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Abstract

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder of
human motor neurons, characterized by a concomitant dysfunction of upper
and lower motor neurons. The pathophysiological mechanisms underlying ALS
are complex, involving multiple sequential steps (2 to 6), and mediated by an
interaction between genetic, epigenetic, and environmental factors. Of relevance,
the unique combination of upper and lower motor neuron dysfunction led to a
dying forward hypothesis, which postulated that cortical hyperexcitability medi-
ated motor neuron degeneration via a transsynaptic glutamatergic excitotoxic
mechanism. Importantly, glutamate excitotoxicity has been consistently identified
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as a pathogenic mechanism in cell and transgenic animal models. Modulation of
this neuronal hyperexcitability was shown to be neuroprotective in cell models.
At a physiological level, cortical hyperexcitability has been identified as an early
and specific feature in ALS patients, associated with motor neuron degeneration,
clinical features, disease evolution, and adverse prognosis. Additionally, cellular
protein accumulation (TDP-43), increased oxidative stress, mitochondrial dys-
function, defective axonal transport, and abnormalities of nonneuronal supporting
cells further contribute to injury of critical target proteins and organelles within
motor neuron, thereby resulting in neurotoxicity and degeneration in ALS. In this
chapter, an updated overview of mechanisms contributing to neurotoxicity in
ALS is provided, and potential therapeutic implications are discussed.
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Abbreviations

ALS Amyotrophic lateral sclerosis
AMPA α-Amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid
EAAT-2 Excitatory amino acid transporter-2
LMN Lower motor neuron
NMDA N-methyl-D-aspartate
TMS Transcranial magnetic stimulation
SICI Short interval intracortical inhibition
SICF Short interval intracortical facilitation
SOD-1 Superoxide dismutase-1
TDP-43 TAR DNA binding protein-43
UMN Upper motor neuron

1 Introduction

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive and fatal neurodegener-
ative disorder of motor neurons and their connections, which is characterized by
dysfunction of upper and lower motor neuronal compartments (Geevasinga et al.,
2016; Kiernan et al., 2011). At a clinical level, the ALS phenotype is characterized by
concurrent upper (UMN)* and lower motor neuron (LMN) signs (Kiernan et al., 2011,
2021), with fasciculations, muscle wasting, and weakness indicating LMN dysfunc-
tion, while slowness of movement, increased tone, hyperreflexia, and patterning of
muscle weakness heralding UMN dysfunction. This unique combination of upper and
lower motor neuron abnormalities led to the dying forward hypothesis, postulating that
lower motor neuron degeneration was mediated by cortical hyperexcitability via a
transsynaptic glutamatergic excitotoxic mechanism (Eisen et al., 1992). In contrast,
primacy of lower motor neuronal dysfunction in ALS pathogenesis has been suggested
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(Boillee et al., 2006), as has the notion that upper and lower motor neurons degenerate
independently in a contiguous and random pattern (Ravits et al., 2007).

At a pathophysiological level, ALS appears to be a multifactorial process requir-
ing between 2 and 6 sequential steps, mediated by a complex interaction of genetic,
epigenetic, and environmental processes (Vucic et al., 2019, 2020). These complex
pathways, including oxidative stress, glutamate excitotoxicity, mitochondrial dys-
function, and defective axonal transport systems (Fig. 1), along with abnormalities
of nonneuronal supporting cells (astrocytes, microglia, and oligodendrocytes), may
cause injury of critical target proteins and organelles within the motor neuron,
thereby resulting in neurotoxicity and degeneration in ALS (Geevasinga et al.,
2016). In this chapter, an overview for the role of neurotoxicity in ALS pathogenesis
is provided, and potential therapeutic implications are discussed.

2 Cortical Hyperexcitability, Glutamate-Mediated
Neurotoxicity, and ALS Pathogenesis

Cortical hyperexcitability was fist implicated in ALS pathogenesis by Charcot, with
the identification of upper and lower motor neuron degeneration on pathological
studies (Kiernan et al., 2011). Over a 100 years later, Eisen and colleagues proposed
that cortical hyperexcitability mediated LMN degeneration via an anterograde
glutamatergic mechanism, the dying forward hypothesis (Fig. 2) (Eisen et al.,
1992). Loss of inhibitory and increased excitatory interneuronal activity within the
primary motor cortex [M1] (Nihei et al., 1993) appear to mediate the development of
cortical hyperexcitability in ALS. Profuse fasciculations, hyperreflexia, and spastic-
ity represent the clinical manifestations of cortical hyperexcitability (Eisen &Weber,
2001).

