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Abstract Amyotrophic lateral sclerosis (ALS) is a fatal neu-
rodegenerative disease characterised by the loss of motor neu-
rons leading to progressive paralysis and death. Using trans-
cranial magnetic stimulation (TMS) and nerve excitability
tests, several clinical studies have identified that cortical and
peripheral hyperexcitability are among the earliest pathologies
observed in ALS patients. The changes in the electrophysio-
logical properties of motor neurons have been identified in
both sporadic and familial ALS patients, despite the diverse
etiology of the disease. The mechanisms behind the change in
neuronal signalling are not well understood, though current
findings implicate intrinsic changes in motor neurons and dys-
function of cells critical in regulating motor neuronal excit-
ability, such as astrocytes and interneurons. Alterations in ion
channel expression and/or function in motor neurons has been
associated with changes in cortical and peripheral nerve excit-
ability. In addition to these intrinsic changes in motor neurons,
inhibitory signalling through GABAergic interneurons is also
impaired in ALS, likely contributing to increased neuronal
excitability. Astrocytes have also recently been implicated in
increasing neuronal excitability in ALS by failing to adequate-
ly regulate glutamate levels and extracellular K+ concentration
at the synaptic cleft. As hyperexcitability is a common and
early feature of ALS, it offers a therapeutic and diagnostic

target. Thus, understanding the underlying pathways and
mechanisms leading to hyperexcitability in ALS offers crucial
insight for future development of ALS treatments.
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Impact of Amyotrophic Lateral Sclerosis

Motor neurone disease (MND) describes a group of neurode-
generative diseases that cause the progressive loss of volun-
tary muscular control of the body [1]. The most severe form of
MND is amyotrophic lateral sclerosis (ALS), which is
characterised by the selective deterioration of the upper and
lower motor neurons in the primary motor cortex and spinal
cord [2]. All cases of ALS lead to progressive muscular weak-
ness, often starting in the muscles of the limbs or face, with
continued deterioration of motor neurons eventually leading
to respiratory failure [1]. Based on a European epidemiology
study conducted in 2010, the lifetime risk of ALS for women
and men is 1:400 and 1:350, respectively, with an average age
of onset between 50 and 60 years [3, 4]. In most cases, ALS
progresses quickly, and patients succumb to the disease within
2–3 years after diagnosis. To date, the only available treatment
for ALS is Riluzole, which prolongs life for approximately 2–
3 months [5, 6]. Early diagnosis and intervention of ALS are
central to slowing disease progression and improving the
quality of life. However, current diagnostic tools lack defini-
tive biomarkers and instead have to rely on clinical presenta-
tion of symptoms, as described by the El Escorial criteria [7];
thus, a diagnosis can potentially be delayed by up to 14months
[8, 9]. With the purpose of timely intervention in ALS, it is
important to consider not only the biochemical changes in the
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motor system during disease progression but also the changes
prior to the onset of physical disease symptoms.

ALS: a Multifactorial Disease

The difficulty in diagnosing ALS and finding definitive bio-
markers is due to differences in symptom presentation and
speed of disease progression. The clinical heterogeneity pres-
ent in ALS highlights the complexity of this neurodegenera-
tive disease. For familial ALS (fALS), which accounts for
10% of ALS cases, more than 30 genes have already been
implicated [10], with mutations in C9ORF72 and SOD1 ac-
counting for a total of 52% of all fALS cases [11, 12].
However, it is estimated that 32% of genes associated with
fALS are still unknown [12]. In the case of sporadic ALS
(sALS), which accounts for the remaining 90% of ALS cases,
a combination of environmental factors and genetic predispo-
sition cause the onset of ALS. Presently, the genetic etiology
of about 11% of sporadically occurring ALS cases is known
[12]. As the list of implicated genes increases, it has become
apparent that these mutations impact various cellular func-
tions, such as the antioxidant response, protein degradation
and RNA processing (reviewed by Robberecht and Philips
[13]). It is important to study the individually affected path-
ways to comprehend ALS progression; however, better treat-
ments may be developed through investigation of commonly
shared pathologies.

