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peutic targets in the context of ALS.

Amyotrophic lateral sclerosis (ALS) stands as the most prevalent and severe form of motor neuron disease, affect-

ing an estimated 2 in 100,000 individuals worldwide. It is characterized by the progressive loss of cortical, brainstem,
and spinal motor neurons, ultimately resulting in muscle weakness and death. Although the etiology of ALS remains
poorly understood in most cases, the remodelling of ion channels and alteration in neuronal excitability represent

a hallmark of the disease, manifesting not only during the symptomatic period but also in the early pre-symptomatic
stages. In this review, we delve into these alterations observed in ALS patients and preclinical disease models,

and explore their consequences on neuronal activities. Furthermore, we discuss the potential of ion channels as thera-
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Introduction

Amyotrophic lateral sclerosis (ALS) stands as the pre-
vailing and most severe motor neuron disease (MND),
impacting an estimated 2 in every 100,000 individuals [1].
While ALS tends to exhibits a higher prevalence in young
men compared to young women, the underlying cause
of this sex-based susceptibility remains elusive. As indi-
viduals age, this sex disparity gradually diminishes. Dis-
ease onset typically occurs around the age of 40, reaching
its peak between 70 and 80 years, followed by a sharp
decline. Notably, familial ALS presents an average age of
onset between 40 and 60 years, while sporadic ALS pre-
sents an average age range of 58—62 years [2]. The discov-
ery of ALS is attributed to Jean-Martin Charcot in 1874,
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following an exhaustive study conducted from 1865 to
1869 [3]. Charcot documented distinct pathological fea-
tures, including the anomalous appearance of descending
axons in the lateral spinal cord, and the degeneration of
corticospinal motor neurons. These findings gave rise to
the term “lateral sclerosis” Furthermore, the degenera-
tion of spinal motor neurons, leading to denervation and
subsequent muscle wasting, justified the label “amyo-
trophic” [4].

While clinical presentation of ALS can vary among
patients, the Gold Coast criteria are instrumental in
facilitating early diagnosis. These criteria are applicable
in both clinical settings and clinical trials [5]. According
to the Gold Coast criteria, a diagnosis of ALS is made
when patients exhibit documented normal motor func-
tion, followed by a history of progressive motor impair-
ment during clinical evaluation. Patients must exhibit
dysfunction in both upper motor neurons and lower
motor neurons in at least one body region, be it bul-
bar, thoracic, cervical, or lumbosacral. In cases where
upper and lower motor neuron dysfunction coexist,
they must be identified within the same body region, or
lower motor neuron dysfunction should be identified in
at least two distinct body regions. Motor dysfunction
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should be observed in one bulbar muscle, one thoracic
muscle, or two limb muscles innervated by different
nerves and roots. These abnormalities can be identi-
fied through electromyography or clinical observations.
Upper motor neuron dysfunction can be character-
ised by the presence of at least one of the following: (i)
Occurrence of pathological reflexes, including Babinski
sign, Hoffman sign, snout reflex, or crossed adductor
reflex; (ii) A decline in voluntary movement coordina-
tion attributed to upper motor neuron dysfunction,
excluding Parkinsonian lower motor neuron-related
factors; (iii) An increase in deep tendon reflexes within
a clinically weakened muscle or in an adjacent muscle;
(iv) An increase in velocity-dependent tone (spasticity).
In contrast, lower motor neuron dysfunction is charac-
terised by the presence of at least one of the following:
(i) Electromyography findings that encompass signs of
continuous nerve damage, such as positive sharp waves,
fibrillation potentials, or fasciculation potentials, as
well as indicators of long-term nerve damage, includ-
ing large motor unit potentials with prolonged duration
(motor unit instability and polyphasia serve as corrobo-
rating signs but are not conclusive evidence); (ii) Clini-
cal evaluation revealing signs of muscle weakness and
atrophy. In addition to these diagnostic criteria, clinical
examinations must effectively rule out other diseases
through various tests, including magnetic resonance
imaging, nerve conduction studies, needle electromyo-
graphy, studies of cerebrospinal fluid or blood, and any
other necessary investigations.

Clinical manifestations of ALS are primarily contin-
gent on the initial region of the body affected. However,
over time, these manifestations tend to progress, leading
to widespread loss of motor function and the eventual
paralysis of certain muscles. This progression culminates
in near-complete paralysis of muscles, ultimately result-
ing in a fatal outcome. It is important to note that other
MNDs, such as progressive muscular atrophy and pri-
mary lateral sclerosis, could be re-diagnosed as ALS if
both upper and lower motor neurons are affected. Fur-
thermore, ongoing research in the field of MNDs has
revealed significant overlap in pathological, clinical, and
genetic characteristics with frontotemporal dementia.
Consequently, these conditions have been categorized
as part of a common disease spectrum (for an in-depth
review see [6]). Currently, only four drugs have received
FDA approval for the management of ALS, none of which
can fully halt the progression of the disease but can
extend life. These drugs include Riluzole, Edaravone, PB-
TURSO, and Tofersen. Each target different aspects of
the disease and has shown some promise in delaying ALS
symptoms. However, most studies on these drugs and
potential new drugs emphasise the importance of early
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treatment, underscoring the significance of early diagno-
sis [7-10].

An increasing number of biomarkers have been
employed to establish more precise diagnostic criteria,
differentiating ALS from other MNDs [11]. However,
the search for readily accessible biomarkers in ALS has
encountered obstacles, primarily due to analytical limi-
tations when dealing with complex samples like blood.
Moreover, the creation of biomarker sets or the integra-
tion of multiple investigative modalities to enhance sen-
sitivity has proven to be a challenging endeavour. The
cerebrospinal fluid (CSF) stands out as a pivotal source
for remnants of neuro-axonal damage and metabolic
shifts in both healthy and deteriorating neurons, making
it a promising avenue for ALS biomarkers research. Its
relatively simple composition facilitates the detection of
even minute amounts of molecules. Yet, the deteriorat-
ing physical condition of ALS patients, characterized by
communication difficulties, limited mobility, and height-
ened vulnerability in advanced stages, diminishes the
feasibility of invasive techniques such as lumbar punc-
ture for CSF extraction, Additionally, performing MRI
scans on advanced ALS patients becomes problematic
due to respiratory challenges and the accumulation of
secretions. Consequently, while CSF and imaging meth-
ods may be effective for initial diagnosis and prognosis,
as ALS progresses, biomarkers derived from blood or
urine may offer a more convenient approach for assess-
ing the progression of the disease and evaluating thera-
peutic approaches. Currently, there exist several CSF and
blood biomarkers capable of distinguishing ALS from
other MNDs when analysed in combination, as no single
biomarker can provide a complete differentiation. Exam-
ples of biomarkers found in CSF/blood at higher levels
in ALS patients compared to patients with other MNDs
include chitotriosidase, chitinase-3-like protein 1 and 2,
high-sensitivity cardiac troponin, neurofilament light/
heavy chains, and the ratio of phosphorylated to total tau
protein [12]. In addition, a variety of miRNA biomarkers
have been identified as either upregulated or downregu-
lated in ALS patients, which, when used in conjunction
with protein biomarkers, can significantly enhance dis-
criminatory power [13].

While the pathogenesis of ALS remains a subject
of intense investigation and is still not fully under-
stood, it is evident that it is a complex disorder with
a genetic component contributing to both the suscep-
tibility and the progression of the disease, along with
several hypothesised environmental influences [4, 14,
15]. Numerous environmental toxins have been associ-
ated with ALS incidence, but four environmental fac-
tors have shown the strongest associations with ALS
development in population exposure studies. These
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factors include formaldehyde, manganese, zinc, and
mercury (for a comprehensive review see [15]). In addi-
tion, there is evidence for increased likelihood of ALS
in professional athletes [16] as well as in army veterans
[17]. Familial ALS, accounting for 5-10% of patients,
displays clear signs of inheritance and is linked to
mutations in ALS-associated genes. However, the
majority of patients fall under the category of sporadic
ALS, with no clear family history of the disease. Thanks
to the adoption of genetic analysis, hundreds of single-
nucleotide polymorphisms (SNPs) have been identified
in ALS patients. Nevertheless, these are rarely disease-
causing mutations and are often challenging to distin-
guish from normal variations in the general population
(The 1000 Genomes Project Consortium, 2015). None-
theless, over 25 causative genes have been reported,
of which C9orf72 (chromosome 9 open reading frame
72), SODI1 (superoxide dismutase 1), FUS (fused in
sarcoma RNA-binding protein), TARDBP (TAR DNA-
binding protein), VCP (Valosin containing protein),
and PFN1 (Profilin 1) are implicated in about 60-70%
of familial ALS cases and around 10% of sporadic ALS
cases (for a comprehensive genetic ALS review see
[18]). The exploration of genetically diverse cases of
familial and sporadic ALS have identified a number
of cellular alterations that precede or occur in paral-
lel with the development of the disease. For instance,
misfoldled TAR DNA-binding protein-43 (TDP-43)
aggregates are found in about 97% of all familial and
sporadic cases. The remaining 3% of patients present
SOD1 (around 2%) and FUS (<1%) protein aggregates
[19]. Additionally, alterations in RNA and RNA-binding
protein levels, activation of non-neuronal cells such
as neuroinflammatory cells (microglia and astroglia)
and oligodendroglia, as well as structural and func-
tional alteration of the neuronal cytoskeleton have
been reported [20]. Furthermore, oxidative stress and
mitochondrial dysfunction have been documented in
the pathogenesis of ALS, likely caused by alterations
in RNA and RNA-binding proteins (for an in-depth
review see [21]). Likewise, dysfunctions in axonal trans-
port [22, 23], ubiquitin—proteasome system [24], and
nucleocytoplasmic transport [25, 26] are observed in
the pathogenesis of ALS. Importantly, one of the most
noticeable cellular hallmarks of ALS is the alteration of
neuronal electrical activity.

In this review, we provide a succinct overview of these
neuronal electrical alterations and subsequently delve
into a comprehensive analysis of the underlying mecha-
nisms, with a focus on the involvement of ion channels as
key players in regulating neuronal excitability. Finally, we
explore the pharmacological efforts initiated to therapeu-
tically target ion channels in the treatment of ALS.
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Altered neuronal excitability in ALS

Changes in neuronal electrical activity constitute a defin-
ing characteristic of ALS. Initially, the observation that
motor neurons become hyperexcitable as the disease
progressed led to the belief that this heightened excitabil-
ity was a response to the decline of spinal motor neurons
[27]. However, subsequent research has revealed that this
hyperexcitability actually occurs before any notable loss
of spinal motor neurons [28-33]. Furthermore, height-
ened cortical excitability is detected even before early
clinical symptoms, such as fasciculations, hyperreflexia,
cramps, and spasticity, become evident [29, 34]. This
escalation in neuronal activity results in several adverse
consequences, including changes in mitochondrial func-
tions [35], disruptions in energy metabolism [36], and
increased oxidative stress [37]. Different types of motor
neurons react differently to these negative effects due to
their intrinsic properties.