Threshold tracking transcranial magnetic stimulation (TMS) has consistently
identified cortical hyperexcitability as an important pathogenic feature of ALS,
mediated by cortical disinhibition and an increase in cortical facilitation (Geevasinga
et al., 2016). Reduction or absence of short interval intracortical inhibition (SICI), a
biomarker of cortical inhibitory interneurons acting via GABAA receptor circuit
function (Di Lazzaro et al., 2013), has been demonstrated to be an early and intrinsic
feature of sporadic ALS and correlating with peripheral neurodegeneration (Vucic &
Kiernan, 2006b). Cortical hyperexcitability was also reported to precede the devel-
opment of lower motor neuron dysfunction, as measured by sensitive measures of
LMN dysfunction such as needle electromyography (Menon et al., 2015b). Devel-
opment of specific clinical features of ALS, such as the split hand phenomenon
(Menon et al., 2014), and patterns of disease propagation (Menon et al., 2017) have
also been associated with cortical hyperexcitability. Although it has been argued that
cortical dysfunction may represent a compensatory mechanisms (Zanette et al.,
2002), the findings of normal cortical excitability in ALS-mimicking disorders
(Menon et al., 2015) and partial normalization of SICI with riluzole therapy (anti-
glutamatergic agent utilised in ALS) (Vucic et al., 2013) argue for the pathogenic
importance of cortical hyperexcitability ALS. This notion is further supported by
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Fig. 1 Multiple interacting pathophysiological mechanisms appear to underlie the development
of amyotrophic lateral sclerosis (ALS). Glutamate-mediated excitotoxicity is an important mech-
anism ALS progression seems to precede the clinical development of ALS. Dysfunction of the
excitatory amino acid transporter type 2 (EAAT2), located on astrocytes, in part induces the
development of glutamate excitotoxicity via excessive extracellular accumulation of glutamate.
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findings that a greater reduction of SICI is associated with adverse prognosis in
sporadic ALS (Shibuya et al., 2016).

Increased activity of cortical facilitatory circuits was also shown to be an impor-
tant contributing mechanism for cortical hyperexcitability development in conjunc-
tion with reduction of SICI. Short interval intracortical facilitation, a biomarker of
cortical excitatory circuit activity, was increased in sporadic ALS patients, and this
increase was accompanied by reduction of SICI (Van den Bos et al., 2018). Index of
excitation, a novel biomarker of cortical excitability, was increased in ALS
suggesting that overactivity of the excitatory circuits appeared to contribute prom-
inently to the development of hyperexcitability and was associated with greater
functional disability in ALS.

Cortical hyperexcitability has also been reported in familial ALS cohorts, includ-
ing phenotypes linked to mutations in the superoxide dismutase-1 (Vucic et al.,
2008), fused in sarcoma (Williams et al., 2013) and c9orf72 genes (Geevasinga et al.,
2015), and has been associated with peripheral neurodegeneration (Geevasinga
et al., 2015; Vucic & Kiernan, 2010). Asymptomatic gene mutation carriers
exhibited normal cortical function (Geevasinga et al., 2015; Vucic et al., 2008),
with cortical hyperexcitability preceding the clinical development of familial ALS
by ~4 months (Vucic et al., 2008). The findings from familial ALS cohorts have
supported the notion that ALS is a multistep process (Chio et al., 2018), with cortical
hyperexcitability potentially acting as an important pathogenic step.