Hyperexcitability Is a Common Feature of ALS

As ALS is a multifaceted disease, the biochemical pathways
that cause motor neuron degeneration may differ somewhat
between patients; however, there are common pathologies and
symptoms that are shared amongst ALS patients. A well-
documented pathophysiological feature observed in ALS pa-
tients is hyperexcitability [14]. In electrophysiological terms,
hyperexcitability describes an increase or exaggerated re-
sponse to a stimulus. The assessments of clinical and neuro-
physiological features in different fALS cohorts with SOD1,
FUS or C9ORF72 mutations showed that despite different
genetic discrepancies, hyperexcitability was a common pa-
thology [15–17]. Moreover, hyperexcitability has also been
observed in large sALS cohorts [15, 17, 18]. The factors that
instigate the changes in neural excitability over the course of
disease onset and progression are not well understood as of
yet.

Clinical Measurement of Hyperexcitability

ALS patients often present with fasciculations and cramps
months prior to the clinical onset of ALS [14, 19]. These

symptoms suggest an increase in neural activity and excitabil-
ity and have been included into the diagnostic criteria as an
early marker for ALS [20]. To further investigate these chang-
es throughout disease progression in vivo, several clinical
techniques are currently used, including transmagnetic stimu-
lation (TMS) and nerve excitability test (NET). TMS provides
a means to magnetically stimulate the primary motor cortex to
produce electrical currents and measure the resulting evoked
muscle responses using an electromyogram (EMG). Unlike
TMS, NET directly applies an electrical stimulus to a desired
nerve and measures the evoked response at the appropriate
muscle; this method is generally used to assess peripheral
nerve excitability.

Cortical Hyperexcitability

Vucic and Kiernan [21] assessed neuronal conductivity on 23
MNDpatients with upper limb, lower limb or bulbar onset and
36 control subjects. For the TMS studies, motor-evoked po-
tentials (MEP) were recorded from the abductor pollicis
brevis. Initial TMS tests consisted of determining the uncon-
ditioned suprathreshold stimulus needed to produce and main-
tain a predefined MEP. This measurement is referred to as
resting motor threshold (RMT). Two subgroups became ap-
parent in this study: MND patients with severe upper motor
neuron involvement showed an increase in RMT, whereas
less-progressed cases showed a decrease in RMT compared
to controls. This suggests that a smaller stimulus is needed to
generate a response in less-progressed MND patients. In other
words, patients in the early stages of MND showed a hyper-
excitable motor cortex, whereas patients in the later stages of
MND exhibited a hypoexcitable motor cortex, compared to
the control group [21]. Concurrent with these findings, a sep-
arate TMS study in 24 ALS patients during the early stages of
disease onset also found a reduction in patient RMT [22]. It
was also found that ALS and MND patients early in disease
progression present higher MEP amplitudes (i.e. bigger re-
sponse) compared to controls (given an equivalent TMS stim-
ulus), which is again suggestive of cortical hyperexcitability
[21–23]. Assessing the inhibitory function of the cortex pro-
vided further insight into the establishment of cortical hyper-
excitability in ALS patients. It was previously determined that
a transcranial subthreshold stimulus could suppress the re-
sponse of a following suprathreshold stimulus [24]. It is
thought that the subthreshold stimulus activates low-
threshold inhibitory circuits and thus increases the stimulus
threshold to elicit an evoked response [25]. This phenomenon
is referred to as short intracortical inhibition (SICI). Using
TMS, ALS patients and control subjects were exposed to a
subthreshold conditioning stimulus followed by a
suprathreshold stimulus. It was found SICI was significantly
lower in ALS patients compared to control subjects, i.e. the
threshold to elicit an MEP was significantly reduced after
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inhibitory stimuli [17, 21, 22, 26]. Consistent with MEP and
RMT findings, SICI was significantly reduced inALS patients
with less severe symptoms. These findings indicate that corti-
cal hyperexcitability occurs early in the disease and potentially
dissipates with disease progression. Intriguingly, a 3-year lon-
gitudinal study of three pre-symptomatic SOD1 mutation car-
riers, who developed clinical symptoms within 3 months of
the study, found that SICI was completely absent in two pa-
tients and significantly reduced by 32% in the third subject at
initial examination, suggesting there are changes in cortical
excitability prior to the onset of symptoms [15]. Annual
follow-ups showed a gradual reduction in SICI in the pre-
symptomatic patients. In addition to a reduction in SICI,
RMT was decreased in two pre-symptomatic patients; no in-
crease in MEP amplitude was observed compared to the con-
trol group [15]. Unfortunately, due to the small sample size, it
cannot be concluded whether cortical hyperexcitability is
established prior to clinical onset. However, it is now well
established that cortical hyperexcitability occurs early in dis-
ease progression and could thus offer a potential diagnostic
and therapeutic target, although the mechanisms behind this
phenomenon remain unknown.

