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Ion Channels and Neurological Disease
Carlo Musio

Institute of Biophysics—IBF, National Research Council—CNR, Via Sommarive 18, 38123 Trento, Italy;
carlo.musio@cnr.it

1. Introduction

Ion channels are key elements in the control of membrane physiology and neurotrans-
mission because ionic fluxes assure neuronal signal propagation across and between neurons
through synaptic transmission [1,2]. The pathophysiology of ion channels may originate from
either mutations of gene encoding components of the channel structure (channelopathy) or
secondary dysfunctions; both conditions affect the intrinsic excitability of the cell and synaptic
functions, leading to the pathophysiological signs of disease [3]. Accordingly, ion channels are
considered suitable drug targets within modern pharmacology [4].

Neurological disorders represent pathological conditions that directly affect the ner-
vous system or brain functions that produce single or composed neurodevelopmental,
motor, sensory, or cognitive organic impairments whose etiology can be genotypical or idio-
pathic [5]. Most currently known neurological diseases, mainly neurodegenerative diseases
(NDDs), exhibit alteration of neuronal excitability due to the dysfunction of the molecular
and/or functional features of ion channels. In the majority of NDDs, the pathogenic role
of ion channels has been widely demonstrated either for channelopathies or secondary
dysfunction [6]. Nevertheless, the link between ion channel alterations that induce neuronal
excitability and the onset of disease has been neglected in some disorders, while for others,
this area of study is growing rapidly.

The aim of this Special Issue is to provide updates on the state of the art and new
achievements in research on altered structure–function relationships in the ion channels
that affect the pathophysiology of neurological disease. We are particularly interested in
methods of drug screening and targeting that will allow for the development of novel
therapeutic avenues for treating and alleviating these mostly incurable diseases. Multi- and
inter-disciplinary research contributions—often combining structural, functional, and/or
pharmacological approaches with different methods/techniques—are presented.

2. The Special Issue

This Special Issue, entitled “Ion Channels and Neurological Disease” [7], belongs to
Life’s “Pharmaceutical Science” section [8] and is a collection of ten peer-reviewed articles
(seven reviews and three original articles) covering dysfunctions of the main typologies
(sodium, potassium, calcium, chloride) of neuronal ion channels. Furthermore, new data
on GABA receptors, nucleoporin, and the ion channels of neuroglia are reported. The
main related neurological disorders include Alzheimer’s disease, glioblastoma, Parkinson’s
disease, cerebellar ataxias. The Special Issue’s contributions are grouped below ordered by
functional classification, while they are listed at the end of the editorial along with the web
site order.

2.1. Sodium (Na+) Channels

A review on the impairments of voltage-gated sodium channels in neurological dis-
orders opens the issue. Starting from the channels’ conserved genes, SCN1A, etc. to the
encoded proteins Nav1.1, etc., a comprehensive survey outlines the structure, the function
and the role of the Nav channel mutations, emphasizing pharmacological therapeutic
approaches in several disorders, like migraine, autism, and Alzheimer’s (Contribution 9).

Life 2024, 14, 758. https://doi.org/10.3390/life14060758 https://www.mdpi.com/journal/life1
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Accordingly, a review on the same channel types focuses their role in the pathophysi-
ology of Alzheimer’s disease. In particular, their role in mediating and tuning functional
and altered neuronal excitability and the attenuation of hippocampal hyperactivity (which
seems to ameliorate cognitive deficits) are considered promising elements to be addressed
by potential therapeutic interventions (Contribution 6).

2.2. Potassium (K+) Channels

Contribution 7 synthesizes all the recent literature from the Shakkottai lab, empha-
sizing the role of ion channels (and potassium ones in particular) in the dysregulation of
neuronal excitability in several spinocerebellar ataxias (SCAs), a specific subset of polyglu-
taminic neurodegenerative diseases. Therefore, through the targeting of those channels,
treatments that restore the altered intrinsic membrane excitability of cerebellar Purkinje
neurons emerge as an important pharmacological and neurotherapeutic avenue.

2.3. Calcium (Ca2+) Channels

Another original article and a review address the role that dysregulation of neuronal
calcium channels plays in the pathogenesis of Alzheimer’s disease (AD).

Said original research article (Contribution 1) reports the functional characterization
of calcium and glutamate phenotypes involved in the pathogenesis of PSEN1-mutated
familial Alzheimer’s disease (FAD). They measured Ca2+ response dynamics in induced
pluripotent stem cell (iPSC)-derived neurons carrying PSEN1 mutations to glutamate,
NMDA, AMPA and kainate, showing that alterations in Ca2+ and glutamate signaling can
be considered an early functional FAD phenotype.

The review (Contribution 10) discusses a new challenging pathogenic element of
AD which could reside in the functional feedback between Ca2+ signaling and lysoso-
mal/autophagic dysfunctionality. Targeting and fine-tuning this functional link with drugs
could represent a novel route to countering AD and (possibly) NDDs.

2.4. Chloride (Cl−) Channels

Contribution 8 outlines the biophysical properties and the functional role of five types
of transporters belonging to the voltage-gated ChLoride channels (CLC) family and located
in the membranes of endosomes and lysosomes, which are intracellular organelles regulat-
ing the homeostatic and autophagic processes of the cell. These channels are crucial for
anion/proton exchange and pH regulation: their mutations have been identified within
the pathogenesis of several diseases, including neurodegenerative and neurodevelopmen-
tal disorders.

2.5. GABA Receptors and Currents

Two more contributions deal with the activation of GABA receptors and the biophysi-
cal properties of GABA currents.

The former (Contribution 3) group carried out an intriguing form of neural tissue
preparation (i.e., slices of turtle spinal cord), exploring the activation of GABAB receptors
in the terminals and axons of dorsolateral funiculus (DLF) eliciting functionally antagonist
post-synaptic potential in motor neurons. The paper reports indications that GABAB
receptors are activated by environmental GABA, the concentration of which is regulated by
their release from interneurons and astrocytes.

The latter (Contribution 4) focuses on the biophysical alterations in GABAA reversal
potential, showing them to be crucial features in several perturbed conditions, as a conse-
quence of disequilibrium in the NKCC1-KCC2 (chloride–cation transporters) activity ratio.
As GABAA current alteration has been identified in several neurological diseases, the paper
reports imbalance in chloride–cation transporters to be a therapeutic target.

2.6. Neuroglia Channels and Channel-Modulating Nucleoporins

Two articles conclude this roundup on ion channels and neurological disease.
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Contribution 5 provides a very thorough and up-to-date review of the functional
roles of ion channels and ionotropic receptors in functional and pathological astrocytes,
focusing mainly Alzheimer’s disease (AD) and glioblastoma brain tumor (GBM). The
authors underline that better collective understanding of ion channels and ionotropic
receptors in astrocytes, which are involved in the above diseases, is required to develop
novel therapeutic interventions and new strategies for treating brain disorders.

In Contribution 2, the tuning of neuronal excitability by nucleoporin NUP358 in mouse
primary cortical neurons is reported; this regulating activity is exerted via a voltage-gated
sodium channel. The authors stress the role of altered neuronal excitability as a potential
key player in the pathogenesis of neurological disorders and present a window into ion
channel pathophysiology in neurodegenerative diseases.

3. Conclusions

This Special Issue, “Ion Channels and Neurological Disease”, presents several in-
triguing and up-to-date aspects of ion channels’ role in the pathogenesis—and/or the
pathological phenotype—of neurological disorders. Nowadays, there is a general consen-
sus on the role exerted by ion channels in determining alterations in neuronal excitability.
Thus, the altered structure/function relationship of ion channels can be considered a com-
mon feature of several neurological disorders; we may use this common feature to develop
new therapeutic tools and avenues.

Finally, this Special Issue has received good attention and visibility in terms of total
and single article views. Accordingly, a second edition of the Special Issue and a printed
book of the first edition are in preparation. The second edition, co-edited by Carlo Musio
(IBF-CNR Trento, Italy) and Marzia Martina (NRC Ottawa, Canada), is already open and in
progress; further information and details are available on the official website [9].
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mario.nizzari@ibf.cnr.it (M.N.); ilaria.zanardi@ibf.cnr.it (I.Z.); michael.pusch@ibf.cnr.it (M.P.)
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Abstract: 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 propa-
gation 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. Several pharmacological therapeutic
approaches targeting these channels are used or are under study. Mutations of genes encoding
VGSCs are also involved in autism and in different types of even severe intellectual disability (ID).
It is conceivable that in these conditions their dysfunction could indirectly cause a certain level of
neurodegenerative processes; however, so far, these mechanisms have not been deeply investigated.
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.

Keywords: Nav channel blockers; epilepsy; FHM3; intellectual disability; neurodegeneration;
Alzheimer’s disease; Parkinson’s disease; amyotrophic lateral sclerosis

1. Introduction

One in six people worldwide present a neurological condition. Age remains the
biggest risk factor for developing a neural disease; thus this frequency is going to increase
since the life spans in many countries continue to extend.

The topic of this review concerns the involvement of Nav channel isoforms in some
inherited, genetic or non-genetic neurological or neurodegenerative pathologies affecting
the Central Nervous System (CNS). A description of the molecular mechanisms underlying
some common neural diseases is outlined and contextualized in light of impairments of the
Nav channels.

The research activity on neural diseases, such as it is currently intended, began several
decades ago, and for this reason, a large amount of information has been accumulated.
However, over time widely divergent data have been published on specific points, probably
due to the level of complexity of the topic. Throughout the paper, we will focus on some of
these puzzles trying to provide the univocal and shared explanation that finally emerged
from the scientific community itself.

VGSC Molecular Architecture, Function and Expression Patterns

The family of voltage-gated sodium channels (VGSC) includes nine isoforms (Nav1.1–
Nav1.9) encoded in humans from nine different genes (SCNA1-5, SCNA7-10). They are
composed of the principal alpha-subunit, which is essential and sufficient for channel
functioning and can be eventually associated with the accessories ß-subunits (ß1–ß4) which
regulate gating, kinetics and channel surface density.

Life 2023, 13, 1191. https://doi.org/10.3390/life13051191 https://www.mdpi.com/journal/life5
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The nine subtypes of the main α-subunit share a high degree of homology with more
than 50% conserved sequences in the transmembrane and extracellular domain [1]. α-
subunits are about 2000 amino acid residues long, have a molecular weight of 260 kDa
and are organized in one long polypeptide chain folded in four linked internally repeated
homologous domains (DI-IV), each containing six transmembrane segments (S1–S6), a pore
region formed by the loop between S5 and S6 helices and a voltage sensor located at the
level of the S4 segment containing several positively charged residues (see Figure 1).

Accessories ß subunits are 33–36 kDa transmembrane proteins harboring a single
transmembrane region. They are associated with the main subunit by non-covalent interac-
tions or disulfide bonds [2] and interact with cell adhesion molecules or intracellular matrix
proteins such as ankyrin [3,4] thus contributing to cell migration and adhesion [5].

Among the nine VGSC human isoforms, Nav1.1, 1.2, 1.3 and 1.6 are the primary Nav
channels expressed in the CNS, whereas Nav1.7, 1.8 and 1.9 are mostly restricted to the
peripheral nervous system (PNS); Nav1.4 is expressed in skeletal muscles and Nav1.5 in the
cardiac muscle [1,6]. Among the prevalent channels in central neurons, Nav1.1 and Nav1.3,
encoded by the SCNA1 and SCNA3 genes respectively, are preferentially expressed in the
cell body [7] while Nav1.2 is more concentrated in unmyelinated axons and dendrites [7]
and Nav1.6 in myelinated axons and dendrites [8].

Besides the unique distribution along the different neuronal compartments, CNS Nav
also exhibits a well-defined expression pattern in a variety of cortical neuron subtypes with
specific roles in excitability. Even if broadly detectable in CNS, Nav1.1 is predominant
in inhibitory Gamma Aminobutyric Acid-ergic (GABAergic) interneurons [9,10], while
Nav1.2 prevails in excitatory neurons [11] and Glutamatergic neurons [12]. Similarly,
Nav1.6 is expressed in neocortical excitatory neurons [13]. Nav1.3 is expressed in CNS only
during embryonic and neonatal life, while during infancy its expression declines and is
progressively replaced by other isoforms, especially Nav1.1 and 1.2 [14].

Voltage-gated sodium channels are determinants for the initiation, propagation and
regulation of action potentials in neuronal circuits. Their conductance is strictly influenced
by the transmembrane potential to the change of which they respond extremely quickly in
the order of a few milliseconds. At resting potential, in the closed non-conductive state,
their ion flux is prevented by the intracellular activation gate, located where the four S6
helices meet. Conversely, when transmembrane potential shifts to less negative values, an
outward dislocation of the S4 helix occurs and, being this domain physically coupled to the
pore region through the S4–S5 linkers, triggers pore opening and initiation of ion flux [15]
(see Figure 1). S4 movement also initiates the process of fast inactivation, provoking the
dislocation of the intracellular loop linking DIII and DIV, resulting in the occlusion of the
pore. Nav channels also undergo another type of inactivation, named slow inactivation,
provoked by prolonged or repetitive stimulation and connected with a movement of S6 in
DIII with S1 in the DIV domain which induces pore collapse [16].

The channel activity is enhanced and a gain of function (GoF) phenotype is observed
when, due to a mutation in the gene sequence or to the administration of a compound:

• the voltage of current activation shifts toward more negative values;
• inactivation shifts toward more positive values;
• the current persists longer;
• the recovery from inactivation is faster;
• the current density, i.e., the number of functioning channels expressed per membrane

unit area increases

On the contrary, a loss of function phenotype (LoF) develops when current activation
occurs at less negative voltages and inactivation at less positive, or when the current density
decreases or recovery from inactivation is slower.
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Figure 1. Voltage-gated sodium channel structure, function and distribution in CNS: (a) Schematic
representations of α-subunit and auxiliary β-subunit of Nav channels. The α-subunit of the channel
consists of four homologous domains (DI–DIV) made of six transmembrane helices (S1–S6). The
voltage-sensor is localized in the fourth helix (S4) in each domain. The loops between S5 and S6 in
each domain form the pore. (b) Left side: representative current traces recorded from a HEK293 cell
transiently transfected with a cDNA encoding Q1489H/Nav1.1 mutant channel. Current traces were
evoked from a series of 20 ms depolarizing pulses from −80 to +50 mV in 10 mV increments, starting
from a holding potential of −90 mV. Q1489H mutation exhibits a large persistent current. Right side:
curves of voltage dependence of steady-state activation (blu squares) or inactivation (red circles) are
represented. The same curves are represented also for a WT-SCN1A transfected cell (black triangles)
not reported in the figure. Lines stand for the Boltzmann function fits (c) Distribution of Nav1.1,
Nav1.2, Nav1.3, and Nav1.6 in human brain regions. (d) Cellular and subcellular distribution of
Nav1.1, Nav1.2, Nav1.3, and Nav1.6 in human brain.

Since the studies on the squid giant axon in the fifties [17] VGSCs have historically
been among the first ion channels to have been hypothesized and then identified. However,
a number of decades before, at the beginning of the twentieth century, the history of
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chemistry-driven ion channel drug discovery had its beginning with the identification of
VGSC modulators such as lidocaine used as local anesthetics or anticonvulsants such as
phenytoin [18] which are still in clinical use. Over time, VGSCs have been discovered to
be targeted by many natural toxins and therapeutic drugs. This pharmacological interest
has positively stimulated the search for structure determination at the atomic level of Nav
channels or portions of them. This has been fundamental in making therapeutic drugs
readily available to challenge the multiple diseases in which these channels are involved.
Currently a well-documented classification of seven different drug toxin binding sites (site
1 to 7) and a local anesthetic binding site have been defined [19,20]. The drugs in use for the
treatment of neurological and neurodegenerative diseases in which VGSCs are differently
implicated will be described in the next sections of this review.

2. Methods

The information reported in this review was collected by interrogating Public Databases,
mainly PUBMED and Scopus, combining the specific keywords of the review, as well as
Nav channel, epilepsy, migraine, intellectual disability, and neurodegenerative disease.

Among the large amounts of recovered results, we chose to highlight the information
reported in seminal papers and the most relevant recent findings which have the advantage
of leveraging all prior knowledge.

3. VGSC Associated Neurological Disorders: Channelopathies

Mutations in VGSC isoforms cause diseases called channelopathies. Among the others,
VGSCs have primary importance in genetic neurological disorders such as epilepsy and
migraine. In the context of this topic, their functional impairments are widely investigated
and pharmacological treatments have been defined or are under study. Epilepsy is one
of the most common neurological disorders characterized by recurrent seizures that can
be also associated with cognitive, psychological and social problems [21]. In the wide
spectrum of the hundreds of epileptogenic genes, SCN1A and 2A are the most relevant, but
also SCN3A and 8A have been found to be correlated with forms of epilepsy. However, even
if the knowledge of the roles that Nav1.1, Nav1.2, and Nav1.6 channels play in epilepsy
has increased greatly in the past decade, the prediction of the clinical outcome of a variant
in any of these channels remains first unknown [22].

3.1. Nav1.1 Associated Epilepsies: Dravet Syndrome and GEFS+

Nav1.1 is widely expressed in the CNS and is by far the most frequent target of epilep-
togenic mutations which lead to several syndromes exhibiting a wide range of severity. At
the moment about 1500 pathogenic mutations of SCN1A have been described [23] and the
majority of them, over 900, are associated with the Severe Myoclonic Epilepsy of Infancy
(SMEI), a rare and grave form of epilepsy described for the first time by Charlotte Dravet
in 1978 renamed Dravet syndrome in 1989 [24]. This disease, an autosomal dominant disor-
der, displays its symptoms already in the first year of life with seizures often associated
with high body temperatures, and worsens during the second year, when failure of motor
coordination and cognitive impairments emerge. The syndrome in the majority of cases is
associated with de novo mutations determining frame shifts or premature termination se-
quences in one copy of SCN1A, resulting in non-functional Nav1.1 channels and pathogenic
haploinsufficiency [25]. As a consequence, Dravet patients fail to produce a sufficient level
of functional channel and undergo a number of impairments actually correlated with a
Nav1.1 LoF effect; but how is this decrease of Nav1.1 activity, which would predict reduced
excitability in the brain, correlated with the occurrence of epileptic seizures, thus with
an increase in excitability? An explanation of this apparent paradox was first proposed
by Catterall’s group [9]. A SMEI mouse model was generated through the ablation of
Scn1a gene, and the heterozygous phenotype Scn1a+/− was assumed to mimic human
SMEI. Currents recorded from hippocampal neurons showed a remarkable reduction of
the Nav current in inhibitory GABAergic neurons of heterozygous and null homozygous
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animals with respect to wild type. However, the same reduction was not observed in
glutamatergic excitatory pyramidal cells, thus indicating that Nav1.1 is predominant in
GABAergic neurons. Accordingly loss-of function mutations of Nav1.1 results in a reduc-
tion of the brain inhibitory excitability determining an imbalance of brain excitation over
inhibition which is at the basis of the epileptic seizure. This study besides being crucial for
the advancement in the knowledge of the basic mechanisms underlying Dravet syndrome
and many other forms of epilepsy as well, raises in the meanwhile the question of the need
to design different therapies in relation to the Nav1.1 epileptogenic affected gene.

The above results have been overall confirmed in numerous subsequent studies per-
formed on other mouse models and also on patients. However, a complex scenario is
emerging in which, besides the damage induced from the presence of the mutation and of
the subsequent seizures, compensatory remodeling mechanisms may take place depending
on neuron type, genetic background and other factors, thus adding new variables to the
genotype-phenotype correlation and to the clinical outcome of epilepsy and probably of
other neurological diseases [26]. Additionally, generalized epilepsy with febrile seizure
plus (GEFS+) syndrome is related to about 50 mutations of the Nav1.1 channel. GEFS+ is a
milder form of epilepsy not associated with cognitive impairments and with symptoms
usually well controlled by antiepileptic drugs. The confusing picture that emerged from
initial studies of functional effects of GEFS mutations in transfected cells or Xenopus lae-
vis oocytes [27,28] was later unambiguously clarified from in vivo study on a transgenic
mouse model expressing the Scn1a GEFS+ mutation R1648H, consistent with the idea that
R1648Q mutation led to a reduction in interneuron excitability [29] not associated with
cognitive impairments. Several other milder forms of febrile seizures mostly in children
have been also associated with Nav1.1 mutations even though it has been supposed that
further precipitating factors, such as single nucleotide polymorphisms may contribute to
the severity of the disease [30].

3.2. Nav1.1 Associated Migraine: Familial Hemiplegic Migraine Type 3 (FHM3)

Genetic analyses of a group of dominant monogenetic diseases called familiar hemi-
plegic migraine (FHM), led to the identification of specific migraine genes [31]. Three genes
have been recognized as causative agents for FHM1, 2, and 3 respectively, all of which
are involved in membrane ion transport. FHM3 is caused by mutations in SCN1A [32,33]
and constitutes a severe subtype of migraine with aura, characterized by some degrees of
hemiparesis, sometimes associated with other neurological symptoms, such as epilepsy or
blindness.

Several aspects of FHM3 have long been incompletely understood. Even the question
of whether pathological mutations (12 known so far) lead to loss or to gain of function was
not resolved. Recently using novel Knock-In (KI) FHM3 mouse models and heterologous
expression of FHM3 mutations, several studies have contributed to uncovering the molec-
ular and cellular mechanisms underlying FHM3. Results in vitro are in line with a major
gain of function effect as a possible explanation of familial hemiplegic migraine 3; indeed a
shift of the steady state inactivation to more positive voltages, an accelerated recovery from
inactivation, and an increase of the persistent current were observed in all tested FHM3
mutation (L1649Q, L1670W, F1774S, Q1489H, I1498M, F1499L, M1500V, F1661L) [34,35].

Accordingly, in the KI L1649Q-FHM3 mouse model, hyperactivity of the Nav1.1 chan-
nel, which is predominantly expressed in inhibitory GABAergic interneurons was observed
resulting in hyperexcitability of interneurons; this element contributes to lower the thresh-
old to elicit the onset of the Cortical Spreading Depression (CSD), a neural pathological
mechanism consisting in a wave of neuronal depolarization slowly propagating across
cortex and strictly linked to migraine aura [36]. The combination of these investigations
shed light on the molecular defects causing FHM3 that can be potentially relevant also for
other non-genetic forms of migraine with and without aura with which FHM3 may share
molecular pathogenic mechanisms.
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3.3. Other Epileptogenic Nav Isoforms

Nav1.2 is mainly expressed in excitatory neurons of the cortex and hippocampus and
its mutant variants are mostly related to the benign familial neonatal infantile seizures
(BFNIS), infantile West syndromes, Early infantile epileptic encephalopathy (EIEE), epilepsy
of infancy with migrating focal seizures (EIMFS) [37]. About 100 Nav1.2 epileptogenic
mutations have been identified so far with several hot spots recognized mostly at the level
of the selectivity filter, the pore, the voltage sensor and of N- and C-termini [12,38]. Overall
there is no consensus on the molecular process causing the forms of epilepsy associated
with Nav1.2 since in vitro functional studies have demonstrated that LoF or GoF mutations
can be involved in the epileptic phenotype. Several cases have been shown in which
Na1.2-related seizures were not controlled by antiepileptic drugs (AED).

The first epileptogenic mutation of Nav1.3, K345Q, was identified in 2010 and associ-
ated with a case of partial cryptogenic epilepsy [39,40].

Since then different hereditary or de novo mutations of Nav1.3 have been identified
related to epilepsy, generally with a GoF phenotype. Interestingly several features such
as epileptic encephalopathy and polymicrogyria, have been associated exclusively with
Nav1.3-related epilepsies and have not been reported in other channelopathies [41]. How-
ever, so far the clinical data on Nav1.3-associated epilepsies are quite scarce and accordingly
efficacious therapeutic treatments still need to be optimized.

It is worth mentioning that in the last decades, a pivotal role of Nav1.3 have emerged
in nervous system injury and neuropathic pain and for this reason, many efforts have been
spent in this direction [42].

Even later than Nav1.3, the first case of Nav1.6-related epilepsy was diagnosed in
2012 [43]. In the last decades, many mutations of the SCN8 gene have been associated
with EIEE, with benign familial infantile seizures-5 (BFIS5) and with several other forms
showing a wide spectrum of severity, with symptoms ranging from cognitive and motor
regression to cortical blindness [44]. The high number of new variants diagnosed has
enabled the identification of several mutational hotspots; interestingly, a mutation localized
in the untranslated region of SCN8A has been reported that produces a pathogenic variant
with a mechanism that could interfere with transcription [45]. Nav1.6 is one of the most
common sodium channels in CNS but is also expressed in heart muscle and this can explain
the correlation with the increased risk of sudden unexpected death (SUDEP) observed in
Na1.6-related epileptic patients [46].

As a general rule, it is established that epileptogenic GoF or LoF variants of the Nav
CNS isoforms shift in the opposite direction of neuronal excitability and firing, differ-
ently affecting neural network activity, depending on whether the channel is prevalent
in excitatory or inhibitory neurons. This implies that different approaches and molecular
targets will be reasonably required to optimize the pharmacological treatments. Within this
topic, an additional degree of complexity is added by the fact that patients with the same
mutation may respond differently to the same therapeutic approach. Moreover, about 30%
of patients are resistant to current antiepileptic drugs [47].

When planning to modulate Nav channel malfunctions using drugs, the high degree
of conservation among Nav isoforms has to be taken into account: for instance, reducing
the kinetics of Nav1.2 may result in a reduction of the cardiac Nav1.5. Importantly, it has
to be considered that, because of the prevalence of Nav1.1 in regulating the excitability of
GABAergic interneurons, prescription of antiepileptic drugs which non-selectively block
Na channels is not recommended in Nav1.1-related epilepsies because this could worsen
the crisis provoked by the decrease of inhibitory activity; conversely the best approach to
design a drug based therapy could imply an enhancement GABA production or stability.
Additionally, the use of antisense oligonucleotide (ASO) could be a promising strategy to
treat haploinsufficiency [48].

Many treatments to fight epileptic seizures and epilepsy in general have been de-
veloped and applied over time and many efforts are still currently spent to exploit new
therapeutic strategies. However, going into more detail on the pharmacology of epilepsies

10



Life 2023, 13, 1191

caused by Nav channels is not within the scope of this review; regarding this subject, it is
possible to consult more exhaustive reviews [49,50].

4. VGSC in Intellectual Disability

As discussed above, mutations in all CNS-expressed sodium channel genes (SCN1A,
SCN2A, SCN3A and SCN8A) cause various forms of epileptic phenotypes, and in the case
of SCN1A also familial hemiplegic migraine, symptoms that by themselves not necessarily
imply the presence of neurodevelopmental problems, autism or neurodegenerative pheno-
types (Table 1). However, it is becoming increasingly clear that such phenotypes are often
associated with variants of these sodium channel genes, with large differences among the
different genes affected.

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

Dravet
Syndrome [51,52] Alzheimer’s

Disease [53]

GEFS+ (genetic
epilepsy with febrile seizures plus) [52,54,55] Parkinson’s

Disease [56]

Epilepsy of infancy
with migrating focal seizures [52,54]

Myoclonic-atonic
epilepsy [52,54]

Familial hemiplegic migraine [32]

Nav1.2 SCN2A

Developmental and epileptic
encephalopathy (DEE). [52,57] Alzheimer’s

disease [53]

Benign Familial Neonatal-Infantile
Seizures (BFNIS) [52,57]

West syndrome [38,58]

Epilepsy of infancy with migrating focal
seizures (EIMFS) [52,54]

Autism Syndrome Disorder (ASD) [58]

Intellectual Disability [58]

Episodic ataxia [59]

Nav1.3 SCN3A

Developmental and Epileptic
Encephalopathy (DEE) [60] Parkinson’s

Disease [61]

Polymicrogyria [60]

Intellectual Disability [60]

Nav1.4 SCN4A

Amyotrophic
Lateral Sclerosis [62]

Huntington’s
Disease [63]

Nav1.5 SCN5A

Multiple Sclerosis [64,65]
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Table 1. Cont.

Nav
Isoform Gene Neurological

Disorder References Neurodegenerative
Disorder References

NaX SCN7A

Amyotrophic
Lateral Sclerosis [66]

Nav1.6 SCN8A

Developmental and epileptic
encephalopathy (DEE). [52] Alzheimer Disease [67,68]

Autism Syndrome Disorder (ASD) [52] Amyotrophic
Lateral Sclerosis [69]

Intellectual Disability [70,71] Multiple Sclerosis [72]

Nav1.8 SCN10A

Multiple Sclerosis [64,73]

Rather severe forms of neurodevelopmental disorders, often associated with brain
malformations, are found in patients carrying SCN3A variants [74]. Affected individuals
frequently have developmental and epileptic encephalopathy (DEE) and all patients show
some degree of early childhood developmental delay. As a general rule, variants cause a
gain of function of the ion channel similar to GoF SCN1A variants that lead to FHM3 [35],
i.e., a defective inactivation process with increased persistent currents [60]. The severity of
the disease is likely related to the fact that SCN3A is prominently expressed during fetal
development, such that its over-activity somehow results in a compromised development
of the brain [74].

Variants of SCN2A are frequently associated with autism spectrum disorder and
intellectual disability, in addition to infantile seizures [12,75–77]. Nav1.2 is widely expressed
in the CNS, often co-localizing with Nav1.6, predominantly in glutamatergic excitatory
neurons [78,79]. Surprisingly Nav1.2 GoF variants are mostly implicated in benign infantile-
onset seizures (BIS) or infantile epileptic encephalopathy followed by developmental delay
(IEE), while loss of function variants (for example truncations) cause autism spectrum
disorder/intellectual disability with or without childhood-onset seizures [12]. Children
with IEE can show microcephaly and cerebral and/or cerebellar atrophy. Mutational
hotspots include the S4–S5 segment and the pore loop. Some variants, like K1422E alter ion
selectivity and fall out of the usual loss- versus gain-of –function classification [78].

Similarly to SCN2A, variants of SCN8A (encoding Nav1.6) are often associated with
developmental impairment and regression [43] in agreement with the overlapping function
of these two genes. The first patient discovered with this disease carried the N1768D variant
of a highly conserved asparagine [80]. In heterologous expression systems, the variant
led to a dramatic increase in persistent currents and incomplete channel inactivation [80].
Similar to SCN2A, both GoF as well as LoF are associated with disease but with different
outcomes regarding neurodevelopmental phenotypes. GoF variants are associated with
seizures and significant developmental impairment and intellectual disability, while LoF
variants are not necessarily associated with seizures [43].

SCN1A, the Na+ channel gene with the largest number of epilepsy-associated variants
(mostly Dravet syndrome caused by LoF), is less implicated in neurodevelopmental clinical
phenotypes than the other Na+ channel genes [54]. Beyond epilepsy, patients can present
with autism spectrum disorder and SUDEP. Nevertheless, a few rare variants, like the
recurrent T226M, can cause severe epilepsy together with profound developmental im-
pairment [81]. In heterologous expression systems, that variant exhibited hyperpolarizing
shifts of both activation as well as inactivation and enhanced fast inactivation [82].

