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The pore-forming subunits (α subunits) of voltage-gated sodium channels (VGSC) are encoded in humans by a family of

nine highly conserved genes. Among them, SCN1A, SCN2A, SCN3A, and SCN8A are primarily expressed in the central

nervous system. The encoded proteins Nav1.1, Nav1.2, Nav1.3, and Nav1.6, respectively, are important players in the

initiation and propagation of action potentials and in turn of the neural network activity. In the context of neurological

diseases, mutations in the genes encoding Nav1.1, 1.2, 1.3 and 1.6 are responsible for many forms of genetic epilepsy

and for Nav1.1 also of hemiplegic migraine. Conversely, VGSCs seem to have a modulatory role in the most common

neurodegenerative diseases such as Alzheimer’s, where SCN8A expression has been shown to be negatively correlated

with disease severity.
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1. Alzheimer’s Disease

Alzheimer’s disease (AD) is a heterogeneous neurodegenerative disorder with irreversible progression, characterized by

the progressive loss of synapses and neurons and by the formation of amyloid plaques in the brain. Clinically, it is

characterized by loss of memory, followed by deterioration of all mental functions, neuronal degeneration of both cerebral

and limbic cortices, reactive gliosis and deposition in the brain parenchyma of amyloid aggregates (or plaques) closely

associated with dystrophic neurons. Activated phagocytic microglia, and intraneuronal aggregates of disrupted

microtubules, known as “neurofibrillary tangles” are also detectable . The molecular mechanisms underlying the

development of AD are not well known so far and also the physiological functions of the crucial proteins the amyloid

precursor protein (APP) and the presenilins 1 and 2 (PS1 and PS2) are unclear. The toxic extracellular amyloid oligomers

detectable in AD plaques are composed of amyloid-Aß peptides (Aß) derived from the sequential proteolytic cleavage of

APP by the ß-secretase BACE1 and of the “ß-secretase-complex” in which PS1 has a regulatory role. Mutations of the

APP gene are responsible for AD as well. In addition, intracellular neurofibrillary tangles, composed of filaments of hyper-

phosphorylated Tau protein, are neuropathological hallmarks of AD. Furthermore, presenilins, which are part of the

molecular machinery that processes APP, when mutated are responsible for most of the cases of familial AD; more than

70 different mutations in presenilin 1 (PS1) have been associated with inherited early onset Alzheimer’s disease . The

phenotypical heterogeneity among patients, and even among familial patients with the same genetic mutation, implies that

other proteins might have a role in regulating the onset and severity of the neurodegeneration. Recent findings suggest

that APP and PSs are the center of a complex network of interactions with many different intracellular adaptors, but the

role of these proteins in the physiology or pathology is still unknown . APP contains a YENPTY motif that has been

previously described as an internalization motif, which now has been recognized to be involved as a key player in the

regulation of multiple interactions with intracellular proteins . The significance of the motif, which is typical of the receptor

(TKR) and non-receptor tyrosine kinases (TK), in amyloid formation and in general for AD development is under

investigation. Furthermore, the cytoplasmic tail of APP undergoes post-translational modifications; in particular, one of the

mechanisms which may regulate APP cleavage and protein–protein interactions is linked to the occurrence of

phosphorylation at Ser, Thr and Tyr residues. For example, Thr 668 can be phosphorylated by c-Jun N-terminal kinase-3

. Thus APP is a tightly regulated protein, post-translationally modified by kinases. The pathophysiological significance of

APP phosphorylation is unclear and there are even contrasting opinions about the effective influence of such post-

translational modifications on APP cleavage, amyloid formation and AD development. Indeed in this context, it has to be

underlined that APP and APP-related proteins, APLP1 and APLP2, can interact with several proteins such as X11 and

Fe65 , c-Abl , mDab , JIP-1  independently of the phosphorylation of the tyrosine residues of the YENPTY motif.

Interestingly, several studies suggest that the physical interaction of APP and its related proteins, Aß oligomers and

BACE1 enzyme with various isoforms of Nav could interfere with neural physiological processes and be involved in the
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development of the AD.