Peripheral Hyperexcitability

Further exploration into neuronal excitability of ALS patients
has revealed that in addition to cortical hyperexcitability, pe-
ripheral axons also demonstrate changes in their excitability
[27]. Measurements of membrane excitability are generally
recorded at the abductor pollicis brevis after stimulation of
the median nerve. To describe the excitability properties in
ALS patients, three main measurements will be discussed:
firstly, the strength-duration constant (τSD) of an axon, which
describes the rate at which the action potential current de-
creases [28]; secondly, the threshold electrotonus, which mea-
sures the change in threshold potential subsequent to a
depolarizing or hyperpolarizing subthreshold current [29];
and thirdly, the refractory period of membrane excitability
following a suprathreshold stimulus.

Peripheral nerve excitability studies have demonstrated
that ALS patients exhibit a longer τSD, suggesting ALS pa-
tients exhibit a longer duration of excitability compared to
healthy subjects for equal strength stimuli [27, 30, 31].
Correlating with this finding, a measurement of patient
rheobase, which is defined as the minimal current needed to
elicit an action potential (i.e. a measure of membrane excit-
ability), was decreased, though not significantly [27, 32]. Both
these findings indicate the axonal membranes of ALS patients
are more excitable. Additionally, several threshold electroto-
nus studies demonstrated that the threshold potential follow-
ing a conditioning subthreshold stimulus is significantly re-
duced in the majority of ALS patients [27, 29, 33]. The reduc-
tion of the threshold potential and thus increase in excitability

are referred to as a type 1 response [30]. In some ALS cases, a
subthreshold depolarizing pulse will lead to an increase in
threshold potential, referred to as a type 2 response [30].
However, the type 2 response is a rare occurrence and has
only been observed in rapidly deteriorating cases, whereas
the type 1 response has been observed more frequently in both
rapidly and slow-progressing cases of ALS [27, 30, 33]. Both
type 1 and 2 responses are thought to underlie an imbalance in
K+ and Na+ currents (the imbalance of K+ and Na+ is further
discussed below). It is hypothesised that the type 1 response is
due to a decrease in nodal K+ conductance, whilst the type 2
response occurs due to regenerative depolarization [27, 30].
Further evidence suggesting the hyperexcitability of peripher-
al nerves in ALS was provided by studies focusing on the
recovery cycle after a suprathreshold stimulus. The recovery
cycle describes the axonal excitability after an action potential.
Following an action potential in peripheral motor neurons,
there is a period in which the axonal excitability increases.
In ALS patients, the threshold potential during the
superexcitability period is further reduced, indicative of in-
creased excitability [27, 29, 33].

In addition to cortical hyperexcitability, there is convincing
clinical evidence suggesting peripheral axon hyperexcitability
is a common feature of ALS. It remains to be elucidated
whether hyperexcitability is one of the causes of motor neuron
degeneration or is a compensatory mechanism resulting from
motor neuron degeneration. Nonetheless, studying the path-
ways and mechanisms of hyperexcitability will assist in the
development of therapeutic agents to treat this disease.

Proposed Mechanisms of Hyperexcitability

As previously stated, ALS is a multifactorial disease. As such,
it is likely that there are several contributing factors that could
potentially cause cortical and peripheral hyperexcitability. The
pathways that will be discussed in further detail are the fol-
lowing: the disruption of inhibitory circuits in the cortex, ionic
channel dysfunction in ALS-derived motor neurons, dysregu-
lation of K+ homeostasis by astrocytes and glutamate-
mediated excitotoxicity.