In general, the cellular bases underlying neurodevelopmental phenotypes and possi-
ble structural brain anomalies caused by Na+ channel gene variants are largely unknown.
Maturation of the brain, necessitating specific electrical activity for proper neuronal differ-
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entiation and migration, synapse formation, axonal sprouting etc. [83] critically depends
on the correct functioning of voltage-gated sodium channels, in agreement with the rather
severe phenotypes associated with SCN3A variants. The fact that SCN1A variants generally
cause less severe developmental phenotypes is possibly related to its later upregulation
after birth. In addition to defective brain maturation, which is continuing during infancy
and childhood, neural network-independent mechanisms, like direct cytotoxicity due for
example to Na+ overloading could play an additional role [84].

5. VGSC in Neurodegenerative Diseases
5.1. Alzheimer’s Disease

Alzheimer’s disease (AD) is a heterogeneous neurodegenerative disorder with irre-
versible 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 [85]. 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 [86]. 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 [87]. 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 [88]. 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 phosphory-
lation at Ser, Thr and Tyr residues. For example, Thr 668 can be phosphorylated by c-Jun
N-terminal kinase-3 [89]. Thus APP is a tightly regulated protein, post-translationally modi-
fied 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 [90], c-Abl [91], mDab [92], JIP-1 [93]
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 development of the
AD.
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5.1.1. 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 [94]. 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 [94]. 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 study, 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 [67].

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

The correlation among AD pathophysiology, seizures and increased neuronal excitabil-
ity 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 hyperactiv-
ity [95]. 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 [96].

5.1.3. 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 tran-
scription 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
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mice and the neural network hyper excitability were both remarkably reduced [68]. 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 mechanism,
was remarkably increased. Thus endogenous BACE1 activity seems to regulate total and
surface levels of VGSC in mouse brains [53].

5.2. 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 [97]. 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 [98,99]. The causes of PD are unknown, although it is speculated that there may
be a contribution from genetic and environmental factors [100]. PD pathogenesis has been
associated with a number of factors, including impairments linked to intracellular Ca2+

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 [101] 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 [61]. In contrast, treating rats with phenytoin,
a sodium channel blocker that slows down the recovery from inactivation [102], 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 [103]. 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 [99]. 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 [56]. In these cells, Nav1.1 is a determinant for the
maintenance of sustained fast spiking more than for its onset [104,105]. Additionally, in
this study 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
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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 [61]. 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 [106]. Safinamide is a sodium and
calcium channels modulator and inhibits glutamate release induced by abnormal neuronal
activity, promoting its neuroprotective effect [107]. 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 [108].

5.3. Amyotrophic Lateral Sclerosis (ALS)

Amyotrophic Lateral Sclerosis (ALS) is an unknown etiology disease, caused by
the progressive neurodegeneration of motor neurons [109]. 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 [110]. At the moment there is no effective
therapy for ALS on slowing down or arresting the neurodegenerative process [111]. To
date, there are two main drugs for the treatment of ALS aimed to prolong the patient’s
life expectancy: riluzole [109,112] and edaravone [112,113]. 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 [114,115] and
sodium channel activity. In particular, this drug is able to down-regulate neuronal firing
and inhibit the persistent current of VGSC [116,117]. Persistent current (see Figure 1)
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 [118]. 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 the neuronal membrane potential
near the threshold value triggering spontaneous action potentials [119]. 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 [120].
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 [121,122].

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 [69].

While it is assumed that Nav1.6 dysfunction may be linked to ALS, evidence has re-
cently 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 hypoth-
esize that the abnormal Nav1.4 channels predisposed to depolarization-induced cellular
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excitotoxicity, leading to the development of ALS [62]. 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+] [66]. 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.

5.4. Multiple Sclerosis

Multiple sclerosis (MS) is a multifactorial neurodegenerative disease of the central ner-
vous 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 [123]. The pathological hallmarks of MS are
demyelinated plaques in the CNS with inflammation, gliosis, and neurodegeneration [124].
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 [125]. 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+/Ca2+ exchanger whereas in non-
demyelinated control axons Nav1.6 is located only in Ranvier nodes [72]. High sodium flux
along Nav1.6 reverses the Na+/Ca2+ exchanger and increases axonal calcium finally leading
to axonal damage through the activation Ca2+ dependent proteases [72]. 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 [64,73]. Indeed the administration of a selective Nav1.8 blocker in the
cerebrospinal fluid of EAE mice partially improved symptomatology [126]. 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 [64]. Experiments performed on an in vitro
model of glial injury [127] 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 [128]. 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 [65].

6. Conclusions

The purpose of this review was to collect and summarize the main information
currently available in the scientific literature on the multifaceted role of Nav channels on
pathologies affecting the CNS, whether neurodegenerative or not. We expect that having
all the data available in the literature on such a complex subject grouped together can
effectively support future scientific activity on this topic.

A picture emerged in which malfunctions of the same brain Nav isoform can lead
to very different neural pathologies; for instance, Nav1.1 mutations may cause several
forms of epilepsy or genetic migraine, but the channel is suspected to also be involved
in autism spectrum disorders; similarly, Nav1.2 is correlated with epilepsy and with
several forms of autism; finally Nav1.6 when mutated gives rise to epilepsy, whereas when
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its expression is impaired is correlated with developmental regression or with the most
common neurodegenerative diseases such as Alzheimer’s and Parkinson’s.

Even if some of the pathologies described are not directly categorized as neurodegen-
erative, nevertheless some of their manifestations can produce neurodegeneration as well.
Epileptic crises with prolonged seizures are clearly capable of injuring the brain, while brief
and isolated seizures are likely to cause negative changes in brain function and possibly
the loss of specific brain cells.

In order to better dissect and elucidate the molecular basis of Nav-correlated brain
pathologies a tight collaboration between clinicians and researchers is essential to obtain
new experimental models and techniques.

Many efforts have been spent until now to find new treatments to limit neuronal
damage once the pathology has manifested.

Currently, therapies that intervene by blocking the degenerative process, reducing
neuronal loss and restoring nerve transmission, are not available. There is numerous
clinical evidence which suggests that antioxidant substances, for example, are useful both
in preventing and modifying the course of neurodegenerative diseases.

Further studies on neuroprotection as a therapeutic intervention aimed at slowing or
even halting the progression of neurodegeneration would be desirable.
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Abstract: Alzheimer’s disease (AD) is the most common cause of dementia and is classically charac-
terized by two major histopathological abnormalities: extracellular plaques composed of amyloid
beta (Aβ) and intracellular hyperphosphorylated tau. Due to the progressive nature of the disease, it
is of the utmost importance to develop disease-modifying therapeutics that tackle AD pathology in
its early stages. Attenuation of hippocampal hyperactivity, one of the earliest neuronal abnormalities
observed in AD brains, has emerged as a promising strategy to ameliorate cognitive deficits and
abate the spread of neurotoxic species. This aberrant hyperactivity has been attributed in part to the
dysfunction of voltage-gated Na+ (Nav) channels, which are central mediators of neuronal excitability.
Therefore, targeting Nav channels is a promising strategy for developing disease-modifying thera-
peutics that can correct aberrant neuronal phenotypes in early-stage AD. This review will explore the
role of Nav channels in neuronal function, their connections to AD pathology, and their potential as
therapeutic targets.

Keywords: voltage-gated sodium channels; Alzheimer’s disease; excitability; hippocampus; neu-
rodegeneration; plasticity; pharmacology

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder classically
characterized by the accumulation of amyloid beta (Aβ) plaques and hyperphosphorylated
tau aggregates that disrupt synaptic function, ultimately culminating in synaptic decline
and neurodegeneration [1]. Current FDA-approved small-molecule therapeutics for AD
include acetylcholinesterase inhibitors [2] and NMDA receptor antagonists [3], which
are effective in providing symptomatic relief but lack disease-modifying properties. FDA-
approved monoclonal antibodies, such as aducanumab [4] and lecanemab [5], show efficacy
in the clearance of Aβ, but there is a lack of evidence that they convincingly slow AD
progression among large clinical populations. Thus, there remains an unmet need for the
development of disease-modifying therapeutics for AD.

Accumulation of neurotoxic proteins in key brain regions induces neuronal deficits
that are widely thought to be the cause of AD symptoms. The precise mechanisms of
Aβ- and tau-mediated AD pathology remain to be elucidated, an issue which is further
complicated by interpatient variability [6]. Nonetheless, AD is defined by the accumulation
of Aβ and tau deposits [7]. Aβ deposition begins in the frontomedial and temporobasal
areas, spreading then to the remaining neocortical regions [8]. Tau accumulation is first
observed in the entorhinal cortex [9] and spreads successively into the hippocampus [10].
While intricacies of the relationship between Aβ and tau seeding and accumulation remain
elusive, several studies suggest that Aβmay facilitate the seeding of tau [11–14].

The Aβ and tau proteins progressively accumulate at synapses, interrupting synaptic
communication through the degeneration of dendritic spines [15], leading to axonal de-
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generation and eventual neuronal loss [16]. These phenomena progressively hinder the
function of the hippocampal circuit, inducing deficits in long-term potentiation (LTP) and
long-term depression (LTD), two forms of synaptic plasticity widely thought to be the basis
of progressive memory loss in AD [17].

2. Hippocampal Hyperactivity in Early-Stage AD

Prior to global neurodegeneration and resultant progressive loss of memory associated
with late stages of AD, hippocampal hyperactivity is observed in rodent models [18–20] as
well as human patients [21–24]. Functional MRI studies indicate that patients with mild
cognitive impairment (MCI) display increased hippocampal activation during memory-
related tasks compared to healthy adults [25,26], and this phenomenon has emerged as a
potential biomarker of mild cognitive impairment and early-stage AD [27,28].

This hyperactivity occurs prior to amyloid plaque deposition [20,29,30], positioning
the phenotype as one of the first neurophysiological alterations in the AD brain. While there
remain many questions to be answered regarding the precise mechanisms, origins, and
consequences of this phenotype, it has emerged as a common feature in AD that precedes
greater cognitive decline [31]. In support of this aberrant elevated neuronal activity as
a precursor to AD, it has been has been linked to cognitive dysfunction and decreased
memory performance [27,31,32] as well as the production and accumulation of Aβ and
tau [27,33–38]. Moreover, amelioration of hippocampal hyperactivity using anti-epileptics,
such as levetiracetam, has been shown to improve cognition and memory performance in
rodent models and patients with MCI or early-stage AD [32,39,40]. Therefore, given its acute
and longitudinal impacts on AD pathophysiology, correcting hippocampal hyperactivity
represents a promising and potentially disease-modifying approach for AD treatment.

As described above, the hyperactivity phenotype is linked to various neuronal pro-
cesses that accelerate the rate of AD progression. Therefore, evaluation of molecular
contributors to the phenotype is warranted. On account of their centrality in initiating and
propagating the action potential (AP) [41,42], in this review, we discuss the contribution of
voltage-gated sodium (Nav) channels to the hyperactivity phenotype observed in early-
stage AD, their function as the disease progresses, and their viability as therapeutic targets
for the disease.

3. Overview of Nav Channels in AD Pathology

Broadly speaking, proper hippocampal function is mediated by the activity of gluta-
matergic principal neurons and GABAergic interneurons [43–45]. Thus, in order to ame-
liorate aberrant hyperactivity, the functional contributions of each neuronal subtype must
be considered. Glutamatergic principal cells comprise the vast majority of hippocampal
neurons and are densely packed into layers [46], notably the dentate gyrus (DG), CA3, and
CA1 regions whose excitatory connections compose the trisynaptic circuit [47,48]. GABAer-
gic inhibitory interneurons, despite only comprising ~10% of hippocampal cells [43,46],
dramatically influence the activity of the hippocampal circuit [49]. Unlike principal cells,
interneuron subtypes display significant intrinsic and morphological diversity and are
disseminated throughout all hippocampal subfields [43]. The diversity of interneuron
axonal projections lends them the capacity to synapse onto single cells or neuronal clusters
throughout the hippocampal formation, providing essential GABAergic tone [49,50] and
preventing excessive excitation of principal neurons through feedforward and feedback
inhibition [43,50]. Hippocampal network dynamics rely on the balance between the exci-
tatory and inhibitory signals (E/I balance) [51,52] produced by the aforementioned cell
types. Therefore, pathological deviations in hippocampal activity can be ascribed to altered
excitability of either principal cells or interneurons.

Nav channels, which are molecular determinants of neuronal excitability, consist of
nine distinct isoforms (Nav1.1–Nav1.9) [53] that have varying expression profiles among
different cell types [54–56]. Nav1.1 and Nav1.6 are of particular interest as they display
distinctive enriched expression in hippocampal interneurons [57,58] and principal neu-
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rons [54,59], respectively, enabling the initiation and propagation of action potentials in
these cell types. In early-stage AD, Nav1.1 and Nav1.6 display unique expression pro-
files and functional activity [29,60], contributing centrally to the aberrant excitability of
interneurons and principal cells and resulting in hippocampal hyperactivity. Given the
dichotomous functional roles of Nav1.1 and Nav1.6 channels in modulating hippocampal
activity, the two isoforms will be considered separately. In this section, the physiological
roles and disease-associated functions of Nav1.1 and Nav1.6 channels in their respective
cell types will be discussed.

3.1. Nav1.1

GABAergic inhibitory interneurons comprise a small percentage of hippocampal
neurons [46] but are able to contribute substantially to the regulation of hippocampal
excitability due to their distribution and diverse axonal projections [43,44]. Hippocampal
interneurons are classified into several major subtypes based on neuronal molecular ex-
pression, including somatostatin neurons, parvalbumin neurons, neuropeptide Y neurons,
vasoactive intestinal peptide neurons, and cholecystokinin neurons [61]. Of these subtypes,
somatostatin (SOM)- and parvalbumin (PV)-positive interneurons comprise a large ma-
jority (~70–80%) of the hippocampal interneuron population [62]. The Nav1.1 channel
is predominantly expressed in inhibitory interneurons [60,63], where it serves as a key
molecular determinant of intrinsic firing. With its subcellular localization in soma, axon
initial segments (AIS), and axons, Nav1.1 channels facilitate the initiation and propagation
of action potentials in these cells [63,64].

Loss-of-function mutations to Nav1.1 result in reduced Na+ current, causing reduced
action potential firing in interneurons [57]. The imbalance caused by decreased interneuron
activity can lead to seizures and is the leading cause of multiple epilepsies and other
disorders, most notably Dravet’s syndrome [58,65]. It has been shown that epileptiform
activity, particularly in the form of nonconvulsive seizures, is common in early-stage AD
patients [66]. Multiple lines of evidence indicate that this epileptiform activity accelerates
the rate of AD pathology and worsening of cognitive symptoms [66,67]. Along with dis-
playing epileptiform activity, decreased levels of Nav1.1 expression have been observed
across multiple transgenic AD mouse models [68–70] as well as AD patients [70], further
supporting the pathophysiological role of this channel in AD. Early studies demonstrated
that GABAergic interneurons are resistant to Aβ and tau protein deposition [71,72]. High-
lighting this finding, in a study of the expression of hyperphosphorylated tau in AD
patients, Blazquez-Llorca et al. found that of almost 4000 PV-positive interneurons in the
hippocampal formation and entorhinal cortex analyzed, paired-helical filaments of tau
were present in only two [73]. Despite GABAergic interneurons being resistant to Aβ and
tau deposition [71,72], the activity of these neurons is dysfunctional in AD, and the precise
pathophysiological mechanisms are the focus of many recent investigations [74–77].

One proposed mechanism by which GABAergic interneuron activity becomes com-
promised in AD is through the activity of β-site APP cleaving enzyme 1 (BACE1) [78], a
secretase involved in Aβ production. Crucially, BACE1 activity and levels are significantly
increased in the brains of AD patients, which is thought to contribute to the progression
of AD by increasing Aβ [79–81]. In addition to its role in Aβ production, the Nav chan-
nel β2 subunit, which is covalently linked to the Nav1.1 alpha subunit, is a substrate for
BACE1 [78]. Moreover, increased BACE1 causes a reduction in Nav1.1 cell surface expres-
sion [78], which would be expected to decrease the excitability of GABAergic interneurons.
Consistent with such an expectation, PV interneurons in the hippocampus display reduced
excitability in rodent models of AD [82]. Therefore, despite their apparent resistance to Aβ
and tau pathology [71–73], depletion of Nav1.1 and suppression of its activity in hippocam-
pal interneurons is potentially a major contributor to network dysfunction and cognitive
deficits in AD [70].
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3.2. Nav1.6

Contrarily to GABAergic interneurons, glutamatergic principal cells comprise a major-
ity of neurons in the hippocampus [46]. Also, in contrast to interneurons, principal cells
display a distinct layered organizational pattern with a relatively high level of anatomical
uniformity [83,84]. Nav1.6 is extensively expressed in the adult human brain and is the
predominant Nav isoform in hippocampal principal cells [85]. Nav1.6 displays a distinctive
pattern of subcellular localization, with concentrated expression at the AIS and nodes of
Ranvier in hippocampal principal neurons [59]. This pattern allows the channel to centrally
regulate action potential initiation, propagation, and saltatory conduction in these cells [86]
and govern the spike threshold of glutamatergic principal cells and contribute to synaptic
integration [54]. This distinct role of Nav1.6 is due to its accumulation in the distal AIS and
hyperpolarized voltage dependence of activation, setting it apart from other Nav channel
isoforms at the AIS. Given the central role of Nav1.6 in regulating the action potential
in excitatory neurons, both gain-of-function and loss-of-function mutations have been
found to have pathogenic consequences [59]. Functional alterations to the Nav1.6 channel
have been implicated in a number of neuropsychiatric disorders [59,87–89]. It has been
observed that haploinsufficiency of the SCN8A gene results in cognitive impairment and
has been linked to intellectual disability [90]. Conversely, gain-of-function mutations to
Nav1.6, which promote aberrant high-frequency neuronal firing, are closely linked with
epileptiform activity [88,91].

In the context of AD, Nav1.6 has emerged as the focus of many investigations regard-
ing network abnormalities and disease progression [29,34,92,93]. It has been observed
that acute exposure to soluble Aβ oligomers results in hyperactivity of CA1 pyramidal
neurons [94]. Further, it was observed that soluble Aβ exposure selectively upregulated the
expression and function of Nav1.6 [29] and that pyramidal cell hyperactivity was abolished
following treatment with Nav channel blockers [94], implicating this Nav channel isoform
as a driver of AD-related hyperactivity. Additionally, it is observed that amyloid precursor
protein (APP) both directly interacts with Nav1.6 [93] and enhances Nav1.6 surface expres-
sion via a G protein-coupled JNK pathway [92]. Functionally, this results in the potentiation
of Nav1.6-mediated Na+ currents [92]. These mechanisms provide convincing evidence
for the contribution of Nav1.6 to the hyperexcitation of principal neurons in early AD and
reveal novel, potentially synergistic pathways that drive AD pathology.

4. Therapeutic Potential of Nav Channels for AD

Nav1.1 and Nav1.6 channels have distinct roles in hippocampal hyperactivity and
are potential therapeutic targets for early-stage AD [39,69]. However, current Nav channel
modulators have the potential for off-target effects due to a lack of isoform selectivity. With
the development of high-resolution Nav channel structures [72] and a better understanding
of the biology of isoform-specific accessory proteins and signaling pathways [95], progress
has been made towards developing targeted therapies that are selective for specific iso-
forms. This section will discuss Nav1.1 and Nav1.6 modulation mechanisms and potential
therapeutic strategies for early AD.

4.1. Nav1.1 Activation

Increased BACE1 activity in early-stage AD reduces Nav1.1 cell surface expression,
leading to decreased excitability of GABAergic interneurons in the hippocampus and con-
tributing to increased excitatory/inhibitory tone. Restoring proper interneuron activity
may help correct this imbalance. One potential therapeutic strategy for overcoming deficits
in interneuron activity in the hippocampus is the transplantation of interneuron progeni-
tor cells [96]. This involves the extraction of progenitor cells from the medial ganglionic
eminence and transplantation into the brain of the affected individual [96]. Following
the procedure, these cells integrate into the existing neuronal circuitry and mature into
functional inhibitory interneurons. In AD rodent models, it has been observed that hip-
pocampal transplantation of wild-type progenitor cells provides little to no improvement;
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however, transplantation of progenitor cells overexpressing the Nav1.1 channel results
in improved behavior and cognitive performance [60]. Conversely, transplantation of
Nav1.1-deficient progenitor cells impaired learning and behavioral functions [60]. Despite
encouraging results following the transplantation of Nav1.1 interneuron progenitor cells
in rodent models, the associated risks may hinder the translatability of this approach.
Gene therapy represents an alternative strategy for the restoration of Nav1.1 activity and
interneuron activity [97,98]. The feasibility of this approach has been demonstrated in
rodent models, where voltage-gated potassium channels were delivered for the treatment
of epilepsy or neuropathic pain [99,100]. Recent and promising developments involving
engineered prokaryotic Nav channels for cardiac arrhythmias also illustrate the potential of
this concept for clinical applications [101] and may inform future investigations regarding
the delivery of neuronal Nav channels.

Cumulatively, these studies not only further indicate the importance of interneu-
ron function during early AD but also establish that interneuron-based interventions for
hippocampal hyperactivity are reliant on Nav1.1. Thus, pharmacologically potentiating
Nav1.1 activity represents a promising therapeutic avenue for early-stage AD. There are
several known classes of sodium channel activators, such as toxins from the venom of
several organisms [102] or pyrethroid insecticides [103]. While therapeutic development
from these agents is challenging due to their overall toxic effects, using these chemicals
to selectively activate Nav channels allows for the demonstration of therapeutic benefit.
For example, δ-theraphotoxin-Hm1a and δ-theraphotoxin-Hm1b (Hm1a and Hm1b) are
toxins derived from the venom of the Heteroscodra maculata tarantula that potentiates the
activity of the Nav1.1 channel selectively [104,105]. Hm1a-mediated activation of Nav1.1 is
able to restore the function of inhibitory interneurons from Dravet syndrome mice without
affecting the activity of excitatory neurons, and intracerebroventricular infusion of Hm1a
in the Dravet syndrome rodent model rescued the animals from seizures and premature
death [105]. While Hm1a and Hm1b exhibit high structural homology, further investigation
revealed that Hm1b is more stable in biological fluids [106]. Electrophysiological studies
revealed that the Hm1b peptide causes a hyperpolarizing shift in the voltage dependence of
activation and delays fast inactivation of the Nav1.1 channel, increasing both peak and sus-
tained Nav1.1 currents [106] through stabilizing interactions with its domain four voltage
sensor [106]. While further optimization is required for clinical applications, these toxins
demonstrate the value of Nav1.1 activation for restoring inhibitory interneuron activity in
hyperexcitability disorders.

Given the considerable potential of Nav1.1 activators for Dravet syndrome and other
excitability disorders, the development of small molecule Nav1.1 agonists has emerged
as a rich area of investigation [102,107,108]. A 2019 high-throughput screening campaign
conducted by Takeda Pharmaceutical Company led to the identification of a series of
4-phenyl-2-(pyrrolidinyl)-nicotinamide derivatives as potent and selective Nav1.1 acti-
vators [108], and structural optimization yielded a compound with favorable druglike
properties that achieves brain concentrations comparable to its potency in vitro. While
further investigations are required to determine the safety and translational of this com-
pound’s effects, it holds potential as a therapeutic for epilepsy disorders and thus may be
applied for hyperexcitability in early-stage AD.

4.2. Nav1.6 Inhibition

In contrast to Nav1.1, Nav1.6 is primarily expressed in excitatory neurons, and in-
creased expression and activity of the channel are observed in AD brains as a result of
Aβ oligomer exposure [29,92]. Knockdown of the Nav1.6 channel in AD rodents rescues
LTP deficits and mitigates hippocampal hyperactivity in AD models, restoring memory-
associated beta, gamma, delta, and theta waves to normal levels [34]. Additionally, knock-
ing down Nav1.6 decreased both the number and size of Aβ plaques in these animals,
providing evidence for the disease-modifying potential of Nav1.6 modulation [34]. The
reduction in Aβ plaque accumulation is caused by reduced transcription of BACE1. When
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Aβ oligomers are present, genetic knockdown or pharmacological inhibition of Nav1.6 re-
duces BACE1 transcription and BACE1-mediated cleavage of APP, resulting in decreased
Aβ production and plaque accumulation [34]. Intriguingly, while treatment with levetirac-
etam, an anti-epileptic with a mechanism independent of Nav channels, improves memory
and cognitive performance, it fails to alter Aβ production or plaque accumulation [109].
Therefore, reducing hippocampal hyperactivity, specifically through modulation of Nav1.6,
could provide both acute improvements to memory and cognition as well as simultaneously
reducing AD pathophysiology.

NBI-921352 is a Nav channel inhibitor being investigated for the treatment of epilepsy
caused by Nav1.6 gain-of-function mutations. It displays high selectivity for Nav1.6~130-fold
greater potency for Nav1.6 over Nav1.1 and Nav1.2 isoforms [110]. By stabilizing Nav1.6 in-
activated state, NBI-921352 inhibits persistent and resurgent currents, which are the
source of hyperexcitability in pyramidal neurons [91]. Crucially, while NBI-921352 re-
duces excitability in principal cells, the activity of fast-spiking interneurons is spared [110].
Nav1.6 inhibition has shown promise in pre-clinical models of AD by correcting synaptic
dysfunction, reducing Aβ plaque accumulation, and improving cognitive function [34].
Phase 1 trials indicate that NCI-921352 is well-tolerated in healthy adults and displays
evidence of CNS activity [111]. Further studies are needed to assess NBI-921352’s effi-
cacy in diseased individuals. However, increased expression and activity of Nav1.6 in
early AD provides the opportunity for increased potency in diseased tissues, and func-
tional studies illustrate the potential of Nav1.6 as a therapeutic target for the correction of
aberrant hyperexcitability.

5. Alternative Strategies for Modulation of Nav Channels

While the pore-forming α-subunit of Nav channels is primarily responsible for their
physiological functions and has been the target for drug development of current Nav
channel inhibitors, these channels rely on an array of intracellular channel-associated pro-
teins (ChAPs) and post-translational modifications (PTMs) via various kinases for full
function [112,113] (Figure 1, Table 1). These ChAPs have divergent regulatory effects and
provide both isoforms as well as tissue specificity due to their unique intermolecular inter-
actions with the channel as well their differential expression profiles in tissues [95,114–116].
In addition to selectivity, modulation of the Nav channel via ChAP complexes allows
for bidirectional regulation of channel activity by either facilitating or inhibiting complex
formation [115,117,118], therefore offering the potential for precise tuning of Nav channel
activity through mechanisms beyond traditional agonism and inhibition. Promising ChAP
modulators targeting specific regions, such as the C-terminal domain [113,114,119] of Nav
channels, have been identified. These ChAP modulators hold the potential to pharmaco-
logically modulate Nav channels with better precision and specificity. Additionally, many
kinases have been intimately linked with intracellular ChAPs and exhibit altered functions
or expression patterns in AD. Thus, targeting the functional interactions between the Nav
channels, their interactors, and disease-associated kinase signaling pathways represents
another novel strategy for AD drug development.
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Table 1. Summary of Nav1.1 and Nav1.6 post-translational modifications (PTMs) and regulatory
interactions with AD-associated proteins.

Nav1.1 ChAPs and PTMs

Type of Interaction Key Residues of Nav Channel Functional Outcome Reference

AKT1 Phosphorylation of
I-II Linker S573, S684, S685, S704 Decreased Nav1.1 Activity [120]

BACE1 Cleavage of β2 Subunit C-terminus of β2 Subunit
Decreased Nav1.1 activity

and α-subunit
surface expression

[78]

Nav1.6 ChAPs and PTMs

Type of Interaction Key Residues of Nav Channel Functional Outcome Reference

CaMKII Phosphorylation of
I-II linker S561, S641, T642 Increased Nav1.6 Activity [121]

p38 MAPK Phosphorylation of
I-II linker S553 Decreased Nav1.6 Activity [122]

FGF14 Binding to
C-Terminal Domain

D1833, S1838, H1843, D1846,
I1886, T1887, R1892 Increased Nav1.6 Activity [113,118,123]

GSK3β Phosphorylation of
C-Terminal Domain T1936 Increased Nav1.6 Activity [115]

5.1. Modulation of Nav Channels via Kinase Signaling Pathways

In the AD brain, several kinase pathways are dysregulated, and the resultant alter-
ations in signaling via these pathways are thought to contribute directly to AD progres-
sion [89–91]. Intriguingly, many of the kinases and associated signaling proteins linked with
AD pathology are regulators of Nav1.1 or Nav1.6 and exert their functional effects via post-
translational modifications (PTMs) and/or direct binding to the channel (Table 1) [92]. Thus,
targeting the functional interactions between Nav1.1 or 1.6 and disease-associated proteins
represents a novel strategy for AD drug development—and could allow for improved
tissue selectivity over agents that modulate Nav channels alone. This section will explore
several proteins with pathological links to AD, their regulatory effects on Nav channels,
and how their interactions may be modulated to ameliorate hippocampal hyperactivity.

5.1.1. Ca2+/Calmodulin-Dependent Protein Kinase

Calcium dysregulation during AD has long been investigated for its role in facilitat-
ing various facets of synaptic dysfunction and AD neuropathology [124–127]. Critically,
aberrant alterations in Ca2+ signaling are detected in AD rodent models prior to severe
memory impairments or histopathological biomarkers [124,128], indicating that correcting
aberrant Ca2+ signaling and its downstream consequences may have disease-modifying
potential. Increased Ca2+ levels in AD neurons occur through entry from extracellular space
via Ca2+ permeable channels such as NMDA receptors [129] and voltage-gated calcium
channels [130] or release from intracellular Ca2+ stores. These fluctuations in intracellular
calcium are processed through the binding of Ca2+ ions to proteins such as calmodulin
(CaM) [131]. The Ca2+/CaM-dependent protein kinases (CaMKs) are the primary binding
partners of Ca2+/CaM complexes and are thus major effectors of alterations to Ca2+ ion flux
in AD [132]. CaMKII, a member of the CaMK family, is a serine-threonine kinase that has
altered expression and activity in the AD brain [133]. Following activation by Ca2+/CaM,
CaMKII temporarily retains its kinase activity through autophosphorylation of its Thr286
residue [134]. The coupling of CaMKII with Nav channels has been shown to modulate
excitability through the regulation of sodium currents across multiple Nav isoforms and
cell types [135,136]. Notably, recent reports indicate that CaMKII phosphorylates Nav1.6,
enhancing channel activity and Nav1.6-mediated neuronal excitability [121]. Moreover,
inhibition of CaMKII is observed to ameliorate the pathological consequences of Nav1.6
gain-of-function mutations, which result in hyperexcitability disorders [137]. Therefore,
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inhibiting CaMKII-mediated phosphorylation of the Nav1.6 channel in early AD may
represent a novel strategy to ameliorate hippocampal hyperactivity.