3 Glutamate-Mediated Neurotoxicity

At a molecular level, cortical hyperexcitability appears to reflect glutamate
excitotoxicity (Armada-Moreira et al., 2020). Glutamate is the major excitatory
neurotransmitter in the central nervous system (Heath & Shaw, 2002), synthesized
from reductive deamination of alpha-ketoglutarate or from the action of amino

�

Fig. 1 (continued) In addition, activation of nonneuronal cells (astrocytes and microglia) in ALS
results in secretion of pro-inflammatory cytokines and other cytotoxic factors that ultimately results
in further neurotoxicity and degeneration. In conjunction with glutamate-mediated excitotoxicity,
other molecular processes induce neurotoxicity via multifactorial mechanisms. Within the neuron,
mutations in a host of ALS-related genes, including C9orf72, superoxide dismutase-1 (SOD-1),
TDP-43, and FUS, result in ALS via multiple mechanisms. Specifically, mutations in the SOD-1
gene result in toxic gain-of-function of the SOD-1 enzyme which affects a host of critical cellular
organelles, such as DNA/RNA metabolism. In addition, mitochondrial dysfunction is a feature of
ALS, linked to glutamate excitotoxicity and SOD-1 gene mutations, resulting in a reduced produc-
tion of ATP and calcium sequestering ability, as well as an increase in free radical formation. Of
further relevance, mitochondrial dysfunction may contribute to glutamate excitotoxicity. Ulti-
mately, these multiple pathogenic processes result in critical cell dysfunction and motor neuron
degeneration
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acids of aminotransferases (Heath & Shaw, 2002). Approximately 20% of the total
glutamate pool is stored in presynaptic nerve terminals, and during impulse
transmission, glutamate is released from presynaptic neurons through the effects
of depolarization, diffusing across the synaptic cleft to activate postsynaptic
receptors. The excitatory signal is terminated by reuptake of glutamate from the
synaptic cleft via specific transporters located on neurons and astrocytes, the main
being excitatory amino acid transporter-2 [EAAT-2] (Dong et al., 1999). Within
presynaptic astrocytes, glutamate is converted into glutamine by the enzyme

Fig. 2 The dying forward and dying back hypothesis of amyotrophic lateral sclerosis (ALS). The
“dying forward” hypothesis proposed that ALS was primarily a disorder of the corticomotoneurons
(highlighted in red), with anterior horn cell degeneration mediated via a transsynaptic anterograde
glutamate-mediated excitotoxic process. In contrast, the dying back hypothesis proposed that ALS
was primarily a disorder of the lower motor neurons with pathogens retrogradely transported from
the neuromuscular junction to the cell body where these pathogens may exert their deleterious
effects
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glutamine synthetase and recirculated to the neuron for resynthesis of glutamate
(Heath & Shaw, 2002).

While two broad classes of glutamate receptors have been identified,
ionotropic or metabotropic (Heath & Shaw, 2002), it’s the activation of the
inotropic receptors that appears to be pathogenic in ALS (Jaiswal, 2014), with
excessive influx of Na+ and Ca2+ ions (Heath & Shaw, 2002; Simeone et al.,
2004). Based on pharmacological studies, three different groups of ionotropic
receptors have been identified: (i) N-methyl-D-aspartate (NMDA), (ii) α-amino-
3-hydroxy-5-methyl-4-isoxazoleproprionic acid (AMPA), and (iii) kainite recep-
tors. N-methyl-D-aspartate* receptors are permeable to influx of Na+ and Ca2+

and efflux of K+ and mediate excitatory neurotransmission in complex physio-
logical processes such as memory (Simeone et al., 2004). Separately, AMPA
receptors mediate a rapid influx of monovalent ions (Na+, K+, and Cl�) but unlike
NMDA receptors are impermeable to Ca2+ ions (Heath & Shaw, 2002). Four
AMPA receptor subtypes have been cloned (GluR1-4), being composed of three
transmembrane domains (M1, M3, M4) and a fourth cytoplasmic hairpin loop
(M2), which contributes to the pore-lining region (Simeone et al., 2004). The
AMPA receptor exists as a pentameric structure, which is formed by the arrange-
ment of subunits to create receptor diversity (Heath & Shaw, 2002). The GluR2
subunit influences Ca2+ permeability, whereby AMPA receptors expressing
immature GluR2 subunits are more permeable to Ca2+ ions*. Following activa-
tion of these AMPA receptors, excessive influx of Ca2+ results in
neurodegeneration through activation of Ca2+-dependent pathways (Heath &
Shaw, 2002; Simeone et al., 2004).