Disruption of Inhibitory Circuits

Interneurons in the CNS are one of the main regulators of
neuronal signalling. The majority of interneurons in the
cortex are inhibitory interneurons that use γ-aminobutyric
acid (GABA) or glycine as a neurotransmitter. GABAergic
interneurons play a major role in the regulation of neuronal
excitability in the cortex. In healthy individuals, a sub-
threshold stimulus of the motor cortex generally can lead
to the activation of inhibitory GABAergic interneurons,
thus reducing subsequent excitability (SICI) [34].
However, in ALS patients, the reduction or complete
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absence of SICI suggests either a dysfunction or loss of
inhibitory interneurons (Fig. 1 (A)). A study of wobbler
mice, an animal model of ALS, demonstrated a 72% reduc-
tion in GABA receptor-mediated inhibitory currents in lay-
er 5 pyramidal neurons of the motor cortex [35]. Further
studies on a mutant Sod1 zebrafish model revealed that the
first neuronal population displaying neuronal stress is in-
terneurons and that the reduction of inhibitory currents or
interneurons preceded any defects in motor neurons [36].
A recent study by Zhang and colleagues [37] used a TDP-
43A315T mouse model to demonstrate that impairments in
GABAergic signaling contribute to cortical hyperexcitabil-
ity. Moreover, the investigation of GABAergic signaling in
this particular study revealed that somatostatin interneu-
rons are hyperactive in TDP-43A315T mice, compared to
wild type. It remains to be demonstrated how hyperactive
somatostatin interneurons are linked to cortical hyperexcit-
ability. The authors proposed that hyperactive somatostatin
interneurons disinhibit neurons in the motor cortex by
inhibiting parvalbumin interneurons [37]. However, cur-
rently, there is no convincing evidence showing the direct
interaction between somatostatin and parvalbumin inter-
neurons in the motor cortex, thus questioning the validity
of the proposed mechanism.

In regards to human findings that suggest interneuron in-
volvement in ALS, post mortem histological studies for
parvalbumin showed a reduction of parvalbumin positive cells
[38, 39]. Besides the loss of GABAergic interneurons, mes-
senger RNA (mRNA) expression analysis of post mortem pri-
mary motor cortex tissue of ALS patients also suggested a
downregulation of expression of genes encoding the GABA
receptor subunit α [40]. Positron emission tomography (PET)
scans of ALS patients showed reduced binding of
[11C]flumazenil (a radiolabeled ligand that binds a subunit of
the GABA receptor) in the motor cortex and several other
cortical regions, compared to control subjects [41].
However, this study was not able to identify whether the loss
of GABA receptor subunits was specific to a certain neuronal
population.

The presented findings convincingly show an impairment
of GABAergic signaling in ALS animal models and
post mortem tissue fromALS patients. Whether the disruption
of inhibitory circuits in ALS patients is due to a loss of
GABAergic interneurons or a downregulation of GABA re-
ceptors on motor neurons, or a combination of both, is not
known as of yet. However, several groups are currently in
the process of studying the role of GABAergic interneurons
in hyperexcitability and ALS disease progression.

Ionic Dysfunction Causes Hyperexcitability

In addition to the disruption of the inhibitory circuits, ion
channel abnormalities, especially in the peripheral axons, have

been implicated in causing hyperexcitability [30]. The in-
crease in τSD seen in the aforementioned studies is attributed
to an increase in persistent Na+ currents [31, 42]. Persistent
Na+ channels have a low activation threshold and are gener-
ally associated with depolarizing the membrane to the thresh-
old, which facilitates repetitive action potential firing. An in-
crease in persistent Na+ conductance in ALS patients could
lead to the increase in membrane excitability observed in ALS
patients (Fig. 1 (B)). An increase in persistent Na+ currents
was confirmed in cortical neurons of mutant SOD1mice [31].
Several studies have showed that the activation threshold of
persistent Na+ channels remained the same; however, there
was a significant increase in the Na+ current amplitude in
cortical neurons of SOD1 mice compared to healthy control
mice [31, 43]. It is known that Riluzole slows the progression
of ALS (albeit by only a fewmonths), and one proposedmode
of action of this drug is the inhibition of persistent Na+ chan-
nels. Cortical neurons derived from the mutant SOD1 mice
treated with Riluzole showed a reduction in persistent Na+

current [31]. In addition, the effects of Riluzole on cortical
excitability have been shown to be transient in nature; sporad-
ic ALS patients exhibiting cortical hyperexcitability that were
treated with Riluzole demonstrated only temporarily increased
SICI and longer refractory periods after 4 and 8 weeks of
treatment before returning to baseline [44]. Riluzole treatment
did not alter other biomarkers of hyperexcitability, such as
MEP amplitude or τSD [44, 45]. The incomplete amelioration
of hyperexcitability could explain the modest effect of Riluzole
and further suggests that other mechanisms not targeted by
Riluzole are contributing to hyperexcitability [44]. One factor
that could contribute to this phenomenon is the reduction of
K+ conductance. It is hypothesized that the increase in mem-
brane excitability observed subsequent to a subthreshold
depolarizing pulse is due to an imbalance in K+ and Na+ con-
ductance. The inward Na+ currents which depolarize the
membrane are not counterbalanced by the outward flow of
K+, thus increasing the membrane potential [33]. The hypoth-
esis is further supported by an expression profile analysis of
spinal cord motor neurons of sALS patients, which found a
reduction in mRNA levels for several genes encoding
paranodal fast K+ channels KCNA1, KCNA2 and M-current-
associated K+ channel KCNQ2 [33, 46]. The reduction of K+