5.1.2. Mitogen-Activated Protein Kinase

Mitogen-activated protein kinases (MAPKs) are a family of protein kinases best known
for their contribution to various diverse cellular processes, including proliferation, inflam-
mation, and apoptosis [138,139]. The MAPK family is comprised of 3 classes in mammals,
extracellular-signal-regulated kinases (ERKS), Jun-amino-terminal kinases (JNKs), and
stress-activated protein kinases (p38) [140]. The p38 MAPKs consist of 4 distinct iso-
forms: p38α, p38β, p38γ, and p38δ. Of particular interest, p38α is highly expressed in
the cortex and hippocampus [141] and has been implicated as a regulator of synaptic
plasticity [141,142]. In AD, elevated activity of p38 MAPKs is observed in the hippocampus
during early phases [143,144], where they contribute to excitotoxicity and tau phospho-
rylation [145]. However, isoform-selective functional studies have revealed that the p38α
isoform is likely the primary driver of AD pathogenesis [146], while other isoforms serve
lesser pathogenic roles or potentially exert neuroprotective effects [147]. Nonetheless, given
the consensus that p38α is a driver of AD pathology, inhibitors of this isoform have been
evaluated and show some promise in ameliorating tau hyperphosphorylation, synaptic
decline, AD-associated neuroinflammation, and cognitive impairment [148,149]. p38α has
been identified as a direct regulator of Nav1.6 through phosphorylation of a Pro-Gly-Ser553-
Pro motif intracellular loop L1, which results in reduced Nav1.6-mediated currents [150].
However, this effect is dependent upon the Pro-Gly-Tyr1945 motif of the Nav1.6 C-terminal
tail, which is responsible for the binding of Nedd4-2 ubiquitin ligase and subsequent
internalization of the channel [122]. Curiously, however, in the absence of a functional
Pro-Gly-Try1945 motif, it is observed that p38 phosphorylation of Nav 1.6 enhances peak
current density [122], indicating that p38 phosphorylation of Nav1.6 may have opposing
effects on Nav1.6-mediated neuronal excitability dependent on the function of Nedd4-2.
Haploinsufficiency of Nedd4-2 is linked to increased seizure susceptibility [151], which is
a hallmark symptom of prodromal AD [30,66,67]. Thus, it is possible that dysfunctional
Nedd4-2 reduces Nav1.6 internalization and allows functional upregulation of the channel
via p38α, ultimately resulting in aberrant hyperexcitability. The precise functional alter-
ations to p38α and Nedd4-2 and their resultant effects with Nav1.6 during early-stage AD
remain to be fully elucidated. Nonetheless, the powerful modulation of Nav1.6 induced by
p38α through S553 phosphorylation warrants further investigation, and modulation of this
system may allow for the regulation of hippocampal activity in early AD.

5.1.3. PI3K/AKT/GSK3β

The phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) pathway contributes
to a broad range of physiological processes in the brain, including cell proliferation, differ-
entiation, autophagy, and intraneuronal trafficking [152–154]. PI3K is the most upstream
effector of this signaling cascade and is canonically activated by receptor tyrosine kinases
in response to extracellular stimuli, followed by recruitment of its catalytic p110 subunit,
which enables PI3K-medicated AKT phosphorylation [154,155]. Activated AKT then exerts
modulatory effects on a myriad of downstream signaling molecules via phosphorylation
and complexation, including mTOR, GABA receptors, and eukaryotic translation initiation
factor α (eIF2α) [156,157], which mechanistically link the PI3K/AKT signaling axis to the
regulation of synaptic plasticity. In AD brains, dysfunctional PI3K/AKT signaling has been
linked to various pathogenic processes [153], including Aβ and tau pathology [158], neu-
roinflammation, impaired glucose metabolism, and oxidative stress [159], and restoration
of its function may have neuroprotective effects [153]. AKT has also been identified as a reg-
ulator of Nav channels 1.1 [120] and 1.6 [160]. In the case of Nav1.1, it is observed that AKT
directly phosphorylates the channel, resulting in decreased channel activity [120]. However,
in CA1 pyramidal cells, Akt inhibition with triciribine results in increased action potential
firing, which is likely driven by Nav1.6 [160]. This may be a result of direct interactions be-
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tween AKT and Nav1.6 or a downstream effect of decreased activation of glycogen synthase
kinase 3β (GSK3β), which phosphorylates the Nav1.6 channel at its T1936 residue [115],
potentiating its activity. Moreover, GSK3β displays dysregulated function and increased
expression in the hippocampus of AD patients and rodent models [161–164]. Therefore, in
CA1 pyramidal neurons, activation of AKT may exert neuroprotective effects by reducing
GSK3b activity, thereby decreasing Nav1.6 activity. However, considering the dichotomous
effects of AKT activation on Nav1.1 [120] and 1.6 [160], inhibition of the downstream inter-
action between Nav1.6 and GSK3βmay serve as a more viable approach than functional
modulation of AKT activity.

5.2. Modulation of Nav Channel Macromolecular Complexes

In addition to regulation via phosphorylation, the Nav channel function is also modu-
lated via stable interactions with other ChAPs [113,114,118]. One subclass of these accessory
proteins that have been investigated for their ability to regulate Nav channel activity is
the intracellular fibroblast growth factors (iFGFs) [95,117,123,165]. These proteins are a
subset of the FGF superfamily and include FGF11, FGF12, FGF13, and FGF14 [166]. The
iFGFs are expressed in excitable cells, where they are able to modulate the activity of
Nav channels through stable interactions with their intracellular C-terminal domains [166].
Intriguingly, interactions of the iFGFs with Nav channels diverge among Nav and iFGF
isoforms, resulting in an array of functional outcomes [113]. Despite this complexity, the
divergence in cell-type expression among Nav channel isoforms may allow for fine-tuning
of channel properties, and thus neuronal excitability, via modulating iFGF/Nav interfaces
in target tissues. Of particular interest, FGF14 has been identified as a risk factor for
AD [167,168]. In hippocampal neurons, it is observed that FGF14 overexpression results in
a significant increase in Nav1.6 current densities, whereas genetic knockdown of FGF14
results in opposing phenotypes and decreased excitability [169]. Moreover, studies from
our lab have illustrated that the FGF14/Nav channel complex is a target of GSK3β [170]
and that pharmacological inhibition of GSK3β induces dissociation of the FGF14/Nav
complex in hippocampal neurons and modifies FGF14-mediated modulation of Nav chan-
nel activity [170]. Further investigation revealed that GSK3β phosphorylates FGF14 at
S226 and that phosphorylation of this residue is increased in Tg2576 AD rodents [171].
Moreover, alanine mutation of the S226 residue results in decreased complex formation
with Nav1.6 [171]. As described in the previous section, GSK3β is a serine-threonine kinase
with dysregulated activity and expression in the hippocampus of AD brains [161–164].
Thus, hyperphosphorylation of FGF14 by GSK3β may lead to a significantly increased
probability of FGF14/Nav1.6 complex formation in early AD, thereby potentiating Nav1.6
activity and aberrant neuronal hyperexcitability in CA1 neurons. Further investigation is
required to determine the precise mechanisms of phosphorylation-driven regulation of
the FGF14/Nav1.6 complex, but disruption of FGF14 binding to the channel directly in
the hippocampus of AD brains may prevent its potentiation of Nav1.6-mediated neuronal
excitability and aid in ameliorating hippocampal network hyperactivity.

6. Conclusions

There remains a major need for AD therapeutics with disease-modifying properties.
Therefore, elucidating the neuronal mechanisms that underlie AD progression is a critical
step in the development of novel interventions. Hippocampal hyperactivity is one of the
first neuronal phenotypes observed in AD patients, and it is linked to the onset of memory
deficits as well progression of AD pathophysiology. Correction of this hyperactivity, there-
fore, is an attractive disease-modifying therapeutic strategy and has emerged as the focus
of many recent investigations. While the complete roles of Nav1.1 and Nav1.6 throughout
AD progression remain to be elucidated, their contributions to early-stage hyperactivity
are under investigation and may prove critical to the development of disease-modifying
AD therapeutics. Given their central roles in governing the excitability of these neuronal
subtypes, functional modulation of Nav1.1 and Nav1.6 represents a promising therapeutic
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strategy to regulate hippocampal activity in early-stage AD, and their contributions to
early-stage hyperactivity may prove critical to the development of disease-modifying AD
therapeutics. In addition to pursuing traditional pharmacological approaches, Nav chan-
nel activity may be regulated through modulation of post-translational modifications or
stable interactions with auxiliary proteins that alter channel activity. In the AD brain, there
are numerous kinase signaling cascades and disease-related proteins that exhibit distinct
functions and expression patterns during disease progression, several of which have estab-
lished functional effects on Nav channels. In many cases, the functional consequences of
these interactions are divergent among Nav isoforms. Therefore, functionally modulating
Nav channels through altering their regulatory PTMs or protein complexes may provide
the opportunity for the development of isoform-specific Nav channel therapeutics with
improved specificity for diseased tissues.
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Abstract: In degenerative neurological disorders such as Parkinson’s disease, a convergence of widely
varying insults results in a loss of dopaminergic neurons and, thus, the motor symptoms of the disease.
Dopamine replacement therapy with agents such as levodopa is a mainstay of therapy. Cerebellar
ataxias, a heterogeneous group of currently untreatable conditions, have not been identified to have a
shared physiology that is a target of therapy. In this review, we propose that perturbations in cerebellar
Purkinje neuron intrinsic membrane excitability, a result of ion channel dysregulation, is a common
pathophysiologic mechanism that drives motor impairment and vulnerability to degeneration in
cerebellar ataxias of widely differing genetic etiologies. We further propose that treatments aimed at
restoring Purkinje neuron intrinsic membrane excitability have the potential to be a shared therapy in
cerebellar ataxia akin to levodopa for Parkinson’s disease.

Keywords: cerebellar ataxia; Purkinje neuron; intrinsic membrane excitability; ion channels; therapy

1. Introduction

The cerebellar ataxias are a group of clinically heterogeneous movement disorders
that primarily affect the cerebellum. The causes of cerebellar ataxia are diverse, but patients
share similar clinical features, including abnormal gait, impaired balance, poor coordination
of limbs, and speech impairment. Despite similar clinical manifestations, a shared treatment
for cerebellar ataxia akin to levodopa for Parkinson’s disease has not been identified.

Among all types of cerebellar ataxias, spinocerebellar ataxias (SCAs) are a major
subgroup of dominantly inherited neurological disorders causing cerebellar impairment.
Currently, more than 40 genetic mutations leading to SCAs have been identified [1]. In-
terestingly, though the disease-causing genes vary, Purkinje neuron pathophysiology is a
shared feature of the disease.

Purkinje neurons are located in the cerebellar cortex and integrate all the input into the
cerebellum [2]. Cerebellar atrophy and Purkinje neuron degeneration are shared features
of cerebellar ataxia [3,4]. One unique feature of Purkinje neurons is that they exhibit au-
tonomous spiking independent of synaptic stimulation. This pacemaking ability of Purkinje
neurons is thought to play a vital role in motor coordination as those disturbances in Purk-
inje neuron firing significantly impair motor function in mouse models of SCA [5–12]. More
importantly, in these mouse models of ataxia, rescuing Purkinje neuron firing abnormalities
improves motor performance (additional models reviewed in [13]).

The average firing frequency of Purkinje neurons is around 40 Hz, with an unvary-
ing inter-spike interval duration under resting conditions. This regularity is primarily
maintained with precisely controlled activities of ion channels [14]. In brief, activation
of sodium channels, primarily Nav1.6 but also Nav1.1, depolarizes the Purkinje neuron
plasma membrane. Activation of voltage-gated sodium channels depolarizes the membrane
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to a threshold to initiate the action potential. Voltage-gated potassium channels are then ac-
tivated, mediating the repolarization phase of the action potential. The depolarization also
activates voltage-gated calcium channels, primarily Cav2.1 and Cav3.1, allowing calcium
into Purkinje neurons. These calcium channels are coupled to calcium-activated potassium
channels, which generate an outward potassium current upon calcium entry and hyper-
polarize the Purkinje neuron membrane to generate the after-hyperpolarization or AHP.
The major calcium-activated potassium channels that are responsible for generating the
AHP in Purkinje neurons are large-conductance calcium-activated potassium (BK) channels
and small-conductance calcium-activated potassium type 2 (SK2) channels. The AHP is
essential for the initiation of the subsequent action potential by allowing sodium channels
to recover from inactivation and preventing the cell from undergoing a depolarization
block. Importantly, numerous studies have shown that perturbations of expression and
function of these ion channels alter the intrinsic membrane excitability of Purkinje neurons,
leading to abnormalities in Purkinje neuron firing (reviewed in [13,15]). In mouse models
of the disease, the abnormalities in Purkinje neuron spiking underlie motor dysfunction,
at least in the early stages of the disease. Given the important role of ion channels in
regulating proper Purkinje neuron physiology, targeting ion channel function and thereby
modulating Purkinje neuron intrinsic membrane excitability holds promise as a therapeutic
strategy for cerebellar ataxia.

It is worth considering another degenerative disorder, namely Parkinson’s disease
when evaluating whether a shared treatment strategy exists for cerebellar ataxia. Parkin-
son’s disease is a collection of inherited and sporadic disorders defined by motor impair-
ments of rigidity, tremors, bradykinesia, and postural-gait changes. Most importantly, in
spite of diverse potential molecular mechanisms for disease, motor impairment is sensitive
to improvement with dopamine replacement therapy, with levodopa being a mainstay of
therapy. The cerebellar ataxias, too, are clinically defined by the motor impairment that they
produce. In this review, we summarize ion channel gene mutations that result in human
cerebellar ataxia. We speculate that targeting ion channels pharmacologically to correct
aberrant Purkinje neuron intrinsic membrane excitability holds promise in the treatment of
cerebellar ataxia more widely.

2. Ion Channel Gene Mutations That Cause Ataxia
2.1. Voltage-Gated Sodium Channels

Sodium channels, Nav1.6 and Nav1.1, are important in generating the action potential
upstroke in cerebellar Purkinje neurons [16,17]. Nav1.6 is encoded by the gene SCN8A,
gain-of-function mutations of which are associated with epileptic encephalopathy with
ataxia (Table 1) [18]. In mice, partial or complete loss-of-function mutations of Scn8a result
in motor impairment, symptoms of which also include ataxia [19]. Cerebellar Purkinje
neurons of Scna8a null mice display reduced repetitive firing [20]. Ataxia is, therefore,
associated with SCN8A mutations in both human and mouse models.

Dravet syndrome is caused by mutations in SCN1A, the gene that encodes Nav1.1
(Table 1) [21]. The clinical manifestations of Dravet syndrome include seizures, cognitive
impairment, motor deficits, and ataxia [22]. Knockout of Nav1.1 in mice also results in an
ataxic phenotype [16]. Recently, it has been shown that either activating Nav1.1 or blocking
Nav1.6 can reduce seizure occurrence in a zebrafish model of Dravet syndrome [23],
demonstrating the therapeutic potential of targeting these sodium channels.

Defects in the sodium channel, Nav1.6, are also associated with SCA27 in humans.
SCA27 results from mutations in the FGF14 gene, which encodes fibroblast growth factor 14
(FGF14) [24]. Ffg14 null mice exhibit an ataxic phenotype that resembles SCA27 patients [25].
Spontaneous Purkinje neuron firing in the Fgf14 null mice is attenuated, accompanied by a
negative shift of membrane potential [26]. It has been shown that spontaneous firing of
Purkinje neurons requires intracellular FGF14 (iFGF14), and expressing iFGF14 specifically
in Purkinje neurons of Fgf14 null mice restores spontaneous firing and improves motor
performance [27]. In addition, FGF14 interacts with Nav1.6 [28], and the level of Nav1.6
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is reduced in Purkinje neurons of FGF14 null mice [26]. These data suggest that the
interaction between FGF14 and Nav1.6 is crucial for Nav1.6 expression and function in the
cerebellum [26].

Recently, a new genetic cause of late-onset ataxia has been uncovered. This new type
of ataxia, termed late-onset SCA27B, is associated with an intronic GAA repeat expansion
in FGF14 [29]. Patients with SCA27B display both episodic and progressive ataxia, with
an average age of onset of 55 years [29]. Examination of brain tissue from patients reveals
cerebellar atrophy with significant depletion of Purkinje neurons and reduction in FGF14
expression (Table 1). Given the prior data in Fgf14 knockout mice, it is likely that reduced
FGF14 level induced reduction in Nav1.6 expression contributes to disease symptoms.

Table 1. Summary of ion channels and their associated disease and the cerebellar pathology
that results.

Types Ion Channel Disease Cerebellar Pathology

Voltage-gated sodium
channels

Nav1.1 Dravet syndrome Cerebellar atrophy on MRI; Cerebellar atrophy with
loss of Purkinje neuron on post-mortem tissue [30].

Nav1.6

Epileptic encephalopathy Cerebellar atrophy on MRI in one patient [31].

SCA27B
Severe cerebellar vermis atrophy on MRI and
post-mortem tissue. Loss of Purkinje neurons on
post-mortem tissue [29].

Voltage-gated potassium
channels

Kv1.1 EA1 No cerebellar pathology was reported.

Kv1.2 Ataxia associated with
epileptic encephalopathy Cerebellar atrophy on MRI in a subset of patients [32].

Kv1.6 SCA3 See above.

Kv3.3

SCA13 Cerebellar atrophy on MRI [33].

SCA3 Mild cerebellar atrophy with enlarged 4th ventricle [4];
Degeneration of the cerebellar fastigial nucleus [3].

SCA1,2 See above.

Kv4.3
SCA19, 22

Severe Purkinje neuron degeneration in cerebellar
autopsy. Mild cerebellar atrophy on MRI in some
patients [34,35].

SCA1 See above.

Calcium-activated
potassium channels

BK

Liang-Wang syndrome Cerebral atrophy involving the vermis and
hemisphere on MRI [36,37].

SCA1

Global cerebellar volume loss on MRI [4]. Cerebellar
atrophy on biopsy and degeneration of cerebellar
Purkinje neurons, and the cerebellar fastigial
nucleus [3].

SCA2

Cerebellar atrophy on MRI [38]; Global cerebellar
volume loss involving both the vermis and
cerebellar hemispheres on MRI [4]; Degeneration of
cerebellar Purkinje neurons and the cerebellar
fastigial nucleus [3].

SCA7
Cerebellar atrophy mainly involves the superior part of
the vermis on MRI [4]; Degeneration of cerebellar
Purkinje neurons and the cerebellar fastigial nucleus [3].

SK2

Dominant
neurodevelopmental
movement disorders;
autosomal-dominant
tremulous
myoclonus-dystonia

Cerebellar atrophy on MRI in one case [39] (Mochel,
personal communication)
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Table 1. Cont.

Types Ion Channel Disease Cerebellar Pathology

Voltage-gated calcium
channels

Cav2.1
SCA6

Cerebellar atrophy involving the vermis and the
hemisphere [4]; Degeneration of cerebellar
Purkinje neurons.

EA2 Cerebellar vermis atrophy on MRI [40].

Cav3.1
SCA42 Cerebellar atrophy on MRI [41,42].

SCA1,2,7 See above.

Other calcium channels
and calcium pumps

TRPC3 SCA41 Mild cerebellar vermis atrophy on MRI [43].

IP3R1

SCA15 Cerebellar atrophy on MRI and CT [44].

SCA29 Cerebellar atrophy on MRI [45].

SCA2, 3 See above.

PMCA2 Congenital cerebellar
ataxia Cerebellar atrophy on MRI [46].

PMCA3 X-linked congenital
cerebellar ataxia

Volume loss of cerebellar hemisphere and vermis on
MRI [47].

2.2. Voltage-Gated Potassium Channels
2.2.1. Kv1 Channel Family

Kv1 channels are a group of voltage-gated potassium channels that play an essential
role in regulating membrane excitability in neurons. It has been shown that Kv1.1, Kv1.2,
Kv1.3, Kv1.5, and Kv1.6 are highly enriched in the rat cerebellum, with higher densities of
Kv1.1 and Kv1.2 in the terminal region of Purkinje neurons and higher densities of Kv1.5
and Kv1.6 in the soma [48]. Among them, Kv1.1, Kv1.2, and Kv1.6 expression changes are
reported to be associated with ataxia [49].

Kv1.1

Mutations in Kv1.1 channels result in Episodic ataxia type 1 (EA1), which is charac-
terized by episodes of loss of motor coordination and balance in addition to prominent
muscle spasms involving the head and extremities (Table 1) [50]. To date, a number of
gene mutations in KCNA1, the gene encoding Kv1.1 channels, have been identified in
patients with EA1. Functional studies of mutated Kv1.1 reveal loss-of-function effects,
including a reduction in current, abnormal gating properties, and/or a positive shift of
voltage dependence [51].

Gain-of-function mutations in KCNA1 have also been reported. A patient with a
p. A261T Kv1.1 variant presented with mild, childhood-onset focal epilepsy without
ataxia [52]. Another patient with a p.L296F mutation was described to display recurrent
onset of seizures [53]. Both mutations cause an alteration in the voltage dependence of
mutant Kv1.1 channel activation, resulting in the channel opening at a more hyperpo-
larized state compared to wild-type channels. In addition, treating the patient with the
p.L296F variant with 4-aminopyridine, a non-specific potassium channel blocker, improved
motor impairment.

Kv1.2

The Kv1.2 channel is encoded by the gene KCNA2. De novo mutations in KCNA2
are associated with epileptic encephalopathy, with about half of the patients with KCNA2
mutations showing symptoms of ataxia and atrophy of the cerebellum (Table 1) [32].
Interestingly, both gain- and loss-of-function mutations of KCNA2 are associated with
encephalopathy. Specifically, p.R297Q, p.L298F, and p.E157K variants cause an increase
in current amplitude and a more hyperpolarized voltage dependence of activation [32].
In contrast, p.I263T and p.P405L variants result in a loss-of-function, characterized by a
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significant reduction in current amplitude [54]. Furthermore, p.L290R, p.L293H, p.L328V,
and T374A variants demonstrate both gain- and loss-of-function effects, resulting in the
permanent opening of the channel with a negative voltage shift of inactivation. Patients
harboring either a gain-of-function mutation or a combination of gain- and loss-of-function
mutations in KCNA2 are more likely to develop ataxia and cerebellar atrophy [32,54].
4-aminopridine has been shown to improve symptoms in patients with gain-of-function
KCNA2 encephalopathy [55].

In mice, a p.I402T mutation in Kcna2 results in chronic motor incoordination. Patch
clamp recordings from cerebellar slices of these mice reveal reduced Purkinje neuron
firing frequency. In addition, the protein levels of both Kv1.2 and Kv1.1 channels are
reduced. Increasing the expression of the Kv1.2 channel partially rescues impaired motor
coordination [56].

Kv1.6

The Kv1.6 channel is encoded by the gene KCNA6. A recent study identified de novo
gain-of-function mutations in KCNA6 in patients with epilepsy [57]. Mutant Kv1.6 channels
display slowed channel closing time and a negative shift in deactivation voltage. Reduced
transcript levels of Kcna6 are associated with increased Purkinje neuron intrinsic membrane
excitability in SCA3 mice (Table 1). Treatment with antisense oligonucleotides targeting
mutant Atxn3 rescues the reduction in Kcna6 transcript levels in SCA3 mice [49].

2.2.2. Kv3.3

Kv3.3 is a voltage-dependent potassium channel encoded by the gene KCNC3. Muta-
tions in KCNC3 cause SCA13 in humans, which is characterized by cerebellar degeneration,
impaired motor function, and abnormal auditory processing (Table 1) [58]. The age of
disease onset in SCA13 patients ranges from early after birth to middle age. Kcnc3 knockout
mice exhibit a reduction in Purkinje neuron repolarization, altered generation of complex
spikes [59,60], and motor defects [61,62]. Restoring Kv3.3 expression in Purkinje neurons
of Kcnc3 knockout mice rescues spiking and motor function [61]. In addition, depending
on the mutations of KCNC3, Kv3.3 channels can display either loss-of-function or gain-of-
function. The p.G592R variant of Kv3.3 shows a gain-of-function phenotype. It results in
the degradation of a cell survival protein (Hax-1) that binds to Kv3.3 directly [63]. Other
loss-of-function mutations in Kv3.3 that have been identified in human SCA13 patients
result in a reduction in Kv3.3 current amplitude and/or Kv3.3 activation voltage [64].

The transcript levels of Kcnc3 are reduced in mouse models of SCA1, SCA2, and SCA3
(Table 1) [49,65]. In SCA3 mice, the reduction in Kv3.3 transcripts likely contributes to
increased excitability of Purkinje neurons and motor impairment [49,66]. Therapeutically,
the administration of antisense oligonucleotides targeting the mutated Atxn3 gene rescues
the transcript levels of Kcnc3, restores normal Purkinje neuron excitability, and improves
the locomotor activity in the early stages of the disease. However, alterations in Purkinje
neuron function and motor impairment persist in later disease stages. Meanwhile, a
broader reduction in other Kv channels is observed in aged SCA3 mice [49]. Although
these reductions do not seem to worsen the Purkinje neuron pathophysiology seen in
younger mice, they may contribute to motor dysfunction by altering the function of other
brain structures beyond the cerebellum. The detailed mechanism underlying these changes
remains to be understood.

The reduction in Kcnc3 transcript levels has also been reported in mouse models of
SCA1 and 2 [65], although little is known regarding the degree of contribution of Kv3.3
to impaired Purkinje neuron firing in these mice. Nevertheless, Kv3.3 dysfunction and
dysregulation are associated with multiple cerebellar ataxias [49,62,65,67].

2.2.3. Kv4.3

Kv4.3, encoded by the gene KCND3, is another voltage-gated potassium channel highly
expressed in cerebellar Purkinje neurons [68]. In humans, mutations in KCND3 are identi-
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fied to be the cause of previously designated SCAs: SCA19 and SCA22 (Table 1) [34,35]. The
clinical presentation of SCA19/22 includes mild cerebellar ataxia and cognitive impairment.
In SCA19/22, the missense mutations in KCND3 that have been identified include, but
are not limited to, p.C317Y, p.P375S, p.V338E, and p.T377M, and are postulated to cause
disease due to the loss of function. The mutant Kv4.3 channels show impaired membrane
trafficking and are more prone to degradation.

Gain-of-function mutations in Kv4.3 are also implicated in cerebellar ataxia. Recently, a
patient presenting with progressive cerebellar ataxia, parkinsonism, cognitive impairment,
and iron accumulation in both basal ganglia and cerebellum have been identified to carry
a p.R419H mutation in Kv4.3 [69]. Mechanistically, the mutant Kv4.3 channel displays
increased outward potassium current and changes in gating properties. In a SCA1 mouse
model, increased Kv4.3 current is observed in pre-symptomatic mice, which corresponds
to reduced Purkinje neuron firing frequency [5]. Targeting the increased Kv4.3 current with
a potassium channel blocker improves firing frequency and motor performance in SCA1
mice [5]. Taken together, both gain- and loss-of-function mutations in Kv4.3 are linked to
cerebellar ataxia.

2.3. Calcium-Activated Potassium Channels
2.3.1. Large-Conductance Calcium-Activated Potassium (BK) Channels

The large-conductance calcium-activated potassium (BK) channel is encoded by the
gene KCNMA1. In humans, loss-of-function mutations in KCNMA1 cause Liang–Wang
syndrome (LIWAS), a polymalformation syndrome characterized by global developmental
delay and neurological dysfunction (Table 1) [36]. About half of the patients identified
with LIWAS show symptoms of ataxia and cerebellar atrophy [36], indicating that loss-of-
function BK channel mutations can cause cerebellar ataxia [70].

Downregulation of Kcnma1 transcripts or BK channel dysfunction has been reported
in multiple models of cerebellar ataxia. In a transgenic mouse model of SCA1 (ATXN1[82Q]
mice), both the transcripts of Kcnma1 and the expression of BK channels are decreased [6,9,65].
The decreased level of BK channels is associated with a reduction in the AHP, impaired
Purkinje neuron spiking, and motor dysfunction. Significantly, restoring BK channel expres-
sion in ATXN1[82Q] mice is able to improve motor performance, suggesting the therapeutic
potential of targeting BK channels in SCA1 [6]. Reduced expression of BK channels is
also observed in a genetically more precise mouse model of SCA1 (Atxn1154Q/2Q) [9,65].
In Atxn1154Q/2Q mice, reduction in BK channel expression is concurrent with irregular
Purkinje neuron spiking and impaired motor performance. Applying a BK channel activa-
tor (4-chloro-N-(5-chloro-2-cyanophenyl)-3-(trifluoromethyl) benzene-1-sulfonamide, also
termed BK-20) is able to rescue Purkinje neuron spiking regularity in Atxn1154Q/2Q mice
in vitro [71].

Decreased BK channel expression is also evident in SCA2. In ATXN2[127Q] mice,
reduction in the transcripts of Kcnma1 is accompanied by impaired Purkinje neuron spiking
in the early disease stages [67]. Despite the progressive reduction in Kcnma1 transcripts,
regular Purkinje neuron spiking is preserved but at a much lower rate at a later disease stage.
The regular but slower Purkinje neuron firing is achieved via the activation of inwardly
rectifying potassium (Kir) channels, which may serve as a compensatory mechanism
in response to the loss of BK channels [67]. Although restoring BK channel expression
or activating remaining BK channels in ATXN2[127Q] mice has not been attempted as a
therapeutic strategy, it would be expected that, similar to SCA1 models, this would improve
motor function.

Furthermore, a reduction of Kcnma1 transcript levels is associated with irregular
Purkinje neuron spiking in a mouse model of SCA7. Importantly, increasing BK channel
expression in the cerebellum of SCA7 mice restores the regularity of Purkinje neuron firing
to wild-type levels [7].

It has been shown that in mice, BK channels in Purkinje neurons play a major role in
maintaining normal motor coordination. Mice with Purkinje neuron-specific ablation of
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BK (PN-BK−/−) channels display ataxia, the ataxic symptoms of which resemble global
Kcnma1 knockout mice [72]. At the cellular level, Purkinje neurons of PN-BK−/− mice
display a depolarized membrane potential, reduced firing frequency, and no change in
firing regularity. In addition, the number of complex spikes is greatly reduced in the
Purkinje neurons of PN-BK−/− mice, indicating an impairment in both Purkinje neurons
and the cerebellar circuit [72,73].

In contrast, gain-of-function mutations of KCNMA1 are associated with paroxysmal
dyskinesia [74], epilepsy, and dystonia. Patients with a p.D434G mutation in BK channels
have both paroxysmal dyskinesia [75] and epilepsy [76]. Mechanistically, the p.D434G BK
channel variant displays increased calcium sensitivity and enhanced potassium current [74].
In comparison, although the p.N995S variant of BK channels also displays increased
potassium current, there is no change in calcium sensitivity. The p.N995S BK channel
enhances both channel open probability and duration and hence increases potassium
current. In humans, the p.N995S (also annotated as p.N999S and p.N1053S) mutation
causes epilepsy but not paroxysmal dyskinesia [76,77]. In mice, knockout of the beta-4
subunit of BK channels results in a gain of function. Beta-4 null mice develop spontaneous
seizures, potentially resulting from lowered threshold for the generation of action potentials
in hippocampal dentate granule cells [78].