1.1. Alzheimer Disease and Nav Involvement: APP Phosphorylation

Even if a causative dependence of AD from VGSC mutations has not been assessed so far, it has been recently

hypothesized that several isoforms may be modulated from APP. In a paper published in 2015, Liu and collaborators

demonstrated that in murine cortical neurons, APP co-localizes and interacts with Nav1.6 and that knocking down APP

provokes a decrease in Nav1.6 cell surface expression and function . Conversely, APP-induced increases of Nav1.6

cell surface expression have been shown to be dependent on Go protein, the most abundant G protein in the CNS, being

enhanced by a constitutively-active mutant Go protein and blocked by a dominant negative mutant Go protein.

Interestingly, Nav1.6 sodium channel surface expression was shown to be increased by T668E and decreased by T668A

mutations of APP, mimicking and preventing Thr-668 phosphorylation, respectively. In agreement phosphorylation of APP

at Thr-668 enhanced its interaction with Nav1.6. Furthermore, APP regulates JNK activity in a Go protein-dependent

manner and JNK, in turn, phosphorylates APP. Therefore, APP enhances Nav1.6 sodium channel cell surface expression

through a Go-coupled JNK pathway . The interaction between APP and Nav1.6 sodium channel was further studied by

Shao li and colleagues. From studies in APP knockout mice they observed that APP molecules aggregated at nodes of

Ranvier (NORs) in CNS myelinated axons and interacted with Nav1.6 and described a reduction of sodium current density

in hippocampal neurons as well. Coexpression of APP or its intracellular domains (AICD) with Nav1.6 in Xenopus laevis
oocytes resulted in an increase of peak sodium currents, which also in this case was enhanced by constitutively-active Go

mutant and blocked by a Go dominant negative mutant. Similarly to the results of Liu and colleagues, Nav1.6 current was

increased by APP mutation T668E and decreased by T668A. Accordingly, the cell surface expression of Nav1.6 sodium

channels in the white matter of the spinal cord and the spinal conduction velocity was decreased in APP/JNK3/knockout

mice. Thus also in this research, the conclusion was that APP modulates Nav1.6 sodium channels through a Go-coupled

JNK pathway and that this modulation is dependent on the phosphorylation of the Thr668 residue of APP .

1.2. Alzheimer’s Disease and Nav Involvement: Aß Oligomers

The correlation among AD pathophysiology, seizures and increased neuronal excitability was established by Busche and

colleagues examining an AD mouse model. Indeed in the CA1 hippocampal region of young APP/PS1 mice, they

observed an increased number of hyperactive neurons associated with the high level of Aβ oligomers produced, and

therefore speculated that soluble Aβ oligomers might directly induce neuronal hyperactivity . Several lines of evidence

indicated that amyloid-β1–42 (Aβ1–42) induced neuronal hyperactivity may give rise to cognitive deficits and memory

dysfunction in AD. Indeed recent studies on primary hippocampal neurons of another AD mouse model (Tg2576) exposed

to Aβ1–42 oligomers, demonstrated that the overexpression of Nav1.6 contributes to membrane depolarization and to the

increase of spike frequency, thereby resulting in neuronal hyperexcitability. These findings identify the Nav1.6 channel as

a determinant of hippocampal neuronal hyperexcitability induced by Aβ1–42 oligomers .

1.3. Alzheimer’s Disease and Nav Involvement: BACE1

Another relevant molecule for the sequential proteolytic cleavage of APP and plaques formation is the ß-secretase

BACE1. Some authors describe a correlation between BACE1 and sodium channel expression. A recent study performed

by De-Juan Yuan and colleagues on WT mice and on the APP/PS1 AD mouse model has shown that Nav1.6 is

overexpressed in old AD mice. The high expression of Nav1.6 in APP/PS1 mice enhances BACE1 transcription through

activation of the NFAT1 factor regulated by the Na(+)/Ca(2+)exchanger (NCX). Interestingly, the authors demonstrated

that knocking down Nav1.6 with a bilateral injection of adeno-associated viruses (serotype 8, AAV8) encoding shRNA of

Nav1.6 in the hippocampus significantly reduced the density of Aβ plaques through the suppression of the β-secretase-

mediated cleavage of APP. As a consequence, the cognitive deficit of the mice and the neural network hyper excitability

were both remarkably reduced . The authors went further in defining the molecular mechanisms underlying the role of

Nav1.6 in AD pathogenesis. Treating Nav1.6 overexpressing HEK cells with TTX, an unspecific blocker of CNS VGSC,

they observed a remarkable reduction of BACE1 expression; the same reduction was less evident when Nav1.6 channel

was knocked down by shRNA transfection and TTX was applied, unveiling a molecular mechanism dependent on Na ion

flux and not only the presence of the channel itself. Thus for the first time, Nav1.6 has been indicated as a new target to

be considered to slow down AD evolution.

