from induced pluripotent stem cells 

of ALS patients carrying mutations of SOD1 (SOD1D90A­ACM) or TDP43 

(TDP43A90V­ACM) triggers MN degeneration in VSCNs and in SCOCs.  

• GRT–X prevents MN death in both VSCNs and in SCOCs exposed to 

SOD1G93A­ACM, SOD1D90A­ACM and TDP43A90V­ACM. 

Chapter III. The compound GRT–X promotes neuroprotection in the SOD1G93A mice 

• Administration of GRT­X is safe and non–toxic for both male and female B6SJL­Tg 

[SOD1­G93A] ­1Gur mice, as well as for B6SJL wild type mice.  

• GRT­X crosses the blood­brain barrier, with higher GRT­X levels detected in male 

than in female mice.  

• GRT­X at 50 mg/kg, but not at lower doses, preserves neuromuscular function of 

both female and male SOD1G93A mice, and mitigates the decline in motor activity in 

female but not in male SOD1G93A mice. 

• GRT­X administration (50 mg/kg) enhances MN survival within the spinal cord of 

female SOD1G93A mice.   
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Chapter IV. Synergistic effect between TSPO and Kv7.2/3 activation 

• Combination of ICA­27243 and Olesoxime treatment synergistically increased MN 

survival in SCOCs under excitotoxicity, achieving this outcome at doses lower than 

individually effective doses.  

• Cotreatment with ICA­27243 (10 mg/kg) and Olesoxime (3 mg/kg) maintained 

neuromuscular function and motor activity in female SOD1G93A mice.  

• Combination of ICA­27243 and Olesoxime enhanced MN survival in the lumbar 

spinal cord and modulated glial activation in female SOD1G93A mice. 
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