In ALS, aberrant activation of NMDA and AMPA receptors leads to an
excessive influx of Na+ and Ca2+ ions resulting in neurodegeneration (Geevasinga
et al., 2016). Evidence for glutamate excitotoxicity has been extensively demon-
strated in molecular studies, with increased activity of NMDA receptors reported
in spinal interneurons of transgenic SOD-1 mice (Jiang et al., 2009), as well as
reduction in expression and function of EAAT2 transporter (Boillee et al., 2006).
Downregulation of EAAT2 transporter may be a preclinical phenomenon in ALS
(Gibb et al., 2007), with increased expression and activity of EAAT2 being
neuroprotective in animal models (Rothstein et al., 2005). Accumulation of
glutamate receptors has also been reported in ALS motor neurons and has been
attributed to autophagosome dysfunction (Shi et al., 2019). Reversal of auto-
phagosome dysfunction resulted in a slowing of neurodegeneration, providing a
potential therapeutic target.

Separately, cell-specific molecular features render the motor neurons in ALS
patients more vulnerable to glutamate toxicity. Increased expression of AMPA
receptors with the GluR2 editing defect on spinal motor neurons has been well
established in ALS (Van Damme et al., 2005), rendering them more permeable to
Ca2+ influx and neurotoxicity (Cox et al., 2007; Heath & Shaw, 2002). Spinal motor
neurons appear to lack the necessary Ca2+ ion buffering capacity due to reduced
expression of proteins such as parvalbumin and calbindin D28k which are required
to buffer intracellularly (Ince et al., 1993). At an anatomical level, ALS motor
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neurons appear larger and exhibit greater distal dendritic branching rendering motor
neurons more vulnerable to glutamate-induced electrical and metabolic stresses
(Quinlan, 2011). The clinical effectiveness of the anti-glutamatergic agent riluzole
in ALS (Bensimon et al., 1994) underscores the pathogenic importance of glutamate
excitotoxicity in ALS.

Glutamate excitotoxicity has also been associated with increased axonal excitabil-
ity, in part related to dysfunction of the Na+/K+ ATPase function (Naujock et al., 2016).
Upregulation of persistent Na+ currents has been reported in cortical neurons,
suggesting a direct link between glutamate excitotoxicity and persistent Na+ conduc-
tances (Pieri et al., 2009). At a peripheral level, upregulation of persistent Na+

conductances and reduction in K+ currents mediate hyperexcitability in ALS (Kanai
et al., 2006; Vucic & Kiernan, 2010) and are associated with fasciculations and muscle
cramps, adverse prognosis, and neurodegeneration (Vucic & Kiernan, 2006). Inhibi-
tion of persistent Na+ conductances reduces muscle cramps (Park et al., 2015) and
cortical and axonal hyperexcitability (Weiss et al., 2020) and appears to be
neuroprotective (Pieri et al., 2009). Induced pluripotent cell models have demonstrated
that neuronal hyperexcitability, mediated by reduction in K+ currents, is pathogenic
and inhibition of hyperexcitability appeared to be neuroprotective (Wainger Brian
et al., 2014). A subsequent clinical trial demonstrated that inhibition of K+ currents
reduced cortical and axonal hyperexcitability (Wainger et al., 2020), although the study
was not powered to detect a clinical effect.

The molecular mechanisms by which glutamate excitotoxicity exerts neurotox-
icity remain to be fully elucidated, although an initial excessive influx of Na+ and
Cl� ions along with water molecules leads to initial acute neuronal swelling (Shaw
& Kuncl, 2002). Subsequently, an influx of Ca2+ ions results in increased intracel-
lular Ca2+ ion concentration, activation of Ca2+-dependent enzymatic pathways, and
ultimately neuronal degeneration (Cox et al., 2007; Shaw & Kuncl, 2002). Gluta-
mate excitotoxicity may also increase oxidative stress, further resulting in neurotox-
icity (Maher & Davis, 1996).