Other authors suggest that Nav1.1 and 1.2 might also be involved to some extent in AD; indeed the results of their

investigations indicated a reduction of Nav1.1, 1.2 and Nav1.6 α-subunits protein in primary neurons in a culture of wild

type BACE1-null mice. They propose an underlying mechanism involving BACE1 activity regulating mRNA levels of the

Nav1.1 α-subunit through the cleavage of the Navβ2 subunit expressed on the surface. Interestingly in the hippocampus

of the same murine model, Nav1.1 expression appeared significantly reduced, while Nav1.2, perhaps as a compensatory
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mechanism, was remarkably increased. Thus endogenous BACE1 activity seems to regulate total and surface levels of

VGSC in mouse brains .

2. Parkinson’s Disease

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by motor disabilities that affects predominantly

the dopaminergic neurons of the substantia nigra causing a decrease in dopamine levels in the striatum . The main

symptoms are bradykinesia, akinesia, muscle rigidity, postural instability, stiffness and resting tremor which may be due to

the high levels of synchronous oscillations in the basal ganglia neurons . The causes of PD are unknown, although it

is speculated that there may be a contribution from genetic and environmental factors . PD pathogenesis has been

associated with a number of factors, including impairments linked to intracellular Ca  excess, mitochondrial malfunction,

oxidative or metabolic stress, and, in particular, a small number of neurotoxins that render neuronal cells more susceptible

to death. VGSCs have an important role in the abnormal electrical activity of neurons in the globus pallidus and the

subthalamic nucleus in PD  and are involved in cognitive impairments. By using the rat PD model infused with 6-OHDA

(6-hyroxydopamine), Wang and colleagues showed that the expression of Nav1.1, 1.3 and 1.6 in the hippocampus was

dynamically increased at different time points after dopamine depletion . In contrast, treating rats with phenytoin, a

sodium channel blocker that slows down the recovery from inactivation , remarkably improved cognitive impairments. In

MPTP (1-metyl-4-fenyl-1,2,3,6-tetrahydropyridin)-treated PD mice it was found that Nav1.1 expression was increased in

the external globus pallidus . Globus pallidus is a central nucleus of the basal ganglia; it receives the majority of the

inhibitory GABAergic inputs from the striatum and plays a key role in the propagation of synchronized oscillatory activity of

basal ganglia . In particular, the increase of Nav1.1 expression in MPTP-treated mice was evident in parvalbumin (PV)

positive GABAergic interneurons that exhibit fast-firing spontaneous activity, and exert their inhibitory control on the

activity of innervated neurons in the subthalamic nucleus, substantia nigra and in the striatum . In these cells, Nav1.1 is

a determinant for the maintenance of sustained fast spiking more than for its onset . Additionally, in this

research phenytoin was used to test the effectiveness of blocking VGSCs in reducing PD symptoms. Indeed both motor

disability and high synchronous oscillations were reduced in MPTP-treated mice, thus confirming the potential therapeutic

role of this compound in PD. Even if the role of GABAergic transmission in PD is still unknown, it is possible to speculate

that the observed effect of phenytoin could result from blocking the increased activity of Nav1.1 in the globus pallidus thus

restoring the physiological GABAergic activity. Probably, the upregulation of Nav1.1 expression in globus pallidus may be

a compensatory molecular mechanism aimed to enhance inhibitory response in the basal ganglia and counteract the

abnormal neural activity of PD animals. Nav1.3 seems to be involved in PD as well. This VGSC isoform generally is

robustly expressed during the fetal period and is downregulated after birth. By using the rat PD model infused with 6-