Motor neurons fall into three main groups: a-, p-,
and 8-neurons. Notably, a-motor neurons are respon-
sible for innervating extrafusal muscle fibers and play a
crucial role in muscle contraction [38]. Their degenera-
tion is believed to be the primary target related to ALS
dysfunction. These a-motor neurons can be further cat-
egorized based on the extrafusal fibre they innervate, i.e.
slow-twitch fatigue-resistant (SFR), fast-twitch fatigue-
resistant (FFR), and fast-twitch fatigable (FF) fibers [39].
SFR motor neurons typically have smaller cell bodies,
and therefore have higher input resistance, meaning they
respond to lower synaptic activation, making them the
first to be recruited for the initiation of muscle contrac-
tion. In contrast, FF motor neurons, possessing larger
cell bodies, are recruited after SFR neurons, providing
additional strength to muscle activation. When it comes
to signal transmission speeds, motor neurons serving
fast fibres are significantly quicker (100 m/s) than their
SFR counterparts (85 m/s) [39]. As for FFR motor neu-
rons, they lie in between FF and SFR motor neurons in
terms of both soma size and signal transmission speed
and strength. Larger motor neurons, like the FF and FFR
types, which produce a greater number of action poten-
tials and hence have increased energy and metabolic
needs, might be more susceptible to damage and degen-
eration due to excitotoxicity [40, 41]. On the other hand,
smaller motor neurons, such as the SFR type, seem to
be more resilient, potentially offsetting the loss of other
motor neurons, which can lead to a postponement in the
onset of neurological symptoms [42].

Three hypotheses have been proposed to explain the
underlying mechanisms behind neuronal hyperexcit-
ability: (i) defects in ion channels in ALS-associated
neuronal and non-neuronal cells (Fig. 1; Table 1), (ii)
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Fig. 1 Alteration of ion channels along the motor pathway in ALS rodent models and patients. Channels shown in red are downregulated,
while channels shown in green are upregulated. CIC1, chloride channel; Kir4.1, inward rectifier potassium channel; K,1.1/K,1.2/K,7.2, voltage-gated
potassium channels, Na+/K+-ATPase, sodium/potassium ATPase; Na,1.3/Na, 1.4/Na, 1.6, voltage-gated sodium channels; NCX3, sodium/calcium
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dysfunction of cortical inhibitory circuits, and (iii)
glutamate-mediated excitotoxicity [43]. In the next
sections, we will briefly explore the effects of cortical
inhibitory circuits and glutamate-mediated excitotox-
ity in causing hyperexcitability and then delve into a
more detailed investigation of the role of ion channels
in ALS, as this is the focal point of the review.

Dysfunction of cortical inhibitory circuits

Central nervous system (CNS) interneurons are key mod-
ulators of neuronal signalling. The majority of interneu-
rons in the cortex are inhibitory, using neurotransmitters
like y-aminobutyric acid (GABA) or glycine. Among
these, GABAergic interneurons have a profound impact
on neuronal activity within the cortex. In healthy indi-
viduals, a minor stimulus to the motor cortex typically
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Table 1 Alterations of ion channels in ALS patients and preclinical rodent models
Channel Effect Model References

Hyperexcitability Na,1.2 Increase in persistent sodium current

Application of PR,, on HEK-293 T cells expressing ~ [80]
recombinant channel

Na,1.3 Hyperpolarizing shift in voltage dependence Spinal motor neurons from SOD1*Y mice [76]
of activation
Na, 1.4 Reduction in mRNA expression Skeletal muscle cells from the Tibialis Anterior [93]
muscle from SOD1%*A mice
Na,1.6 Increase in protein expression AIS of spinal motor neurons from SOD1"?* mice  [79]
KCNQ2 Reduction in mRNA expression Spinal motor neurons of ALS patients [96]
KCNA1 Reduction in mRNA expression Spinal motor neurons of ALS patients [96]
KCNA2 Reduction in mRNA expression Spinal motor neurons of ALS patients [96]
Kir4.1 Reduction in expression and activity Cortex and brainstem astrocytes of SOD1%%** rats ~ [98]
Kir4.1 Reduction in expression and activity Oligodendrocytes of the ventral horns of SOD19%*  [100]
rat lumbar and cervical spinal cords and myelin
fraction from the spinal cord
NCX3 Reduction in expression and activity Spinal motor neurons from SOD1%%*A mice [106, 108]
Ca,22 Increase in MRNA expression Spinal motor neurons from SOD1 OBA mice [112]
Ca,14 Increase in persistent current Spinal motor neurons from SOD1%%*A mice [112]
CIC-1 Reduction in mRNA expression Skeletal muscle from SOD19%*A mice [93]
Hypoexcitability ~Na/K-ATPase Reduction in protein expression Spinal cord and cerebellum from SOD1%%** mice [36]
Ca3.2 V1689M mutation—Depolarizing shift of the volt-  tsA-201 cells expressing recombinant channel [132]
age dependence of activation
Ca3.2 A1705T mutation—Hyperpolarizing shift tsA-201 cells expressing recombinant channel [132]
of the voltage dependence of steady state inacti-
vation
Ca,32 Al153 mutation—total loss of channel expression  tsA-201 cells expressing recombinant channel [133]
Ca3.2 P1210L mutation—decreased T-type current tsA-201 cells expressing recombinant channel [133]

and channel expression

triggers inhibitory GABAergic interneurons, resulting in
a reduction of subsequent neuronal activity, a phenom-
enon referred to as short interval intracortical inhibition
(SICI) [44]. In contrast, ALS patients often exhibit a lack
of SICI, suggesting potential dysfunction or loss of these
inhibitory neurons [43]. Numerous studies have identi-
fied pre-symptomatic cortical hyperexcitability in vari-
ous mouse models of ALS and ALS patients [33, 45-47].
For instance, one study found a reduction in spontane-
ous GABA release and GABAergic activities in the early
stages of ALS in the wobbler mouse model [48]. Fur-
ther investigations in a SOD1%**R zebrafish ALS model
revealed early signs of interneuron dysfunction, includ-
ing a reduction in interneurons and inhibitory currents
occurring before motor neuron defects [49]. In human
studies, post mortem analysis of primary motor cor-
tex tissue from ALS patients unveiled a downregulation
in the expression of the GABA receptor subunit a and
a loss of GABAergic interneurons [50]. Another study
reported lower levels of GABA and a loss of SICI in ALS
patients [46]. These findings strongly suggest compro-
mised GABA signalling in both ALS models and patient
samples. Additional research is necessary to elucidate

whether the reduction in GABAergic signalling observed
in these studies results from the downregulation of
GABA receptors in motor neurons, a loss of GABAergic
interneurons, or a combination of both factors.

Glutamate-mediated excitotoxicity

Neuronal activity is regulated by pathways both within
neurons and within the surrounding cells, such as glial
cells. Astrocytes, a type of glial cell, play a crucial role in
modulating neuronal activity by supporting the clearance
of neurotransmitters from the synaptic cleft. The absorp-
tion of glutamate, a primary excitatory neurotransmitter,
by astrocytes is vital to protect neurons from overactiva-
tion and its subsequent deterioration. It is believed that
the heightened excitability in ALS patients arises from an
excess of glutamate stimulating motor neurons. Several
studies support this hypothesis, as they have detected an
increase in glutamate levels in the CSF of ALS patients
[51, 52]. Furthermore, a decrease in the expression lev-
els of two excitatory amino acid transporters (EAAT1
and EAAT?2) was discovered in post-mortem human ALS
tissue [53]. These transporters are primarily expressed
in astrocytes and are responsible for the uptake of
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glutamate from the synaptic cleft after neuronal activity.
When neurons are exposed to excessive glutamate levels,
it can induce their death by increasing calcium influx.
Due to the limited calcium buffering capacity of motor
neurons, a surge in calcium can activate various enzymes
and disrupt mitochondrial function, ultimately leading
to cell apoptosis [54]. Riluzole is believed to counteract
this process not only by inhibiting persistent sodium cur-
rents but also by suppressing glutamate release and its
subsequent response. Despite these findings, an intrigu-
ing hypothesis has emerged in recent years. This hypoth-
esis posits that the increase in extracellular glutamate in
ALS may actually be beneficial to motor neurons. It sug-
gests that glutamate is used as a metabolite in ischemic
neurons rather than as a neurotransmitter. This ischemia
occurs when CSF accumulates, compressing the neurons
and causing ischemia. However, proving this hypothesis
is currently challenging due to the limited data on the
CSF volume in ALS patients. Nonetheless, most of this
theory is supported by evidence of spinal cord and corti-
cal compression (for a comprehensive overview see [55]).

Alteration of ion channels and neuronal
hyperexcitability

While the majority of ALS patients do not exhibit notice-
able deleterious mutations in the genes encoding ion
channels, numerous studies have reported alterations in
the expression and activity of several ion channels and
transporters. Importantly, several mouse models carry-
ing patient-associated mutations in ALS genes have pro-
vided valuable insights into the role of ion channels in
ALS. Among these models, the SOD1 models have been
extensively utilized. Although they display slight varia-
tions in disease development influenced by their genetic
background [56], they all express high levels of mutated
SOD1, leading to significant axonal denervation, motor
neuron loss, increasing paralysis, and a reduced lifespan
[57-59]. Another major model relies on mutations in
TAR DNA-binding protein 43 (TDP-43), and a variety of
transgenic have been generated [60]. These mice exhibit
pathogenic aggregates of ubiquitinated proteins in cer-
tain neuronal populations and generally all display early
onset neurological defects followed by significant motor
dysfunction [61]. Similarly, mice carrying patient-asso-
ciated mutations in FUS show protein aggregates, motor
neuron degeneration, and eventual death [62]. Interest-
ingly, the FUS models die much faster compared to the
TDP-43 models, consistent with FUS mutations being
associated with early-onset ALS [63]. While other mod-
els of ALS have been used to study the disease, these are
the main three models referred in this review (for a com-
prehensive review of ALS models see [64]).
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In the next sections, we explore the alterations of spe-
cific ion channel families and their consequences for neu-
ronal excitability.

Sodium channels

Alterations in sodium ion channels have been docu-
mented in ALS patients and several ALS mouse models.
For instance, multiple studies have reported an increase
in the strength-duration time constant, a measure of
axonal excitability [28, 65], in ALS patients. This increase
is associated with an increase in persistent sodium con-
ductance [28, 65-67]. Investigations on the SOD16%34
ALS mouse model have similarly reported an increase
in persistent sodium currents in spinal and cortical
motor neurons [30, 40, 68]. Remarkably, these changes
have been observed even in pre-symptomatic animals,
suggesting an early occurrence of increased persistent
sodium currents before symptom onset, which then
persist throughout the disease’s progression. Persistent
sodium currents are present in virtually all isoforms
of voltage-gated sodium channels (Na,) and are influ-
enced by factors such as extracellular calcium concentra-
tions, oxygen concentration, alternative mRNA splicing,
G-protein coupled receptors, and protein kinases [69—
72]. These currents feature low activation threshold,
slow gating properties, and while they are generally small
they persist over prolonged depolarization. In normal
conditions, they facilitate repetitive firing and modulate
membrane potential in the subthreshold range, thereby
enhancing synaptic transmission [73]. Given these attrib-
utes, the increased persistent sodium currents likely con-
tribute to the observed neuronal hyperexcitability in ALS
[74].