It has also been argued that neuronal hyperexcitability may have neuroprotective
benefits in ALS, a notion supported by some animal studies (Leroy et al., 2014; Saxena
et al., 2013). Activation of metabotropic cholinergic receptors and mammalian target of
rapamycin pathways (mTOR) was enhanced by neuronal hyperexcitability and
appeared to exert neuroprotective effects (Saxena et al., 2013). In addition, early
neuronal hyperexcitability failed to induce neurodegeneration in a separate SOD-1
mouse model (Leroy et al., 2014). These findings contrasted with contemporary
transgenic mouse studies which disclosed that neuronal hyperexcitability induced
pathology in ALS (Pieri et al., 2009; Wainger Brian et al., 2014). Hyperexcitability
of cortical neuronal networks was also identified as an early feature in SOD-1 cell
cultures, with evidence for upregulation of NMDA receptors and increased Na+, Ca2+,
K+, and Cl� concentrations (Marcuzzo et al., 2019). Taken together, the cell line and
animal study data provide overwhelming evidence for the importance of glutamate
neurotoxicity in ALS pathogenesis.
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4 Mitochondrial Dysfunction

Mitochondrial dysfunction is an important contributor to ALS pathogenesis and may
act synergistically with glutamate excitotoxicity (Lederer et al., 2007). Mitochondria
are intracellular organelles that are essential in bioenergetic homeostasis (ATP
production), regulation of Ca2+ signaling, and cytosolic storage (Armada-Moreira
et al., 2020). Glutamate excitotoxicity leads to excessive accumulation of Ca2+

within the mitochondria, resulting in membrane depolarization, impairment of
energy generation, and oxidative stress (Lederer et al., 2007). Mitochondria are
exquisitely sensitive to free radical damage, at both the protein and DNA level,
which conversely exacerbates glutamate excitotoxicity through disruption of the
normal voltage-dependent Mg2+-mediated blockade of NMDA receptors (Heath &
Shaw, 2002; Shaw & Kuncl, 2002).

Disruption of mitochondria transportation has also been reported in ALS and
was also linked to glutamate excitotoxicity (MacAskill et al., 2009). The interrup-
tion of mitochondrial mobility may further compromise the energy supply to
neuronal segments essential for maintenance of resting membrane potential and
generation of action potentials. Structural mitochondrial abnormalities and aber-
rant aggregation have been reported as an early and presymptomatic feature in
ALS (Jhanji et al., 2021), further contributing to pathogenesis. In addition, mito-
chondrial dysfunction may trigger activation of intrinsic apoptotic cell death
pathways (via Bcl-2 family proteins), further contributing to ALS pathogenesis
(Jhanji et al., 2021).

Mitochondrial dysfunction ultimately results in dysfunction of the cellular
metabolic pathways and bioenergetic defects in ALS motor neurons and non-
neuronal supporting cells [astrocytes and oligodendrocytes] (Vandoorne et al.,
2018). Consequently, the metabolic demands of motor neurons are not satisfied
leading to apoptosis and neurodegeneration (Vandoorne et al., 2018). Improving
cellular bioenergy by increased intracellular NAD+ and ATP levels with nano-
crystalline gold compound CNM-Au8 was shown to be neuroprotective in trans-
genic ALS disease models (Zhou et al., 2020). Specifically, SOD-1 transgenic
mice treated with CNM-Au8 exhibited improved clinical scores and survival. A
phase II trial investigating the safety and efficacy (reflected by motor unit counts)
of CNM-Au8 in sporadic ALS patients is being undertaken [RESCUE-ALS,
NCT04098406] (Vucic et al., 2021), as is a parallel platform trial (Healey
Platform trial) investigating multiple agents using a single set of inclusion/
exclusion criteria, centralized randomization and assessment of participant
data, and a shared placebo group. Separately, numerous other drug candidates
aimed at improving mitochondrial function have been investigated, although the
results have been disappointing (Kiernan et al., 2021). The discrepancy between
preclinical and therapeutic studies could relate to limitations of animal and cell
models or that mitochondrial dysfunction may not be a critical pathological event
in ALS.
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5 Oxidative Stress