2.3.2. Small-Conductance Calcium-Activated Potassium (SK2) Channels

The brain expresses three types of small-conductance calcium-activated potassium
channels. The type 2 small-conductance calcium-activated potassium (SK2) channel, en-
coded by the gene KCNN2, is enriched in cerebellar Purkinje neurons. Recently, exome
sequencing has revealed that patients with KCNN2 mutations exhibit delays in motor,
intellectual, and language development (Table 1) [39]. Other symptoms include cere-
bellar ataxia, tremor, seizures, and extrapyramidal symptoms such as dyskinesia and
myoclonus-dystonia [39,79]. Patch-clamp recordings from cells transfected with selected
human KCNN2 mutants reveal a reduction in current density [39], indicating that the
loss-of-function of SK2 channels may be responsible for the disease symptoms observed.

Mice harboring a deletion of the Kcnn2 gene exhibit symptoms of motor dysfunc-
tion such as tremors, abnormal gait, and impaired rotarod performance [80]. Genetically
targeted silencing of SK channels in the brain of mice also results in profound motor impair-
ment [81]. Modulation of the SK2 channel has shown beneficial effects in a mouse model of
SCA2. SCA2-58Q mice show a phenotype of age-dependent onset of motor deficits [82] that
is associated with burst firing patterns of Purkinje neurons [11]. Significantly, SK channel
activators are able to convert the burst firing pattern back to tonic firing patterns [11]. Oral
administration of SK activators also improves motor performance and delays Purkinje
neuron degeneration in SCA2-58Q mice. Furthermore, a loss of function of the SK2 channel
has been described as the underlying abnormality in mouse models of tremor [80,83]. No
gain-of-function mutations in KCNN2 have been reported.

2.4. Voltage-Gated Calcium Channels
2.4.1. Cav2.1

CACNA1A encodes the P/Q-type voltage-gated calcium channel Cav2.1, which is
highly enriched at synaptic terminals and in Purkinje neurons [84]. Mutations in CACNA1A
are associated with SCA6 and episodic ataxia type 2 (EA2) (Table 1) [85,86].

In SCA6, a CAG repeat expansion in CACNA1A results in a poly-glutamine tract
at the C-terminus of Cav2.1 [85]. Patients affected with SCA6 have 20-33 CAG repeats
in the CACNA1A gene, with slowly progressive and late-onset ataxia symptoms [87,88].
A SCA6 mouse model captures the late-onset disease phenotype as seen in human pa-
tients. Heterozygous SCA684Q/+ mice develop motor impairment at 19 months of age,
whereas homozygous SCA684Q/84Q mice have an earlier disease onset at 7 months of
age [10,89]. Surprisingly, although the CAG repeat expansion is in the gene encoding
Cav2.1, the function of the calcium channel itself in Purkinje neurons does not appear to be
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impaired [89,90]. The exact disease mechanism accounting for the late onset of symptoms
in SCA6 remains unknown.

Mutations in the CACNA1A gene are also associated with EA2, characterized by
episodes of recurrent ataxic symptoms in humans [91,92]. One widely used mouse model
of EA2 is the tottering mouse. Tottering mice, which carry a p.P601L missense mutation
in the Cacna1a gene [93], display ataxic symptoms such as paroxysmal attacks of motor
dysfunction and abnormal eye movements [94,95]. Purkinje neurons of tottering mice
exhibit firing abnormalities [94,96]. The irregular Purkinje neuron spiking is associated
with a reduction in calcium current density [97].

Gain-of-function mutations in Cav2.1 are also associated with abnormal Purkinje
neuron firing. The p.S218L missense mutation in Cacna1a results in an increase in calcium
influx into Purkinje neurons, which lowers the threshold for action potential generation,
causing a disrupted firing pattern [98]. Mice with the p.S218L mutation display symptoms
of ataxia [99], indicating that both increased and decreased calcium influx can be associated
with ataxia.

2.4.2. Cav3.1

Cav3.1, encoded by the gene CACNA1G, is a T-type calcium channel highly expressed
in Purkinje neurons. In humans, the p.R1715H missense mutation in the CACNA1G gene
causes SCA42, symptoms of which include predominantly gait instability (Table 1) [100].
The p.R1715H mutation results in a positive shift in the voltage dependence of Cav3.1
activation [101]. Zonisamide, a T-type calcium channel blocker, reverses the abnormal
voltage dependence of current activation of the mutant channel close to wild-type levels in
HEK293T cells [102]. In addition, reduced transcript levels of Cacna1g have been reported
in other SCA mouse models, including SCA1, 2, and 7 [7,9,65,103]. Mice lacking Cav3.1
display impaired motor coordination, Purkinje neuron loss, and cerebellar atrophy [104].

Gain-of-function mutations in Cav3.1 are associated with childhood-onset cerebellar
atrophy with additional clinical features, including cognitive impairment and variable
facial dysmorphism, microcephaly, and epilepsy [105].

2.5. Other Calcium Channels and Calcium Pumps
2.5.1. TRPC3

TRPC3 is one of the family members of the transient receptor potential (TRP) su-
perfamily of ion channels that are highly enriched in cerebellar Purkinje neurons [106].
Mutations in the TRPC3 gene cause SCA41 in humans (Table 1). Recently, a p.R762H
missense mutation in TRPC3 has been identified in a patient with a progressive imbalance
and ataxic gait [43]. The p.R762H variant induces significant neuronal death, indicating
a gain-of-function mechanism. Moonwalker (Mwk) mice, harboring a gain-of-function
mutation in Trpc3, display coordination defects and Purkinje neuron degeneration [107].
Mechanistically, in Mwk mice, the TRPC3 channel displays prolonged channel opening
upon activation [107]. Patch clamp recordings from Mwk mice show that a greater number
of Purkinje neurons are inactive compared to wild-type neurons. Additionally, the Purkinje
neurons of Mwk mice that are active fire at a greater frequency than wild-type neurons,
indicating the inactive ones are likely in depolarization block [108].

2.5.2. IP3R1

IP3R1, or inositol 1,3,5-trisphophate (IP3) receptor type 1, is encoded by the gene
ITPR1. IP3R1 functions as a ligand-gated ion channel and mediates calcium release from
the endoplasmic reticulum. Deletions or mutations in ITPR1 lead to SCA15 in humans,
the clinical presentation of which is characterized by adult-onset and slow progression of
cerebellar gait ataxia (Table 1) [97]. Missense mutations in ITPR1, including p.V494I and
p.P1059L, have also been identified in families with SCA15 [44,109]. Missense mutations
in ITPR1 are also associated with SCA29 in humans (Table 1) [45]. Patients with SCA29
present with infant-onset slowly progressive ataxia, delayed motor development, and
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mild cognitive impairment [110]. Furthermore, patients with autoantibodies against IP3R1
also develop cerebellar ataxia [111]. The underlying mechanism of SCA15 and SCA29
pathology is likely due to suppressed cytosolic calcium signaling, which results from the
loss-of-function of IP3R1.

Studies in mice show that increased IP3R1 activity may also contribute to cerebellar
ataxia. It has been shown that in SCA2-58Q mice, mutant ATXN2 interacts with IP3R1,
leading to increased activation sensitivity of IP3R1 and enhanced calcium release from the
endoplasmic reticulum [82]. Aberrant calcium signaling also contributes to the pathogene-
sis of SCA3. Similar to the mutant ATXN2 protein, mutant ATXN3 (Q77 and Q127) can also
bind to IP3R1 and increase the sensitivity of IP3R1 to IP3 [112].

2.5.3. PMCAs

The calmodulin-activated plasma membrane calcium-ATPases (PMCAs), especially
the brain-enriched isoforms, type 2 (PMCA2) and type 3 (PMCA3), function to maintain cel-
lular calcium homeostasis by pumping calcium out of the cell [113]. In humans, mutations
in the gene encoding PMCA2 are linked to hearing loss. Recently, a missense mutation
in PCMA2, V1143F, has been identified in a patient with congenital cerebellar ataxia but
no sign of deafness (Table 1) [46]. The mutation causes a loss-of-function mutation of
PMCA2, leading to impaired calcium ejection from the cytoplasm. In mice, PMCA2 is
highly expressed in various tissue types, including cerebellar Purkinje neurons. Atp2b2
(encodes PMCA2) knockout mice exhibit overt cerebellar ataxia [114]. Recordings from
Purkinje neurons of Atp2b2 knockout mice reveal slower and irregular firing and a more
hyperpolarized membrane potential [115]. Missense mutations in PMCA3 are associated
with ataxia. The missense mutation G1107D in ATP2B3 has been identified in patients with
X-linked congenital cerebellar ataxia [47,116] (Table 1). Functional analysis of the mutant
PMCA3 demonstrates impaired calcium pumping ability, indicating a loss-of-function
mutation. Taken together, both PMCA2 and PMCA3 play a role in ataxia pathogenesis.

3. Emerging Therapies for Cerebellar Ataxia Impinge on Ion Channels
3.1. Non-Pharmacological Approaches in Cerebellar Ataxia
3.1.1. Rehabilitation

Currently, there is no definitive treatment for cerebellar ataxia. Most of the current
clinically used treatments rely on strategies for rehabilitation that include physical therapy,
occupational therapy, and speech therapy. Rehabilitation in cerebellar ataxia aims to
improve balance and coordination in patients through intensive exercise [117]. It has been
shown that rehabilitation training can improve the impairment measured on an ataxia
rating scale [118–120], with evidence that the improvement can persist for up to 1 year. The
exact mechanism of how exercise improves motor function in cerebellar ataxia patients with
progressive cerebellar atrophy is still unknown. In SCA684Q/84Q mice, exercise has been
shown to improve Purkinje neuron firing defects and thereby improve ataxia, potentially
through increasing cerebellar expression of brain-derived neurotrophic factor [12]. So
far, this is the only evidence showing that exercise can modify Purkinje neuron firing
in cerebellar ataxia. It is likely that exercise modifies potassium channel expression and
function to mediate this improvement in spiking.

3.1.2. Gene Suppression Strategies

Oligonucleotide-based therapy is an emerging field aimed at treating genetic disorders.
Oligonucleotide-based therapy that has been implicated in treating cerebellar ataxias in-
cludes antisense oligonucleotide and RNA-based therapy [121]. Antisense oligonucleotides
(ASOs) are small, single-stranded DNA molecules that have the capability to reduce the
expression of specific proteins by binding to complementary mRNA transcripts [122]. The
therapeutic effects of ASOs have been shown in several mouse models of cerebellar ataxia,
including SCA1, SCA2, SCA3, and SCA13 [63,123–125]. In the Knockin mouse model of
SCA1 (Atxn1154Q/2Q) that displays ataxia and premature lethality, ASO delivery to the right
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lateral ventricle improves motor performance and prolongs survival [123]. Injection of
ASOs into the cerebellum of SCA2 mice can successfully reduce Atxn2mRNA and protein
levels in Purkinje neurons, resulting in delayed motor symptom onset [124]. In addition,
ASO treatment improves Purkinje cell firing in parallel with behavioral improvement.
Longitudinal ASO delivery targeting mutant Atxn3 in SCA3 mice restores transcript levels
of Kv3.3 and Kv1.6 associated with improved Purkinje neuron firing and motor perfor-
mance [49]. In the Kv3.3-G592R mouse model of SCA13, intracerebroventricular injection
of ASOs targeting mutant Kcnc3 mRNA restores motor performance to a level comparable
with wild-type controls [63].

Gene silencing through viral-mediated RNAi is an alternative method to ASOs to
reduce the level of targeted proteins. Intracerebellar injection of an adeno-associated virus
that expresses short hairpin RNAs against ATXN1 has been shown to significantly improve
motor coordination in SCA1 mice [126,127].

3.2. Pharmacological Approaches in Cerebellar Ataxia

Treatment for cerebellar ataxia is needed. Few medications have proven effective in
managing symptoms of cerebellar ataxia. The majority of agents that have been proposed
for treatment have been unsuccessful in clinical trials. Here, we discuss the clinical data
and the mechanism of action of the agents that are currently prescribed for treating cerebel-
lar ataxia. These include omaveloxolone, 4-aminopyridine, and chlorzoxazone-baclofen.
Importantly, many of these agents target ion channels, further illustrating the therapeutic
potential of modulating ion channels for cerebellar ataxia.

3.2.1. Omaveloxolone

Recently, the US FDA approved omaveloxolone as the first and only therapy for
Friedreich ataxia, an autosomal recessive cerebellar ataxia. Clinical symptoms in patients
with Friedreich ataxia include gait and limb ataxia, discoordination, loss of lower limb
reflexes, dysarthria, diabetes, cardiomyopathy, scoliosis, and vision loss [128]. Friedreich
ataxia results from a GAA repeat expansion in the FXN gene, which encodes the protein
frataxin that is localized to mitochondria [129]. The function of frataxin is not entirely
understood, but it has been shown to be involved in iron–sulfur cluster assembly [130]. A
GAA repeat expansion in FXN results in a reduction of functional frataxin protein. Conse-
quences of frataxin deficiency include mitochondrial dysfunction, increased sensitivity to
oxidative stress, and dysregulation of iron-sulfur cluster assembly [131–133]. Friedreich
ataxia is, therefore, considered to be a mitochondrial disease.

The proposed mechanism of action of omaveloxolone is the activation of the nuclear
factor erythroid 2-related factor 2 (NRF2) [134,135]. Under normal conditions, oxidative
stress induces NRF2 translocation to the nucleus and increases the expression of antioxidant
genes. In Friedreich ataxia, however, NRF2 fails to respond to oxidative stress [134]. The
impaired antioxidant defense system may contribute to neurodegeneration in Friedreich
ataxia since neurons are sensitive to cellular redox status [136]. Omaveloxolone, as a potent
activator of NRF2, has been shown to restore mitochondrial function in multiple mouse
models of Friedreich ataxia. In clinical trials, patients receiving omaveloxolone show
significant improvement in motor performance than patients receiving a placebo [137].
Given omaveloxolone’s ability to rescue antioxidant defense systems, it may also be
therapeutically beneficial in other cerebellar ataxias that are associated with mitochon-
drial dysfunction.

SCA28 is the only known dominantly inherited cerebellar ataxia caused by defects in
a mitochondrial protein [138]. The mutated gene responsible for SCA28, AFG3L2, encodes
a subunit of a human mitochondrial ATPase associated with various cellular protease activ-
ities (m-AAA) [139]. Members of the m-AAA protease family participate in protein quality
control within mitochondria [140,141]. Clinically, patients affected by SCA28 demonstrate
slowly progressive gait and limb ataxia. In a SCA28 mouse model that is haploinsuffi-
cient for Afg3l2, progressive loss of cerebellar Purkinje neurons, thinning of the cerebellar
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molecular layer, and impaired motor performance are noted [138]. Purkinje neuron neu-
rodegeneration is likely to be a result of enhanced cytoplasmic calcium concentrations due
to defects in mitochondrial calcium buffering capacity [140]. Reducing cellular calcium
influx is able to improve ataxia in the Afg3l2 haploinsufficient mice [142]. Additionally,
Purkinje neurons in mice that are heterozygous for the p.M665R-Afg3l2 allele appear to be
more excitable than wild-type mice [143].

Mitochondrial defects have also been shown to contribute to disease in autosomal
recessive spastic ataxia of Charlevoix–Saguenay (ARSACS), a childhood-onset disorder
with pyramidal spasticity and cerebellar ataxia. ARSACS results from mutations in the
SACS gene encoding the sacsin protein, which has been shown to regulate the connectivity
of the mitochondrial network [144]. Purkinje neurons of Sacs knockout mice demonstrate
disordered dendritic morphology and slow but regular firing [145] before degeneration.

Taken together, it is likely that impairments in the mitochondrial network can lead
to alterations in Purkinje neuron intrinsic membrane excitability and promote Purkinje
neuron degeneration. Omaveloxolone, therefore, may have a broader therapeutic potential
beyond Friedreich ataxia.

3.2.2. 4-Aminopyridine

4-aminopyridine (4-AP) functions as a non-selective voltage-gated potassium (Kv)
channel blocker. Currently, it is prescribed for patients with EA2, multiple sclerosis, and for
the treatment of symptomatic downbeat nystagmus. Several studies have shown that 4-AP
reduces ataxia attack frequency and decreases attack duration in EA2 patients [146,147].
In a mouse model of EA2, abnormal Purkinje neuron spiking is associated with reduced
calcium current through the mutant Cav2.1 channel. 4-AP has been shown to restore
the precision of Purkinje neuron pacemaking via the prolongation of action potentials
and increasing the amplitude of the AHP [148]. 4-AP appears to restore Purkinje neuron
pacemaking with a mechanism similar to Chlorzoxazone, a calcium-activated potassium
channel (Kca) activator. By inhibiting Kv channels, 4-AP appears to activate Kca channels.
Besides EA2, 4-AP has been shown to reduce the frequency and/or severity of ataxia symp-
toms in patients with SCA27B [29]. Chronic administration of 4-AP to SCA684Q/84Q mice
restores the precision of Purkinje neuron spiking and improves motor performance [10].
Acute treatment of early symptomatic SCA1 mice with 3,4-diaminopyridine, an analog of
4-AP, restores normal Purkinje neuron firing and improves motor performance. Chronic
treatment of SCA1 mice with 3,4-diaminopyridine not only normalizes firing frequency
and improves motor function but also partially protects against neuronal degeneration [5].

Blockade of Kv channels by 4-AP as a means to increase neuronal conduction has been
used as a therapeutic approach in multiple sclerosis (MS). Clinically, MS patients benefit
from 4-AP with improved motor function and vision [149,150]. Studies from experimental
mouse models of MS show that demyelination causes an axonal redistribution of potassium
channels (especially Kv1.1 and Kv1.2) [151] that are normally clustered near the nodes
of Ranvier [152]. Demyelination also leads to enhanced exposure of potassium channels.
The misdistribution and increased exposure of potassium channels cause an increase in
the threshold for successful action potential generation, which impairs action potential
progression and results in motor dysfunction in MS [153]. It has been shown that by
blocking potassium channels with 4-AP, action potential conduction is restored.

3.2.3. Chlorzoxazone and Baclofen

Chlorzoxazone (CHZ) is an FDA-approved skeletal muscle relaxant used to treat mus-
cle spasms and pain. Although the exact mechanism of action is unknown, it activates SK
and BK channels [154,155]. Clinically, CHZ has been suggested to improve eye movements
and visual acuity in patients with cerebellar downbeat nystagmus [156]. In mouse studies,
CHZ improves Purkinje neuron firing and motor performance in multiple mouse models
of cerebellar ataxia. Intraperitoneal injection of CHZ in SCA2-58Q mice converts irregular
bursting Purkinje neuron firing patterns into regular tonic firing in vivo [157]. In the same
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study, SCA2-58Q mice CHZ also improved performance on a beam-walk test. In EA2
mice, CHZ restores irregular Purkinje neuron firing in vitro and significantly reduces the
frequency and duration of ataxia attacks when given orally [148].

Baclofen is another FDA-approved skeletal muscle relaxant that has been used to treat
muscle spasms, stiffness, and pain in patients with multiple sclerosis and/or spinal cord
injury/disease. Intrathecal baclofen (ITB) infusion is accepted as a treatment for spasticity
(increased rigidity of muscle secondary to injury), where it has been shown to improve
positioning and decrease muscle tone in targeted patients [158]. One study has shown ITB
treatment has beneficial effects in patients with SCA3, SCA7, and Friedreich ataxia who
have spasticity and muscle spasms [159]. From a molecular standpoint, baclofen functions
as a GABAB receptor agonist in the central nervous system [160]. In the cerebellum, GABAB
receptors are highly enriched at pre- and post-synaptic terminals [161,162]. It has been
shown that activation of GABAB receptors modulates neuronal excitability via activation
of G protein-gated inwardly rectifying K+ (GIRK or Kir3) channels in cerebellar Purkinje
neurons [163]. Under normal conditions, inwardly rectifying K+ (Kir) channels function in
maintaining resting membrane potential in neurons [164]. However, their function may
be altered in the disease. In a transgenic mouse model of SCA2, a significant number of
non-firing Purkinje neurons is associated with loss of BK and Kv3.3 channels expression
at an early disease stage. However, Purkinje neuron firing in the mutant mice is restored
at a later disease stage, although at a significantly slower frequency. It has been found
that rescued slow Purkinje neuron firing frequency is a result of a novel AHP produced by
Kir channels [67], indicating that Kir channels may have a compensatory role in restoring
Purkinje neuron physiology when the AHP mediated by BK channels is impaired. A similar
loss of the AHP is observed in SCA1 mouse models [6,9]. Given Baclofen’s ability to create
a novel AHP, a combination of CHZ and baclofen was identified to restore the Purkinje
neuron AHP in these models of SCA1 [8,9]. Administration of a combination of baclofen
and CHZ in vivo improves motor impairment in several models of SCA1 [8,9].

Clinically, CHZ and baclofen are often prescribed together to patients with cerebellar
ataxias. In patients with SCA1, SCA2, SCA6, SCA8, and SCA13, co-administered CHZ and
baclofen are suggested to improve motor impairment [8].

3.3. Other Approaches
Cerebellar Stimulation: Deep Brain Stimulation and Non-Invasive Cerebellar Stimulation

Deep brain stimulation (DBS) is currently used to treat patients with Parkinson’s
disease, dystonia, and tremors. Although the use of DBS in patients with ataxia is limited,
ataxia patients may potentially benefit from this therapy. Several studies have shown
that DBS can relieve tremors and/or dystonia associated with ataxia. One study showed
that high-frequency thalamic ventralis intermedius nucleus (VIM) stimulation and low-
frequency stimulation of subthalamic projections attenuated tremors in two patients with
SCA27 with no effect on ataxia [165]. In another study, VIM stimulation improved tremor
in patients with SCA2 and idiopathic tremor-ataxia syndrome, whereas Globus pallidus
interna (Gpi) DBS improved dystonia in one SCA17 patient and one patient with a senataxin
mutation, with no evidence of improvement in ataxia-related symptoms [166]. Long-term
VIM stimulation regularized the gait cycle and improved tremor in three patients with
Fragile X-associated tremor/ataxia syndrome (FXTAS) [167]. However, the outcome of VIM
stimulation was reported as poor in another FXTAS patient [166]. Dentate nucleus DBS
(DN DBS) was also shown to effectively alleviate cerebellar tremors in patients with SCA3
or post-lesion ataxia [168]. In the same patients, DN DBS moderately improved ataxia
symptoms, although the effect was not significant. Despite the lack of evidence for the
improvement of ataxia via DBS in human studies, DBS targeting the cerebellum has shown
promising therapeutic effects in mouse models of ataxia. DBS stimulation of the interposed
cerebellar nucleus induces long-lasting motor benefits and significantly improves motor
performance in mouse models of ataxia [169,170].
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Another promising therapeutic modality for cerebellar disorders is non-invasive cere-
bellar stimulation, which includes transcranial magnetic stimulation (TMS) and transcranial
direct current stimulation (tDCS). The therapeutic effects of non-invasive cerebellar stimu-
lation on 151 cerebellar ataxia patients from eight studies were summarized in the systemic
review by Di Nuzzo et al. [171].

A detailed mechanism of how cerebellar stimulation improves motor dysfunction
remains to be understood. A recent modeling study suggests that cerebellar DBS can
restore the reduced inhibitory input resulting from Purkinje neuron degeneration in ataxic
mice [172], indicating cerebellar stimulation has the potential to modulate synaptic activity
and downstream neuronal pathways for motor control. Proper synaptic activity at both
pre- and postsynaptic levels relies heavily on ion channels [173]. Additionally, it has been
proposed that low-frequency stimulation likely excites neurons at both soma and axon
levels, whereas high-frequency stimulation exhibits inhibitory effects [174], potentially
via the induction of depolarization block via inactivation of voltage-gated ion channels.
Therefore, cerebellar stimulation may elicit its therapeutic effects through the modulation
of synaptic ion homeostasis.

4. Discussion: Is There a “Levodopa” for Cerebellar Ataxia?

Cerebellar ataxias are a group of devastating diseases that severely affect patients’
quality of life. Unfortunately, effective treatments for cerebellar ataxia are limited. The
recently FDA-approved medication for Friedreich ataxia, omaveloxolone, is an exciting
development and holds promise for the development of other therapeutic modalities in the
future. A therapy that could benefit a broader range of cerebellar ataxia patients and with a
larger effect size is still needed.

Based on current studies in ataxia mouse models, it is clear that abnormal Purkinje
neuron spiking is associated with impaired motor function. Treatments aimed at restoring
normal Purkinje neuron spiking have been shown to improve motor performance. Normal
Purkinje neuron spiking is tightly dependent on membrane excitability regulated by ion
channels. Changes in ion channel expression and/or function in disease conditions are
likely to impair Purkinje neuron intrinsic membrane excitability, leading to irregular and/or
slow Purkinje neuron firing patterns. The proper ion channel function is, therefore, vital
for regulating Purkinje neuron spiking and, hence, precise motor coordination.

Mutations in a variety of genes have been linked to cerebellar ataxias. Recent studies in
mouse models of ataxia of differing etiology suggest that a shared feature among cerebellar
ataxias is defects in ion channels (altered expression and/or function). Clinically, agents
that modulate ion channels may improve symptoms in ataxia patients. For example, the
non-selective potassium channel blocker 4-AP appears to improve motor performance in
patients with EA2 and SCA27B. Co-administration of chlorzoxazone and baclofen may
improve symptoms in patients with SCA1, SCA2, SCA6, SCA8, and SCA13. In ataxia mouse
models, these ion channel modulators have also been shown to improve motor function.
Mechanistically, improvements in motor behavior in mice by ion channel modulators are
associated with improvements in abnormal Purkinje neuron spiking. From a therapeutic
perspective, ion channel modulators that can rescue irregular Purkinje neuron spiking or
increase Purkinje neuron firing frequency when it is reduced would theoretically have
the ability to restore normal Purkinje neuron intrinsic membrane excitability and normal-
ize spiking in disease states and thus improve motor function. Therapies for cerebellar
ataxia should, therefore, aim to restore Purkinje neuron intrinsic membrane excitability
by normalizing Purkinje neuron spiking regularity when it is irregular and improving
Purkinje neuron firing rate when the firing frequency is reduced. Since ion channels are
crucial regulators of Purkinje neuron intrinsic membrane excitability, we propose that
agents targeting ion channels have the potential to be a shared therapy for cerebellar ataxia
independent of the disease-causing gene (Figure 1).
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4.1. Voltage-Gated Sodium Channels

Both Nav1.6 and Nav1.1 play important roles in the generation of the Purkinje neuron
action potential upstroke. Mutations in the genes encoding Nav1.6 and Nav1.1 produce
ataxia symptoms in both humans and mice. Specifically, both gain- and loss-of-function
mutations in the gene encoding Nav1.6 and loss-of-function mutations of the gene encoding
Nav1.1 can result in ataxia. Therefore, activating or inhibiting these sodium channels and
tailored to the underlying mechanism may have therapeutic potential in ataxia. It is
important to note that although the reduction in sodium current is associated with ataxia,
the degree of activation of sodium channels should be tightly controlled. Increased sodium
channel activity has been shown to play a role in contributing to neurodegeneration in
multiple sclerosis [175]. It has been shown that sustained sodium influx can overwhelm the
function of the Na/K ATPase, leading to the accumulation of sodium in axons and thereby
activating the Na/Ca exchanger [176]. Activation of the Na/Ca exchanger moves sodium
outside of axons at the expense of elevating intra-axonal calcium levels, which contributes
to axonal degeneration [177]. Increased calcium concentrations can have detrimental effects
on neurons. Separately, an increased inward calcium current can also cause ataxia [98].
Similarly, the dose of sodium channel inhibitors in treating gain-of-function-mutation-
associated ataxia should also be tightly controlled as the sodium current is crucial for the
generation of action potentials.

4.2. Voltage-Gated Potassium Channels

Defects in voltage-gated potassium channels, including Kv1 family members, Kv3.3,
and Kv4.3, are associated with cerebellar ataxia. 4-AP, a non-selective voltage-gated potas-
sium channel inhibitor, has shown promising therapeutic effects in certain ataxia patient
populations, including patients with EA2 and SCA27B. 4-AP can restore Purkinje neuron
spiking regularity without affecting firing frequency in mouse models of SCA6 and EA2.
3,4-diaminopyridine, an analog of 4-AP, has been shown to improve the reduced Purkinje
neuron firing frequency in a mouse model of SCA1 [5]. However, one potential downside
of 4-AP being non-selective is that it blocks different types of Kv channels at similar concen-
trations [178]. Importantly, loss-of-function mutations in certain Kv channels cause ataxia.
Loss-of-function mutations of Kv3.3 and Kv4.3 result in SCA13 and SCA19/22, respectively.
Reduced transcript levels of the gene encoding Kv1.6 is evident in a mouse model of SCA3.
Loss-of-function mutations in Kv1.1 and Kv1.2 are also associated with ataxia phenotypes.
Therefore, when considering 4-AP as a shared therapy for cerebellar ataxias, one must
take into account that 4-AP has the potential to cause ataxia. Furthermore, a clinical trial
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examining the short-term effect of 4-AP on patients with SCA1, SCA3, and SCA6 showed
no change in the score of an ataxia rating scale compared to a placebo [179].

4.3. Calcium-Activated Potassium Channels

Activation of BK channels can improve Purkinje neuron spiking irregularity and
increase Purkinje neuron firing frequency. In Atxn1154Q/2Q mice, irregular Purkinje neuron
spiking is associated with motor impairment. BK-20, a BK channel activator, significantly
improves the regularity of Purkinje neuron spiking in vitro. Additionally, BK-20 increases
firing frequency in Atxn1154Q/2Q Purkinje neurons [71]. We, therefore, speculate that
in ataxia, where phenotype results from either irregular or slow Purkinje neuron firing,
activating BK channels would help normalize firing. However, the dose of BK channel
activators should be tightly controlled as BK channel overactivation is associated with
paroxysmal dyskinesia, epilepsy, and dystonia [74].

SK2 channels may also be targeted for treating cerebellar ataxia. Although mutations
in SK2 channels have only been identified in a few patients with ataxia, agents activating
SK2 channels have been shown to improve Purkinje neuron firing regularity and motor
performance in mouse models of cerebellar ataxia. The effect of SK2 activation on Purkinje
neuron firing frequency varies. For example, SK2 activators increase Purkinje neuron
firing frequency in vivo but decrease firing frequency in vitro in Cav2.1-S218L mice [98].
Additionally, higher concentrations of chlorzoxazone, an SK2 channel activator, significantly
decrease Purkinje neuron firing frequency in Atxn1154Q/2Q mice [9].