In addition, alterations of the fast transient sodium
current generated by Na, channels have also been doc-
umented in spinal motor neurons from SOD1%%*A mice
[75]. Transient sodium currents are responsible for the
full depolarisation of excitable cells during action poten-
tials. In spinal motor neurons from SOD1%%4 mice they
showed a faster recovery from inactivation compared
to wild-type spinal motor neurons, therefore promot-
ing hyperexcitability [68]. Few studies however have
assessed the molecular identity of the specific Na, chan-
nel subtypes affected. Nonetheless, one of the few stud-
ies in SOD12*V transgenic mice reported an increase
in total sodium current and a hyperpolarising shift in
voltage dependence of activation of the Na,1.3 channel
[76]. Yet, since Na,1.3 is primarily expressed in signifi-
cant amounts in motor neurons at birth, diminishing to
minimal levels in adulthood, its relevance to ALS pathol-
ogy remains limited [77]. Considering that symptoms of
ALS only manifest in adulthood, it becomes important to
specifically assess Na,1.1, Na 1.2, and Na,1.6 channels,
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which are expressed at larger levels in adult motor neu-
rons [78]. A recent study observed an increase in Na,1.6
protein expression levels in the ALS SOD16%"X mouse
model at the axon initial segment (AIS) of isolated spi-
nal motor neurons, where they play a role in shaping
the action potential before it propagates along the axon
[79]. They also found an increase in hyperpolarization-
activated currents and a decrease in the width of the AIS
which suggests that the sodium channels in these regions
are more tightly packed thereby increasing the excitabil-
ity of AIS [79].

Furthermore, in mice treated with proline-arginine
(PR) poly-dipeptides derived from the C9orf72 repeat
expansion linked to ALS, there was heightened excitabil-
ity in motor cortex pyramidal neurons, likely through an
increase in persistent sodium current primarily mediated
by Na,1.2 channels [80]. The C9orf72 repeat expansion
undergoes atypical translation to produce poly-dipep-
tides: poly-glycine-proline (GP), poly-glycine-alanine
(GA), poly-glycine-arginine (GR), poly-proline-arginine
(PR), and poly-proline-alanine (PA) [81-87]. Numerous
research findings have highlighted the neurotoxic prop-
erties of poly-PR and poly-GR, primarily due to their
interference with RNA biogenesis [81, 88, 89] and cell
organelle structure and function [90]. Alterations in Na,
channels could stem from factors such as varying expres-
sion levels of a- and p-subunits, changes in channel gat-
ing properties, transcriptional modifications, modulation
by endogenous signalling molecules, or indirect effec-
tor changes [75]. For instance, increased expression of
the B; subunit of Na, channels has been observed in a
mutant SOD1 mouse model of ALS at pre-symptomatic
stages [91]. This increase in 5 subunit was reported to
enhance neuronal firing around the excitability thresh-
old via its effect on Na, channels and as such can con-
tribute to hyperexcitability [92]. The pre-symptomatic
occurrence found in these studies support the idea that
neuronal hyperexcitability is an early pathological sign of
ALS and identifying the pathways that cause alterations
in the activity of these channels may be useful in develop-
ing new therapeutic strategies.

Furthermore, in skeletal muscle cells isolated from
the tibialis anterior muscle from 90- and 130-days old
SOD15%*A mice, a significant reduction in the expres-
sion of Na, 1.4 mRNA was observed. Na,1.4 channels are
responsible for fully depolarising muscle cells during an
action potential. Thus, the decrease in mRNA could in
part explain the decrease in action potential amplitude in
these muscle cells [93, 94].

Potassium channels
An increase in resting potassium conductance has
been reported in fast-twitch flexor digitorum brevis
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muscle fibres isolated from an ALS mouse model [43].
This increase is believed to be linked to an increase in
ATP-sensitive potassium channel (KATP) current, which
was attributed to an increased expression of SUR1, an
auxiliary subunit of the KATP channel complex. Under
normal conditions, SUR1 modulates KATP channels
by enhancing sensitivity to ATP and Mg-nucleotides,
thereby increasing the opening probability of the channel
[95]. Conversely, several other studies on ALS patients
and animal models of ALS have documented a reduc-
tion in expression levels of various potassium channels
[31, 66, 96-98]. For instance, reduced mRNA levels of
KCNQ2 encoding the voltage-gated potassium channel
K,7.2, as well as mRNA levels of KCNAI and KCNA2
encoding the voltage-gated potassium channels K,1.1
and K, 1.2, respectively, were reported in spinal motor
neurons of ALS patients [96]. Multiple studies have also
reported a reduction in fast and slow potassium con-
ductances in ALS patients by using external electrodes
to measure the compound muscle action potential from
the abductor pollicis brevis [31, 66, 97]. Given that potas-
sium channels are usually responsible for counterbalanc-
ing the inward current propagated by sodium channels,
their inhibition at the presynaptic side has been found to
trigger spontaneous firing at the neuromuscular junction
therefore increasing the likelihood of hyperexcitability
in ALS affected neurons [99]. Another study reported a
decrease in expression and activity of the inwardly recti-
fying potassium channel Kir4.1 in the cortex and brain-
stem of an ALS SOD1%%4 rat model [98]. These channels
are primarily expressed in astrocytes and maintain the
neuronal microenvironment, taking up excess potas-
sium ions released after neuronal activity. This suggests
that deregulation of potassium homeostasis in the blood
brain barrier astrocytic lining may cause neuronal exci-
totoxicity, neuronal degeneration, and apoptosis in both
neurons and astrocytes [98]. Moreover, a decreased
expression in Kird.1 was observed in oligodendrocytes
of the ventral horns of SOD1%°%A rat lumbar and cervi-
cal spinal cords, as well as in myelin fraction from the
spinal cord, along with a reduction of Kir currents in oli-
godendrocytes [100]. Additionally, healthy spinal motor
neurons plated with ALS patients- or SOD15%*A-derived
oligodendrocytes undergo cell death [101]. These find-
ings suggests that the effects on inward current as well as
the high level of mutant SOD1 aggregates found in ALS
SOD1%%A mouse spinal cords [102] play an important
role in oligodendrocyte dysfunction and in turn neuronal
survival in ALS pathology.

Calcium channels
Calcium, a primary intracellular messenger, affects
multiple processes such as synaptic plasticity and
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transmission, neuronal development, and regulation of
some metabolic CNS pathways. Therefore, a rise in firing
frequency associated with the various defects mentioned
previously could increase calcium uptake into motor
neurons via voltage-gated calcium channels [103]. Fur-
thermore cortical, spinal, and lower cranial nerve motor
neurons isolated from ALS patient’s post-mortem have
reduced expression of calcium-buffering proteins such
as calbindin and parvalbumin, potentially contribut-
ing to calcium excitotoxicity [104]. Consistent with this
notion, an alteration of calcium homeostasis in spinal
motor neurons of mice caused significant vulnerability
to excitotoxicity mimicking what is observed in ALS-
vulnerable motor neurons [105]. This excess of calcium
build up causes chronic depolarisation of the mitochon-
drial membrane, which aids in the activation of proteins
involved in pathways leading to apoptosis [106]. In con-
trast, ALS-resistant motor neurons, such as oculomo-
tor neurons, display a five- to sixfold increase in calcium
buffering when isolated from WT mice [107] indicating
that calcium homeostasis is important in motor neuron
degeneration.

Multiple calcium channels, including the Na®/Ca**
exchanger (NCX) and plasma-membrane calcium
ATPase, play roles in buffering calcium ions. The consid-
erable decrease in expression and activity of NCX3 in spi-
nal motor neurons isolated from SOD1%%4 mice results
in an excess of mitochondrial calcium and ROS produc-
tion [106, 108]. Several studies have proposed a critical
role for NCX3 in mediating deterioration in neuromus-
cular transmission in neuronal disorders, including ALS
[108—111]. This could therefore be a new target for ALS
treatment, as overexpression and activation of NCX3 was
able to aid in ionic homeostasis during the progression of
ALS, lessening motor neuron degeneration [108].

Furthermore, an increase in high-voltage-activated
(HVA) calcium currents was identified in mouse
SOD1%%A spinal motor neurons in the early pathogen-
esis of ALS, without change in low-voltage-activated
(LVA) calcium currents [112]. In motor neurons, volt-
age-gated calcium channels (VGCCs) are important in
the initiation of action potentials and in modulating fir-
ing frequency [113]. The majority of the increase in HVA
current was attributed to an increase in Ca,2.2 (N-type)
calcium channel expression; however, increases were also
found in mRNA expression of CACNA1A (Ca,2.1 chan-
nel, P/Q-type), CACNAIC (Ca,1.2 channel, L-type), and
CACNAI1E (Ca,2.3 channel, R-type) in spinal motor neu-
rons of this SOD1%%** mouse model [112]. This group
also documented an increase in persistent calcium cur-
rent through L-type calcium channels. This overall
increase in activity of HVA channels suggests an increase
in excitability of spinal motor neurons. Furthermore,
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there is evidence that L-type calcium channel antagonists
saves cultured ALS mouse spinal motor neurons and dor-
sal root ganglia cells when the SOD19%** mutation was
genetically transferred to cultured cells [114, 115]. Indi-
cating a possible therapeutic target.

Chloride channels

More recently, a reduction in CIC-1 chloride channel
mRNA expression levels was reported in the skeletal
muscles of the ALS SOD1%*A mouse model [93]. Addi-
tionally, protein kinase-C (PKC), which is known to
phosphorylate and inhibit the expression of CIC-1 [116],
was found to be overexpressed, causing further inhibi-
tion of CIC-1 channels [93]. This particular channel is
typically expressed in skeletal muscle and helps modulate
resting membrane potential and excitability [117, 118].
In normal conditions, it maintains membrane chloride
conductance during rest and keeps this conductance
low during the initial phase of the action potential [116].
Therefore, when under expressed in this ALS mouse
model, skeletal muscle cells were found to be hyperexcit-
able, resulting in muscle fibre death.

Altogether, these modifications in ion channels found
in skeletal muscle cells in ALS models suggest the need
to find drugs that target a broader range of ion chan-
nels. While the current most effective treatment, Rilu-
zole, targets multiple ion channels, it only extends life
by ~ 6 months. Since ALS is a multifactorial disease,
addressing the root cause of hyperexcitability in various
cell types of the motor unit may be the path to progress.

Alteration of ion channels and neuronal
hypoexcitability

In apparent contradiction to the prevailing theory of
early hyperexcitability as a hallmark of ALS pathology,
an alternative perspective proposing hypoexcitability
has also emerged [119-122]. For instance, MNs derived
from human induced pluripotent stem cells (iPSCs) car-
rying either the TARDBPM*7Y or the COORF72 muta-
tions exhibit initial hyperexcitability that subsequently
shifts towards hypoexcitable states at around 7-8 weeks
in vitro [121]. However, it is essential to note that this
study employed iPSCs generated from fibroblasts of ALS
patients cultured in vitro, making direct comparison to
MN cells developing in an in vivo context challenging.
Nonetheless, this observation finds support in another
study revealing that spinal motor neurons isolated from
SOD1%%*A and FUS™?F ALS mouse models shift towards
hypoexcitability within the larger motor neuron pools,
such as fast-fatigable and large fast fatigue-resistant
types, potentially leading to neuronal degeneration [122].
A study using SOD16%3A71°% mice, which have a low
expression of SOD19%4, observed early hypoexcitability
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in the delayed-onset firing group of lumbar spinal motor
neurons from P8-P9 mice. This was evidenced by a
diminished firing frequency to current relationship and
an elevated voltage threshold. The study suggests that
these delayed-onset firing motor neurons may corre-
spond to FF motor neurons. However, there is no defini-
tive proof to support this assertion. If accurate, it would
indicate that ALS-sensitive motor neurons, like FF motor
neurons, manifest hypoexcitability early in ALS disease
progression. On the other hand, in the SOD1693A~high
where there is a high expression of SOD19%4, hyperex-
citability was observed in the sustained firing subset of
lumbar spinal motor neurons at the same developmen-
tal stage [123]. The study did not clarify which a-motor
neuron subset this pertains to. Yet, it is intriguing to note
that, based on the SOD1%%*A expression level, various
subsets of lumbar spinal motor neurons exhibit either
hypoexcitability or hyperexcitability at an identical devel-
opmental stage.