OHDA, it has been demonstrated that 49 days after infusion Nav1.3 is re-expressed in dopaminergic neurons of the

substantia nigra . Additionally, in this case the authors suggest that the re-expression of Nav1.3 could be a

compensatory mechanism for the degeneration of dopaminergic neurons caused by PD progression. Current therapies

treat only PD symptoms, but several investigations have also been carried out in order to find putative neuroprotective

drugs for dopaminergic neurons. In particular, Sadeghian and colleagues have examined the effects of safinamide on

microglial activation and dopaminergic neurons degeneration in a rat model of PD in vivo. In the PD rat model, safinamide

reduced the number of activated microglial cells and increased survival of dopaminergic neurons . Safinamide is a

sodium and calcium channels modulator and inhibits glutamate release induced by abnormal neuronal activity, promoting

its neuroprotective effect . Specifically safinamide interacts with the inactivated state of the VGSCs, keeping most of

the channels in the inactive state and preventing their activation. This effect induces a selective depression of the

pathological high-frequency firing, leaving physiologic activity unaffected and thus avoiding CNS depressant effects .

3. Amyotrophic Lateral Sclerosis (ALS)

Amyotrophic Lateral Sclerosis (ALS) is an unknown etiology disease, caused by the progressive neurodegeneration of

motor neurons . The degenerative process induces a progressive atrophy of the neuromuscular system which causes

death from paralysis 3–5 years after the onset of the disease . At the moment there is no effective therapy for ALS on

slowing down or arresting the neurodegenerative process . To date, there are two main drugs for the treatment of ALS

aimed to prolong the patient’s life expectancy: riluzole  and edaravone . Although the mechanisms by which

these drugs exert their effects are not well known, various hypotheses have been formulated. Riluzole is believed to

modulate the release of glutamate  and sodium channel activity. In particular, this drug is able to down-regulate

neuronal firing and inhibit the persistent current of VGSC . Persistent current  is caused by a particular kinetics of

VGSC characterized by a rapid activation followed by a subsequent slow inactivation which maintains the channel in the

activated state for hundreds of milliseconds . It is generally more evident in various pathological conditions, when the

ionic environment is altered or when a mutation modifies functional properties of VGSCs and contributes to maintaining
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the neuronal membrane potential near the threshold value triggering spontaneous action potentials . Vucic and Kiernan

using the transcranial magnetic stimulation technique on ALS patients have demonstrated that cortical excitability is

abnormally increased in an early state of the disease . Similarly experiments performed on ASL animal models have

confirmed that a neuronal hyperexcitability of the motor cortex activating the glutamate excitotoxic cascade via trans-

synaptic mechanism is at the route of the neurodegenerative process of the motor neuron .

Although the molecular mechanisms underlying ALS are still not well understood, several pieces of evidence indicate that

Nav1.6 channels could be a potential therapeutic target. Using G93A mice, Saba and collaborators showed that the

expression levels of the Nav1.6 channels during ASL progression are modified in the primary motor cortex but not in other

cortical areas with consequent alteration of the excitability and of persistent current of this neural district .

While it is assumed that Nav1.6 dysfunction may be linked to ALS, evidence has recently been provided of the existence

of sporadic ALS forms caused by heterozygous point mutations in the SCN4A gene that precede the development of the

disease. In this context, two mutations, Arg672His and Ser1159Pro, which have opposite effects on neuromuscular

excitability have been identified in two different patients. In both cases, the authors hypothesize that the abnormal Nav1.4

channels predisposed to depolarization-induced cellular excitotoxicity, leading to the development of ALS . Whole

genome sequencing analysis of ALS patients identified the presence of missense mutations in the SCN7A gene, which

codes for NaX, a type II sodium channel sensitive to the extracellular [Na ] . Mutations in this channel result in a loss of

function phenotype which provokes a dysregulation of sodium homeostasis and neuronal hyperexcitability. Overall, the

findings described above support the hypothesis of the role of VGSC dysfunction in ALS development. Gaining more

insights into the molecular mechanisms related to VGSC underlying the disease could lead to the identification of new

therapeutic targets and even pave the way for personalized gene therapy.