4.4. Calcium Channels and Calcium Pumps

Calcium channels, including Cav2.1, Cav3.1, TRPC3, and IP3R1, and calcium pumps,
including PMCA2 and PMCA3, have been implicated in cerebellar ataxia in both humans
and mice. Both gain- and loss-of-function mutations in these calcium channels can cause
abnormal Purkinje neuron spiking and motor dysfunction in mice, indicating a vital role of
calcium currents and intracellular calcium concentrations in maintaining Purkinje neuron
intrinsic membrane excitability. Similarly, mutations in other calcium channels (for example,
calcium-release activated calcium channels) that lead to increased or decreased calcium
influx may, therefore, also be associated with Purkinje neuron pathophysiology and ataxia.
Furthermore, the proper function of calcium-activated potassium channels depends on
appropriate calcium flux and intracellular calcium concentrations. Taken together, targeting
calcium channels may represent another therapeutic approach to treating cerebellar ataxia.

5. Conclusions

Ion channel dysfunction is a shared disease mechanism in cerebellar ataxias despite
the various disease-causing genes. Dysfunction in ion channels disrupts Purkinje neuron
intrinsic membrane excitability, which impairs Purkinje neuron spiking and motor function.
Therefore, we propose that targeting Purkinje neuron intrinsic membrane excitability
holds promise to restore spiking irregularity and increase slowed Purkinje neuron firing.
Therapies aiming at restoring normal Purkinje neuron intrinsic membrane excitability,
therefore, have the greatest potential to be the “levodopa” for cerebellar ataxia.

The long-term benefits and potential complications of the use of ion channel mod-
ulators in cerebellar ataxia are currently unknown. In addition, in Parkinson’s disease,
levodopa becomes less effective as new symptoms develop and the disease progresses [180].
Similarly, in cerebellar ataxia, it is likely that combining ion channel modulator therapy with
other treatments may be needed for the long-term management of progressive symptoms.
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Abstract: Familial Alzheimer’s disease (FAD) can be caused by mutations in PSEN1 that encode
presenilin-1, a component of the gamma-secretase complex that cleaves amyloid precursor protein.
Alterations in calcium (Ca2+) homeostasis and glutamate signaling are implicated in the pathogenesis
of FAD; however, it has been difficult to assess in humans whether or not these phenotypes are the
result of amyloid or tau pathology. This study aimed to assess the early calcium and glutamate
phenotypes of FAD by measuring the Ca2+ response of induced pluripotent stem cell (iPSC)-derived
neurons bearing PSEN1 mutations to glutamate and the ionotropic glutamate receptor agonists
NMDA, AMPA, and kainate compared to isogenic control and healthy lines. The data show that in
early neurons, even in the absence of amyloid and tau phenotypes, FAD neurons exhibit increased
Ca2+ responses to glutamate and AMPA, but not NMDA or kainate. Together, this suggests that
PSEN1 mutations alter Ca2+ and glutamate signaling as an early phenotype of FAD.

Keywords: Alzheimer’s disease; induced pluripotent stem cells; neurodegeneration; AMPA; glutamate

1. Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative disorder in the
world, with memory loss and cognitive dysfunction being common symptoms. The major-
ity of cases are termed sporadic, caused by a combination of genetic and environmental
factors, while less than 2% of cases are termed familial Alzheimer’s disease (FAD) [1],
caused by mutations in one of three genes: PSEN1, PSEN2, or APP, which each play a
role in the generation of amyloid-β peptides [2]. Amyloid-β plaques in the extracellular
space [3] and hyperphosphorylated tau in neurons [4] are two of the hallmarks of the dis-
ease. Current treatments available alleviate behavioral symptoms but do not stop neuronal
degeneration. Hence, there is a great need to identify early pathways altered by the disease.

Calcium (Ca2+) dyshomeostasis is implicated in the pathogenesis of AD [5,6]. Several
studies have reported mutations in the presenilin genes that alter intracellular Ca2+ levels
by modifying endoplasmic reticulum (ER) and lysosomal Ca2+ release [7–11]. Apart from
Ca2+ release from intracellular stores, the elevation of cytosolic Ca2+ concentration can
occur through the influx of extracellular Ca2+. The activation of glutamate receptors is a
major source of Ca2+ influx [5]. Glutamate is the most abundant excitatory neurotransmitter
in the mammalian central nervous system, and it mediates excitatory synaptic transmission
via activation of ionotropic (iGluRs) and metabotropic (mGluRs) glutamate receptors in the
post-synaptic membrane. Ionotropic receptors are ligand-gated ion channels that mediate
excitatory synaptic transmission via the influx of Na+ and Ca2+ into the cytoplasm. They are
divided into 3 groups: α-amino-3-hydroxy-5-methyl-4-isoaxazolepropionic acid (AMPA),
N-methyl-d-aspartate (NMDA), and kainate (KA) receptors [12]. AMPARs are composed
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of a combination of four subunits (GluA1-GluA4). In the rodent cortex, GluA1 comprises
almost 50% of all AMPAR subunits, followed by similar levels of GluA2 and GluA3 [13].
Soluble oligomeric Aβ binds to AMPARs and promotes their internalization, leading to
depressed synaptic transmission [14]. However, contrasting results have also found that
Aβ increases expression of synaptic AMPAR, increasing synaptic transmission [15]. Hy-
perphosphorylated tau mislocalised to dendritic spines also disrupts synaptic function by
dysregulating AMPAR trafficking [16]. NMDARs have seven different subunits: one GluN1,
four GluN2 (GluN2A, GluN2B, GluN2C, and GluN2D), and two GluN3 subunits (GluN3A
and GluN3B). Functional NMDARs are heterotetramers composed of two GluN1 and two
GluN2 or GluN3 subunits [17]. Activation of extrasynaptic NMDARs increases production
of tau [18] and Aβ [19,20]. In turn, amyloid-β increases extrasynaptic NMDAR activation
by decreasing neuronal glutamate uptake [21–23], but it can also promote NMDAR endocy-
tosis, causing synaptic depression [24]. The NMDAR antagonist memantine is used to treat
moderate to severe cases of AD [25], thus targeting NMDA signalling can address some of
the symptoms of AD. Kainate receptors (KAR) are composed of a tetrameric assembly of
subunits GluK1-5. These receptors are strongly implicated in epilepsy and seizures [26], but
little is known about their role in AD. Recent work, however, has found decreased protein
expression of the GluK2 subunit and impaired KAR-mediated synaptic transmission in a
mouse model of AD [27]. The function and expression of iGluRs play an important role
in regulating synaptic plasticity. Through this property, neurons can modulate synaptic
strength in response to the intensity and duration of a synaptic input, which is thought
to underlie the formation of memory [28]. However, the majority of studies in human
postmortem brain tissue have shown reduced expression of AMPAR, NMDAR, and KAR at
the end stages of the disease, as summarised in [29].

Even though glutamatergic neurotransmission is required for synaptic plasticity, exces-
sive activation of excitatory receptors results in excitotoxicity, whereby an elevated influx
of Ca2+ initiates a signalling cascade that promotes cell death [30]. Hence, glutamatergic
stimuli and levels of intracellular Ca2+ need to be tightly regulated in order to promote
synaptic plasticity and avoid neuronal damage. However, a range of evidence suggests
there is significant disruption to Ca2+ homeostasis, hyperactive (increased activity of) gluta-
matergic signalling, and neuronal excitability in AD. (1) Studies using different transgenic
animal models expressing mutant APP, PSEN, and/or MAPT genes to model AD pathogen-
esis have detected elevated basal and stimulus-evoked glutamate release in the entorhinal
cortex, dentate gyrus, CA1, and CA3 regions of the hippocampus [31]. (2) Concurrently,
various studies have found neuronal hyperactivity in animal and cell models of AD, as
well as in patients in the early stages of AD [32]. (3) Clinical studies have also detected a
hyperactive phenotype of cortical and hippocampal brain regions in individuals at risk of
developing AD, while brain hypoactivity was observed at later stages of the disease [33,34].
(4) Similar abnormalities have been detected in animal and cell models of AD, in which
neurons displayed elevated Ca2+ signals and increased excitability [35–38]. Cell studies
using induced pluripotent stem cells (iPSCs) from AD patients comprise a smaller fraction
of research on neuronal excitability changes in AD but represent a useful tool to assess
human cells and the impact of FAD-causing mutations compared to isogenic control lines.

Altogether, the current literature has identified numerous abnormalities in Ca2+ sig-
nalling and glutamatergic transmission in AD. Here, we aimed to assess the early calcium
phenotypes of FAD neurons to identify whether these may precede AD pathology. In
particular, we aimed to quantify differences in the magnitude of Ca2+ responses to iGluR
agonists in early neurons representing FAD patients. Thus, we treated iPSC-derived excita-
tory cortical neurons from FAD patients, isogenic controls, and healthy individuals with
glutamate, NMDA, AMPA, and kainate and measured the associated Ca2+ responses to
determine the impact of iGluR agonists on the calcium phenotype in FAD neurons. Our
data shows that FAD neurons demonstrate increased calcium responses to AMPA, even
in the absence of amyloid and tau phenotypes, highlighting an early phenotype in FAD
neurons that may contribute to calcium dysregulation.
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2. Materials and Methods
2.1. Cell Culture and Neuronal Differentiation: Induced Pluripotent Stem Cell Culture

The induced pluripotent stem cell lines used in this study are described in Table 1.
All cell lines were checked for karyotype abnormalities, RNA and protein expression
of pluripotency markers, ability to differentiate into 3 germ layers, STR profiling, and
genomic DNA sequencing. Experiments using human-derived iPSCs were approved by
the University of Wollongong Human Ethics Committee and conducted in accordance
with HE13/299 (Wollongong, Australia). To establish iPSCs from frozen stocks, cells
were thawed at 37 ◦C in a water bath and mixed with warm DMEM/F12 medium. The
cells were centrifuged for 5 min at 300× g, the supernatant was aspirated, and the pellet
was resuspended in mTeSR1 (Stem Cell Technologies; Vancouver, BC, Canada) medium.
Colonies were then plated into a 60 mm tissue culture dish coated with 0.1 mg/mL Matrigel
(Corning; Corning, NY, USA), fed with mTeSR1, and kept in a humidified incubator at
37 ◦C with 5% CO2 and 3% O2. The medium was changed every day, and spontaneously
differentiated cells were manually removed using a sterile pipette tip. Colonies were
passaged every 5–7 days with Mg2+/Ca2+-free Phosphate Buffered Saline (PBS) (Thermo
Fisher Scientific; Waltham, MA, USA) with 0.5 mM Ethylenediaminetetraacetic acid (EDTA;
Life Technologies; Carlsbad, CA, USA) (PBS/EDTA). After 3–5 min in PBS-EDTA, colonies
were detached by flushing DMEM/F12 into the dish. The medium containing the cells was
then transferred into a centrifuge tube and centrifuged for 5 min at 300× g. The supernatant
was discarded, and colonies were resuspended in 1 mL of mTeSR1 before being plated on a
new Matrigel-coated dish.

Table 1. Details of induced pluripotent cell lines.

iPSC Name Disease Status WT/Mutation APOE Genotype Age at Collection Sex iPSC Line
Characterisation

FAD1 Familial AD PSEN1S290C ε3/3 47 M [39]
IC1 Isogenic control PSEN1WT ε3/3 47 M [39]
HC1 Healthy control PSEN1WT ε2/4 57 F [40]
FAD2 Familial AD PSEN1A246E ε3/4 56 F [41]

IC2 Isogenic control PSEN1WT ε3/4 56 F Anastacio et al.,
2024 in revision

HC2 Healthy control PSEN1WT ε2/3 75 F [41]

Abbreviations: FAD—Familial Alzheimer’s disease; HC—Healthy control; IC—Isogenic control; iPSC—induced
pluripotent stem cell.

2.2. Neuronal Differentiation

To generate excitatory cortical neurons from induced pluripotent stem cells, a well-
characterised protocol combines the use of a lentiviral vector to express the neurogenin-2
(NGN2) transcription factor and drive neuronal differentiation, as well as small molecules
inhibiting TGF-β and BMP signalling (SB431542 and LDN193189) to drive neurons towards
a forebrain identity [42]. Representative images of the cells and the differentiation timeline
are shown in Supplementary Figure S1.

Differentiation of iPSCs to excitatory cortical neurons was performed according to
Nehme et al. (2018) [42] with minor modifications. Throughout differentiation, cells were
maintained in a humidified incubator at 37 ◦C with 5% CO2 and 3% O2. After being thawed
from frozen stocks, iPSCs were passaged at least once before being differentiated into
neurons. Once iPSCs achieved the desired confluence, they were dissociated to single cells
with Accutase (Thermo Fischer Scientific) and counted with a Countess II Automated Cell
Counter (Thermo Fischer Scientific) using Trypan Blue (Sigma-Aldrich; Burlington, MA,
USA). Single cells were plated at the desired density depending on the assay with mTeSR1
(Stem Cell Technologies) and 10 µM Y-27632 (Focus Bioscience, St Lucia, QLD, Australia) in
Matrigel (Corning) and Poly-D-lysine (10–50 µg/mL; Sigma-Aldrich) coated plates. After
24 h, the cells were transduced with lentivirus (1–2 µL virus/1 mL medium) containing rtTA
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and NGN2-GFP expression vectors. The following day (day 0), the medium was replaced
with neuronal differentiation medium containing 1 µg/mL doxycycline (Sigma-Aldrich),
10 µM SB431542 (Focus Bioscience), and 0.1 µM LDN-193189 (Focus Bioscience). On day 1,
the culture medium was fully changed to a neuronal differentiation medium containing
1 µg/mL doxycycline, 10 µM SB431542, 0.1 µM LDN-193189, and 0.5 µg/mL puromycin.
The same procedure was repeated on days 2 and 3. On day 4, the medium was gradually
transitioned to neuronal maturation medium by adding 25% neuronal maturation medium
and 75% neuronal differentiation medium containing 10 ng/mL BDNF (Miltenyi Biotec;
Gladbach, Germany). The medium was changed every day until neurons were in 100%
neuronal maturation medium (day 7). After that, a half-medium change was carried out
every other day with neuronal maturation medium containing 1 µg/mL doxycycline and
10 ng/mL BDNF. Doxycycline was maintained until day 10 of differentiation. Neurons
were grown until day 35 before experiments were conducted.

2.3. Lentivirus Production

Lentiviruses were produced by co-transfecting HEK293T cells (ATCC; Manassas,
VA, USA) with two packaging plasmids, one envelope plasmid, and one transfer plasmid
(NGN2 or rtTA). Throughout the experiment, the cells were maintained in a humidified
incubator at 37 ◦C with 5% CO2 and 3% O2. For each lentivirus produced (NGN2 and rtTA),
one T-75 flask was plated with 4 × 106 HEK293T cells in DMEM/F12 with 1× Glutamax
(Thermo Fischer Scientific) and 5% fetal bovine serum (FBS; Gibco; Grand Island, NY, USA).
The following day, 1.5 mL of Opti-MEM was mixed with the plasmid DNAs. On a different
falcon tube, 75 µL of polyethylenimine (PEI) transfection reagent (3:1 ratio with DNA) was
mixed with 1.5 mL of Opti-MEM (Gibco) and incubated for 5 min. Then, the DNA/Opti-
MEM mix was combined with the PEI/Opti-MEM solution and incubated for 20 min to
allow the formation of DNA/lipid complexes. This solution was then gently added to
the T-75 flasks containing the HEK293T cells. After 5–7 h, the medium was discarded and
replaced with fresh DMEM/F12 medium (with 1× Glutamax and 5% FBS). The next day,
the medium containing viral particles was collected and stored at 4 ◦C, and fresh medium
was added to the cells. The same procedure was repeated for another two days. After
3 days of viral media collection, the media was combined and centrifuged at 200× g for
2 min to pellet and remove HEK293T cells. The viral supernatant was filtered through a
50 mL syringe fitted with a 0.45 µm syringe filter and moved to an ultracentrifuge tube. The
tubes were weighted to ensure they were within 0.1 g of each other, and, if necessary, sterile
H2O was added. The virus was spun at 23,500 rpm for 2 h at 4 ◦C in an ultracentrifuge.
Following centrifugation, the supernatant was discarded and PBS (200× initial volume)
was added to the viral pellet, which was gently triturated for approximately 10 min. The
viral particles were aliquoted and stored at −80 ◦C until further use.

2.4. Neuronal Characterization by Immunocytochemistry

Cells grown for immunocytochemistry were plated on glass coverslips coated with
Matrigel (Corning) or Matrigel and Poly-D-lysine (10–50 µg/mL; Sigma-Aldrich) for iP-
SCs and neurons, respectively. Cells were washed with TBS and fixed with 4% (w/v)
paraformaldehyde (PFA) in PBS for 20 min, and then washed 3 times with TBS. Cells were
permeabilised in 0.3% Triton X-100 in TBS for 10 min at room temperature. Following
permeabilisation, cells were blocked in 10% goat serum in TBS for 1 h at room temper-
ature. Then, cells were incubated with primary antibodies (in 10% goat serum in TBS)
at specified dilutions overnight at 4 ◦C. The next day, cells were washed three times in
wash buffer (0.1% triton X-100 in TBS) and incubated at room temperature for 1 h with the
secondary antibody (in 10% goat serum in TBS) at specified dilutions. After that, cells were
washed 3 times in wash buffer and incubated with Hoechst 33342 (1:1000; Thermo Fischer
Scientific) in TBS for 15 min at room temperature. Then, cells were washed in TBS, and
coverslips were mounted on glass slides using ProLong Gold Antifade Mountant (Thermo
Fischer Scientific). Cells were imaged on the Leica TCS SP8 confocal microscope (Leica
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Microsystems) and analysed with the Leica Application Suite—Advanced Fluorescence
(LAS-AF) 2.6.1–7314 software (Leica Microsystems, Wetzlar, Germany). For the no primary
antibody control, no primary antibody was added, and both secondary antibodies were
added using the same conditions used for MAP2 and GFAP.

Antibodies: Anti-GFAP Chicken, pAb 1:800 Sigma-Aldrich #ab5541; Anti-MAP2
Mouse, mAb 1:200 Sigma-Aldrich #MAB3418; Anti-Oct4 Mouse, mAb 1:1000 Stem Cell
Technologies #01550; Anti-SSEA-4 Mouse, mAb 1:200 Abcam #ab16287; Goat anti-mouse
IgG (H + L) Alexa Fluor 488 Goat 1:1000 Thermo Fischer Scientific # A-11001; Goat anti-
mouse IgG (H + L) Alexa Fluor 555 Goat 1:1000 Thermo Fischer Scientific # A-21422; Goat
anti-chicken IgY (H + L) Alexa Fluor 647 Goat 1:1000 Thermo Fischer Scientific # A-21449.

2.5. Amyloid-β Enzyme-Linked Immunosorbent Assay (ELISA)

Aβ40 and Aβ42 levels were measured using an enzyme-linked immunosorbent assay
(ELISA) (Thermo Scientific). The conditioned medium from cultured neurons was collected
with 1× cOmplete protease inhibitor cocktail (Roche, Switzerland) and 1× PhosphoSTOP
phosphatase inhibitor (Roche). Assays were performed following the manufacturer’s
instructions. Absorbance at 450 nm was measured on a SpectraMax Plus Microplate Reader
(Molecular Devices; San Jose, CA, USA). Each sample was measured in triplicate, and the
final protein concentration was determined using a standard curve generated using the Aβ
peptide standard provided in the assay kit.

The Aβ40 and Aβ42 enzyme-linked immunosorbent assays (ELISA) (Thermo Fischer
Scientific) were performed as per the manufacturer’s instructions.

2.6. Western Blotting for Tau: Protein Extraction

Cells were washed twice with 1× TBS and incubated with RIPA buffer (50 mM Tris
HCl pH 7.4, 1% Sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1% Triton-X and
0.1% SDS in MilliQ) containing 1× cOmplete protease inhibitor cocktail (Roche) and 1×
PhosphoSTOP phosphatase inhibitor (Roche) for 20 min on ice. Cell lysate was vortexed
for 10 sec and centrifuged at 10,000× g for 5 min. The supernatant was transferred into a
new microcentrifuge tube and stored at −80 ◦C until use.

2.7. Detergent Compatible (DC) Protein Assay

The Detergent Compatible Protein Assay (Bio-Rad; Hercules, CA, USA) was used to
measure total protein concentration according to the manufacturer’s instructions. A total
of 5 µL of sample was mixed with 25 µL of reagent A’ (cell lysate) or A (tissue lysate) and
200 µL of reagent B and incubated for 10 min on an orbital plate rocker (Labnet; Edison,
NJ, USA). Each sample was measured in triplicate, and the final protein concentration
was determined using a standard curve generated using Bovine Serum Albumin (BSA;
Sigma-Aldrich) diluted in either RIPA buffer or lysis buffer. Absorbance was read at 750 nm
using a SpectraMax Plus Microplate Reader (Molecular Devices).

2.8. Western Blotting

Cell pellets were diluted in RIPA buffer. Samples were mixed with Laemmli buffer (Bio-
Rad) containing 5% (v/v) 2-mercaptoethanol (Sigma-Aldrich). Samples were denatured at
70 ◦C for 10 min before being loaded into a 4–20% Criterion TGX Stain-Free gel (Bio-Rad).
The Precision Plus Protein Dual Colour (Bio-Rad) molecular weight marker was also loaded
into the gel. Samples were run in duplicates, and a pooled sample was run on all gels to
normalise for variations between gels. Following separation by electrophoresis at 160 V
for 50 min in SDS buffer, proteins were transferred to an Immobilon-P PVDF membrane
(Merck Millipore; Burlington, MA, USA) at 100 V for 60 min in ice-cold transfer buffer. Total
membrane protein was imaged with ChemiDoc MP (Bio-Rad). The membrane was then
washed 3× in Tris-Buffered Saline with 0.1% (v/v) Tween (TBST) and blocked in 5% (w/v)
skim milk or 10% goat serum in TBST for 1 h at room temperature. Incubation with primary
antibodies in blocking solution was carried out overnight at 4 ◦C, and then the membrane
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was washed 3× for 5 min in TBST before being incubated with secondary antibodies in
blocking solution for 1 h at room temperature. Following this step, the membrane was
washed 3× for 5 min in TBST and then incubated for 5 min with SuperSignal™ West Pico
PLUS Chemiluminescent Substrate (Thermo Scientific). Protein bands were detected by
chemiluminescence with Amersham 600 RGB (GE Healthcare; Chicago, IL, USA), and
relative densitometry values were quantified using ImageLab (Bio-Rad). Each protein band
was normalised to its respective total protein and the mean pool total protein.

Antibodies: Anti-AMPAR1 Rabbit pAb 1:1000 Abcam #ab31232; Anti-AMPAR2 Rabbit
mAb 1:2000 Abcam #ab133477; Anti-AMPAR3 Mouse mAb Merck Millipore #MAB5416;
Anti-AMPAR4 Rabbit mAb Cell Signalling #8070; Anti-Tau-5 Mouse mAb Abcam #ab80579;
Anti-Tau s404 Rabbit mAb 1:2500 Abcam #ab92676; Abbreviations: mAb—monoclonal
antibody; pAb—polyclonal antibody; Goat anti-mouse IgG (H + L) HRP Goat 1:5000 Merck
Millipore #AP308P; Goat anti-rabbit IgG (H + L) HRP Goat 1:5000 Merck Millipore #AP307P.

2.9. Flexstation to Measure Calcium Responses to Glutamate, NMDA, AMPA and Kainate

To study neuronal calcium response, iPSC-derived neurons were grown in a clear
bottom 96 Well Black Polystyrene Microplate (Corning) for 35 days. A minimum of 6 wells
per cell line were used for each drug treatment (glutamate, NMDA, AMPA, and kainate). A
standard bathing solution (SBS; 160 mM NaCl, 2.5 mM KCl, 5 mM CaCl2, 1 mM MgCl2,
5 mM glucose, and 10 mM HEPES) was used for baseline perfusion of neurons. A 60 mM
high potassium (High K+, 102.5 mM NaCl, 2.5 mM KCl, 5 mM CaCl2, 1 mM MgCl2, 5 mM
glucose, and 10 mM HEPES) buffer was used as a positive control due to its ability to
depolarise neurons and induce a calcium response. To measure neuronal response to iGluR
agonists, 100 µM glutamate (Tocris, UK), 100 µM NMDA (Tocris), 100 µM AMPA (Tocris),
and 100 µM kainate (Tocris) were prepared in SBS. All buffers and drugs were made on the
same day the assay was run and adjusted to have a pH of 7.4 and osmolarity between 310
and 320 mOsm, the same as the conditioned neuronal cultured media.

Neurons were washed with SBS and loaded with 2 µM Fura-2-AM buffer (Thermo
Fischer Scientific) and Pluronic F-127 acid (20% w/v in DMSO; Biotium; Fremont, CA, USA)
at 37 ◦C for 30 min. After incubation, cells were washed again in SBS for 30 min before
recording was conducted at 37 ◦C using a FlexStation 3 Multi-Mode Microplate Reader
(Molecular Devices). The fluorescence signal was measured per well, corresponding to
the calcium response of the neuronal population grown on each well. Fura-2 fluorescence
emission at 510 nm was recorded every four seconds following excitation at 340 and 380 nm.
To each well, a total of three solutions (SBS, drug of interest, and High K+) were added,
and fluorescence was measured. Baseline recordings in SBS were taken for 20 s before the
addition of the first compound. Each compound was recorded for 60 s before the addition
of the following compound. The drugs glutamate, NMDA, AMPA, or kainate were added
after SBS, followed by 60 mM High K+. The maximum Ca2+ response was calculated from
the maximum peak of the Fura-2 AM 340/380 nm excitation ratio normalised to baseline
fluorescence (∆F340/380). Wells that did not respond to high K+ were excluded from the
analysis. The SoftMax Pro 7 software (Molecular Devices) was used for data acquisition.

2.10. RT-qPCR for AMPAR Subunits: RNA Extraction and Purification

After being washed twice in PBS, cells were harvested in TRIsure (Bioline; Cincinnati,
OH, USA) and left to incubate for 5 min at room temperature. To each 1 mL of cells in
TRIsure, 200 µL of chloroform was added, and the sample was shaken vigorously for 15 s
and incubated for 15 min at room temperature. Then, cells were centrifuged at 12,000× g for
15 min at 4 ◦C. The upper aqueous phase (RNA) was transferred to a fresh tube, and 500 µL
of isopropanol was added. The samples were incubated for 10 min at room temperature
and then centrifuged at 12,000× g for 10 min at 4 ◦C. The supernatant was discarded, and
the RNA pellet was washed with 70% ethanol and centrifuged at 7500× g for 5 min at 4 ◦C.
The supernatant was removed, and the RNA pellet was air-dried for approximately 30 min.
Once dried, the pellet was resuspended in UltraPure DNase/RNase-Free Distilled Water
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(Thermo Fischer Scientific). The NanoDrop 2000c (Thermo Fischer Scientific) was used to
measure nucleic acid concentration and purity.

To remove genomic DNA, the TURBO DNA-free kit (Thermo Fischer Scientific) was
used following the manufacturer’s instructions. The RNA was diluted in 50 µL of nuclease-
free water, and 1× TURBO DNase buffer and 1 µL TURBO DNase inactivation reagents
were added. After the solution was incubated at 37 ◦C for 30 min, the DNase Inactivation
Reagent was added and incubated for 5 min at room temperature. The samples were
centrifuged at 10,000× g for 90 s, and the supernatant (RNA) was transferred to a fresh
tube. RNA concentration was calculated with NanoDrop 2000c. The treated RNA was
purified by ethanol precipitation. The RNA was diluted in 200 µL UltraPure DNase/RNase-
Free Distilled Water and mixed with 220 µL isopropanol and 20 µL 3 M sodium acetate.
After being vortexed, the samples were kept at −80 ◦C overnight and then centrifuged
at 16,000× g for 20 min at 4 ◦C. The supernatant was removed, and the pellets were
washed with 70% ethanol before being centrifuged at 16,000× g ◦C for another 2 min.
The supernatant was discarded, and the pellet was air dried for approximately 30 min
before being resuspended in UltraPure DNase/RNase-Free Distilled Water. The final
concentration and purity of mRNA were measured using NanoDrop 2000c.

2.11. cDNA Synthesis

Complementary DNA (cDNA) was synthesised using the Tetro cDNA Synthesis
Kit (Bioline). The protocol was followed according to the manufacturer’s instructions:
2 µg RNA was mixed with 1 µL oligo (dT)18, 1 µL 10 mM dNTP mix, 1 µL tetro reverse
transcriptase enzyme, 4 µL 5× RT buffer, 1 µL RNAse inhibitor, and enough RNAse-free
water to complete the 20 µL solution. Samples were incubated for 30 min at 45 ◦C, followed
by 5 min at 85 ◦C, in the Mastercycler Pro (Eppendorf, Germany).

2.12. qPCR

Primers designed for the coding regions of the genes of interest and primers for
housekeeper genes B2M, GAPDH, and HPRT1 were used (Table 2). Each cDNA sample
was run in triplicate using 30 ng of cDNA per reaction. No reverse transcriptase RNA
control and no template control were run as negative controls. QuantStudio 5 (Thermo
Fischer Scientific) was used with the following settings: denaturation at 95 ◦C for 2 min,
followed by 40 cycles of denaturation at 95 ◦C for 10 s, annealing at a specific primer
melting temperature for 10 s, and extension at 72 ◦C for 10 s. The melt curve protocol
started at 95 ◦C for 5 s, followed by 65 ◦C for 1 min, ramping up to 97 ◦C. Primers are listed
in Table 2.

Table 2. List of primers used for reverse transcription-quantitative polymerase chain reaction (RT-qPCR).

Target Sequence Tm

B2M F: AAGGACTGGTCTTTCTATCTC
R: GATCCCACTTAACTATCTTGG 55 ◦C

GAPDH F: GAGCACAAGAGGAAGAGAGAGACCC
R: GTTGAGCACAGGGTACTTTATTGATGGTACATG 58 ◦C

HPRT1 F: TGACACTGGCAAAACAATGCA
R: GGTCCTTTTCACCAGCAAGCT

58 ◦C

GRIA1 F: CTAGAAGATCCTTATGTGATGC
R: CTCCGTATTTTCCATCACTG 58 ◦C

GRIA2 F: GGAATCTCCGTATGTTATGATG
R: TTGTACTTGAACCCACAATG 55 ◦C

GRIA3 F: TATTGTATCTGGGGCGTTAC
R: TTGAGAACTCAAGAAGGGAG 55 ◦C

GRIA4 F: GGTACGATAAAGGTGAATGTG
R: AAAAGGTCAGCTTCATTCTC 58 ◦C

Abbreviations: F—forward; R—reverse; Tm—primer melting temperature.
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2.13. Data Analysis

Data analysis was performed in R v3.3.1 (https://www.r-project.org, accessed on
16 March 2023) using packages ‘library(readxl)’, ‘library(ggplot2)’, ‘library(ggpubr), ‘li-
brary(lme4)’, and ‘library(lmerTest)’. The normal distribution of the data was assessed with
a Shapiro–Wilk test using the function ‘shapiro.test()’. Data not normally distributed were
normalised via logarithmic (log2 or log10), square root (sqrt), or reciprocal (1/x) transfor-
mation. For comparison between disease and control groups, the data were subjected to
linear regression modelling using the ‘lm()’ function, with independent differentiations
included as co-variates.