channe l exp r e s s i on was a l so con f i rmed in an
immunohistological study of post mortem tissue of five ALS
patients, one of whom was diagnosed with peripheral hyper-
excitability. Densitometry analysis of spinal cord histology
revealed approximately a two-fold reduction of Kv1.2 K+

channels in the dorsal ventral roots of the spinal cord com-
pared to matched controls; intriguingly, no reduction in Na+

channels was found [47].
Whilst hyperexcitability could be a combination of both

Na+ and K+ channel dysfunction, other cell types, such as
astrocytes, may also contribute to this pathology. Current
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Fig. 1 An overview of mechanisms contributing to hyperexcitability in
ALS. This schematic summarises the pathological changes in
interneurons, motor neurons and astrocytes that are likely contributing
to hyperexcitability in ALS. (A) Functional impairments of interneurons
are likely to increase neuronal excitability. A reduction of short
intracortical inhibition (SICI), GABA receptor-mediated currents,
parvalbumin+ cells and GABA receptor subunit α expression suggests
an impairment of inhibitory circuits leading to a reduction of upper motor
neuron inhibition. (B) Intrinsic changes to Na+ and K+ channels in upper
and lower motor neurons lead to ionic imbalance. Increases in persistent
Na+ channels and Na+ currents will cause a decrease in the refractory
period and increase the repetitive firing. Moreover, reduction in potassi-
um channel expression (KCNA1 and 2, KCNQ2) and K+ currents will
lead to a decrease in action potential (AP) threshold. (C) Impaired

astrocytic function contributes to hyperexcitability in ALS. Astrocytes
show reduced expression of inward-rectifying K+ 4.1 (Kir4.1) channel
and its associated current. These findings are suggestive of a reduction
in potassium buffering and thus an increase of extracellular K+ concen-
tration. The implication of increased extracellular K+ is an increase in the
resting membrane potential and repetitive firing. Moreover, evidence
suggests that astrocytes are also impaired in their ability to take up gluta-
mate causing glutamate excitotoxicity. Increases in excitatory neurotrans-
mitter glutamate in patient cerebrospinal fluid (CSF) and a reduction in
the excitatory amino acid transporters (EAAT) 1 and 2 in astrocytes sup-
port this theory. The increase in extracellular glutamate will lead to over-
stimulation of lower motor neurons and cause increased Ca2+ influx and
increased AP firing
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resources to study the affected currents are limited; TMS stud-
ies do not provide the possibility to isolate specific currents.
Whole-cell patch clamping using brain slices of ALS animal
models affords some insight into the channel function; how-
ever, channel distribution and characteristics of human motor
neurons potentially differ (as do the causes of ALS) and thus,
findings in ALS animal models do not correlate well with
human pathophysiology.