A growing number of studies [119, 122, 124] has found
that hypoexcitability is an early feature of ALS, primar-
ily observed in the largest motor neurons that innervate
FF muscle fibres, followed by the large motor neurons
that innervate FFR muscle fibres. This occurs before
motor units start to degenerate. One possibility for this
is that other more resistant motor neurons compensate
for the reduced activity of these hypoexcitable motor
neurons. Another plausible explanation for this hypo-
excitability suggests that ALS-affected neurons initially
become hyperexcitable due to transcriptional changes
triggered by ALS mutations. Subsequently, these cells
might attempt to compensate for this hyperexcitability
through mechanisms that are currently not well under-
stood [125]. This overcompensation could then lead to a
state of hypoexcitability, ultimately contributing to neu-
ronal degeneration [71]. Hypoexcitability could instead
serve to reduce calcium uptake, thereby increasing motor
neuron survival [119]. Given that the discovery of motor
neuron hypoexcitability in ALS patients is relatively
recent, the underlying mechanisms are not yet well-doc-
umented. However, in the subsequent sections, we delve
into the alterations in ion channels that might contribute
to this state of neuronal hypoexcitability.

Na*/K*-ATPase

A imbalance in both sodium and potassium ions was
discovered in the spinal cords of transgenic mutant
SOD1%%A mice, attributed to a significant loss in oua-
bain-sensitive Nat/K*-ATPase, which was also observed
in the cerebellum [36]. In normal circumstances, this
pump is responsible for maintaining low cytosolic
sodium levels and high cytosolic potassium levels using
ATP. In neurons, this function allows them to return
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to their resting state after an action potential, while in
astrocytes, the established sodium gradient facilitates
neurotransmitter uptake [126]. This suggests that neu-
rons do not recover from activation as quickly, suggest-
ing a decrease in excitability. Furthermore, the Na®/
K*-ATPase consumes around 50% of the energy supply
within the CNS [127]. A loss of more than 75% in Na%t/
K*-ATPase activity will significantly affect the energy
metabolism of the cells, potentially offsetting the patho-
logical effects of mitochondria known to occur in ALS
pathology. This highlights the necessity for further
investigation [128]. The Nat/K*-ATPase consists of two
subunits, a and P. Interestingly, a significant decrease in
a-subunits was detected in spinal motor neurons iso-
lated from SOD1%%4 mice, with no effect on B-subunits
[36]. This loss of a-subunits can be explained by their
increased sensitivity to damage by free radicals and other
oxidative stress [129]. This sensitivity arises because a
substantial portion of the a-subunit faces the reducing
environment of the cytoplasm and has 23 free sulfthydryls
and other oxidative groups that are readily oxidized. As
such they are adapted to a reduced environment and are
therefore easily oxidized by free radicals present in the
cytoplasm. Oxidized Na*/K'-ATPase a-subunits can
then be broken down by proteosomal, calpain, and lyso-
somal pathways [130, 131]. In contrast, p-subunits reside
in the extracellular space where the environment is more
oxidizing than the cytoplasm, and has six extracellular
sulhydryl groups linked via disulfide bonds [36]. Thus,
they are more adapted to an oxidizing environment and
are less affected by free radicals. Due to the importance
of this pump in maintaining correct neuronal signalling
and energy metabolism, the Na*/K*-ATPase should be
further explored as a potential therapeutic target.

Calcium channels

In addition, another study reported two loss-of-function
missense mutations in the gene CACNA 1A encoding the
pro-excitatory voltage-gated Ca,3.2T-type Ca>" chan-
nel, in a patient with ALS [132]. The V1689M mutation
produced a depolarising shift in voltage dependence of
activation of the channel, suggesting that stronger depo-
larisations are necessary to activate the channel. The
A1705T mutation produced a hyperpolarized shifted the
voltage dependence of inactivation, suggesting decreased
channel availability at the resting membrane potential
of neurons. Likewise, two additional mutations in the
Ca,3.2 channel, identified in an ALS patient, underwent
functional analysis, confirming a similar loss-of-function.
One mutation caused an in-frame deletion of a highly
conserved isoleucine residue, leading to a complete loss
of channel function. Moreover, this mutation exhibited a
dominant-negative effect on the wild-type channel. The
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second mutation, in contrast, induced a milder reduction
in the T-type calcium current [133]. These channels are
expressed throughout the CNS and PNS mediating a low
voltage activated, transient Ca*" current that plays a cru-
cial role in modulating neuronal excitability [134]. They
have been documented in mouse spinal motor neurons
though their specific role and the result of these loss-of-
function mutations in the context of ALS remains to be
further investigated [112].

Furthermore, T-type channels are known to modulate
the activity of other ion channels, including calcium-
activated and voltage-gated potassium channels. These
functional interactions indirectly affect neuronal excit-
ability through these signalling channel complexes [135].
Finally, six variants in CACNAID encoding the L-type
Ca,1.3 calcium channel were identified in ALS patients.
These VGCCs are high voltage activated calcium chan-
nels that are primarily located in the post-synapse of
neurons, but are also expressed in the sinoatrial node and
atrial cardiomyocytes where they help modulate cardiac
pacemaker activity. They are also found in the pancreas
and kidney where they play a role in endocrine secretion
and in hair cells of the inner ear where they modulate
synaptic transmission [136]. From the six variants found
in this channel one caused a loss-of-function of the chan-
nel, the functional effects of the other variants and there
potential implication in ALS are yet to be assessed [137].
Nonetheless, it is possible that loss-of-function of volt-
age-gated calcium channels may indeed contribute to the
hypoexcitability reported more recently in specific motor
neurons [119].

Targeting ion channels ALS

So far, the Food and Drug Administration (FDA) had
granted approval to four drugs for the management of
ALS. These drugs include Riluzole [138], Edaravone
[139], PB-TURSO [140], and Tofersen [141], Riluzole is
the sole drug primarily designed to target ion channels.
Nevertheless, various other ion channel modulators
have been evaluated or are currently under investigation
(Table 2).

Riluzole

Riluzole was approved in 1995 and is believed to exert its
neuroprotective effects through several mechanisms: (i)
Reducing persistent sodium current and firing frequency
in ALS neurons back to control levels [30]; (ii) Inhibit-
ing glutamate release and increasing glutamate uptake
[142]; (iii) activating various types of potassium channels
and inhibiting slow inactivation of voltage-gated potas-
sium channels, thus reducing spontaneous firing and
hyperexcitability [143, 144]; and (iv) Inhibiting persis-
tent calcium currents [9, 40, 145] and transient calcium
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currents [146]. The interplay between reduced potassium
conductance and increased persistent sodium currents
is considered the primary driver of motor neuron hyper-
excitability in ALS patients. This heightened excitability
leads to increased firing frequency, resulting in charac-
teristic early symptoms like fasciculations and muscle
cramping [11]. However, besides Riluzole, drugs target-
ing these two symptoms in animal models have shown no
significant effects in clinical testing [147]. Importantly,
combining Riluzole with other drugs has demonstrated
improved efficacy, highlighting the potential of combina-
tion therapy in addressing ALS [148, 149]. This supports
the notion that drugs targeting multiple ion channels
might be effective due to the multifactorial nature of ALS.
It is plausible that each ALS patient has a distinct subset
of ion channels affected by the disease, contributing to
the ALS condition. This may explain the limited exten-
sion of lifespan with Riluzole treatment alone, suggesting
that a more targeted approach could yield better results.
Alternatively, broad-spectrum ion channel modulators,
like Riluzole, may not sufficiently address the specific ion
channels that need normalization, potentially leading to
deregulation and unwanted effects.

Calcium channel modulators

Several drugs targeting voltage-gated calcium channels
have been assessed for the management of ALS, although
their effectiveness in slowing down ALS symptoms has
been limited [147, 150]. One such drug tested in clinical
trials is Gabapentin [151]. Gabapentin primarily acts on
the a,0 ancillary subunit of voltage-gated calcium chan-
nels, inhibiting the expression of the channels in the
plasma membrane [152]. However, a study found that
Gabapentin only inhibits «a28 when overexpressed [153].
This might explain its lack of efficacy in ALS clinical tri-
als, potentially indicating the need to test other inhibitors
targeting different subunits including the calcium chan-
nel itself.

Hence, pimozide, a T-type calcium channel blocker,
has recently shown potential in safeguarding neurons
vulnerable to ALS. In an mTDP-43 zebrafish ALS model,
pimozide successfully preserved the structure and trans-
mission of the neuromuscular junction (NM]J) during
repeated stimulations. Similarly, in the SOD1%*’R mouse
model, pimozide effectively enhanced NM] synaptic
transmission. A brief phase II randomized controlled
trial of pimozide spanning 6 weeks yielded encouraging
outcomes, with ALS patients retaining better neuronal
responses than the control group [154]. It is now essen-
tial to extend this trial over a more extended period and
include a larger participant group to ascertain the long-
term effects.
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Table 2 Drugs targeting ion channels currently in use or in trials for ALS

Drug Structure Target Effect Stage References
Riluzole S O\CF3 Na* channels Reduces persistent Na* current In use [30]
HZN_QNU K* channels Activates channels and inhibits (143, 144]
slow inactivation of voltage-gated
K* current
Ca?* channels Inhibits persistent and transient [9, 40, 145, 146]
Ca’* currents
Gabapentin O NH, Voltage-gated Ca?* channels  Inhibits channel expression Phase lll [151]
1]
Pimozide F 5 T-type Ca”" channels Inhibits Ca’* currents Phase Il [154]
yNH
Y o
O O/
F
FPL 64176 O O L-type Ca’* channels Activates channels Preliminary testing [155]
OCH3
O T d—cHy
HC” N
Bay K 8644 CF, L-type Ca’* channels Activates channels Preliminary testing [155]
i 2
HgC\O I | g\oe
Hs;C ﬁ CH3
Mexiletine CH3 CH3 Na* channels Inhibits persistent Na* current Phase IV [156]
0 NH,
CHs
Ezogabine OYO\/CHS K* channels Activates channels Phase Il [161,162]
X,
N NH.
/@ﬂH 2
F
QRL-101 K* channels Activates channels Phase | [163]
4AP o~ NH2 K* channels Inhibits K* currents Preliminary testing [120]

Ny

Additionally, L-type calcium channel agonists are cur-
rently under examination for their potential to rejuvenate
motor neuron functionality. In an mTARDBP zebrafish
ALS model, there was a restoration of the disrupted syn-
aptic transmission upon using the L-type calcium chan-
nel agonists FPL 64176 and Bay K 8644. The data implies
that the acute administration of FPL 64176 can recover
swim duration, even if it does not enhance the distance
or speed. This hints at its potential therapeutic value dur-
ing advanced stages of the disease. However, the research
also identified that the best time for treatment with these
agonists is during the preclinical stages, and only at low
concentrations. When used at higher dosages, both com-
pounds exhibited toxicity [155].