3. Results
3.1. Generation of iPSC-Derived Neurons from FAD and Control Lines

Our aim in this study was to specifically assess the early calcium phenotypes of
AD, and for this reason, we used day 35 of neuronal maturation, in which cells express
neuronal markers and neuronal ion channels but may not yet demonstrate AD pathology.
In this well-characterised protocol to generate excitatory cortical neurons, Nehme et al.
(2018) [42] demonstrated by RNAseq the expression of AMPAR subunits GluA1-4 over time
and found no expression of genes for hindbrain, inhibitory, hypothalamic, diencephalic,
hippocampal, dopaminergic, and spinal motor neurons. Single-cell RT-qPCR of day 21
neurons detected mainly markers of cortical upper layer neurons, which was also confirmed
by immunostaining and no expression of inhibitory neurons or glia. Furthermore, patch
clamping experiments after 28 days of differentiation demonstrated that approximately
75% of the cells recorded were able to fire multiple action potentials [42]. Application
of the AMPAR and NMDAR antagonists, NBQX and D-AP5, respectively, showed each
compound individually reduced spiking rates and the occurrence of network-wide bursts,
confirming the functional expression of AMPAR and NMDARs [42]. On the other hand, the
GABAA receptor antagonist, picrotoxin, caused no changes in firing rates or the occurrence
of network-wide bursts [42].

To study AD phenotypes in a 2D cell culture model using iPSC-derived neurons, a
total of 6 iPSC lines were used, including two familial Alzheimer’s disease cell lines (FAD1
and FAD2) and their respective isogenic controls (IC1 and IC2) and two healthy controls
(HC1 and HC2) (Table 1). Each FAD line contains a different mutation in the PSEN1 gene,
which causes early-onset familial Alzheimer’s disease, while the isogenic controls have
the same genome as their respective FAD lines, with the exception of the FAD mutation,
which has been reverted back to WT. HC1 cells were obtained from a healthy donor with
no known family association with FAD1, while the HC2 cell line donor is a healthy family
relative of FAD2. Due to their genetic background and family associations, throughout this
study, FAD1 neurons were compared against their isogenic control (IC1) and HC1 only,
while FAD2 neurons were compared against IC2 and HC2.

To generate iPSC-derived neurons from AD patients, isogenic controls, and healthy
individuals, a previously published protocol using small molecules and NGN2 lentivirus
was used to generate cortical excitatory neurons [42]. The neurons were differentiated for a
total of 35 days prior to analysis.

iPSC-Derived Neurons Express Neuronal Marker MAP2

To confirm the generation of iPSC-derived neurons after 35 days of differentiation,
immunocytochemistry was used. Immunostaining against microtubule-associated protein 2
(MAP2), a neuron-specific cytoskeletal protein, confirmed extensive expression of this
marker in all 6 cell lines (FAD1, IC1, HC1, FAD2, IC2, and HC2) (Figures 1 and 2). To check
for the presence of glial cells, the cells were also stained against the glial fibrillary acidic
protein (GFAP), a type III intermediate filament protein expressed in glial cells. However,
no positive staining was observed for GFAP for any of the 6 cell lines (Figures 1 and 2).
A non-primary antibody control showed no signal for the MAP2 and GFAP channels
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(Supplementary Figures S2 and S3). These results confirm the generation of neurons and
the absence of GFAP-positive cells after 35 days of differentiation.
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Figure 1. MAP2 and GFAP immunoreactivity in FAD1, IC1, and HC1 iPSC-derived neurons. Rep-
resentative images showing MAP2 (A–C), GFAP (D–F), the nuclear marker Hoechst (G–I), and the 
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Figure 1. MAP2 and GFAP immunoreactivity in FAD1, IC1, and HC1 iPSC-derived neurons. Rep-
resentative images showing MAP2 (A–C), GFAP (D–F), the nuclear marker Hoechst (G–I), and the
merged image (J–L) from FAD1, IC1, and HC1. Scale bar = 50 µm. FAD—familial Alzheimer’s
disease; HC—healthy control; IC—isogenic control.
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rately in pg/mL by ELISA and were used for calculation of the Aβ42/Aβ40 ratio (C). Data shown are 

Figure 2. MAP2 and GFAP immunoreactivity in FAD2, IC2, and HC2 iPSC-derived neurons. Rep-
resentative images showing MAP2 (A–C), GFAP (D–F), the nuclear marker Hoechst (G–I), and the
merged image (J–L) from FAD2, IC2, and HC2. Scale bar = 50 µm. FAD—familial Alzheimer’s
disease; HC—healthy control; IC—isogenic control.

3.2. FAD NGN2-Derived iPSC Neurons Did Not Show Evidence of Aβ Pathology at Day 35
of Maturation

The decreased Aβ42/Aβ40 ratio in both CSF and plasma is an important biomarker
of AD [43,44]. While Aβ40 is the most abundant Aβ peptide, Aβ42 is more prone to
aggregation. Due to inter-individual differences in Aβ peptide production, the Aβ42/Aβ40
ratio is considered a more accurate measurement of Aβ pathology than the levels of Aβ42
alone [43,45,46].

In 2D in vitro cultures, since Aβ plaques cannot be formed due to the regular medium
changes, the elevated production of Aβ42 results in a higher Aβ42/Aβ40 ratio in some
long-term cell culture models [36,47–50]. For example, in day >50–60 neurons, both Aβ
and tau pathology can be identified in AD neurons [47,48]. To measure the Aβ42/Aβ40
ratio in disease and control day 35 neurons in this study, an ELISA was performed using
medium from neuronal cultures collected at day 35 of differentiation to quantify both Aβ40
and Aβ42 levels separately.

73



Life 2024, 14, 625

While no significant differences were detected in Aβ40 concentration between disease
(FAD1—152.1 ± 38.64, FAD2—223.7 ± 51.23) and isogenic control (IC1—150.1 ± 45.28,
p = 0.642; IC2—249.6 ± 68.31, p = 0.846) or healthy control (HC1—206 ± 77.18, p = 0.143;
HC2—187.8 ± 52.06, p = 0.122) cell lines (Figure 3A), FAD2 (9.37 ± 1.859) neurons showed
significantly higher levels of Aβ42 compared to HC2 (5.346 ± 0.994; p = 0.001), but no sig-
nificant differences compared to IC2 (8.333 ± 1.168; p = 0.448) (Figure 3B). For the cell lines
FAD1, IC1, and HC1, the concentration of Aβ42 in the medium could not be quantified as
it was below the detection threshold of the assay, and therefore the Aβ42/Aβ40 ratio could
not be calculated. No significant differences were found between the FAD2 (0.044 ± 0.005)
and control cell lines (HC2—0.032 ± 0.005, p = 0.281; IC2—0.041 ± 0.01, p = 0.782) in the
Aβ42/Aβ40 ratio (Figure 3C).
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Figure 3. Aβ42/Aβ40 ratio in neuronal cultures. Aβ40 (A) and Aβ42 (B) levels were measured
separately in pg/mL by ELISA and were used for calculation of the Aβ42/Aβ40 ratio (C). Data
shown are day 35 neurons, n = 2 replicates from 3–4 independent differentiations, and error bars
represent ± SEM. For the Aβ42/Aβ40 ratio, data = mean ± SEM, ** p< 0.01. Data are normally
distributed (FAD2/HC2/IC2 Aβ42/Aβ40 ratio) or normalised to log2 (FAD1/HC1/IC1 Aβ40),
sqrt (FAD2/HC2/IC2 Aβ42), or 1/x (FAD2/HC2/IC2 Aβ40) and analysed by linear regression
modelling. Independent differentiations were included as co-variates. FAD—familial Alzheimer’s
disease; HC—healthy control; IC—isogenic control.

These results indicate Aβ40 levels can be detected in the conditioned medium of iPSC-
derived neurons, but the levels of Aβ42 may be too low to allow detection by commercial
assays. For the group of cell lines in which both Aβ42 and Aβ40 could be measured, FAD1
iPSC-derived day 35 neurons did not show AD-associated changes in Aβ42/Aβ40 ratios.

3.3. FAD NGN2 Derived iPSC Neurons Did Not Show Tau Pathology at Day 35 of Maturation

Intracellular accumulation of misfolded phosphorylated tau (p-Tau) protein is a molec-
ular hallmark of AD that is associated with cognitive decline. Our previous work has
shown that day >50–60 AD neurons demonstrate increased phosphorylated tau relative to
total tau, consistent with AD-related tau pathology [48]. To assess whether day 35 neurons
demonstrate tau phenotypes, we performed western blotting to measure total tau (Tau-5)
and phosphorylated tau at serine 404 (p-Tau S404) protein levels between AD and control
neurons after 35 days of differentiation (Figure 4A,B). Although tau phosphorylation occurs
at different protein epitopes, phosphorylation at serine 404 is one of the earliest events in
tau pathology [51], hence why p-Tau S404 was chosen as a marker of AD pathology for
this neuronal model of AD. For both Tau-5 and p-Tau S404 western blots, a single band of
approximately 50 kDa was observed.
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Figure 4. Expression of phosphorylated and total protein tau in neuronal cultures. Representative
western blots of Tau-5 (A) and p-Tau S404 (B) and relative protein expression of Tau-5 (C) and
p-Tau S404 (D) and ratio of p-Tau S404/Tau-5 relative protein expression (E). Data shown are day
35 neurons; n = 2 replicates from 3 independent differentiations, normalised to total protein; error
bars represent ± SEM. For the p-Tau S404/Tau-5 ratio, data = mean ± SEM. Data are normally
distributed (FAD1/HC1/IC1 and FAD2/HC2/IC2 p-Tau S404/Tau-5 ratio and FAD1/HC1/IC1
Tau-5 and p-Tau S404) or normalised to log10 (FAD2/HC2/IC2 p-Tau S404) or sqrt (FAD2/HC2/IC2
Tau-5) and analysed by linear regression modelling. Independent differentiations were included as
co-variates; there were no significant differences between groups. FAD—familial Alzheimer’s disease;
HC—healthy control; IC—isogenic control; p-Tau—phosphorylated tau.

Regarding protein expression of Tau-5, there were no significant differences between
FAD (FAD1—2.505 ± 0.923, FAD2—0.575 ± 0.194) and control cell lines (HC1—2.69 ± 0.265,
p = 0.84; IC1—2.202 ± 0.551, p = 0.742; HC2—0.283 ± 0.069, p = 0.299; IC2—0.624 ± 0.231,
p = 0.919) (Figure 4C and Supplementary Figures S4 and S5). Similar results were obtained
after analysis of the relative protein amount of p-Tau S404. FAD neurons (FAD1—1.084 ± 0.187,
FAD2—0.629 ± 0.234) showed no significant differences compared to their isogenic or
healthy controls (HC1—1.41 ± 0.04, p = 0.073; IC1—1.259 ± 0.213, p = 0.316; HC2—0.29 ± 0.115,
p = 0.819; IC2—0.259 ± 0.139, p = 0.274) (Figure 4D and Supplementary Figures S6 and S7).
The ratio of phosphorylated S404 Tau to Tau-5 (total tau) normalised to total protein was
calculated to compensate for variations in the production and clearance of tau between cell
lines. Data analysis using linear regression modelling showed there were no significant
differences between the FAD lines (FAD1—0.706 ± 0.239, FAD2—0.856 ± 0.319) and their
respective isogenic (IC1—0.679 ± 0.145, p = 0.91; IC2—0.521 ± 0.217, p = 0.43) and healthy
controls (HC1—0.527 ± 0.024, p = 0.465; HC2—0.861 ± 0.294, p = 0.99) (Figure 4E).

Overall, both Tau-5 and p-Tau S404 proteins were detected in all cell lines, with
no significant differences between FAD and control neurons. These results show that
iPSC-derived neurons from FAD donors at day 35 of differentiation did not show the
AD-associated phenotype of abnormally elevated S404 tau phosphorylation.
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3.4. FAD Neurons Demonstrated Increased AMPAR Ca2+ Signalling Compared to
Isogenic Controls

Dysfunctional calcium signalling and abnormal glutamatergic transmission are com-
mon phenotypes of AD. To assess if these phenotypes were recapitulated in iPSC-derived
FAD neurons even in the absence of Aβ and tau phenotypes, quantification of calcium
responses was conducted in Alzheimer’s disease, isogenic control, and healthy control day
35 neurons. Neurons were treated with 60 mM High K+ (to mimic depolarisation), and
Ca2+ responses were quantified. Ca2+ responses were also quantified following the applica-
tion of 100 µM glutamate, NMDA, AMPA, or kainate in iPSC-derived neurons from FAD
patients and controls. Live cell calcium imaging was performed by loading the cells with
the ratiometric dye Fura-2 AM prior to treatments. The Flexstation microplate reader was
used to measure Ca2+ signals from a population of neurons in the wells of a 96 well plate.
The maximum Ca2+ response from each well was calculated from the maximum peak of
the Fura-2 AM 340/380 nm excitation ratio normalised to baseline fluorescence (∆F340/380).

3.5. The iPSC-Derived Neurons Displayed Ca2+ Responses to High K+

To verify if day 35 neurons were able to depolarise and produce Ca2+ responses, the
cells were treated with a high concentration of K+ (High K+, 60 mM). After loading the
neurons with Fura-2 AM, a standard bathing solution (SBS) was added to the cells to allow
the measurement of baseline fluorescence, then High K+ was applied and Ca2+ signals were
quantified. Neurons from all cell lines exhibited an increase in the 340/380 fluorescence
ratio, indicative of Ca2+ responses (Figure 5A,B).
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FAD2 neurons (0.525 ± 0.074) had a significantly lower Ca2+ response than HC2 cells 
(0.821 ± 0.107, p = 0.026), which displayed the highest maximum amplitude of all cell lines. 
Although IC2 (0.38 ± 0.083, p = 0.272) neurons had the lowest maximum amplitude, this 
value was not significantly different from the FAD2 line. The peak ΔF340/380 of FAD1 (0.760 
± 0.202) cells had no statistically significant difference from IC1 (0.662 ± 0.111, p = 0.442) 
and HC1 (0.612 ± 0.149, p = 0.249) cells (Figure 5C). 

Figure 5. High K+ elicits Ca2+ responses in iPSC-derived neurons. Representative traces of the change
in fluorescence signal ratio over baseline (∆F340/380) in response to 60 mM K+ (High K+) were recorded
from FAD1/IC1/HC1 (A) and FAD2/IC2/HC2 neurons (B). The maximum Ca2+ response to High K+

was calculated as the maximum amplitude of the Fura-2 AM fluorescence ratio change over baseline
(∆F340/380) (C). Day 35 neurons were loaded with the ratiometric dye Fura-2 AM, perfused with SBS,
and treated with High K+. Data shown are single wells of a 96-well plate containing day 35 neurons,
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n = 8–15 replicates from three independent differentiations; error bars represent ± SEM; * p < 0.05
(FAD2 vs. HC2, but not IC2). Data are normally distributed and analysed using linear regression
modelling. Independent differentiations were included as co-variates. FAD—familial Alzheimer’s
disease; HC—healthy control; IC—isogenic control.

FAD2 neurons (0.525 ± 0.074) had a significantly lower Ca2+ response than HC2 cells
(0.821 ± 0.107, p = 0.026), which displayed the highest maximum amplitude of all cell
lines. Although IC2 (0.38 ± 0.083, p = 0.272) neurons had the lowest maximum amplitude,
this value was not significantly different from the FAD2 line. The peak ∆F340/380 of FAD1
(0.760 ± 0.202) cells had no statistically significant difference from IC1 (0.662 ± 0.111,
p = 0.442) and HC1 (0.612 ± 0.149, p = 0.249) cells (Figure 5C).

In sum, iPSC-derived day 35 neurons depolarised and displayed Ca2+ signals after
treatment with 60 mM K+. There were no significant differences in these responses between
the FAD and IC neurons.

3.6. FAD Neurons Displayed Increased Ca2+ Responses to Glutamate

Glutamate, as the main excitatory neurotransmitter in the CNS, is an important regu-
lator of synaptic plasticity in the brain. However, numerous studies have reported aberrant
neuronal excitability in AD patients and lab models of the disease [32]. To investigate how
day 35 iPSC-derived neurons respond to glutamatergic stimuli, neurons were treated with
100 µM glutamate, and the Fura-2 AM 340/380 nm excitation ratio normalised to baseline
fluorescence (∆F340/380) was recorded over time.

Neurons from all FAD, IC, and HC cell lines displayed Ca2+ responses to glutamate
(Figure 6A,B). To compare the maximum amplitude of Ca2+ responses to glutamate between
cell lines, the maximum peak of the Fura-2 AM 340/380 nm fluorescence change (∆F340/380)
over baseline was calculated. This analysis confirmed that FAD1 (0.686 ± 0.111) neurons
showed significantly higher Ca2+ responses compared to IC1 (0.446 ± 0.056, p = 0.033) and
HC1 (0.377 ± 0.047, p = 0.005). Similarly, FAD2 (0.530 ± 0.095) neurons had significantly
greater Ca2+ responses to 100 µM glutamate than neurons from the relevant isogenic control
IC2 (0.345 ± 0.067, p = 0.013), but were not significantly different from neurons from the
HC2 line (0.526 ± 0.040, p = 0.570) (Figure 6C). Thus, FAD iPSC-derived day 35 neurons
showed elevated Ca2+ signals in response to treatment with 100 µM glutamate compared
to their relevant isogenic controls.

3.7. FAD Neurons Displayed Increased Ca2+ Responses to AMPA but Not NMDA or Kainate
Compared to Their Isogenic Control Lines

Glutamate can act on two subgroups of receptors in the post-synapse: mGluRs and
iGluRs. The latter are divided into AMPAR, NMDAR, and KAR, and their activation
mediates fast excitatory synaptic transmission and modulates synaptic plasticity. To inves-
tigate the contribution of specific iGluRs in the elevated Ca2+ responses of FAD neurons
to glutamate, day 35 iPSC-derived neurons were treated with the AMPAR, NMDAR, and
KAR agonists: AMPA, NMDA, and kainate, respectively.

Tracking of the 340/380 fluorescence change (∆F340/380) over time showed all 6 cell
lines responded to 100 µM AMPA (Figure 7A,B). Statistical analysis of the maximum
amplitude of ∆F340/380 showed both FAD1 (0.709 ± 0.088) and FAD2 (0.673 ± 0.125) exhib-
ited higher Ca2+ responses to 100 µM AMPA than their respective isogenic controls, IC1
(0.289 ± 0.048, p = 1.53 × 10−5) and IC2 (0.330 ± 0.086, p = 0.010). FAD1 also had increased
Ca2+ responses to 100 µM AMPA compared to HC1 (0.432 ± 0.075, p = 0.017); however,
FAD2 and HC2 (0.406 ± 0.067, p = 0.077) were not significantly different (Figure 7C).

Treatment with 100 µM NMDA showed no significant differences in Ca2+ responses
from FAD1 (0.380 ± 0.085) and FAD2 (0.41 ± 0.134) relative to their isogenic controls,
IC1 (0.353 ± 0.064, p = 0.874) and IC2 (0.337 ± 0.132, p = 0.692), respectively. How-
ever, FAD1 (0.38 ± 0.085) Ca2+ signals were significantly elevated compared to HC1
(0.139 ± 0.014, p = 0.046), while no significant differences were observed between FAD2
and HC2 (0.422 ± 0.1, p = 0.307) (Figure 7D).
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Figure 6. Ca2+ responses to glutamate are increased in FAD neurons. Representative traces of the 
change in fluorescence signal ratio over baseline (ΔF340/380) in response to 100 µM glutamate were 
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Figure 6. Ca2+ responses to glutamate are increased in FAD neurons. Representative traces of the
change in fluorescence signal ratio over baseline (∆F340/380) in response to 100 µM glutamate were
recorded from FAD1/IC1/HC1 (A) and FAD2/IC2/HC2 neurons (B). The maximum Ca2+ response
to 100 µM glutamate was calculated as the maximum amplitude of the Fura-2 AM fluorescence ratio
change over baseline (∆F340/380) (C). Day 35 neurons were loaded with the ratiometric dye Fura-2
AM, perfused with SBS, and treated with 100 µM glutamate, followed by 60 mM K+ (High K+).
Data shown are single wells of a 96-well plate containing day 35 neurons; n = 8–15 replicates from
three independent differentiations; error bars represent ± SEM; * p < 0.05, ** p < 0.01. Data were
normalised to sqrt (FAD1/HC1/IC1) or log2 (FAD2/HC2/IC2) and analysed using linear regression
modelling. Independent differentiations were included as co-variates. FAD—familial Alzheimer’s
disease; HC—healthy control; IC—isogenic control.

Analysis of Ca2+ signals following 100 µM kainate treatment revealed no significant
differences between the FAD (FAD1 = 0.636 ± 0.111; FAD2 = 0.37 ± 0.037) lines and their
isogenic controls (IC1 = 0.39 ± 0.069, p = 0.128; IC2 = 0.42 ± 0.051, p = 0.446). Additionally,
FAD1 and HC1 (0.47 ± 0.067, p = 0.604) had no significant differences. Nonetheless, HC2
(0.601 ± 0.049, p = 0.001) neurons had greater Ca2+ responses to 100 µM kainate compared
to FAD2 (0.37 ± 0.037) (Figure 7E).

Taken together, these data confirm that day 35 iPSC-derived neurons respond to
excitatory stimulus and that FAD neurons display abnormally elevated Ca2+ signals when
treated with glutamate and, more specifically, the AMPAR agonist AMPA, but not with
NMDA or kainate. This suggests FAD neurons demonstrate a glutamatergic Ca2+ signalling
phenotype, contributed (at least in part) by increased AMPAR signalling.
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Figure 7. Ca2+ responses to AMPA are increased in FAD neurons. Representative traces of the
change in fluorescence signal ratio over baseline (∆F340/380) in response to 100 µM AMPA were
recorded from FAD1/IC1/HC1 (A) and FAD2/IC2/HC2 neurons (B). The maximum Ca2+ response
to 100 µM AMPA (C), 100 µM NMDA (D), and 100 µM kainate (E) was calculated as the maximum
amplitude of the Fura-2 AM fluorescence ratio change over baseline (∆F340/380) (C). Day 35 neurons
were loaded with the ratiometric dye Fura-2 AM, perfused with SBS, and treated with either 100 µM
AMPA, 100 µM NMDA, or 100 µM kainate, followed by 60 mM K+ (High K+). Individual data
points are from individual wells of a 96-well plate containing day 35 neurons; n = 8–15 replicates
from three independent differentiations; error bars represent ± SEM; *** p< 0.001 (AMPA: FAD1
vs. IC1); ** p< 0.01 (AMPA: FAD1 vs. HC1; Kainate: FAD2 vs. HC2); * p< 0.05 (AMPA: FAD2
vs. IC2; NMDA: FAD1 vs. HC1). Data are normally distributed (FAD2/HC2/IC2 kainate) or
normalised to log2 (FAD1/HC1/IC1 kainate and NMDA and FAD2/HC2/IC2 NMDA) or sqrt
(FAD1/HC1/IC1 and FAD2/HC2/IC2 AMPA) and analysed using linear regression modelling.
Independent differentiations were included as co-variates. FAD—familial Alzheimer’s disease;
HC—healthy control; IC—isogenic control.

3.8. Regulation at the Level of mRNA or Protein of the AMPA Receptor Subunits Does Not
Explain the Increased Calcium Responses to AMPA in FAD Neurons Compared to Isogenic
Control Neurons

Since the FAD neurons exhibited significantly increased maximum Ca2+ responses to
AMPA, we next investigated whether changes in mRNA or protein levels of the AMPAR
subunits may be responsible for the increased signalling. To test this hypothesis, RT-
qPCR was performed to investigate if differences observed in neuronal Ca2+ responses
to AMPA between FAD and isogenic control neurons were due to differences in mRNA
expression of AMPAR subunits 1–4 encoded by the genes GRIA1, GRIA2, GRIA3, and
GRIA4 (Figure 8A–D).
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Figure 8. AMPAR subunits mRNA expression of FAD and control neurons. RT-qPCR analysis of
GRIA1 (A), GRIA2 (B), GRIA3 (C), and GRIA4 (D) mRNA expression of day 35 neurons normalised to
housekeeper genes GAPDH, HPRT1, and B2M. Data shown are replicates from one experiment using
cDNA collected from three independent differentiations run in triplicate; error bars represent ± SEM;
* p < 0.05, *** p< 0.001. Data are normally distributed (FAD1/HC1/IC1 GRIA3 and GRIA4 and
FAD2/HC2/IC2 GRIA3) or normalised to log2 (FAD1/HC1/IC1 GRIA1 and FAD2/HC2/IC2 GRIA1,
GRIA2 and GRIA4) or 1/x (FAD1/HC1/IC1 GRIA2) and analysed using linear regression modelling.
Independent differentiations were included as co-variates. FAD—familial Alzheimer’s disease;
HC—healthy control; IC—isogenic control.

Expression of GRIA1 mRNA was significantly higher in FAD1 (2.386 ± 0.257) than
IC1 (1.007 ± 0.43, p = 0.011) in day 35 neurons, while there was no significant difference
between FAD2 (0.888 ± 0.105) and IC2 (1.03 ± 0.087; p = 0.527). FAD1 and FAD2 GRIA1
mRNA expression showed no significant differences from HC1 (2.622 ± 0.977; p = 0.132)
and HC2 (1.197 ± 0.389, p = 0.795), respectively.

Similar results were obtained from the analysis of GRIA2 gene expression. FAD1
(2.024 ± 0.284) had significantly greater mRNA levels of GRIA2, compared to IC1
(1.028 ± 0.028; p = 0.027), but was not significantly different from HC1 (2.712 ± 0.941;
p = 0.116). Although FAD2 (1.353 ± 0.364) had a higher mean mRNA expression of
GRIA2 compared to IC2 (1.039 ± 0.084; p = 0.975), this difference did not reach statistical
significance. FAD2 was also not significantly different from HC2 (2.649 ± 0.66, p = 0.437).

Regarding the relative expression of GRIA3 mRNA, the only significant difference
observed was between FAD2 (0.911 ± 0.082) and HC2 (0.277 ± 0.075, p = 2.34 × 10−6),
with FAD2 neurons displaying higher expression of GRIA3. No significant differences
were detected between FAD1 (0.899 ± 0.09) and IC1 (1.014 ± 0.058; p = 0.24) or HC1
(0.804 ± 0.089, p = 0.325) or between FAD2 and IC2 (1.021 ± 0.077, p = 0.293).
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Lastly, RT-qPCR analysis of GRIA4 showed FAD1 (2.056 ± 0.153) mRNA levels were
significantly higher than both IC1 (1.009 ± 0.045; p = 3.38 × 10−7) and HC1 (1.303 ± 0.207,
p = 3.85 × 10−5). For FAD2 (1.708 ± 0.182), even though there was a trend towards higher
mRNA than IC2 (1.007 ± 0.043, p = 0.065), this difference was not statistically significant.
There was no significant difference between FAD2 and HC2 (1.977 ± 0.522; p = 0.563).

Altogether, these results showed FAD1 iPSC-derived day 35 neurons had increased
GRIA1, GRIA2, and GRIA4 mRNA expression compared to IC1, but there was no difference
in GRIA3 expression. Furthermore, no significant differences between FAD2 and IC2
were observed in GRIA1, GRIA2, GRIA3, or GRIA4 mRNA expression, suggesting that
transcriptional regulation of the GRIA genes cannot explain the increased calcium responses
to AMPA.

Protein Expression of GluA1 and GluA2 Is Not Significantly Different between FAD and
Control Neurons

Following the observed elevation in Ca2+ responses of FAD neurons compared to their
IC neurons when treated with both glutamate and AMPA, it was hypothesised that these
differences could be due to a difference in AMPAR subunit protein expression. We focused
on GluA1 and GluA2 as the major AMPAR subunits in excitatory neurons. To investigate
this hypothesis, total protein extraction from whole cell lysates of day 35 neurons was
prepared for western blotting assays.

Western blots for all cell lines detected a strong band of approximately 100 kDa
for both GluA1 and GluA2 (Figure 9A,B and Supplementary Figures S8–S11), present at
their expected molecular weight. For some cell lines, a band of higher molecular weight,
approximately 250 kDa, was also observed, which was not included in the quantification.
Densitometry values of the bands at 100 kDa were normalised to respective total protein
signals and a mean pooled sample, which were used to account for variability in protein
loading and to normalise between separate blots, respectively. Linear regression
analysis revealed no significant differences in GluA1 or GluA2 protein expression
between FAD (FAD1—0.802 ± 0.148; FAD2—0.46 ± 0.066) and control cell lines IC
(IC1—1.1 ± 0.35, p = 0.515; IC2—0.733 ± 0.226, p = 0.25) and HC (HC1—1.261 ± 0.36;
p = 0.4; HC2—0.626 ± 0.152, p = 0.479) (Figure 9C,D).
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Figure 9. GluA1 and GluA2 protein expression of FAD and control neurons. Representative western
blots (A,B) and relative protein expression of GluA1 (C) and GluA2 (D). Data shown are day 35
neurons; n = 2 replicates from 3 independent differentiations, normalised to total protein; error bars
represent ± SEM. Data are normally distributed (FAD2/HC2/IC2 GluA1) or normalised to log2
(FAD1/HC1/IC1 and FAD2/HC2/IC2 GluA2) or sqrt (FAD1/HC1/IC1 GluA1) and analysed using
linear regression modelling. Independent differentiations were included as co-variates; there were no
significant differences between groups. FAD—familial Alzheimer’s disease; HC—healthy control;
IC—isogenic control.

These results indicate that the alterations in AMPAR Ca2+ signalling in FAD and
control iPSC-derived neurons differentiated for 35 days were not due to differences in
protein expression of GluA1 and GluA2 AMPAR subunits.

4. Discussion

Glutamate and calcium dyshomeostasis have been documented in Alzheimer’s dis-
ease; however, it has been difficult to determine whether or not calcium and glutamate
phenotypes precede amyloid and tau phenotypes in humans. To address this question
in a 2D human cell model of the early stages of the disease, this study aimed to generate
iPSC-derived neurons from FAD patients, isogenic controls, and healthy controls and mea-
sure Ca2+ responses following the application of glutamate, NMDA, AMPA, and kainate.
The results obtained in this study showed that day 35 FAD iPSC-derived neurons did not
demonstrate evidence of AD-associated Aβ and tau pathology and yet displayed altered
Ca2+ responses. Neurons from FAD patients had elevated Ca2+ responses to both glutamate
and AMPA but not to kainate and NMDA when compared to their isogenic controls. To-
gether, the data suggest that mutations in PSEN1 cause increased Ca2+ responses to AMPA
as an early phenotype of AD.