Glutamate Excitotoxicity

Neuronal transmission and excitability are regulated by both
intrinsic pathways ofmotor neurons and extrinsic mechanisms
of other cells, for example interneurons. An important cell
type that governs neuronal transmission is the astrocyte.
This type of glial cell is responsible for the regulation of neu-
rotransmitter clearance at the synaptic cleft. The uptake of
glutamate, the main excitatory neurotransmitter, by astrocytes
is especially important in protecting neurons from overstimu-
lation and the associated damage. It has been proposed that
hyperexcitability in ALS patients results from overstimulation
of motor neurons by excessive glutamate. Glutamate-
mediated excitotoxicity can contribute to neuronal death by
increasing influx of Ca2+. As motor neurons possess low
Ca2+-buffering capacities, the increase in Ca2+ leads to activa-
tion of various enzymes, as well as interference of mitochon-
drial function, eventually causing cell death [48]. Several
studies investigating the mode of action of Riluzole suggest
that excessive glutamate is a contributor to motor neuron de-
generation in ALS [49]. In addition to inhibiting persistent
Na+ currents, it is thought that Riluzole also inhibits
glutamate-mediated excitotoxicity by inhibiting the release
of glutamate and blocking the post-synaptic response of glu-
tamate [50]. Deregulation of glutamate metabolism and clear-
ance is indicated by an increase of glutamate in cerebrospinal
fluid (CSF) derived from ALS patients [51]. In accordance
with this, analysis of glutamate transporter expression in
post mortemALS tissue found a reduction of excitatory amino
acid transporters (EAAT1 and EAAT2), which are both gluta-
mate transporters that are specifically expressed in astrocytes
[52]. Expression of the glutamate transporter (GLT-1) in mu-
tant SOD1 mice was also found to be less pronounced in
astrocytes, thereby making neurons more vulnerable to
excitotoxicity [53]. There have been contradicting studies in
regard to the mechanism of glutamate transporter downregu-
lation in astrocytes. One study suggested that errors in mRNA
processing and aberrant splicing of EAAT2mRNA lead to the
reduction of EAAT2 receptors [54]. Although an independent
study also confirmed alternative splicing forms of EAAT2 in
post mortem ALS tissue, this study was not able to confirm a
significant difference in EAAT2 splicing in control tissue [55].

As discussed previously, hyperexcitability is one of the
earliest changes observed in ALS pathology. The mechanisms

leading to cortical and peripheral hyperexcitability in motor
neurons likely involve the dysregulation of inhibitory circuits
and dysfunction of intrinsic ion channels. However, the role of
glial cells (such as astrocytes), which support neuronal trans-
mission and are essential in maintaining neuronal integrity,
should not be underestimated. Not only do astrocytes play
an essential role in regulating glutamate levels at the synaptic
cleft but they also play an essential role in regulating extracel-
lular ion concentration.

Potassium Homeostasis and Spatial Buffering

Extracellular K+ concentration directly impacts on neuronal
depolarization and excitability. Excess K+ concentration can
also lead to synchronized neuronal activity, which might un-
derlie symptoms, such as fasciculations and cramps that are ev-
ident in the early stages of ALS. Rapid increases of extracel-
lular K+, which are mainly due to neuronal discharges, can be
decreased by neuronal reuptake through Na+/K+ pumps,
through simple passive diffusion or through astrocytic clear-
ance. Through this process, astrocytes play a key role in me-
diating neuronal hyperexcitability (Fig. 1 (C)). There are two
mechanisms by which astrocytes carry out K+ clearance
(reviewed in [56]). The first is Bpotassium uptake^, which
involves astrocytes sequestering K+ ions by K+ cotransporters
(Na+/K+/2Cl−) and Na+-K+ pumps (Na+/K+ ATPase). This
mechanism also involves water influx into the cell and causes
overall swelling of the astrocyte. The second mechanism re-
ferred to as Bspatial buffering^ involves astrocytes mediating
inward flow of K+ current (through K+ inward-rectifying
channels, (K+

ir)) from high to low K+ concentrations by
employing membrane voltage differences between the local
K+ reversal potential and the astrocytic network membrane
potential. As K+ ions are flowing from one astrocyte to other
astrocytes through intracellular connections (gap junctions),
this mechanism does not involve the accumulation of K+,
water influx or swelling.

Although K+ clearance is mediated through several chan-
nels, Kir4.1 channels that are selectively expressed in astro-
cytes, are considered to be the prime candidate for mediat-
ing K+ buffering [57]. Consistent with the importance of K+

spatial buffering to normal functioning, Kir4.1 knockout mice
exhibit epileptic seizures, growth retardation and premature
lethality at the age of 2 weeks [57, 58]. A recent study by
Bataveljic and colleagues showed that the expression level
of Kir4.1 was significantly reduced in a transgenic
SOD1G93A rat model [59]. Furthermore, the K+

ir current den-
sity decreased compared to wild-type astrocytes, indicating a
reduction of the K+-buffering capabilities by astrocytes [59],
which will consequently affect K+ homeostasis. An increase
in extracellular K+ can lead to depolarization of the resting
membrane potential and an increase in overall excitability.
Further evidence for the contribution of K+ dysregulation
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was identified by a clear correlation between downregulation
of K+

ir4.1 channels from astrocytes and disease progression in
an ALS animal model [60]. Additionally, motor neurons were
highly sensitive to increased K+ levels, as even a two-fold
increase in K+ concentration (10 mM) led to neuronal cell
death.