Oxidative stress has also been implicated in ALS pathogenesis and linked to
glutamate-mediated excitotoxicity and mitochondrial dysfunction (Kiernan et al.,
2011, 2021). The role for oxidative stress was first raised with the uncovering of
mutations in the SOD-1 gene [21 q22.1], which was postulated to exert pathogenic
effect’s aberrant cytotoxic activity of the SOD-1 enzyme (Siddique et al., 1991).
Increased production of reactive oxygen species, such as hydroxyl and free radicals
(Liu et al., 1998), along with nitration of protein tyrosine residues (Crow et al.,
1997), has been reported in ALS implying a pathogenic effect of oxidative stress. In
addition, upregulation of pro-inflammatory cytokines (Hensley et al., 2006), includ-
ing nitric oxide and interleukin (IL)-1, IL-6, and IL-12, has been reported in ALS and
attributed to oxidative stress. Separately, impairment of stress granule formation has
been reported in ALS and associated with TAR DNA binding protein-43 (TDP-43)
accumulation and neurodegeneration (Romano et al., 2020). While functional effec-
tiveness of the antioxidant agent edaravone was reported (Writing Group EM-ASG,
2017), thereby implying a pathogenic relevance for oxidative stress in ALS, the
benefits were minor, not accompanied by changes in respiratory function or muscle
strength and were evident in a highly selected cohort (Writing Group EM-ASG,
2017). A recent real-life study failed to establish an effect of edaravone on disease
progression, respiratory function, and survival (Lunetta et al., 2020). As for mito-
chondrial dysfunction, oxidative stress may represent a downstream pathogenic
effect, contributing to pathogenesis but not being an initiating mechanism.

6 Protein Aggregation and Neurotoxicity

Aggregation of hyperphosphorylated TDP-43 in cortical neurons is a neuropatho-
logical hallmark of ALS evident in ~97% of cases (Al-Sarraj et al., 2011; Neumann
et al., 2006). The predominating specific patterns of TDP-43 pathology include
(i) glial [22% of cases], (ii) mixed neuronal and glial [59% of cases], and (iii)
neuronal [7% of cases] (Williams et al., 2017). TDP-43 inclusions are evident in
both demented and non-demented ALS patients, with inclusion density increasing
with disease progression and being associated with development of cognitive
impairment (Wilson et al., 2001). Importantly, accumulation of TDP-43 in extra-
motor regions has been associated with cognitive impairment (Gregory et al.,
2020), and the degree of TDP-43 pathology differentiates ALS from the
ALS-frontotemporal dementia syndrome (Prudlo et al., 2016). Additionally,
regional cortical aggregation of TDP-43 is associated with specific cognitive
abnormalities, such that TDP-43 pathology in the orbitofrontal, dorsolateral pre-
frontal, medial prefrontal, and ventral anterior cingulate cortices manifests as
executive dysfunction, while pathology within the inferior frontal gyrus, transverse
temporal area, middle, inferior temporal gyri, and angular gyri is associated with
language dysfunction (Gregory et al., 2020). As a consequence of the clinical-
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pathological correlation, ALS has been reclassified as a primary neurodegenerative
cortical disorder (Eisen et al., 2017).

The precise pathophysiological mechanisms by which TDP-43 causes neurotox-
icity remains to be elucidated, although multiple processes have been advanced
(Prasad et al., 2019). At a physiological level, the wild-type TDP-43 protein appears
to be critical for multiple cellular processes, including regulation of RNA metabo-
lism, mRNA transport, microRNA maturation, and stress granule formation (Prasad
et al., 2019). TDP-43 is predominantly located within the nucleus, although it
shuttles between the nuclear and cytoplasmic compartments depending on physio-
logical requirements, and this movement is regulated by specific proteins (de Boer
et al., 2020). Of relevance to brain function, TDP-43 appears critical for normal
development of central neuronal cells in early stages of embryogenesis (Sephton
et al., 2010). In ALS, the pathological hallmark is cytosolic mislocalization and
increased nuclear clearance of TDP-43 (de Boer et al., 2020), thereby suggesting two
non-mutually exclusive disease mechanisms, loss of nuclear function and cytoplas-
mic gain-of-function. Underscoring this notion are transgenic mouse studies dis-
closing that overexpression of TDP-43 is associated with neurotoxicity, while
“knocking-out” of the TARDBP gene, which encodes the TDP-43 protein, is
embryonically lethal (Xu et al., 2010). Pathogenic missense mutations in the
TARDBP gene have been reported in sporadic and familial forms of ALS (Chiò
et al., 2020), resulting in toxic gain-of-function (including protein aggregation
propensity and cytotoxicity), as well as formation of neurotoxic amyloid-like fibrils
and larger stress granules with an impaired ability to maintain RNA homeostasis
(Neumann et al., 2006). In addition, nuclear depletion of TDP-43 leads to transcrip-
tional dysregulation and splicing defects, with ensuing neurotoxicity (Melamed
et al., 2019).