4.1. FAD Neurons Lacking Aβ and Tau Pathology Show Elevated Ca2+ Responses to Glutamate
and AMPA Compared to Isogenic Controls

In AD, cortical brain regions are severely affected by both Aβ and tau pathology and,
eventually, neuronal loss. Hence, cortical glutamatergic neurons represent an appropriate
model to study FAD neuronal calcium responses to excitatory stimuli.

The impact of FAD-causing mutations in the PSEN1 gene, PSEN1S290C and PSEN1A246E,
was investigated using iPSC-derived neurons from FAD patients as well as isogenic and
healthy controls. Although the PSEN1S290C mutation results in the deletion of exon 9,
preventing the endoproteolysis of PSEN1, PSEN1S290C is still generally considered to be
functionally active, leading to an increased Aβ42/Aβ40 peptide ratio [52,53], similar to
PSEN1A246E [52,54]. This has been suggested to occur due to the ability of PSEN1S290C to
adopt a conformation similar to the heterodimeric active PSEN1 as opposed to the inactive
PSEN1 holoprotein [55]. Furthermore, the pathologic function of PSEN1S290C in generating
elevated Aβ42 levels is believed to be independent of its inability to undergo endoproteol-
ysis but rather due to the introduction of the point mutation (S290C), which occurs as a
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result of the exon 9 deletion [53]. Hence, although PSEN1S290C is structurally different from
PSEN1A246E, it is not clear whether this results in different AD-associated phenotypes.

In this study, iPSC-derived neurons were differentiated for a total of 35 days. Changes
in cell morphology from iPSCs into neurons and expression of the fluorescent reporter
GFP (co-expressed with NGN2) could be observed from day 1 of neuronal differentiation.
Immunocytochemistry results from this study confirmed the cell cultures generated ex-
pressed the neuronal marker MAP2, while no cells positive for the astrocytic marker GFAP
were observed.

The presence of amyloid-β plaques and neurofibrillary tangles in human postmortem
brain tissue provides the criteria for the neuropathologic diagnosis of AD [56]. Both plasma
and cerebral spinal fluid levels of Aβ are decreased in AD and are inversely associated
with plaque burden [43,44]. Since Aβ plaques cannot be formed in 2D neuronal cultures
due to the frequent media changes, the levels of Aβ peptides released into the cell medium
are commonly used as a measurement of Aβ pathology. Several long-term 2D cell culture
models of AD have detected elevated Aβ42/Aβ40 ratios [36,47–50] or increased secreted
Aβ42 in the media [47], while others have found no differences [36]. This discrepancy
may be explained by the use of different protocols to generate neuronal subtypes or by
the length of time that neurons are cultured/matured for. Another important contributing
factor is the use of cell lines harbouring different FAD mutations or sporadic AD lines
bearing different genetic risk factors and their comparison with either healthy or isogenic
controls. Statistical analysis of Aβ42 levels for day 35 iPSC-derived neurons generated for
this work showed FAD2 neurons had higher levels of Aβ42 than a healthy control line HC2
but, critically, was not statistically different from its isogenic control IC2. Since healthy
controls have an entirely different genome from a familial disease cell line, differences
found between these cells may be biased by factors other than the disease-associated
mutation and, therefore, complicate the interpretation of the results. Isogenic controls, on
the other hand, should have the same genome as their parental cell line, except for the
disease-causing mutation that is reverted to WT, making it a more useful comparison to
understand the contribution of specific mutations to disease phenotypes. Thus, we expect
to observe differences in responses between unrelated lines. Nevertheless, the inclusion
of additional healthy controls is helpful to assess variations in responses. Apart from the
different types of controls used, the presence of glial cells in the culture can also affect
the Aβ phenotype, as they are involved in the clearance of this peptide [57]. Although
our iPSC-derived neuronal model did not show any GFAP+ cells after immunostaining
analysis, it cannot be ruled out that GFAP-negative astrocytic or other glial populations
may be present in the culture and impact Aβ processing.

The microtubule-associated protein tau is enriched in the axons of mature neurons;
however, in pathological conditions such as AD, it is hyperphosphorylated and accumulates
in the cell soma and dendrites, where it forms insoluble aggregates and neurofibrillary
tangles. A total of 59 tau phosphorylation sites have been detected in human postmortem
brain tissue of AD patients [58,59], and serine 404 (p-Tau S404) is considered one of the first
epitopes to be phosphorylated in the disease [51]. Tau phosphorylation at different epitopes
has been previously replicated in cell models of AD, including p-Tau S404 [48], hence its
inclusion as a measurement for early stages of tau pathology. However, statistical analysis
revealed no significant differences in the levels of p-Tau S404 between FAD and control
cell lines in day 35 neurons. Although a combination of factors, such as lipid metabolism,
endocytosis, and the immune response, contribute to pathologic tau accumulation [60],
elevated Aβ levels are also believed to accelerate tau pathology [61]. Given that an Aβ
pathology phenotype at this stage of neuronal maturation was not observed in the FAD
neurons, this may explain the absence of a tau phenotype as well. Therefore, neither
Aβ accumulation nor increased tau phosphorylation were detected in day 35 FAD iPSC-
derived neurons in this study. Thus, this model permits the study of early FAD phenotypes
associated with PSEN1 mutations in human cells.
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Another phenotype of AD is neuronal hyperexcitability (increased excitability), which
is thought to precede neuronal hypoexcitability (reduced excitability) and cell death [32].
This elevated neuronal activity is thought to promote neurodegeneration in specific neu-
rons [30] and correlate with cognitive decline. Numerous abnormalities have been sug-
gested to contribute to the change in neuronal excitability, including calcium and glutamate
dyshomeostasis [32]. To understand whether there is a calcium phenotype in early FAD
neurons, it was first confirmed that all cell lines responded to high K+. HC2 neurons
demonstrated greater responses to high K+ than FAD2 neurons, suggesting HC2 may have
a greater density of K+ channels compared to FAD2 cells. This could impact neuronal
differentiation and excitability, key functions of K+ channels [62,63]. Nevertheless, no
significant differences were found between the isogenic control IC2 and FAD2 neurons,
suggesting the differences observed between HC2 and FAD2 lines originate from genetic
differences between the cell lines unrelated to the FAD mutation. Then, to investigate
how neurons respond to excitatory stimuli, the experiments aimed to measure neuronal
calcium signals after treatment with glutamate and the iGluR agonists, NMDA, AMPA, and
kainate. Analysis of the maximum amplitude of the calcium response to each drug revealed
FAD neurons had significantly higher calcium responses to both glutamate and AMPA
compared to their isogenic controls. No significant differences were observed between the
disease and isogenic controls following treatment with NMDA or kainate. Although this
work focused on iGluR agonists, the differences in Ca2+ responses to glutamate could also
stem from changes in mGluR, previously shown to have altered expression and/or activity
in AD [64]. Hence, future work is crucial to elucidate the contribution of mGluR to Ca2+

dyshomeostasis in the model studied here.
Both Aβ and tau contribute to calcium dyshomeostasis and AMPAR trafficking dys-

function, resulting in a reduction in AMPAR expression and function and defective synaptic
plasticity, as reviewed in [65,66]. Nevertheless, the data identified an aberrant calcium
signalling phenotype that appears to occur independently of Aβ or tau phenotypes. Conse-
quently, in the absence of evidence for Aβ and early phosphorylated tau S404 changes, alter-
native mechanisms need to be considered. Notch-1 expression is altered in neurons bearing
these same PSEN1 mutations [67]. Notch signalling is implicated in stem cell renewal, pro-
liferation, and differentiation, as well as neuronal development [68]. Thus, reduced Notch-1
expression in FAD neurons could lead to differential regulation of AMPAR expression in
FAD, control iPSC-derived neurons, and explain the phenotypes observed here.

4.2. Aberrant Ca2+ Signalling of FAD Neurons Occurs Independently of Changes in GluA1 and
GluA2 Protein Expression

While the data failed to demonstrate alterations in GluA1 and GluA2 protein levels in
FAD compared to isogenic control neurons, there were some increases in GRIA1, GRIA2,
and GRIA4 at the mRNA level. The transcriptional regulatory mechanisms were not
assessed since the transcriptional up-regulation did not lead to concomitant increases in
protein levels. AMPAR are tetrameric assemblies of GluA1-GluA4 subunits that permit
Na+ and Ca2+ influx into the cells. Ca2+-permeable AMPAR is important for long-term
potentiation (LTP) induction and long-term memory formation [69]. The permeability
of AMPARs to Ca2+ depends on subunit composition, and GluA2 subunit permeability
to Ca2+ is regulated by RNA editing. The post-transcriptional modification of GRIA2
RNA from a codon encoding glutamine (Q) to a codon encoding arginine (R) renders this
subunit impermeable to Ca2+. Thus, AMPARs lacking GluA2 or containing the unedited
version of GluA2 are Ca2+ permeable [70]. The unedited GRIA2 mRNA has very low
expression in the adult human brain, comprising less than 10% of GRIA2 in the white
matter and less than 1% in the grey matter [71]. In spite of its low expression, unedited
GluA2 can contribute to synaptic plasticity and excitotoxic neuronal cell death, as reviewed
in [72] Interestingly, lower RNA editing of GluA2 has been reported in AD brains [73–75].
Although RT-qPCR of GRIA2 performed in this study is insufficient to discern edited from
unedited GRIA2, previous studies have employed different strategies, such as restriction

84



Life 2024, 14, 625

enzyme digestion and Sanger sequencing of PCR products [76,77], to quantify unedited
GRIA2 mRNA. Future work utilising these assays could inform whether changes in the
amount of edited or unedited GRIA2 occur in FAD neurons.

The expression of AMPAR subunits varies across regions of the mammalian brain.
In murine hippocampal synapses, the majority of AMPARs are comprised of GluA1/2
subunits, followed by a smaller fraction of GluA2/3 heterodimers [78,79]. In the adult rat
cortex, GluA1 is the predominant subunit (~45% of total AMPAR), followed by GluA2
(21%), GluA3 (27%), and very low levels of GluA4 (less than 6%) [13]. Several studies
have shown GluA1 and GluA2 protein expression is decreased in AD postmortem brain
tissue, as summarised in [29]. Lower expression of GluA1 has been reported in the frontal
cortex [80–82] and cerebellum [83] of AD brains, while no differences were observed in the
temporal cortex compared to healthy individuals [69], suggesting there is a brain region-
specific phenotype. Regarding GluA2, this AMPAR subunit has been the most extensively
studied in AD. A recent compilation of 38 proteomic studies of AD reported a total of
12 studies where GluA2 protein expression was reduced in the frontal, entorhinal, and
parahippocampal cortex, as well as the hippocampus and precuneus brain regions of AD
brains [29]. Most of the studies (7 out of 12) found these changes in the frontal cortex.
Nonetheless, contrasting results have been reported by a couple of studies that detected an
upregulation of GluA2 protein expression in the temporal cortex and hippocampus of AD
patients [69,84]. The work conducted by Barbour and colleagues [69] is the only study to
examine GluA2 expression in the temporal cortex, indicating GluA2 could be differentially
regulated in specific brain regions; however, more studies analysing this area of the brain
are required to confirm these results. While Stepler et al. [85] found decreased levels of
GluA2 in tissue homogenates of the whole hippocampus, Yeung et al. [84] found GluA2
expression was elevated in a subregion of the hippocampus, the stratum moleculare layer
of the dentate gyrus, but no significant changes were detected in the stratum granulosum
and hilus areas of the dentate gyrus, or in any of the CA1, CA2, or CA3 regions of the
hippocampus. Also, no changes were observed in the superior temporal gyrus, subiculum,
and entorhinal cortex of AD versus control donors. Thus, a potential explanation for these
discrepancies is that GluA2 expression is differentially altered in specific subregions of the
hippocampus. Furthermore, although the postmortem brain tissue used by Yeung et al. [84]
was obtained from a brain bank located in New Zealand, the ethnicity of their cohort
was not specified. In contrast, Stepler et al. [85] analysed brains from African American
and non-Hispanic White individuals and identified 185 proteins differentially expressed
in these two groups. African American and Hispanic populations have a greater risk of
developing AD and non-AD dementia than non-Hispanic white adults; however, these
groups are commonly underrepresented in proteomic studies of AD. Even though GluA4
was not differentially expressed between the two ethnicity groups included in this study,
these results highlight the need for more research, including ethnically diverse cohorts.
This will allow for a better understanding of variabilities in disease-associated phenotypes
among different populations so that future therapies can target various ethnic groups.

Overall, the work of Askenazi et al. (2023) [29], compiling studies on AD proteome
alterations, postulates that expression of GluA1 and GluA2 is reduced in later stages of
AD. Interestingly, this phenotype is not observed in studies of the early stages of the
disease, including our study, in which western blot analysis showed no changes in total cell
protein expression of GluA1 and GluA2. Since the AD model presented here represents
an early stage of the disease, preceding Aβ and tau phenotypes, it can be speculated that
abnormalities in AMPAR protein levels have not yet developed at this stage.

In this study, protein expression of GluA3 and GluA4 in iPSC-derived neurons was
not analysed, but changes in their expression have been reported in AD postmortem brain
tissue. GluA3 and GluA4 follow a similar pattern of protein expression as those observed
for GluA1 and GluA2. Even though no changes were detected in the early stages of the
disease, lower levels of GluA3 were found in the hippocampus, precuneus, frontal, and
entorhinal cortex in the late stages of AD pathology [29]. Despite the low number of
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studies on GluA4, decreased expression of this subunit has been reported in the frontal and
entorhinal cortex of advanced stages of AD [86,87]. Thus, future work measuring GluA3
and GluA4 protein levels in day 35 iPSC-derived neurons is required to fully characterise
the protein expression of AMPAR subunits in this model. In summary, postmortem brain
tissue of AD patients shows reduced AMPAR expression, but these changes are only
observed in the late/end stages of the disease. Likewise, the results from this study found
no differences in total protein levels of GluA1 and GluA2 subunits in FAD iPSC-derived
neurons representing early stages of pathology compared to isogenic controls. This suggests
the mechanism leading to changes in how FAD neurons respond to AMPA, compared to
controls, is not explained by alterations in the total cellular protein expression of these
two subunits. Nonetheless, analysis of total cellular protein expression may mask changes
in protein expression in specific cellular compartments. The expression of AMPARs in
the plasma membrane, specifically, is crucial for receptor function and can be regulated
through post-translational modifications. Reversible post-translational modifications, such
as phosphorylation, palmitoylation, and ubiquitination, affect receptor subunit exocytosis,
endocytosis, degradation, and gating [88]. Phosphorylation of GluA1 regulates synaptic
plasticity by potentiating AMPAR responses to glutamate [89] and increasing channel
conductance [90] and open probability [91]. While phosphorylation of GluA1 at epitopes
S818, S831, and S845 promotes synaptic insertion of AMPAR and dephosphorylation
causes endocytosis, dephosphorylation of GluA1 at S567 increases receptor expression
at the synapse [88]. GluA2 phosphorylation, on the other hand, is required for AMPAR
internalisation in the CA1 region of the hippocampus both in vitro and in vivo [92,93].

Ubiquitination comprises the attachment of a single ubiquitin or polymeric ubiqui-
tin chains to the lysine residues of a substrate protein [94]. All AMPAR subunits can
undergo ubiquitination when treated with AMPA [95]. This post-translational modifi-
cation is calcium-dependent [95,96] and only occurs in receptors present in the plasma
membrane [95]. The ubiquitination of AMPAR signals for lysosomal [96,97] or protea-
somal degradation [98] of this receptor, and most studies report it also regulates endo-
cytosis [96,98,99]. Importantly, ubiquitination of AMPAR also modulates synaptic trans-
mission [96,98–100]. In rat neuronal cultures, AMPA treatment increases the number of
internalised GluA1. This phenotype is abolished in GluA1 mutants lacking ubiquitination
sites. Instead, mutant GluA1 shows reduced GluA1 degradation and internalisation and
increased GluA1 expression at the cell surface [96,98]. Finally, human postmortem brain
tissue of AD patients showed increased expression of ubiquitinated GluA1 protein, suggest-
ing ubiquitination of AMPAR subunits may play an important role in modulating plasma
membrane expression and function. Proteins can also be modified by being covalently
bound to lipids, such as fatty acids. This process is termed fatty acylation and includes the
post-translational modification palmitoylation, which is the addition of the 16-carbon satu-
rated fatty acid palmitate to one or more intracellular cysteine residues of target proteins.
All four AMPAR subunits can be palmitoylated, and they are differentially regulated de-
pending on the site of palmitoylation [101]. In HEK293T cells and primary cortical neurons,
palmitoylation of cysteines in the transmembrane domain 2 of GluA1 or GluA2 accumulates
these subunits in the Golgi and reduces their surface expression. C-terminal palmitoylation
of AMPAR, on the other hand, does not influence steady-state surface expression of this
receptor but increases its internalisation after NMDA or AMPA stimulation [101,102]. A
knock-in GluA1 C811 palmitoylation-deficient mouse model (GluA1C811S) showed ele-
vated expression of GluA1 in the cortex [103]. Altogether, these studies demonstrate that
various post-translational changes to AMPARs influence their trafficking and consequent
membrane expression and receptor function. Hence, future work needs to be conducted to
measure the expression of all AMPAR subunits intracellularly and in the plasma membrane
and to measure post-translational changes that may regulate their trafficking to and from
the membrane.

Apart from AMPAR regulation via post-translational modifications, the composition of
the lipid membrane, where AMPARs are embedded, provides another layer of ion channel
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modulation. Presynaptic and postsynaptic membranes are enriched in cholesterol, a sterol
lipid that has been linked to AD. Although cholesterol does not affect AMPA binding to
its receptor [104], it can still modulate AMPAR activity. Analysis of intracellular calcium
levels in cultures of rat hippocampal neurons demonstrated that cholesterol depletion
decreased AMPAR-mediated calcium influx [105]. In rat hippocampal slices, cholesterol
depletion reduced both the amplitude of AMPAR-mediated excitatory postsynaptic cur-
rents (EPSCs) [106] and basal synaptic transmission [105]. Using the same model, it was
shown that AMPA treatment potentiated basal synaptic transmission in both normal and
cholesterol-depleted conditions. However, in the absence of cholesterol, this potentiation
lasted for a shorter period, and the responses to AMPA were not fully abolished after
washing out the drug, as was the case for control slices [105]. Nevertheless, contrasting
results were found in rat cerebellar granule cells and mouse cortical neurons, where choles-
terol depletion reduced NMDA-evoked currents but had no effect on AMPAR-mediated
currents [107,108]. This divergence could possibly be explained by the different cell types
analysed, the concentration and duration of the stimulus, or the AMPAR agonist utilised
by each study. Hence, further investigation is required to understand the effect of neuronal
membrane cholesterol content on AMPAR function.

The poly-unsaturated fatty acid arachidonic acid (AA) has also been implicated in
neuronal excitability. Mouse brain slices expressing human APP (hAPP) showed higher
surface expression of GluA1 and GluA2 subunits of AMPARs when treated with AA,
which resulted in increased neuronal activity. AA is generated from the hydrolysis of
phospholipids by phospholipase-A2 (PLA2), an enzyme that was hyperphosphorylated in
hAPP animals, suggesting elevated activation [109]. To confirm this hypothesis, the authors
blocked PLA2 activity, which prevented the increase in AMPAR protein expression as well
as neuronal hyperactivity. PLA2 further acts in synaptic transmission by increasing AMPA
affinity, binding to its receptor [110], and modulating AMPAR phosphorylation [111]. In
rat brain slices, inhibition of calcium-independent PLA2 increased GluA1 phosphorylation
at residue S831, while inhibition of calcium-dependent PLA2 enhanced phosphorylation
of GluA2/3 at S880/891 [111]. Although the authors did not investigate the impact of
AMPAR phosphorylation on neuronal activity, it is possible that it could affect AMPAR
trafficking and expression.

5. Future Directions

In this study, iPSC-derived neurons from FAD patients bearing PSEN1 mutations
showed greater calcium responses to glutamate and AMPA than isogenic control neurons.
This occurred in the absence of overt Aβ42 and tau S404 phosphorylation phenotypes
or changes in total cellular protein expression of GluA1 and GluA2 subunits of AMPAR.
Future work should measure total cellular protein expression of GluA3 and GluA4 subunits,
as well as expression of all AMPAR subunits in the neuronal membrane and intracellular
compartments separately. Trafficking of AMPARs to the membrane can be regulated by post-
translational modifications such as phosphorylation, ubiquitylation, and palmitoylation;
thus, investigating levels of these post-translational modifications to AMPAR subunits and
the enzymes involved in these pathways could demonstrate the mechanisms promoting
early calcium signalling dysfunction in FAD neurons.

6. Conclusions

The iPSC-derived cortical excitatory neurons from FAD patients display elevated
calcium responses to glutamate and AMPA compared to their isogenic controls. This early
calcium phenotype was observed in the absence of an Aβ or tau phenotype. Although
mRNA levels of the AMPAR subunits GRIA1, GRIA2, and GRIA4 were increased in FAD1
neurons compared to IC1 neurons, this difference was not significant between FAD2 and
IC2 neurons. Furthermore, protein expression of the AMPAR subunits GluA1 and GluA2
was not significantly different between FAD and isogenic control neurons. Hence, the
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difference in how FAD neurons respond to AMPA cannot be explained by changes in total
cellular protein expression of AMPAR subunits GluA1 or GluA2.
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Abstract: Alzheimer’s disease (AD) is the most common cause of dementia. There is a growing
body of evidence that dysregulation in neuronal calcium (Ca2+) signaling plays a major role in the
initiation of AD pathogenesis. In particular, it is well established that Ryanodine receptor (RyanR)
expression levels are increased in AD neurons and Ca2+ release via RyanRs is augmented in AD
neurons. Autophagy is important for removing unnecessary or dysfunctional components and long-
lived protein aggregates, and autophagy impairment in AD neurons has been extensively reported.
In this review we discuss recent results that suggest a causal link between intracellular Ca2+ signaling
and lysosomal/autophagic dysregulation. These new results offer novel mechanistic insight into AD
pathogenesis and may potentially lead to identification of novel therapeutic targets for treating AD
and possibly other neurodegenerative disorders.

Keywords: ryanodine receptor; autophagy; calcium signaling; calcineurin; Alzheimer’s disease

1. Introduction

Alzheimer’s disease (AD) is an age-related brain disorder that causes progressive
neurodegeneration predominantly in the cortical and hippocampal brain regions. Major
hallmarks of AD are the progressive impairment of memory storage and accumulation
of fibrillary amyloid plaques in patient’s brains. Despite decades of research and effort,
there is still no effective disease-modifying treatment for AD. Although amyloid pathology
is a hallmark and defining feature of AD, targeting amyloid pathways has been very
challenging due to low efficacy and serious side effects. Therefore, it is important to
explore alternative approaches for treating memory loss in AD [1]. Increasing studies
suggest that Ca2+ dysregulation in AD plays an important role in AD pathology and is
associated with other AD abnormalities, such as excessive inflammation, increased ROS,
impaired autophagy, neurodegeneration, and synapse and cognitive dysfunction [2–5].
Autophagy is important for removing unnecessary or dysfunctional components and
long-lived protein aggregates, and a substantial amount of evidence in both AD patients
and AD animal models indicates autophagy dysregulation plays an important role in AD
pathogenesis [6–15]. Autophagy can also be regulated by intracellular Ca2+ signals arising
from different organelles, including ER, mitochondria and lysosomes [16–18]. The majority
of Ca2+ release from the ER is mediated by two families of Ca2+-permeable channels,
inositol 1,4,5-trisphosphate receptors (InsP3Rs) and ryanodine receptors (RyanRs). The
role of InsP3Rs in regulation of autophagy had been intensively studied in non-excitable
cells, and InsP3R-mediated Ca2+ signals have been suggested to be involved in both
inhibitory and stimulatory effects on autophagy [17,19–23]. Recently, the role of RyanR in
regulating lysosomal acidification [24] and autophagy [25–27] is receiving greater attention.
On another hand, some recent studies suggested that changes in lysosomal acidification
may affect intracellular Ca2+ signaling by modulating activity of TRPML1 lysosomal Ca2+
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channels [28,29]. In this review, we will focus on emerging interplay between dysregulated
Ca2+ signaling and dysfunction of the lysosomal/autophagic system in AD neurons.

2. Intracellular Calcium Signaling Dysregulation in AD

There are two types of intracellular Ca2+ release channels in neurons—InsP3Rs and
RyanRs. There are three isoforms of InsP3Rs, the predominant one in neurons being InsP3R
type 1. It is known that expression of FAD PS1 mutants in Xenopus oocytes potentiates
InsP3-mediated Ca2+ release [30], and that InsP3R activity can be potentiated in PS1(M146V)
knock-in mice [31]. Similar potentiation was also reported in human lymphoblasts ex-
pressing FAD mutant PS1-M146L [32]. The InsP3Rs are known to be enriched in MAMs,
and up-regulated Ca2+ release from ER through InsP3R can overload mitochondria, cause
openings of the mitochondrial permeability transition pore (PTP), cause a reduction in
the inner mitochondrial membrane potential, result in drop in NADH and ATP levels,
and potentially lead to cell death [33]. Computational modeling of single InsP3R1 channel
activity showed that significantly lower InsP3 levels are needed to induce the same level
of InsP3R1 channel activity in the presence of FAD-PS1 mutants [34]. Besides FAD-PS1,
Aβ can also affect InsP3R function, and it was reported that Aβ42 can induce a cytosolic
Ca2+ increase in both an InsP3R-dependent and InsP3R-independent manner [35]. Genetic
reduction InsP3R1 by 50% normalized exaggerated Ca2+ signaling in PS1M146V knock-
in mice and restored hippocampal long-term potentiation (LTP). In 3xTg mice, reduced
InsP3R1 expression reduced amyloid β accumulation and tau hyperphosphorylation and
restored hippocampal LTP and memory deficits [36]. Proper InsP3Rs function is important
to maintain spine morphology, synaptic plasticity and memory consolidation [37,38], and
limited inhibition of InsP3R may be considered as a potential therapeutic approach for AD.

InsP3R1 plays an important role in Ca2+ signaling in cerebellar Purkinje cells, but in
most other neurons RyanRs play a predominant role in control of intracellular Ca2+ levels.
There are three structurally similar mammalian isoforms of RynaRs—RyanR1, RyanR2 and
RyanR3. RyanR1 was initially found in skeletal muscles but also expressed in cerebellar
Purkinje cells. RyanR2 is expressed in cardiac muscle cells and in most neurons. RyanR3
is also expressed in neurons, but RyanR2 is the most dominant neuronal isoform with
the exception of cerebellar Purkinje cells [39–42]. Neuronal RyanRs are activated by Ca2+-
induced Ca2+ release (CICR) mechanisms in response to initial Ca2+ influx via voltage-gated
Ca2+ channels or NMDARs. RyanRs can also open in response to endoplasmic reticulum
(ER) Ca2+ overloads in resting neurons [43]. These spontaneous Ca2+ release events (“Ca2+

sparks”) act to control ER Ca2+ levels and also contribute to setting basal levels of cytosolic
Ca2+ in resting cells.

There is extensive evidence that activity and expression of RyanR2 is elevated in
AD neurons. The expression and function of RyanR2 is increased in animal models with
familial AD (FAD) and in early stages of sporadic AD in patients [42,44–50]. Aging is the
most important risk factor for sporadic AD, and enhanced activity of RyanR may play a
critical role in aging-related cognitive impairments [51]. Microarray analysis shows that
RyanR2 expression continues to increase in the hippocampus from 6 months of age and
onwards in mice, while the level of neuronal FKBP1b protein which binds to RyanR2
and stabilizes their opening is high at early developmental stages and begins to decrease
at approximately 3 months of age [52]. This down-regulation continues throughout the
aging process, leading to minimal amounts of FKBP1b being detected at 23 months of age,
likely leading to further RyanR2 overactivation [52]. Consistent with the importance of
RyanR overactivation for AD pathogenesis, pharmacological inhibitors of RyanR such as
dantrolene demonstrated beneficial effects in a variety of AD cellular and animal mod-
els [45,48,53,54]. In our previous studies we used a genetic strategy and evaluated effects
of RyanR3 knockout in AD mouse models, and we found a dual role for RyanR3 in AD
pathology depending on the different stages of the disease [42]. Beneficial effects of a gating
mutation of RyanR2 in AD mouse models have been previously demonstrated [55–57].
However, the mechanisms linking RyanR overactivation with AD pathology are less clear.
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Some investigators suggested a mechanism that involves the restoration of neuronal hy-
perexcitability in AD mice [42,55–57], some suggest that blocking RyanR-mediated Ca2+

leakage may lead to decreased endoplasmic reticulum (ER) stress [58], some focused on
the role of RyanR-mediated Ca2+ changes in synaptic functions [54], and some suggested
dantrolene can decrease β- and γ-secretase activities and APP phosphorylation by affecting
Cdk5 and GSk3β kinase activities [45].

3. Dysregulation of Autophagy in AD

Autophagy is a process that maintains healthy cells, organelles, proteins, and nutrient
homeostasis in living organisms. Three types of autophagy are observed in mammalian
cells depending on the mode of substrate delivery: macroautophagy, chaperone-mediated
autophagy, and microautophagy [59]. In macroautophagy, a double-membrane vesicle
known as an autophagosome engulfs its targets by isolating a portion of the cytoplasm. The
autophagosomal membrane fuses with lysosomes to form autophagic vesicles, the contents
of which are degraded by lysosomal proteases. In microautophagy, substrate proteins are
internalized into lysosome lumen via membrane invagination. In chaperone-mediated
autophagy (CMA), substrate proteins are translocated across the lysosomal membrane by
chaperone proteins [60]. In most cases, term “autophagy” refers to macroautophagy.