Increasing evidence suggests that astrocytes actively con-
tribute to the deterioration of motor neurons in ALS [61–65].
Several in vitro studies have reported that astrocytes from
ALS patients cause toxicity and selective death to spinal
cord- and stem cell-derived non-ALS motor neurons [61,
62]. In recent years, the role of astrocytes and other glial cells
in neuroinflammation has been a major focus of research.
However, astrocytes also play a crucial role in supporting
neuronal signalling; thus, it is crucial to study whether astro-
cytic function in maintaining extracellular homeostasis is
compromised in ALS leading to hyperexcitable motor
neurons.

Conclusion and Future Directions

Hyperexcitability is a common pathology in ALS patients
despite differences in genetic or environmental factors.
Histological studies on post mortem tissue, and in animal
models and clinical studies have provided some insight into
the development of hyperexcitability in ALS. It has become
evident that many intrinsic and extrinsic factors are able to
contribute to the mechanism of hyperexcitability. Besides in-
trinsic impairments in ion channels of motor neurons, dimin-
ished functions of other cell types, such as interneurons and
astrocytes, are also likely to contribute to the pathology. A
large body of evidence regarding hyperexcitability in the onset
and progression of ALS has been gathered using these studies.
Although it is widely accepted that hyperexcitability occurs in
ALS, it is not yet well understood how hyperexcitability con-
tributes to motor neuron degeneration [66]. Leroy et al. [67]
and Delestrée et al. [68] have argued that hyperexcitability
only occurs in a small subset of motor neurons and is likely
not to contribute to the actual motor neuron degeneration in
ALS. The mechanisms and consequences of hyperexcitability
are therefore not yet understood in enough detail to make a
valid conclusion. Future studies need to focus on determining
the full extent of changes in excitability in populations of
motor neurons and other neurons.

Animal models have provided some mechanistic details;
however, to fully understand the contribution of hyperexcit-
ability to disease onset and progression, it is essential to trans-
late and confirm findings into a humanised disease model to
allow ongoing assessment of the pathology. The development
of induced pluripotent stem cell (iPSC) technology has pro-
vided a new perspective to study neurodegenerative disease
mechanisms. Patient-derived cells can be reprogrammed and

differentiated into specific cell types, which can recapitulate
disease-associated phenotypes. ALS patient iPSC-derived
models offer the opportunity to study the mechanisms of hy-
perexcitability and develop and test potential drug therapies in
a living human cell model. Ion channels offer promising tar-
gets to delay the onset of hyperexcitability and potentially
ALS. An example of a promising ion channel modulator cur-
rently in phase II trials for ALS is Mexiletine, a Na+ channel
blocker, which reduced fasciculations and cramps [69, 70].
Using an iPSC-derived ALS model, Wainger and colleagues
have established that the anticonvulsant drug Retigabine
(which is currently in phase II clinical trials) has a neuropro-
tective effect on iPSC-derived motor neurons from ALS pa-
tients [71]. Retigabine works by activating Kv7 (KCNQ)
channels [71], which are thought to be downregulated in
ALS [33, 46]. Treatment with Retigabine has been shown to
attenuate the hyperexcitability and increased cell death asso-
ciated with ALS in iPSC-derived motor neurons carrying mu-
tations in C9ORF72, SOD1 or FUS [71].

The generation of a patient-derived co-culture system
consisting of the affected cell types including (but not limited
to) motor neurons, interneurons and astrocytes will provide an
essential tool to investigate the interactions within the neuro-
nal and glial networks contributing to hyperexcitability and
motor neuron degeneration in ALS. Such studies will provide
an ability to study the mechanisms of hyperexcitability in
human patient neurons but are dependent on the following:
(i) efficient differentiation of appropriate cell types, (ii) neural
cell types developing physiologically relevant networks
in vitro and (iii) demonstration of a functional disease pheno-
type [72]. Overcoming these experimental challenges will al-
low the identification of mechanisms and permit preclinical
testing of potential drugs. Initial studies do suggest that
patient-derived motor neurons, at least from some patients,
exhibit hyperexcitability in vitro [71, 73]. Identifying the
mechanisms of hyperexcitability will thus provide a broader
platform for the development of diagnostic and therapeutic
strategies.
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