Sodium channel modulators

Mexiletine, a sodium channel blocker, is currently
in phase 4 clinal [156]. Mexiletine has demonstrated
its effectiveness in reducing muscle cramps in ALS
patients [100], a symptom that afflict 90% of cases [157].
Mexiletine, akin to Riluzole, inhibits persistent sodium
currents [158]. Interestingly, Riluzole was found to have
no discernible impact on alleviating muscle cramps in
ALS patients, and the combination of both Riluzole
and Mexiletine showed no synergetic effect compared
to Mexiletine alone [156, 159]. However, the utility of
Mexiletine for the treatment of ALS is limited since it
primarily targets muscle cramps, with some sporadic
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side effects at low doses that become more prevalent at
higher doses [156].

Potassium channel modulators

Ezogabine, also known as retigabine, is an antiepilep-
tic drug that targets hyperexcitability in ALS patients.
Ezogabine activates voltage-gated potassium channels,
which could counteract the reduction in mRNA expres-
sion of KCNQ2 (K,7.2 channel) observed in spinal motor
neurons in ALS patient, as mentioned previously [96].
Furthermore, high-throughput screening with GCaMP,
measuring calcium ion dynamics indicative of neuronal
activity in human ALS cells, highlighted the K,7 ion
channel as a key target for mitigating excitotoxicity [160].
In vitro studies showed that Ezogabine reduced hyper-
excitability and extended the survival of SOD14V/* ALS
neuro and also reduced hyperexcitability in cortical and
spinal MNs, thereby reducing neuronal firing to normal
levels in a phase 2 trial [161, 162]. However, these find-
ings are based on a small study of 65 patients with a short
treatment duration, and the lack of selectivity Ezogabine
was associated with frequent adverse effects. Therefore,
QurAlis has developed a new drug, QRL-101, a more
selective activator of K,7 potassium channels, which is
currently in clinical trials [163].

Recently, 4-aminopyridine (4AP), a potassium channel
blocker, was assessed as a mean to counteract neuronal
hypoexcitability on FUS and SOD1 mutant iPSC-derived
MNs [120]. 4AP restored normal spontaneous firing
activity and synaptic input in MNs by inhibiting potas-
sium currents, thereby preventing MN degeneration.
This approach somewhat contrasts with the use of potas-
sium channel activators such as Ezogabine. Since hypo-
excitability typically appears later in the course of the
disease and only when symptoms are evident — unlike
hyperexcitability, which precedes ALS symptoms — com-
bining both types of drugs in a stage-dependent manner
might be the most effective strategy for addressing ALS.

Conclusion

In conclusion, in this review we provided a comprehen-
sive exploration of the intricate role of various ion chan-
nels in the pathology of ALS, shedding light on their
complex involvement in the disease process. One of
the intriguing aspects of ALS is the dynamic interplay
between hyperexcitability and hypoexcitability of motor
neurons. In the early stages of the disease, motor neu-
rons often exhibit hyperexcitability, meaning they are
overly active. This hyperexcitability may subsequently be
compensated for, leading to a shift towards hypoexcit-
ability, where the neurons become less active, just prior
to neurodegeneration. This duality of excitability states
adds complexity to our understanding of ALS. However,
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a more nuanced perspective emerges when consider-
ing the diversity of neuronal cell types impacted in ALS.
It is plausible that hyperexcitability and hypoexcitability
could manifest as distinct pathological characteristics
within these neuronal subpopulations, contributing to
the complex spectrum of ALS manifestations observed in
patients.

Furthermore, ALS may encompass a spectrum of differ-
ent pathologies affecting motor function. Some patients
may exhibit early signs of hyperexcitability, while others
experience hypoexcitability. This targeting of different
groups of motor neurons contributes to motor neuron
loss and disease progression. The wide range of symp-
tom development and variable involvement of upper and
lower motor neurons further supports this idea. How-
ever, interpreting these distinct groups of pathologies
becomes challenging, particularly considering the promi-
nent use of the SOD1 mutant models for ALS research.
Ethical considerations prohibit direct sampling from live
ALS patients, making alternative animal models essen-
tial for distinguishing between potential groups of ALS
pathologies. These models could help uncover the diverse
mechanisms underlying ALS and contribute to more tar-
geted therapeutic strategies. Nonetheless, the existing
medication, Riluzole, which targets multiple ion chan-
nels, reinforces the importance of ion channels in disease
development.

Regrettably, the divergence in excitability results and
the limited success of drugs targeting hyper- or hypo-
excitability make it difficult to draw definitive conclu-
sions about the efficacy of these therapeutic approaches.
Consequently, identifying specific patient groups with
ion channel defects and associated excitability imbal-
ances could provide a promising avenue for develop-
ing more effective treatments. In the ongoing pursuit
of unraveling the intricate complexities of ALS, further
research is imperative. A deeper understanding of the
specific ion channels involved, their interactions, and
their contribution to the dual phenomena of hyperexcit-
ability and hypoexcitability will be crucial for advancing
our knowledge and improving therapeutic interventions.
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TDP-43 TAR DNA-binding protein-43

VCP Valosin containing protein

Acknowledgements
Not applicable.

Author contributions

Conceptualization: RNS and NW. Formal analysis: RNS. Writing and editing:
RNS and NW. All authors have read and agreed to the published version of the
manuscript.

Funding

N.W.is supported by a grant from the Czech Science Foundation (GACR
#22-232425S), the Ministry of Education, Science, Research and Sport of the
Slovak Republic (VEGA #2/0073/22), and the National Institute for Research of
Metabolic and Cardiovascular Diseases (Program EXCELES # LX22NPO5104),
funded by the European Union—Next Generation EU.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors have no competing interests to declare.

Received: 22 August 2023 Accepted: 11 December 2023
Published online: 15 December 2023

References
1. Chio A, Logroscino G, Traynor BJ, Collins J, Simeone JC, Goldstein LA,
et al. Global epidemiology of amyotrophic lateral sclerosis: a systematic
review of the published literature. NED. 2013;41(2):118-30.

N

22.

23.

24.

25.

Page 13 of 17

Ingre C, Roos PM, Piehl F, Kamel F, Fang F. Risk factors for amyotrophic
lateral sclerosis. Clin Epidemiol. 2015;12(7):181-93.

Kumar DR, Aslinia F, Yale SH, Mazza JJ. Jean-Martin Charcot: the father of
neurology. Clin Med Res. 2011;9(1):46-9.

Taylor JP, Brown RH, Cleveland DW. Decoding ALS: from genes to
mechanism. Nature. 2016;539(7628):197-206.

Martinez HR. Accelerate the diagnosis of amyotrophic lateral sclerosis
using the Gold Coast criteria and biomarkers. RMN. 2023;24(3):10292.
Gelon PA, Dutchak PA, Sephton CF. Synaptic dysfunction in ALS and
FTD: anatomical and molecular changes provide insights into mecha-
nisms of disease. Front Mol Neurosci. 2022. https://doi.org/10.3389/
fnmol.2022.1000183.

Sawada H. Clinical efficacy of edaravone for the treatment of amyo-
trophic lateral sclerosis. Expert Opin Pharmacother. 2017;18(7):735-8.
Fels JA, Dash J, Leslie K, Manfredi G, Kawamata H. Effects of PB-TURSO
on the transcriptional and metabolic landscape of sporadic ALS fibro-
blasts. Ann Clin Transl Neurol. 2022;9(10):1551-64.

Schuster JE, Fu R, Siddique T, Heckman CJ. Effect of prolonged riluzole
exposure on cultured motoneurons in a mouse model of ALS. J Neuro-
physiol. 2011;107(1):484-92.

van Roon-Mom W, Ferguson C, Aartsma-Rus A. From failure to meet the
clinical endpoint to U.S. Food and Drug Administration Approval: 15th
Antisense Oligonucleotide Therapy Approved Qalsody (Tofersen) for
treatment of SOD1 mutated amyotrophic lateral sclerosis. Nucleic Acid
Therapeut. 2023. https://doi.org/10.1089/nat.2023.0027.

Foster LA, Salajegheh MK. Motor neuron disease: pathophysiology,
diagnosis, and management. Am J Med. 2019;132(1):32-7.

Sturmey E, Malaspina A. Blood biomarkers in ALS: challenges, applica-
tions and novel frontiers. Acta Neurol Scand. 2022;146(4):375-88.

Joilin G, Leigh PN, Newbury SF, Hafezparast M. An overview of MicroR-
NAs as Biomarkers of ALS. Front Neurol. 2019. https://doi.org/10.3389/
fneur.2019.00186.

Bozzoni V, Pansarasa O, Diamanti L, Nosari G, Cereda C, Ceroni M.
Amyotrophic lateral sclerosis and environmental factors. Funct Neurol.
2016;31(1):7-19.

Newell ME, Adhikari S, Halden RU. Systematic and state-of the science
review of the role of environmental factors in Amyotrophic Lateral
Sclerosis (ALS) or Lou Gehrig's Disease. Sci Total Environ. 2022;15(817):
152504,

Chio A, Benzi G, Dossena M, Mutani R, Mora G. Severely increased risk of
amyotrophic lateral sclerosis among Italian professional football players.
Brain. 2005;128(Pt 3):472-6.

McKay KA, Smith KA, Smertinaite L, Fang F, Ingre C, Taube F. Military
service and related risk factors for amyotrophic lateral sclerosis. Acta
Neurol Scand. 2021;143(1):39-50.

Nguyen HP, Van Broeckhoven C, van der Zee J. ALS genes in

the genomic era and their implications for FTD. Trends Genet.
2018,;34(6):404-23.

Ling SC, Polymenidou M, Cleveland DW. Converging mechanisms

in ALS and FTD: disrupted RNA and protein homeostasis. Neuron.
2013;79(3):416-38.

Peters OM, Ghasemi M, Brown RH. Emerging mechanisms of molecular
pathology in ALS. J Clin Invest. 2015;125(5):1767-79.

Bozzo F, Mirra A, Carri MT. Oxidative stress and mitochondrial dam-
age in the pathogenesis of ALS: new perspectives. Neurosci Lett.
2017;1(636):3-8.

Levy JR, Sumner CJ, Caviston JP, Tokito MK, Ranganathan S, Ligon

LA, et al. A motor neuron disease-associated mutation in p150Glued
perturbs dynactin function and induces protein aggregation. J Cell Biol.
2006;172(5):733-45.

Ikenaka K, Katsuno M, Kawai K, Ishigaki S, Tanaka F, Sobue G. Disrup-
tion of axonal transport in motor neuron diseases. Int J Mol Sci.
2012;13(1):1225-38.

Cheroni C, Marino M, Tortarolo M, Veglianese P, De Biasi S, Fontana E,

et al. Functional alterations of the ubiquitin-proteasome system in
motor neurons of a mouse model of familial amyotrophic lateral sclero-
sist. Hum Mol Genet. 2009;18(1):82-96.

Guber RD, Schindler AB, Budron MS, Lian CK, Li Y, Fischbeck KH, et al.
Nucleocytoplasmic transport defect in a North American patient with
ALS8. Ann Clin Trans| Neurol. 2018;5(3):369-75.


https://doi.org/10.3389/fnmol.2022.1000183
https://doi.org/10.3389/fnmol.2022.1000183
https://doi.org/10.1089/nat.2023.0027
https://doi.org/10.3389/fneur.2019.00186
https://doi.org/10.3389/fneur.2019.00186

Stringer and Weiss Molecular Brain

26.

27.

28.

29.

30.

32.

33.

34

35.

36.

37.
38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

(2023) 16:82

Jovici¢ A, Paul JW III, Gitler AD. Nuclear transport dysfunction: a
common theme in amyotrophic lateral sclerosis and frontotemporal
dementia. J Neurochem. 2016;138(S1):134-44.