Posttranslational TDP-43 protein modifications, including hyperphosphorylation,
ubiquitination, acetylation, poly ADP-ribosylation, and cysteine oxidation, may also
induce aberrant TDP-43 aggregation and result in neurotoxicity by impairing the
ability of TDP-43 to regulate DNA/RNA and protein-protein interactions (Prasad
et al., 2019). Pathogenic TDP-43 oligomers have also been reported in ALS and
exert pathogenic effects by increasing the protein’s propensity to cytoplasmic aggre-
gation, cross-seeding, and prion-like behavior (Fang et al., 2014). The notion of a
centrifugal propagation of TDP-43 pathology, whereby pathogenic TDP-43 aggre-
gation begins in the prefrontal cortex and propagates along axonal fibers
(Brettschneider et al., 2013), may be explained by this prion-like spread in ALS.
Additionally, mutated TDP-43 may exert pathogenic effects by increasing the
propensity for liquid-liquid phase separation (LLPS)*, resulting in dysregulation
of nucleocytoplasmic transport, increased clearance of nuclear TDP-43, and protein
aggregation (McGurk et al., 2018). Mitochondrial dysfunction, impairment of endo-
cytosis, dysregulation of metal ion homeostasis, and interference with chromatin
remodeling are additional neurotoxic mechanisms implicated in TDP-43 pathogen-
esis (Prasad et al., 2019).

Hexanucleotide gene expansion [9p21 (G4C2)] in the dominantly inherited
c9orf72 gene* has been identified as a major cause of familial (~40%) and sporadic
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(4.1–8.3%) ALS (DeJesus-Hernandez et al., 2011; Renton Alan et al., 2011). The
pathophysiological mechanisms by which c9orf72 gene causes neurodegeneration
remains to be fully elucidated, although three potential mechanisms have been
proposed: (i) haploinsufficiency of the normal c9orf72 gene (Cooper-Knock et al.,
2015), (ii) RNA-based toxicity of the transcribed repeat or protein-based toxicity via
translation of the hexanucleotide containing RNA to form dipeptide protein repeats
[DPR] (DeJesus-Hernandez et al., 2011; Donnelly Christopher et al., 2013), and (iii)
non-ATG (RAN) translation leading to formation of DPRs and dysregulation of
ubiquitin-proteasome system and nucleocytoplasmic transport (Zhang et al., 2016).
Importantly, accumulation of TDP-43 and p62 positive inclusions is a pathological
hallmark in c9orf72-associated ALS (Al-Sarraj et al., 2011). At a molecular level,
c9orf72 expansions induce the formation of aberrant stress granules (Todd et al.,
2020), as well neuronal hyperexcitability (Wainger Brian et al., 2014) and aberrant
activation of cellular protective mechanisms in response to glutamate neurotrans-
mission (Seminary et al., 2020). From a therapeutic perspective, the utility of
antisense oligonucleotides (ASOs) to reduce toxic gain-of-function has shown
promise in preclinical studies (Ly & Miller, 2018). Specifically, binding of ASOs
upstream of the intrinsic expansion reduced RNA foci and dipeptide aggregates,
increased survival from glutamate excitotoxicity, and abrogated aberrant gene
expression patterns (Donnelly Christopher et al., 2013). Additionally, ASOs targeted
against het c9orf72 gene reduce TDP-43 pathology and neurodegeneration (Cook
et al., 2020). Interestingly, behavioral and cognitive deficits were improved in the
transgenic c9orf72 mouse models (Jiang et al., 2016), suggesting potential thera-
peutic effects in ALS patients. Consequently, phase I multicenter study is currently
underway to determine the safety, pharmacokinetic profile, and efficacy of the ASO,
BIIB078, in c9orf72 ALS (NCT03626012).