4. Multiple Sclerosis

Multiple sclerosis (MS) is a multifactorial neurodegenerative disease of the central nervous system whose etiology is still

mostly unknown. It is a chronic demyelinating disease characterized by an autoimmune response against the tissues of

the central nervous system with lymphocytic and macrophage infiltration . The pathological hallmarks of MS are

demyelinated plaques in the CNS with inflammation, gliosis, and neurodegeneration . At the beginning of the disease,

the lymphocyte infiltration that triggers the axonal and myelin damage can be recovered. Later the inflammatory episodes

occur repeatedly and microglia activation causes extensive and chronic neurodegeneration leading to disability.

An experimental autoimmune encephalomyelitis (EAE) mouse model is used to study MS. In this murine model, T cells

infiltrate the CNS, initiate demyelination and cause loss of axons . VGSCs have an important role in axonal loss in MS.

It has been shown that in demyelinated axons there is a particular distribution of sodium channels, with Nav1.2 and

Nav1.6 present in the plaques together with the Na /Ca  exchanger whereas in non-demyelinated control axons Nav1.6

is located only in Ranvier nodes . High sodium flux along Nav1.6 reverses the Na /Ca  exchanger and increases

axonal calcium finally leading to axonal damage through the activation Ca  dependent proteases . Upregulation of

Nav1.8 detected in cerebellar Purkinje neurons of MS patients and in the experimental EAE mouse model appears to be a

determinant for the cerebellar dysfunction observed in this disease . Indeed the administration of a selective Nav1.8

blocker in the cerebrospinal fluid of EAE mice partially improved symptomatology . Overexpression of Nav1.5 has been

detected in astrocytes of post-mortem MS brain tissue. It has been suggested that its upregulation is necessary to restore

physiological ATPase-dependent Na /K  homeostasis in damaged neural areas . Experiments performed on an in vitro

model of glial injury  have assessed that Nav1.5 in non-excitable cells plays the main role of reversing the NCX

function. It has been proposed that the application of sodium channel blockers could attenuate the inflammatory effects

provoked by microglia injury and activation such as phagocytosis, the release of cytokines interleukin-1 and tumor

necrosis factor-α . In vitro studies have shown that Nav1.5 is present in the membrane of maturing endosomes of

macrophages suggesting a possible role of the channel in the phagocytic pathway of myelin degradation within MS

lesions . The main neurological and neurodegenerative diseases correlated with Nav channel dysfunctions in the Table
1. 

Table 1. List of the main neurological and neurodegenerative diseases correlated with Nav channel dysfunctions.

Nav
Isoform Gene Neurological

Disorder References Neurodegenerative
Disorder References

Nav1.1 SCN1A        
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Nav
Isoform Gene Neurological

Disorder References Neurodegenerative
Disorder References

    Dravet
Syndrome Alzheimer’s Disease

    GEFS+ (genetic
epilepsy with febrile seizures plus) Parkinson’s Disease

    Epilepsy of infancy
with migrating focal seizures    

    Myoclonic-atonic
epilepsy    

  Familial hemiplegic migraine    

Nav1.2 SCN2A        

    Developmental and epileptic encephalopathy
(DEE). Alzheimer’s disease

    Benign Familial Neonatal-Infantile Seizures
(BFNIS)    

    West syndrome    

    Epilepsy of infancy with migrating focal
seizures (EIMFS)    

    Autism Syndrome Disorder (ASD)    

    Intellectual Disability    

    Episodic ataxia    

Nav1.3 SCN3A        

    Developmental and Epileptic
Encephalopathy (DEE) Parkinson’s Disease

    Polymicrogyria    

    Intellectual Disability    

Nav1.4 SCN4A        

        Amyotrophic Lateral
Sclerosis

        Huntington’s Disease

Nav1.5 SCN5A        

        Multiple Sclerosis

NaX SCN7A        

        Amyotrophic Lateral
Sclerosis

Nav1.6 SCN8A        

    Developmental and epileptic encephalopathy
(DEE). Alzheimer Disease

    Autism Syndrome Disorder (ASD) Amyotrophic Lateral
Sclerosis

    Intellectual Disability Multiple Sclerosis

Nav1.8 SCN10A        

        Multiple Sclerosis
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