Zanette G, Tamburin S, Manganotti P, Refatti N, Forgione A, Rizzuto N.
Different mechanisms contribute to motor cortex hyperexcitability in
amyotrophic lateral sclerosis. Clin Neurophysiol. 2002;113(11):1688-97.
Vucic S, Kiernan MC. Novel threshold tracking techniques suggest that
cortical hyperexcitability is an early feature of motor neuron disease.
Brain. 2006;129(9):2436-46.

Kiernan MC. Hyperexcitability, persistent Na+ conductances and
neurodegeneration in amyotrophic lateral sclerosis. Exp Neurol.
2009;218(1):1-4.

Pieri M, Carunchio I, Curcio L, Mercuri NB, Zona C. Increased persistent
sodium current determines cortical hyperexcitability in a genetic
model of amyotrophic lateral sclerosis. Exp Neurol. 2009;215(2):368-79.
Vucic S, Kiernan MC. Axonal excitability properties in amyotrophic
lateral sclerosis. Clin Neurophysiol. 2006;117(7):1458-66.

Vucic S, Nicholson G, Kiernan MC. Cortical hyperexcitability may
precede the onset of familial amyotrophic lateral sclerosis. Brain.
2008;131:1540.

Vucic S, Kiernan MC. Cortical excitability testing distinguishes Ken-
nedy’s disease from amyotrophic lateral sclerosis. Clin Neurophysiol.
2008;119(5):1088-96.

Kleine BU, Stegeman DF, Schelhaas HJ, Zwarts MJ. Firing pattern of fas-
ciculations in ALS: evidence for axonal and neuronal origin. Neurology.
2008;70(5):353-9.

Heath PR, Shaw PJ. Update on the glutamatergic neurotransmitter
system and the role of excitotoxicity in amyotrophic lateral sclerosis.
Muscle Nerve. 2002;26(4):438-58.

Ellis DZ, Rabe J, Sweadner KJ. Global Loss of Na, K-ATPase and its nitric
oxide-mediated regulation in a transgenic mouse model of amyo-
trophic lateral sclerosis. J Neurosci. 2003;23(1):43-51.

Hand CK, Rouleau GA. Familial amyotrophic lateral sclerosis. Muscle
Nerve. 2002;25(2):135-59.

Stifani N. Motor neurons and the generation of spinal motor neuron
diversity. Front Cell Neurosci. 2014.

Burke RE, Levine DN, Tsairis P, Zajac FE Ill. Physiological types and his-
tochemical profiles in motor units of the cat gastrocnemius. J Physiol.
1973;234(3):723-48.

Kuo JJ, Siddique T, Fu R, Heckman CJ. Increased persistent Na+ current
and its effect on excitability in motoneurones cultured from mutant
SOD1 mice. J Physiol. 2005;563(3):843-54.

Shaw P, Eggett CJ. Molecular factors underlying selective vulnerability
of motor neurons to neurodegeneration in amyotrophic lateral sclero-
sis. J Neurol. 2000;247(1):117-27.

Pun'S, Santos AF, Saxena S, Lan Xu, Caroni P. Selective vulnerability and
pruning of phasic motoneuron axons in motoneuron disease alleviated
by CNTF. Nat Neurosci. 2006;9(3):408-19.

Do-Ha D, Buskila Y, Ooi L. Impairments in motor neurons, interneu-
rons and astrocytes contribute to hyperexcitability in ALS: underlying
mechanisms and paths to therapy. Mol Neurobiol. 2018;55(2):1410-8.
Wagle-Shukla A, Ni Z, Gunraj CA, Bahl N, Chen R. Effects of short interval
intracortical inhibition and intracortical facilitation on short interval
intracortical facilitation in human primary motor cortex. J Physiol.
2009;587(23):5665-78.

Foerster BR, Callaghan BC, Petrou M, Edden RAE, Chenevert TL, Feldman
EL. Decreased motor cortex y-aminobutyric acid in amyotrophic lateral
sclerosis. Neurology. 2012;78(20):1596-600.

Vucic S, Cheah BC, Kiernan MC. Defining the mechanisms that underlie
cortical hyperexcitability in amyotrophic lateral sclerosis. Exp Neurol.
2009;220(1):177-82.

Zhang W, Zhang L, Liang B, Schroeder D, Wei ZZ, Cox GA, et al. Hyperac-
tive somatostatin interneurons contribute to excitotoxicity in neurode-
generative disorders. Nat Neurosci. 2016;19(4):557-9.

Nieto-Gonzalez J, Moser J, Lauritzen M, Schmitt-John T, Jensen K.
Reduced GABAergic inhibition explains cortical hyperexcitability in the
wobbler mouse model of ALS. Cerebral Cortex (New York, NY: 1991).
2011;21:625-35.

McGown A, McDearmid JR, Panagiotaki N, Tong H, Al Mashhadi S,
Redhead N, et al. Early interneuron dysfunction in ALS: insights from a
mutant sod1 zebrafish model. Ann Neurol. 2013;73(2):246-58.

50.

51

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Page 14 of 17

Petri S, Krampfl K, Hashemi F, Grothe C, Hori A, Dengler R, et al. Distribu-
tion of GABAA receptor mRNA in the motor cortex of ALS patients. J
Neuropathol Exp Neurol. 2003;62(10):1041-51.

Rothstein JD, Tsai G, Kuncl RW, Clawson L, Cornblath DR, Drachman
DB, et al. Abnormal excitatory amino acid metabolism in amyotrophic
lateral sclerosis. Ann Neurol. 1990;28(1):18-25.

Spreux-Varoquaux O, Bensimon G, Lacomblez L, Salachas F, Pradat

PF, Le Forestier N, et al. Glutamate levels in cerebrospinal fluid in
amyotrophic lateral sclerosis: a reappraisal using a new HPLC method
with coulometric detection in a large cohort of patients. J Neurol Sci.
2002;193(2):73-8.

Rothstein JD, Van Kammen M, Martin LJ, Kuncl RW. Selective loss of
glial glutamate transporter GLT-1 in amyotrophic lateral sclerosis. Ann
Neurol. 1995;38:73-84.

King AE, Woodhouse A, Kirkcaldie MTK, Vickers JC. Excitotoxicity in ALS:
overstimulation, or overreaction? Exp Neurol. 2016;1(275):162-71.
Schiel KA. A beneficial role for elevated extracellular glutamate

in amyotrophic lateral sclerosis and cerebral ischemia. BioEssays.
2021,43(11):2100127.

Wooley CM, Sher RB, Kale A, Frankel WN, Cox GA, Seburn KL. Gait
analysis detects early changes in transgenic SOD1(G93A) mice. Muscle
Nerve. 2005;32(1):43-50.

Philips T, Rothstein JD. Rodent models of amyotrophic lateral sclerosis.
Curr Protocols Pharmacol. 2015:69(1):5.67.1-5.67.21.

Deng HX, ShiY, Furukawa Y, Zhai H, Fu R, Liu E, et al. Conversion to the
amyotrophic lateral sclerosis phenotype is associated with intermolecu-
lar linked insoluble aggregates of SOD1 in mitochondria. Proc Natl Acad
Sci. 2006;103(18):7142-7.

llieva H, Polymenidou M, Cleveland DW. Non-cell autonomous

toxicity in neurodegenerative disorders: ALS and beyond. J Cell Biol.
2009;187(6):761-72.

Liu J, Zhang B, Lei H, Feng Z, Liu J, Hsu AL, et al. Functional aging in the
nervous system contributes to age-dependent motor activity decline
in C. elegans. Cell Metabolism. 2013;18(3):392-402.

Xu YF, Gendron TF, Zhang YJ, Lin WL, D'Alton S, Sheng H, et al. Wild-type
human TDP-43 expression causes TDP-43 phosphorylation, mitochon-
drial aggregation, motor deficits, and early mortality in transgenic mice.
J Neurosci. 2010;30(32):10851-9.

Vance C, Rogelj B, Hortobdagyi T, De Vos KJ, Nishimura AL, Sreedharan

J, et al. Mutations in FUS, an RNA processing protein, cause familial
amyotrophic lateral sclerosis type 6. Science. 2009;323(5918):1208-11.
Qiu H, Lee S, Shang Y, Wang WY, Au KF, Kamiya S, et al. ALS-associated
mutation FUS-R521C causes DNA damage and RNA splicing defects. J
Clin Investig. 2014;124(3):981-99.

Lutz C. Mouse models of ALS: past, present and future. Brain Res.
2018;15(1693):1-10.

Mogyoros I. Strength-duration properties of sensory and motor axons
in amyotrophic lateral sclerosis. Brain. 1998;121(5):851-9.

Bostock H, Sharief MK, Reid G, Murray NMF. Axonal ion channel dysfunc-
tion in amyotrophic lateral sclerosis. Brain. 1995;118(1):217-25.
Bostock H, Cikurel K, Burke D. Threshold tracking techniques in the
study of human peripheral nerve. Muscle Nerve. 1998;21(2):137-58.
Kuo JJ, Schonewille M, Siddique T, Schults ANA, Fu R, Bar PR, et al.
Hyperexcitability of cultured spinal motoneurons from presymptomatic
ALS mice. J Neurophysiol. 2004,91(1):571-5.

Lin WH, Wright DE, Muraro NI, Baines RA. Alternative splicing in the
voltage-gated sodium channel DMNA, regulates activation, inactiva-
tion, and persistent current. J Neurophysiol. 2009;102(3):1994-2006.
Hammarstréom AKM, Gage PW. Oxygen-sensing persistent sodium
channels in rat hippocampus. J Physiol. 2000;529(1):107-18.

Astman N, Gutnick MJ, Fleidervish IA. Activation of protein kinase C
increases neuronal excitability by regulating persistent Na+ current in
mouse neocortical slices. J Neurophysiol. 1998;80(3):1547-51.

Su H, Alroy G, Kirson ED, Yaari Y. Extracellular calcium modulates persis-
tent sodium current-dependent burst-firing in hippocampal pyramidal
neurons. J Neurosci. 2001;21(12):4173-82.

Kiss T. Persistent Na-channels: origin and function: a review Jdnos
Saldnki memory lecture. Acta Biol Hung. 2008;59(Supplement 2):1-12.
Segal MM. Endogenous bursts underlie seizurelike activity in solitary
excitatory hippocampal neurons in microcultures. J Neurophysiol.
1994;72(4):1874-84.



Stringer and Weiss Molecular Brain

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

(2023) 16:82

Zona C, Pieri M, Carunchio I. Voltage-dependent sodium channels in
spinal cord motor neurons display rapid recovery from fast inactiva-
tion in a mouse model of amyotrophic lateral sclerosis. J Neurophys-
iol. 2006,96(6):3314-22.

KubatOktem E, Mruk K, Chang J, Akin A, Kobertz WR, Brown RH.
Mutant SOD1 protein increases Nav13 channel excitability. J Biol
Phys. 2016;42(3):351-70.

Alessandri-Haber N, Alcaraz G, Deleuze C, Jullien F, Manrique C,
Couraud F, et al. Molecular determinants of emerging excitability in
rat embryonic motoneurons. J Physiol. 2002;541(1):25-39.

Goldin AL. Diversity of mammalian voltage-gated sodium channels.
Annals NY Acad Sci. 1999;868:38-50.

Jorgensen HS, Jensen DB, Dimintiyanova KP, Bonnevie VS, Hedegaard
A, Lehnhoff J, et al. Increased axon initial segment length results in
increased Na+ currents in spinal motoneurones at symptom onset
in the G127X SOD1 mouse model of amyotrophic lateral sclerosis.
Neuroscience. 2021;1(468):247-64.