Antisense oligonucleotide treatment strategies have also been developed for
SOD-1-associated familial ALS. Of relevance, mutations in the SOD-1 gene lead
to conformational instability and misfolding of the SOD-1 peptide, resulting in
formation of toxic intracellular aggregates in motor neurons and glial cells
(Zetterstrom et al., 2007). Importantly, SOD-1 knockout mice fail to develop
motor neuron degeneration (Picher-Martel et al., 2016), suggesting that lowering
SOD-1 protein levels could be a viable therapeutic strategy (Ly & Miller, 2018).
Studies of ASOs targeting the SOD-1 gene in mouse and nonhuman primates
demonstrated widespread distribution of ASOs within the central nervous system,
reduction of SOD-1 mRNA and protein levels, and extension of survival
(McCampbell et al., 2018). The clinical feasibility of this therapeutic approach
was established in a first-in-man phase I study that intrathecally delivered ASO
333611 (ISIS-SOD1RX) in SOD-1-familial ALS patients and was shown to be well
tolerated (Miller et al., 2013). More recently, intrathecal administration of the more
potent ASO (Tofersen) was shown to be safe and to exhibit biological effectiveness
in a dose escalating phase I/II study [NCT02623699] (Miller et al., 2020). These
promising findings have led to the phase III VALOR study to assess the efficacy,
safety, tolerability, pharmacokinetics, and pharmacodynamics of Tofersen in SOD-1
familial ALS.
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Although ASOs have shown some therapeutic promise in monogenic gain-of-
function mutations, such as SOD-1- and C9orf72-related ALS, a challenge remains
in developing therapies for the broader ALS patient community especially consid-
ering disease heterogeneity. Given that TDP-43 appears to be a pathophysiological
hallmark of ALS (Ly & Miller, 2018), therapies aimed at reducing TDP-43 expres-
sion and aggregation may be of utility in a larger population of ALS patients. While
direct manipulation of the TARDBP gene is lethal (Sephton et al., 2010), ASOs
targeting ataxin-2 in TDP-43 mouse models were shown to reduce formation of
TDP-43 aggregates, slow disease progression, and prolong survival (Becker et al.,
2017). Additionally, inhibition of stress granule formation by ataxin-2 ASOs
suppressed nucleocytoplasmic transport defects and neurodegeneration in C9orf72
disease models (Zhang et al., 2018). A phase I study is currently underway inves-
tigating the safety, tolerability, and pharmacokinetics of the ASO BIIB105 in ALS
patients harboring the ataxin-2 gene expansion (NCT04494256). Given the preclin-
ical finings and pending the successful completion of the phase I study, targeting the
ataxin-2 gene may be of potential utility in a broader ALS cohort.

7 Conclusion

Amyotrophic lateral sclerosis appears to be a multistep process mediated by a
complex interaction between genetic, epigenetic, molecular, and environmental
processes. Glutamate neurotoxicity appears to be an early feature of ALS, associated
with neurodegeneration, clinical features, and disease progression, suggesting that
ALS is a primary brain disorder. Underscoring this notion are pathological findings
of widespread TDP-43 aggregation in cortical neurons and supporting cells (astro-
cytes and microglia). In addition, TDP-43 pathology is associated with common
ALS genetic mutations (c9orf72), evolves with disease progression, and correlates
with emergence of cognitive dysfunction. Other molecular processes including
mitochondrial dysfunction, oxidative stress, abnormalities of axonal transport, and
toxic gain-of-function induced by mutant SOD-1 enzymes contribute to ALS path-
ogenesis. Emerging therapeutic strategies utilizing repurposed compounds that
target specific dysfunctional molecular pathways, along with antisense oligonucle-
otide (genetic) treatment strategies, will undoubtedly result in development of much
needed therapeutic strategies.
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