JoY, Lee J, Lee SY, Kwon |, Cho H. Poly-dipeptides produced from
C9orf72 hexanucleotide repeats cause selective motor neuron hyper-
excitability in ALS. Proc Natl Acad Sci. 2022;119(11): €2113813119.
Balendra R, Isaacs AM. C9orf72-mediated ALS and FTD: multiple
pathways to disease. Nat Rev Neurol. 2018;14(9):544-58.
Lagier-Tourenne C, Baughn M, Rigo F, Sun S, Liu P, Li HR, et al.
Targeted degradation of sense and antisense C9orf72 RNA foci as
therapy for ALS and frontotemporal degeneration. Proc Natl Acad Sci.
2013;110(47):E4530-9.

Mori K, Weng SM, Arzberger T, May S, Rentzsch K, Kremmer E, et al.
The C90rf72 GGGGCC repeat is translated into aggregating dipep-
tide-repeat proteins in FTLD/ALS. Science. 2013;339(6125):1335-8.
ZuT, Liu Y, Banez-Coronel M, Reid T, Pletnikova O, Lewis J, et al. RAN
proteins and RNA foci from antisense transcripts in COORF72 ALS and
frontotemporal dementia. Proc Natl Acad Sci. 2013;110(51):E4968-77.
Ash PEA, Bieniek KF, Gendron TF, Caulfield T, Lin WL, DeJesus-Her-
nandez M, et al. Unconventional translation of COORF72 GGGGCC
expansion generates insoluble polypeptides specific to cOFTD/ALS.
Neuron. 2013;77(4):639-46.

Donnelly CJ, Zhang PW, Pham JT, Haeusler AR, Mistry NA, Vidensky S,
et al. RNA toxicity from the ALS/FTD COORF72 expansion is mitigated
by antisense intervention. Neuron. 2013;80(2):415-28.

Mizielinska S, Lashley T, Norona FE, Clayton EL, Ridler CE, Fratta P,

et al. C9orf72 frontotemporal lobar degeneration is characterised by
frequent neuronal sense and antisense RNA foci. Acta Neuropathol.
2013;126(6):845-57.

Kwon |, Xiang S, Kato M, Wu L, Theodoropoulos P, Wang T, et al. Poly-
dipeptides encoded by the C9orf72 repeats bind nucleoli, impede
RNA biogenesis, and kill cells. Science. 2014;345(6201):1139-45.
Mizielinska S, Grénke S, Niccoli T, Ridler CE, Clayton EL, Devoy A, et al.
C90rf72 repeat expansions cause neurodegeneration in Drosophila
through arginine-rich proteins. Science. 2014;345(6201):1192-4.

Lee KH, Zhang P, Kim HJ, Mitrea DM, Sarkar M, Freibaum BD, et al.
C9orf72 dipeptide repeats impair the assembly, dynamics, and func-
tion of membrane-less organelles. Cell. 2016;167(3):774-788.e17.
Nutini M, Spalloni A, Florenzano F, Westenbroek RE, Marini C, Catterall
WA, et al. Increased expression of the beta3 subunit of voltage-gated
Na+ channels in the spinal cord of the SOD1G93A mouse. Mol Cell
Neurosci. 2011;47(2):108-18.

Shah BS, Stevens EB, Pinnock RD, Dixon AK, Lee K. Developmental
expression of the novel voltage-gated sodium channel auxiliary
subunit 33, in rat CNS. J Physiol. 2001;534(3):763-76.

Camerino GM, Fonzino A, Conte E, Bellis MD, Mele A, Liantonio A,

et al. Elucidating the contribution of skeletal muscle ion channels to
amyotrophic lateral sclerosis in search of new therapeutic options.
Sci Rep. 2019;9(1):1-15.

Haimovich B, Schotland DL, Fieles WE, Barchi RL. Localization of
sodium channel subtypes in adult rat skeletal muscle using channel-
specific monoclonal antibodies. J Neurosci. 1987,7(9):2957-66.
Aittoniemi J, Fotinou C, Craig TJ, de Wet H, Proks P, Ashcroft FM. SUR1:
a unique ATP-binding cassette protein that functions as an ion chan-
nel regulator. Phil Transac R Soc B Biol Sci. 2009;364(1514):257.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

113.

Page 150f 17

Jiang YM, Yamamoto M, Kobayashi Y, Yoshihara T, Liang Y, Terao S, et al.
Gene expression profile of spinal motor neurons in sporadic amyo-
trophic lateral sclerosis. Ann Neurol. 2005;57(2):236-51.

Kanai K, Kuwabara S, Misawa S, Tamura N, Ogawara K, Nakata M, et al.
Altered axonal excitability properties in amyotrophic lateral sclerosis:
impaired potassium channel function related to disease stage. Brain.
2006;129(4):953-62.

Batavelji¢ D, Nikoli¢ L, Milosevi¢ M, Todorovi¢ N, Andjus PR. Changes in
the astrocytic aquaporin-4 and inwardly rectifying potassium channel
expression in the brain of the amyotrophic lateral sclerosis SOD1G93A
rat model. Glia. 2012;60(12):1991-2003.

Dodson PD, Billups B, Rusznak Z, Szucs G, Barker MC, Forsythe ID.
Presynaptic Rat Kv1.2 channels suppress synaptic terminal hyperexcit-
ability following action potential invasion. J Physiol. 2003;550(1):27-33.
Peric M, Nikolic L, Andjus PR, Bataveljic D. Dysfunction of oligodendro-
cyte inwardly rectifying potassium channel in a rat model of amyo-
trophic lateral sclerosis. Eur J Neurosci. 2021;54(7):6339-54.

Ferraiuolo L, Meyer K, Sherwood TW, Vick J, Likhite S, Frakes A, et al.
Oligodendrocytes contribute to motor neuron death in ALS via SOD1-
dependent mechanism. Proc Natl Acad Sci USA. 2016. https://doi.org/
10.1073/pnas.1607496113.

Sun S, Sun', Ling SC, Ferraiuolo L, McAlonis-Downes M, Zou Y, et al.
Translational profiling identifies a cascade of damage initiated in motor
neurons and spreading to glia in mutant SOD1-mediated ALS. Proc Natl
Acad Sci USA. 2015. https://doi.org/10.1073/pnas.1520639112.

Powers RK, Binder MD. Input-output functions of mammalian moto-
neurons. Rev Physiol Biochem Pharmacol. 2001;143:137-263.

Alexianu ME, Ho BK, Mohamed AH, Bella VL, Smith RG, Appel SH.The
role of calcium-binding proteins in selective motoneuron vulnerability
in amyotrophic lateral sclerosis. Ann Neurol. 1994;36(6):846-58.
Palecek J, Lips MB, Keller BU. Calcium dynamics and buffering in moto-
neurones of the mouse spinal cord. J Physiol. 1999;520(2):485-502.
Jaiswal MK. Calcium, mitochondria, and the pathogenesis of ALS: the
good, the bad, and the ugly. Front Cell Neurosci. 2013. https://doi.org/
10.3389/fncel.2013.00199/full.

Vanselow BK, Keller BU. Calcium dynamics and buffering in oculomotor
neurones from mouse that are particularly resistant during amyo-
trophic lateral sclerosis (ALS)-related motoneurone disease. J Physiol.
2000;525(2):433-45.

Anzilotti S, Brancaccio P, Simeone G, ValsecchiV, Vinciguerra A, Secondo
A, et al. Preconditioning, induced by sub-toxic dose of the neurotoxin
L-BMAA, delays ALS progression in mice and prevents Na™ /Ca’*
exchanger 3 downregulation. Cell Death Dis. 2018,9(2):1-17.

Boscia F, D'’Avanzo C, Pannaccione A, Secondo A, Casamassa A, Form-
isano L, et al. Silencing or knocking out the Nat/Ca’* exchanger-3
(NCX3) impairs oligodendrocyte differentiation. Cell Death Differ.
2012;19(4):562-72.

Casamassa A, Rocca CL, Sokolow S, Herchuelz A, Matarese G, Annun-
ziato L, et al. Ncx3 gene ablation impairs oligodendrocyte precursor
response and increases susceptibility to experimental autoimmune
encephalomyelitis. Glia. 2016;64(7):1124-37.

Sokolow S, Manto M, Gailly P, Molgé J, Vandebrouck C, Vanderwinden
JM, et al. Impaired neuromuscular transmission and skeletal mus-

cle fiber necrosis in mice lacking Na/Ca exchanger 3. J Clin Invest.
2004;113(2):265-73.

Chang Q, Martin LJ. Voltage-gated calcium channels are abnormal in
cultured spinal motoneurons in the G93A-SOD1 transgenic mouse
model of ALS. Neurobiol Dis. 2016;1(93):78-95.

Carlin KP, Jiang Z, Brownstone RM. Characterization of calcium currents
in functionally mature mouse spinal motoneurons. Eur J Neurosci.
2000;12(5):1624-34.

Arakawa Y, Nishijima C, Shimizu N, UrushidaniT. Survival-promoting
activity of nimodipine and nifedipine in rat motoneurons: implica-
tions of an intrinsic calcium toxicity in motoneurons. J Neurochem.
2002;83(1):150-6.

Tran LT, Gentil BJ, Sullivan KE, Durham HD. The voltage-gated

calcium channel blocker lomerizine is neuroprotective in motor
neurons expressing mutant SOD1, but not TDP-43. J Neurochem.
2014;130(3):455-66.

Camerino GM, Bouché M, De Bellis M, Cannone M, Liantonio A, Musaraj
K, et al. Protein kinase C theta (PKCO) modulates the CIC-1 chloride


https://doi.org/10.1073/pnas.1607496113
https://doi.org/10.1073/pnas.1607496113
https://doi.org/10.1073/pnas.1520639112
https://doi.org/10.3389/fncel.2013.00199/full
https://doi.org/10.3389/fncel.2013.00199/full

Stringer and Weiss Molecular Brain

118.

119.

120.

122.

126.

127.

128.

129.

130.

132.

133.

134.

135.

136.

(2023) 16:82

channel activity and skeletal muscle phenotype: a biophysical and
gene expression study in mouse models lacking the PKCO. Pflugers
Arch Eur J Physiol. 2014;466(12):2215-28.

Desaphy JF, Gramegna G, Altamura C, Dinardo MM, Imbrici P, George
AL, et al. Functional characterization of CIC-1 mutations from patients
affected by recessive myotonia congenita presenting with different
clinical phenotypes. Exp Neurol. 2013;1(248):530-40.

Pierno S, Luca AD, Beck CL, George AL, Camerino DC. Aging-associated
down-regulation of CIC-1 expression in skeletal muscle: phenotypic-
independent relation to the decrease of chloride conductance. FEBS
Lett. 1999;449(1):12-6.

Delestrée N, Manuel M, Iglesias C, Elbasiouny SM, Heckman CJ,
Zytnicki D. Adult spinal motoneurones are not hyperexcitable in a
mouse model of inherited amyotrophic lateral sclerosis. J Physiol.
2014;592(7):1687-703.

Naujock M, Stanslowsky N, Bufler S, Naumann M, Reinhardt P, Stern-
eckert J, et al. 4-Aminopyridine induced activity rescues hypoexcitable
motor neurons from amyotrophic lateral sclerosis patient-derived
induced pluripotent stem cells. Stem Cells. 2016;34(6):1563-75.

Devlin AC, Burr K, Borooah S, Foster JD, Cleary EM, Geti |, et al. Human
iPSC-derived motoneurons harbouring TARDBP or C9ORF72 ALS muta-
tions are dysfunctional despite maintaining viability. Nat Commun.
2015;6(1):5999.

Martinez-Silvade ML, Imhoff-Manuel RD, Sharma A, Heckman C, Shnei-
der NA, Roselli F, et al. Hypoexcitability precedes denervation in the
large fast-contracting motor units in two unrelated mouse models of
ALS. eLife. 2018;7:30955.

Filipchuk A, Pambo-Pambo A, Gaudel F, Liabeuf S, Brocard C, Gueritaud
JP, et al. Early hypoexcitability in a subgroup of spinal motoneurons

in superoxide dismutase 1 transgenic mice, a model of amyotrophic
lateral sclerosis. Neuroscience. 2021;21(463):337-53.

Venugopal S, Hsiao CF, Sonoda T, Wiedau-Pazos M, Chandler SH.
Homeostatic dysregulation in membrane properties of masticatory
motoneurons compared with oculomotor neurons in a mouse model
for amyotrophic lateral sclerosis. J Neurosci. 2015;35(2):707-20.

Le Masson G, Przedborski S, Abbott LF. A computational model of
motor neuron degeneration. Neuron. 2014;83(4):.975-88.

Clausen MV, Hilbers F, Poulsen H. The structure and function of the Na,
K-ATPase isoforms in health and disease. Front Physiol. 2017. https://doi.
0rg/10.3389/fphys.2017.00371/full.

Ames A. CNS energy metabolism as related to function. Brain Res Rev.
2000;34(1-2):42-68.

Browne SE, Bowling AC, Baik MJ, Gurney M, Brown RH, Beal MF.
Metabolic dysfunction in familial, but not sporadic, amyotrophic lateral
sclerosis. J Neurochem. 2002;71(1):281-7.

Mense M, Stark G, Apell HJ. Effects of free radicals on partial reactions of
the Na. K-ATPase J Membr Biol. 1997;156(1):63-71.

Thévenod F, Friedmann JM. Cadmium-mediated oxidative stress in
kidney proximal tubule cells induces degradation of Na*/K*-ATPase
through proteasomal and endo-/lysosomal proteolytic pathways.
FASEB J. 1999;13(13):1751-61.

Zolotarjova N, Ho C, Mellgren RL, Askari A, Hsiung HW. Differ-

ent sensitivities of native and oxidized forms of Na-K+-ATPase to
intracellular proteinases. Biochim Biophy Acta (BBA) Biomembr.
1994,1192(1):125-31.

Rzhepetskyy Y, Lazniewska J, Blesneac I, Pamphlett R, Weiss N. CAC-
NATH missense mutations associated with amyotrophic lateral sclerosis
alter Cav3.2 T-type calcium channel activity and reticular thalamic
neuron firing. Channels. 2016;10(6):466-77.

Stringer RN, Jurkovicova-Tarabova B, Huang S, Haji-Ghassemi O, Idoux R,
Liashenko A, et al. A rare CACNATH variant associated with amyo-
trophic lateral sclerosis causes complete loss of Cav3.2 T-type channel
activity. Mol Brain. 2020;13(1):33.

Chemin J, Monteil A, Perez-Reyes E, Bourinet E, Nargeot J, Lory P. Spe-
cific contribution of human T-type calcium channel isotypes (a1G, alH
and all) to neuronal excitability. J Physiol. 2002;540(1):3-14.

Turner RW, Zamponi GW. T-type channels buddy up. Pflugers Arch Eur J
Physiol. 2014;466(4):661-75.

Lipscombe D, Helton TD, Xu W. L-type calcium channels: the low down.
J Neurophysiol. 2004;92(5):2633-41.

137.

138.

139.

141.

142.

144.

145.

146.

147.

150.

152.

153.

154.

155.

Page 16 of 17

Nagy ZF, Sonkodi B, Pal M, Klivényi P, Széll M. Likely pathogenic vari-
ants of Cav1.3 and Nav1.1 encoding genes in amyotrophic lateral
sclerosis could elucidate the dysregulated pain pathways. Biomedi-
cines. 2023;11(3):933.

Saitoh Y, Takahashi Y. Riluzole for the treatment of amyotrophic lateral
sclerosis. Neurodegener Dis Manag. 2020;10(6):343-55.

Neupane P, Thada PK, Singh P, Faisal AR, Rai N, Poudel P, et al.
Investigating edaravone use for management of amyotrophic lateral
sclerosis (ALS): a narrative review. Cureus. 2023;15(1): e33746.

Sun', Li X, Bedlack R. An evaluation of the combination of sodium
phenylbutyrate and taurursodiol for the treatment of amyotrophic
lateral sclerosis. Expert Rev Neurother. 2023;23(1):1-7.

Blair HA. Tofersen: first approval. Drugs. 2023;83(11):1039-43.

Dunlop J, Beal Mcllvain H, She Y, Howland DS. Impaired spinal cord
glutamate transport capacity and reduced sensitivity to riluzole in a
transgenic superoxide dismutase mutant rat model of amyotrophic
lateral sclerosis. J Neurosci. 2003;23(5):1688-96.

Grunnet M, Jespersen T, Angelo K, Frekjeer-Jensen C, Klaerke DA,
Olesen SP, et al. Pharmacological modulation of SK3 channels. Neu-
ropharmacology. 2001;40(7):879-87.

Xu L, Enyeart JA, Enyeart JJ. Neuroprotective agent riluzole
dramatically slows inactivation of Kv1.4 potassium channels by a
voltage-dependent oxidative mechanism. J Pharmacol Exp Ther.
2001;299:227-37.

Lamanauskas N, Nistri A. Riluzole blocks persistent Na* and Ca**
currents and modulates release of glutamate via presynaptic NMDA
receptors on neonatal rat hypoglossal motoneurons in vitro. Eur J
Neurosci. 2008;27(10):2501-14.

Jaiswal MK. Riluzole but not melatonin ameliorates acute motor
neuron degeneration and moderately inhibits SOD1-mediated
excitotoxicity induced disrupted mitochondrial Ca®* signaling in
amyotrophic lateral sclerosis. Front Cell Neurosci. 2017. https://doi.
org/10.3389/fncel.2016.00295/full.

KumarV, Kashav T, Hassan MDI. Amyotrophic lateral sclerosis: current
therapeutic perspectives. In: Singh S, Joshi N, editors. Pathology, pre-
vention and therapeutics of neurodegenerative disease. Singapore:
Springer Singapore; 2019. p. 207-24.

Waibel S, Reuter A, Malessa S, Blaugrund E, Ludolph Albert C.
Rasagiline alone and in combination with riluzole prolongs survival
in an ALS mouse model. J Neurol. 2004. https://doi.org/10.1007/
s00415-004-0481-5.

Fornai F, Longone P, Cafaro L, Kastsiuchenka O, Ferrucci M, Manca ML,
et al. Lithium delays progression of amyotrophic lateral sclerosis. Proc
Natl Acad Sci USA. 2008;105(6):2052-7.

Choudry RB, Cudkowicz ME. Clinical trials in amyotrophic lateral scle-
rosis: the tenuous past and the promising future. J Clin Pharmacol.
2005;45(12):1334-44,

Miller RG, Moore DH, Gelinas DF, Dronsky V, Mendoza M, Barohn RJ,
et al. Phase Ill randomized trial of gabapentin in patients with amyo-
trophic lateral sclerosis. Neurology. 2001;56(7):843-8.

Kukkar A, Bali A, Singh N, Jaggi AS. Implications and mechanism

of action of gabapentin in neuropathic pain. Arch Pharm Res.
2013;36(3):237-51.

Li CY, Zhang XL, Matthews EA, Li KW, Kurwa A, Boroujerdi A, et al.
Calcium channel a281 subunit mediates spinal hyperexcitability in
pain modulation. Pain. 2006;125(1):20-34.

Patten SA, Aggad D, Martinez J, Tremblay E, Petrillo J, Armstrong GAB,
et al. Neuroleptics as therapeutic compounds stabilizing neuro-
muscular transmission in amyotrophic lateral sclerosis. JCI Insight.
2017;2(22):€97152.

Armstrong GAB, Drapeau P. Calcium channel agonists protect against
neuromuscular dysfunction in a genetic model of TDP-43 mutation
in ALS. J Neurosci. 2013;33(4):1741-52.

Oskarsson B, Moore D, Mozaffar T, Ravits J, Wiedau-Pazos M, Parziale
N, et al. Mexiletine for muscle cramps in amyotrophic lateral
sclerosis: a randomized, double-blind crossover trial. Muscle Nerve.
2018;58(1):42-8.

Caress JB, Ciarlone SL, Sullivan EA, Griffin LP, Cartwright MS. Natural
history of muscle cramps in amyotrophic lateral sclerosis. Muscle
Nerve. 2016,53(4):513-7.


https://doi.org/10.3389/fphys.2017.00371/full
https://doi.org/10.3389/fphys.2017.00371/full
https://doi.org/10.3389/fncel.2016.00295/full
https://doi.org/10.3389/fncel.2016.00295/full
https://doi.org/10.1007/s00415-004-0481-5
https://doi.org/10.1007/s00415-004-0481-5

Stringer and Weiss Molecular Brain (2023) 16:82 Page 17 of 17

158. Kuwabara S, Misawa S, Tamura N, Kanai K, Hiraga A, Ogawara K, et al.
The effects of mexiletine on excitability properties of human median
motor axons. Clin Neurophysiol. 2005;116(2):284-9.

159. Bensimon G, Lacomblez L, Meininger V. A controlled trial of riluzole in
amyotrophic lateral sclerosis. N Engl J Med. 1994,330(9):585-91.

160. Huang X, Roet KCD, Zhang L, Brault A, Berg AP, Jefferson AB, et al.
Human amyotrophic lateral sclerosis excitability phenotype screen:
target discovery and validation. Cell Rep. 2021;35(10): 109224.

161. Wainger BJ, Macklin EA, Vucic S, Mcllduff CE, Paganoni S, Maragakis NJ,
et al. Effect of ezogabine on cortical and spinal motor neuron excit-
ability in amyotrophic lateral sclerosis: a randomized clinical trial. JAMA
Neurol. 2021;78(2):186-96.

162. Wainger BJ, Kiskinis E, Mellin C, Wiskow O, Han SSW, Sandoe J, et al.
Intrinsic membrane hyperexcitability of amyotrophic lateral sclerosis
patient-derived motor neurons. Cell Rep. 2014;7(1):1-11.

163.  Pipeline—QurAlis. 2023. Available from: https://www.quralis.com/pipel
ine/.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://www.quralis.com/pipeline/
https://www.quralis.com/pipeline/

	Pathophysiology of ion channels in amyotrophic lateral sclerosis
	Abstract 
	Introduction
	Altered neuronal excitability in ALS
	Dysfunction of cortical inhibitory circuits
	Glutamate-mediated excitotoxicity

	Alteration of ion channels and neuronal hyperexcitability
	Sodium channels
	Potassium channels
	Calcium channels
	Chloride channels

	Alteration of ion channels and neuronal hypoexcitability
	Na+K+-ATPase
	Calcium channels

	Targeting ion channels ALS
	Riluzole
	Calcium channel modulators
	Sodium channel modulators
	Potassium channel modulators

	Conclusion
	Acknowledgements
	References