Autophagy is a conserved cellular process that removes damaged or nonfunctional
cellular organelles to recycle the materials and maintain the cell function and efficiency.
It also destroys pathogens that invade the cells in order to protect the cells, and plays
an important role in removing long-lived proteins and aggregates that help to maintain
cell homeostasis [61]. Neurons are post-mitotic and long-lived cells; misfolded proteins
and damaged organelles cannot be diluted through cell division and thus they are more
easily affected by protein homeostasis impairment. Since Atg5−/− and Atg7−/− mice die
soon after birth, researchers made neural-cell-specific Atg5 or Atg7 knockout mice. Both
mice show dramatic abnormal intracellular protein accumulation and form intraneuronal
aggregates and inclusions that increased in size and number with aging. They also show
progressive neurodegeneration and cell death, which suggests autophagy is essential
for normal neuronal function and survival [62,63]. Neurons are highly polarized cells
with axon and synaptic terminals far away from the cell body, which is the primary
site for protein synthesis and degradation. Recently, researchers found autophagosomes
are constitutively formed at synaptic sites in the distal axon, with new autophagosomes
engulfing soluble and aggregated proteins as well as mitochondrial [64], ER [65] and
damaged synaptic vesicles [66]. They rapidly fuse with a late endosome or lysosome,
and subsequently retrograde transport along the axon to the cell body. This conserved
mechanism plays an important role in the maintenance of synaptic homeostasis [67,68].
Specific deletion of Atg7 in Purkinje cells initially causes cell-autonomous progressive
degeneration of the axon terminals with little sign of dendritic or spine atrophy, suggesting
that axon terminals are much more vulnerable to autophagy impairment than dendrites [69].
Autophagy can regulate synaptic plasticity by modulating synaptic transmission through
removal of SVs and their associated proteins [70] or through controlling the axonal ER [65].
interestingly, it was reported that autophagy protein LC3B is also an RNA-binding protein
that can trigger rapid mRNA degradation to control local protein synthesis [71]. Even
though the main sites of autophagosome biogenesis are at distal axons, autophagy in
postsynaptic sites were also recently reported to play important role. It was shown that
NMDAR-dependent LTD induction triggers a profound reorganization of PSD-95, which
requires the autophagy mechanism to remove the T19-phosphorylated form of PSD-95 from
synapses [72]. It was also shown that during NMDAR-LTD, key postsynaptic proteins are
sequestered for autophagic degradation, pharmacological inhibition of AV biogenesis, or
knockdown of atg5. Specifically, postsynaptic pyramidal neurons in the CA1 area abolish
LTD. These data suggest that local autophagy of postsynaptic proteins in dendrites involve
LTD expression [73]. Synaptic plasticity is the foundation of learning and memory, which
is impaired in AD, so autophagy dysregulation will also play important role in AD [7].
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Autophagy dysregulation plays an important role in AD pathogenesis according to
the studies of both AD patients and animal models. Using immunogold staining with
compartment-specific markers and electron microscopy of AD patients’ brain samples,
it was demonstrated that autophagysome, multivesicular bodies, multilamellar bodies,
and cathepsin-containing autophagosomes were accumulated in dystrophic neurites and
synaptic terminals in AD brains [10]. APP/PS1 double transgenic mice also showed that
autophagosomes and late autophagic vacuoles (AVs) accumulate markedly in dystrophic
dendrites, implying an impaired maturation of AVs to lysosomes. In the hippocampus of
young (4- to 6-month-old) PS1(M146L)/APP(751SL) mice models, many autophagic vesicles
accumulated in the dystrophic neurites and presynaptic terminals surrounding amyloid
plaques, and the autophagosome marker LC3 was also increased around plaques [13]. Inter-
estingly, silver-enhanced immunogold labeling revealed that APP preferentially localized
to the AVs within plaque-associated dystrophic neurites [13].

Autophagy is the main mechanism for regulating the processing of APP and intracel-
lular Aβ peptide. It was discovered that AVs enriched Aβ, βCTF, and also the components
of the γ-secretase complex, and that Aβ production increased after macroautophagy was
acutely stimulated, implying that the cleavage of APP occurs in the AVs [12]. Interest-
ingly, autophagosomes can also transport BACE1 and regulate BACE1 trafficking and
degradation. Autophagic vacuole-associated BACE1 is accumulated in the distal axon of
Alzheimer’s disease-related mutant human APP transgenic neurons and mouse brains
which exacerbates the AD pathological changes [74]. Therefore, it is possible that accumu-
lated β-secretase, γ-secretase complex and APP in autophagic vacuoles enhances the β and
γ processing, resulting in Aβ overproduction. Autophagy also possibly participates in the
secretion of Aβ [75]. When transgenic mice overexpressing an amyloid precursor protein
(APP) were crossed with the mice lacking autophagy in excitatory forebrain neurons, the
amyloid plaques were dramatically reduced, while intraneuronal Aβ accumulated in the
perinuclear region and caused neuron degeneration and cognitive dysfunction [76]. More-
over, it was shown that these changes were due to reduced Aβ secretion, suggesting that
autophagy is important for Aβ secretion [76].

Autophagy also plays an important role in the degradation of both soluble and in-
soluble Tau, another signaling component of AD pathology. Wang et al. demonstrated
in an inducible neuronal cell model of tauopathy that the autophagy-lysosomal system
contributes to both Tau fragmentation into pro-aggregating forms and to clearance of
Tau aggregates. Inhibition of macroautophagy enhances Tau aggregation and cytotoxicity.
Unlike the proteasome, autophagy degrades tau regardless of phosphorylation. Tau phos-
phorylated at the KXGS motifs of the repeat domain, which cannot be degraded by the UPS,
is efficiently degraded by autophagy [77]. However, they also found that N terminus trun-
cated species are preferentially trapped by CMA, and C terminal truncation occurred. The C
terminal-truncated tau promoted tau aggregation. Even though soluble tau, aggregated tau,
and C terminal-truncated tau mainly degraded through the autophagy lysosome system,
full-length tau is preferentially digested through proteasomes [78]. Recently, it was re-
ported that a large fraction of neuronal tau is degraded by CMA, whereas upon acetylation,
tau is preferentially degraded by macroautophagy and endosomal microautophagy [79].
Consistent with these findings, trehalose and rapamycin have been shown to result in a
significant reduction in cortical tau tangles, less tau hyperphosphorylation, and lowered
levels of insoluble tau in the forebrain in P301S mutant tau transgenic mice by stimulation of
autophagy [80,81]. Secreted soluble tau species spread trans-cellularly were reported in AD,
and data have shown that autophagy inducers can promote tau secretion and knockdown.
Beclin1 or autophagy inhibitors can inhibit tau secretion, and researchers have further
identified that six isoforms of tau protein are secreted in an autophagy-dependent man-
ner [82,83]. Accumulated data showed that secreted Tau contributes to synaptic impairment
in AD, especially in GABAergic transmissions [84,85].
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4. Mechanisms Underlying Autophagy Impairment in AD

Despite extensive evidence regarding dysregulation of autophagy in AD, there is no
clear understanding of mechanisms that cause this impairment. The build-up of AVs in
neurodegenerative diseases may reflect enhanced autophagy induction, impaired later
lysosomal degradation steps in the autophagic pathway, or a lower rate of autophagy
initiation combined with insufficient lysosome fusion and digestion [7]. Several reports
suggest that autophagy induction is impaired in AD neurons. Beclin1, a protein with a
key role in autophagy initiation, was decreased in affected brain regions of AD patients
early in the disease process [86] and the expression of p62, an autophagic cargo receptor,
was reported decreased in AD brains relative to age-matched controls [87]. There is a
report that autophagy is transcriptionally down-regulated during normal aging in the
human brain, and in contrast to normal aging, they observe transcriptional up-regulation
of autophagy in the brains of AD patients, suggesting that there might be a compensatory
regulation of autophagy [88]. A critical role of lysosomal proteolytic failure in AD neurons
has been suggested by other investigators [89,90]. Presenilin1 (PS1) mutations are the
most common cause of early-onset familial AD (FAD), in addition to its role as a catalytic
subunit of the γ-secretase complex, PS1 is also essential for v-ATPase targeting to lysosomes,
lysosome acidification, and proteolysis during autophagy. Fibroblasts from patients with
FAD caused by PS1 mutations also exhibit markedly defective lysosome acidification
and autolysosome maturation, a similar mechanism to that seen in PS1-null cells [91].
However, there are also reports that endo-lysosomal dysfunction in PSEN-deficient cells is
due to lysosomal calcium homeostasis defects, not proton pump defects [92,93] (please see
discussion in [94]). An APP-dependent compromise of lysosomal acidification was also
reported in multiple AD mouse models in which FAD-mutant APP alone is expressed [95].
The mechanism for this lysosome failure is not clear, although it has been proposed that
decreased expression of the motor proteins kinesin and dynein can induce axonal transport
impairments and further impair lysosome trafficking, maturation and function [96]. Defects
of lysosomal acidification observed in AD models suggest that stimulation of lysosomal
acidification should elicit beneficial effects in AD. This can be achieved, for example, by
stimulating the activity of lysosomal v-ATPase by disrupting its association with STK11IP,
a recently identified lysosome-specific substrate of mTORC1 that regulates lysosomal
acidification [97].

5. Dysregulated Ca2+ Signaling and Autophagy Defects in AD

Recent reports suggest that dysregulation of Ca2+ signaling and impaired autophagy
in AD neurons may have a causal relationship to each other. It has been suggested that
lysosomal Ca2+ contributes to autophagy and is important for lysosomal degradation. Thus,
intracellular Ca2+ distribution may affect lysosomal acidification (Figure 1A) [24]. Indeed,
it has been reported that InsP3R preferentially associate with ER-lysosome contact sites and
selectively deliver Ca2+ to lysosomes [98]. Ca2+ uptake by lysosomes may regulate lysoso-
mal pH due to the activation of a lysosomal Ca2+/H+ exchanger (Figure 1A). For example,
in hepatic cell HepG2, Ca2+ release from the ER caused a disruption of the lysosomal acidity
and impaired protein degradation [99]. Recently increased Ca2+ release via RyanRs was
reported to be associated with reduced expression of the lysosome proton pump vacuolar-
ATPase (vATPase) subunits (V1B2 and V0a1), which cause lysosome deacidification and
disrupt proteolytic activity. These findings are reported in both AD mouse models and
human-induced neurons (HiN) [24] (Figure 1A). Normalizing AD-associated aberrant
RyanR Ca2+ signaling with the negative allosteric modulator, dantrolene (Ryanodex), re-
stored vATPase levels, lysosomal acidification and proteolytic activity, and autophagic
clearance of intracellular protein aggregates in AD neurons [24]. These results directly im-
plicate intracellular Ca2+ dysregulation in altering lysosomal vATPase expression levels and
reinforces the important role of inter-organelle Ca2+ communication for vATPase trafficking
to lysosomes, assembly of both domains, and lysosomal acidification (Figure 1A).
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Figure 1. Causal relationship between dysregulation of Ca2+ signaling and impaired autophagy in
AD neurons. (A) Supranormal RyanR-mediated Ca2+ release in AD neurons may decrease lysosomal
vATPase expression levels through post-translational modifications that affect its assembly and
insertion to the lysosome or disrupts vATPase function through stimulation of lysosomal Ca2+/H+

exchangers. Based on [24,99]. (B) Presenilin 1 (PS1) knockout or FAD linked mutations in PS1 lead to
impaired glycosylation and instability of vATPase V0a1 subunit, further induce deficient lysosomal
vATPase assembly and impaired its function and elevated lysosomal pH. Increased lysosomal pH
induces abnormal Ca2+ efflux from lysosomes to cytoplasm by enhancing activity of lysosomal
TRPML1 channels. Based on [28,29,91].

In addition to the effects of intracellular Ca2+ signaling on lysosomal acidification,
there are also reports that suggest that changes in lysosomal acidification may also affect
intracellular Ca2+ signaling (Figure 1B) [29]. Defects in V-ATPase targeting to lysosomes
and lysosomal acidification were reported for PS1 knockout and FAD mutant cells [91].
It has been further reasoned that in addition to ER, lysosomes may also act as Ca2+ sig-
naling organelles and that TRPML channels may mediate Ca2+ release from lysosomal
compartments. It has been reported that lysosomal Ca2+ efflux through TRPML1 can
trigger membrane fusion/fission events and regulate membrane trafficking [100], and that
impairment in the TRPML1 function leads to various lysosomal storage diseases [101].
Moreover, it has been reported that impaired lysosomal acidification in presenilin knockout
neurons causes an overactivation of lysosomal TRPMl1 channels [28,29], suggesting that
impaired lysosomal acidification may contribute to dysregulated Ca2+ signaling in PS1
knockout and FAD mutant neurons (Figure 1B).

Some recent findings also suggest that dysregulated Ca2+ signaling may play a more
direct role in control of neuronal autophagy, independently from impaired lysosomal acidifi-
cation (Figure 2A). In experiments with hippocampal neural stem (HCN) cells, it was shown
that RyanR agonist caffeine significantly promoted the autophagic death of insulin-deficient
HCN cells, and treatment with the RyanR inhibitor dantrolene prevented the induction of
autophagy following insulin withdrawal [102]. Moreover, CRISPR/Cas9-mediated knock-
out of the RyanR3 gene in HCN cells abolished autophagic cell death [102]. Neferine,
a natural alkaloid from Nelumbo nucifera, was reported to induce autophagy through
Ulk-1-PERK and AMPK-mTOR signaling pathways in cancer cells which involved RyanRs
activation [103]. Similarly, high doses of propofol (a commonly used intravenous anesthetic)
can induce cytotoxicity in cortical progenitor cells, and data showed that blocking both
InsP3R and RyanR can reduce autophagy and increase cell viability, suggesting that RyanR
mediated excessive autophagy plays an important role in propofol induced toxicity [104].
All these studies suggest that excessive Ca2+ release via RyanR stimulates autophagy, most
likely by stimulating the CaMKK2-AMPK-mTOR signaling pathway [102,103] (Figure 2A).
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Figure 2. Biphasic effects of RyanR2-mediated Ca2+ signals on neuronal autophagy. (A) Evoked or
stimulated Ca2+ release via RyanR2 leads to significant elevation of cytosolic Ca2+ levels, resulting
in activation of CAMKK2-AMPK-mTOR pathway that promotes autophagy. Based on [102,103].
(B) Ca2+ sparks resulting from spontaneous basal activity of RyanR2 lead to modest elevation of
cytosolic Ca2+ levels, sufficient to stimulate CaN and inhibit AMPK/ULK1 pathway, resulting in
inhibition of autophagy. Based on [25,27].

However, some reports also suggest that basal RyanR activity may actually inhibit
autophagic flux (Figure 2B). Indeed, pharmacological inhibition of RyanR augmented
autophagic flux in ectopic RyanR-expressing models such as HEK293 cells transfected
with RyanR constructs or C2C12 myoblasts [25]. These studies have been performed
using pharmacological modulators of RyanR activity that may exert off-target effects.
In our recent studies, we took advantage of RyanR2-E4872Q knock-in mouse models
(EQ) to test the importance of RyanR2 in control of neuronal autophagy in wild type
and AD neurons. In EQ mice, the basal RyanR2-mediated Ca2+ influx is reduced due to
shortened open channel time [105]. In our studies, we discovered augmented autophagic
flux in primary hippocampal neuron cultures in a RyanR2-E4872Q knock-in mouse model
(EQ) [27] (Figure 2B). Strikingly, we discovered thar EQ mutation is able to repair autophagic
defects in two different AD mouse models (APPKI and APPPS1) [27]. Based on a series of
additional pharmacological experiments, we demonstrated that overactivation of RyanR2
in AD neurons leads to persistent overactivation of cytosolic calcineurin (CaN), which is
able to suppress autophagy by inhibiting AMPK/ULK1 pathways [27] (Figure 2B). Indeed,
we have been able to achieve similar restoration of autophagic flux in AD neurons by
inhibiting RyanR or by directly inhibiting CaN [27].

To reconcile these results, we propose that low levels of basal Ca2+ determined by
spontaneous activity of RyanR2 primarily stimulates CaN-AMPK-ULK1 pathways to in-
hibit autophagy as we discovered [27] (Figure 2B), but high levels of Ca2+ during evoked or
stimulated Ca2+ release led to the activation of the CAMKK2-AMPK-mTOR pathway and
promoted autophagy as has been reported [102,103] (Figure 2A). Both CaN and CaMKK2
are regulated by Ca2+/calmodulin, and differential modulation of CaN and CaMKII by
low and high Ca2+ elevations has already been described in the context of synaptic plas-
ticity [106,107]. The model that we propose (Figure 2) has important implications for AD
pathogenesis. Reduced autophagy impairs clearance of APP and APP proteolytic frag-
ments, eventually leading to the accumulation of soluble Aβ42 oligomers, amyloid plaques
and impaired synaptic plasticity. Indeed, in our studies, we demonstrated that the genetic
cross of EQ mice with AD mouse models (APPKI and APPPS1) was able to reduce levels of
accumulated Aβ, reduce amyloid plaque loads and repair LTP defects in these mice [27].
These results suggest that the beneficial effects of RyanR and CaN inhibitors in AD may at
least in part be explained by their ability to repair autophagic defects.

In addition to RyanR2-mediated pathways (Figure 2), there are also other Ca2+ signal-
ing pathways that are connected with autophagy that may also play important roles in AD
pathogenesis (Figure 3). It was shown that Ca2+ release through lysosomal TRMPL1 chan-
nels can activate CaN, leading to the dephosphorylation of TFEB transcription factors and
resulting in increased expression of lysosomal and autophagic genes [108]. TRPML1 activity
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can also modulate autophagy through the activation of the CaMKKβ/AMPK/ULK1/VPS34
pathway [109]. Recently, functional defects in the TRPML1 Ca2+ channels were identified
in LOAD patients’ brain samples [110]. In the same study it was shown that decreased
TRPML1-mediated lysosomal Ca2+ released in a neuronal apoE4 iPSC model can be re-
duced by treatment with ML-SA1, a small-molecule TRPML1 agonist [110]. It was also
shown that TFEB mediates mutant tau releases in iPSC-derived neurons in a TRPML1-
dependent manner [111]. All of these results suggest that TRPML1 may also be considered
as a potential therapeutic treatment for AD (Figure 3).
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Figure 3. Interplay between Ca2+ signaling and neuronal autophagy in AD. Store-operated Ca2+

influx (SOC), Ca2+ release from ER via InsP3R1 and RyanR2 channels and Ca2+ release form lysosomal
compartment via TRPM1 channel set basal levels of cytosolic Ca2+. Cytosolic Ca2+ controls autophagic
pathways by directly acting on AKT, by modulating activity of CaMKKβ or CaN/AMPK/ULK1
and by modulating expression levels of genes involved in lysosomal and autophagic function via
TFEB transcription factor. Dysregulation of Ca2+ signaling in AD neurons is closely linked with
dysregulation of lysosomal function and autophagic pathways.

Store-operated Ca2+ entry (SOCE) is a major calcium-entry pathway in non-excitable
cells, but it is also an important Ca signaling pathway in neurons and plays an im-
portant role in AD pathogenesis [112,113] (Figure 3). ER Ca2+ depletion induces ER
calcium sensors STIM1 or STIM2 to translocate to the plasma membrane, where they
activate Orai and/or TRPC channels, causing Ca2+ entry. In non-neuronal cell types,
STIM1/ORAI1/TRPC have been shown to regulate autophagy and apoptosis [17], and
recently, STIM1 mediated SOCE was reported to induce autophagy through AKT/mTOR
pathways in hippocampal neurons under hypoxic conditions [114]. Dexmedetomidine
(DEX) was reported to exert neuroprotective effects in PC12 cells through STIM1/Orai1
signaling pathways by regulating autophagy and apoptosis [115]. Previously we reported
that STIM2/ORAI2/TRPC6 was impaired in AD [116], and TRPC6 was reported to induce
autophagy through CaMKKβ-AMPK-mTOR pathways [117]. Thus, it will be interesting to
explore the role of STIM2/ORAI2/TRPC6 impaired function in AD autophagy dysfunction.
Moreover, it has been reported that ER stress can degrade STIM2 through autophagy, re-
presses SOCE and disrupts dendrite arbor in primary neuronal cultures [118]. In the same
paper it was also proposed that autophagy represses SOCE by degrading STIM proteins,
leading to synapse loss in AD [119], providing additional potential feedback between Ca2+

signaling and autophagy in AD neurons.
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6. Conclusions

Dysregulation of intracellular neuronal Ca2+ signaling and impairment of neuronal
autophagy are two well-established phenomenon observed in AD neurons. Until recently
studies of these two signaling pathways proceeded largely independently of each other.
However, several recent papers point to a causal connection between them. Some results
suggest that defects in lysosomal acidification may contribute to Ca2+ signaling defects
by causing an overactivation of lysosomal TRPML1 channels [29]. Some data suggest that
enhanced activity of RyanR may lead to defects in lysosomal acidification by affecting the
activity of lysosomal V-ATPase [24]. Our recent findings suggest that basal Ca2+ released
by RyanR2 may control steady-state levels of autophagy via CaN-AMPK-ULK1 pathways
and that overactivation of RyanR2 in AD may lead to the overstimulation of CaN and the
inhibition of autophagic flux [27]. Further studies will be needed to dissect relationships
between intracellular Ca2+ dysregulation and autophagy in AD, but obtained results already
offer some novel mechanistic insight and may potentially lead to the identification of novel
therapeutic methods for treating AD and potentially other neurodegenerative disorders.

Author Contributions: Conceptualization, H.Z. and I.B., writing—original draft preparation, H.Z.;
writing—review and editing, I.B.; visualization, H.Z. and I.B.; supervision, I.B.; project administra-
tion, I.B.; funding acquisition, I.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Russian Science Foundation Grant 22-15-00049 (I.B.) and
by the National Institutes of Health grant R01AG071310 (I.B.) I.B. holds the Carl J. and Hortense M.
Thomsen Chair in Alzheimer’s Disease Research.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We are thankful to members of Bezprozvanny laboratory for useful discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bezprozvanny, I. Alzheimer’s disease—Where do we go from here? Biochem. Biophys. Res. Commun. 2022, 633, 72–76. [CrossRef]

[PubMed]
2. Briggs, C.A.; Chakroborty, S.; Stutzmann, G.E. Emerging pathways driving early synaptic pathology in Alzheimer’s disease.

Biochem. Biophys. Res. Commun. 2017, 483, 988–997. [CrossRef]
3. Bezprozvanny, I.; Mattson, M.P. Neuronal calcium mishandling and the pathogenesis of Alzheimer’s disease. Trends Neurosci.

2008, 31, 454–463. [CrossRef] [PubMed]
4. Popugaeva, E.; Vlasova, O.L.; Bezprozvanny, I. Restoring calcium homeostasis to treat Alzheimer’s disease: A future perspective.

Neurodegener. Dis. Manag. 2015, 5, 395–398. [CrossRef] [PubMed]
5. Popugaeva, E.; Chernyuk, D.; Bezprozvanny, I. Reversal of Calcium Dysregulation as Potential Approach for Treating Alzheimer’s

Disease. Curr. Alzheimer Res. 2020, 17, 344–354. [CrossRef] [PubMed]
6. Zhang, Z.G.; Yang, X.F.; Song, Y.Q.; Tu, J. Autophagy in Alzheimer’s disease pathogenesis: Therapeutic potential and future

perspectives. Ageing Res. Rev. 2021, 72, 101464. [CrossRef] [PubMed]
7. Liu, J.; Li, L. Targeting Autophagy for the Treatment of Alzheimer’s Disease: Challenges and Opportunities. Front. Mol. Neurosci.

2019, 12, 203. [CrossRef]
8. Kuang, H.; Tan, C.Y.; Tian, H.Z.; Liu, L.H.; Yang, M.W.; Hong, F.F.; Yang, S.L. Exploring the bi-directional relationship between

autophagy and Alzheimer’s disease. Cns Neurosci. Ther. 2020, 26, 155–166. [CrossRef] [PubMed]
9. Chen, J.; He, H.J.; Ye, Q.Q.; Feng, F.F.; Wang, W.W.; Gu, Y.Y.; Han, R.Y.; Xie, C.L. Defective Autophagy and Mitophagy in

Alzheimer’s Disease: Mechanisms and Translational Implications. Mol. Neurobiol. 2021, 58, 5289–5302. [CrossRef]
10. Nixon, R.A.; Wegiel, J.; Kumar, A.; Yu, W.H.; Peterhoff, C.; Cataldo, A.; Cuervo, A.M. Extensive involvement of autophagy in

Alzheimer disease: An immuno-electron microscopy study. J. Neuropathol. Exp. Neurol. 2005, 64, 113–122. [CrossRef]
11. Boland, B.; Kumar, A.; Lee, S.; Platt, F.M.; Wegiel, J.; Yu, W.H.; Nixon, R.A. Autophagy induction and autophagosome clearance in

neurons: Relationship to autophagic pathology in Alzheimer’s disease. J. Neurosci. 2008, 28, 6926–6937. [CrossRef]

102



Life 2023, 13, 1187

12. Yu, W.H.; Cuervo, A.M.; Kumar, A.; Peterhoff, C.M.; Schmidt, S.D.; Lee, J.H.; Mohan, P.S.; Mercken, M.; Farmery, M.R.; Tjernberg,
L.O.; et al. Macroautophagy—A novel Beta-amyloid peptide-generating pathway activated in Alzheimer’s disease. J. Cell Biol.
2005, 171, 87–98. [CrossRef] [PubMed]

13. Sanchez-Varo, R.; Trujillo-Estrada, L.; Sanchez-Mejias, E.; Torres, M.; Baglietto-Vargas, D.; Moreno-Gonzalez, I.; De Castro, V.;
Jimenez, S.; Ruano, D.; Vizuete, M.; et al. Abnormal accumulation of autophagic vesicles correlates with axonal and synaptic
pathology in young Alzheimer’s mice hippocampus. Acta Neuropathol. 2012, 123, 53–70. [CrossRef] [PubMed]

14. Cataldo, A.M.; Peterhoff, C.M.; Schmidt, S.D.; Terio, N.B.; Duff, K.; Beard, M.; Mathews, P.M.; Nixon, R.A. Presenilin mutations in
familial Alzheimer disease and transgenic mouse models accelerate neuronal lysosomal pathology. J. Neuropathol. Exp. Neurol.
2004, 63, 821–830. [CrossRef] [PubMed]

15. Yang, D.S.; Stavrides, P.; Mohan, P.S.; Kaushik, S.; Kumar, A.; Ohno, M.; Schmidt, S.D.; Wesson, D.; Bandyopadhyay, U.; Jiang, Y.;
et al. Reversal of autophagy dysfunction in the TgCRND8 mouse model of Alzheimer’s disease ameliorates amyloid pathologies
and memory deficits. Brain 2011, 134, 258–277. [CrossRef] [PubMed]

16. Medina, D.L. Lysosomal calcium and autophagy. Int. Rev. Cell Mol. Biol. 2021, 362, 141–170. [PubMed]
17. Sukumaran, P.; Da Conceicao, V.N.; Sun, Y.Y.; Ahamad, N.; Saraiva, L.R.; Selvaraj, S.; Singh, B.B. Calcium Signaling Regulates

Autophagy and Apoptosis. Cells 2021, 10, 2125. [CrossRef]
18. La Rovere, R.M.L.; Roest, G.; Bultynck, G.; Parys, J.B. Intracellular Ca2+ signaling and Ca2+ microdomains in the control of cell

survival, apoptosis and autophagy. Cell Calcium 2016, 60, 74–87. [CrossRef]
19. Decuypere, J.P.; Bultynck, G.; Parys, J.B. A dual role for Ca2+ in autophagy regulation. Cell Calcium 2011, 50, 242–250. [CrossRef]

[PubMed]
20. Cardenas, C.; Miller, R.A.; Smith, I.; Bui, T.; Molgo, J.; Muller, M.; Vais, H.; Cheung, K.H.; Yang, J.; Parker, I.; et al. Essential

regulation of cell bioenergetics by constitutive InsP3 receptor Ca2+ transfer to mitochondria. Cell 2010, 142, 270–283. [CrossRef]
21. Valladares, D.; Utreras-Mendoza, Y.; Campos, C.; Morales, C.; Diaz-Vegas, A.; Contreras-Ferrat, A.; Westermeier, F.; Jaimovich, E.;

Marchi, S.; Pinton, P.; et al. IP3 receptor blockade restores autophagy and mitochondrial function in skeletal muscle fibers of
dystrophic mice. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 3685–3695. [CrossRef]

22. Lam, D.; Kosta, A.; Luciani, M.F.; Golstein, P. The inositol 1,4,5-trisphosphate receptor is required to signal autophagic cell death.
Mol. Biol. Cell 2008, 19, 691–700. [CrossRef]

23. Khan, M.T.; Joseph, S.K. Role of inositol trisphosphate receptors in autophagy in DT40 cells. J. Biol. Chem. 2010, 285, 16912–16920.
[CrossRef] [PubMed]

24. Mustaly-Kalimi, S.; Gallegos, W.; Marr, R.A.; Gilman-Sachs, A.; Peterson, D.A.; Sekler, I.; Stutzmann, G.E. Protein mishandling
and impaired lysosomal proteolysis generated through calcium dysregulation in Alzheimer’s disease. Proc. Natl. Acad. Sci. USA
2022, 119, e2211999119. [CrossRef]

25. Vervliet, T.; Pintelon, I.; Welkenhuyzen, K.; Bootman, M.D.; Bannai, H.; Mikoshiba, K.; Martinet, W.; Kasri, N.N.; Parys, J.B.;
Bultynck, G. Basal ryanodine receptor activity suppresses autophagic flux. Biochem. Pharmacol. 2017, 132, 133–142. [CrossRef]
[PubMed]

26. Vervliet, T. Ryanodine Receptors in Autophagy: Implications for Neurodegenerative Diseases? Front. Cell. Neurosci. 2018, 12, 89.
[CrossRef] [PubMed]

27. Zhang, H.; Knight, C.; Chen, S.R.W.; Bezprozvanny, I. A gating mutation in ryanodine receptor type 2 rescues phenotypes of
Alzheimer’s disease mouse models by upregulating neuronal autophagy. J. Neurosci. 2023, 43, 1441–1454. [CrossRef]

28. Lee, J.H.; McBrayer, M.K.; Wolfe, D.M.; Haslett, L.J.; Kumar, A.; Sato, Y.; Lie, P.P.; Mohan, P.; Coffey, E.E.; Kompella, U.; et al.
Presenilin 1 Maintains Lysosomal Ca2+ Homeostasis via TRPML1 by Regulating vATPase-Mediated Lysosome Acidification. Cell
Rep. 2015, 12, 1344–1430. [CrossRef]

29. Lie, P.P.Y.; Yoo, L.; Goulbourne, C.N.; Berg, M.J.; Stavrides, P.; Huo, C.; Lee, J.H.; Nixon, R.A. Axonal transport of late endosomes
and amphisomes is selectively modulated by local Ca2+ efflux and disrupted by PSEN1 loss of function. Sci. Adv. 2022, 8, eabj5716.
[CrossRef]

30. Leissring, M.A.; Paul, B.A.; Parker, I.; Cotman, C.W.; LaFerla, F.M. Alzheimer’s Alzheimer’s presenilin-1 mutation potentiates
inositol 1,4,5-trisphosphate-mediated calcium signaling in Xenopus oocytes. J. Neurochem. 1999, 72, 1061–1068. [CrossRef]

31. Stutzmann, G.E.; Caccamo, A.; LaFerla, F.M.; Parker, I. Dysregulated IP3 signaling in cortical neurons of knock-in mice expressing
an Alzheimer’s-linked mutation in presenilin1 results in exaggerated Ca2+ signals and altered membrane excitability. J Neurosci.
2004, 24, 508–513. [CrossRef]

32. Toglia, P.; Ullah, G. The gain-of-function enhancement of IP3-receptor channel gating by familial Alzheimer’s disease-linked
presenilin mutants increases the open probability of mitochondrial permeability transition pore. Cell Calcium. 2016, 60, 13–24.
[CrossRef]

33. Toglia, P.; Cheung, K.H.; Mak, D.O.; Ullah, G. Impaired mitochondrial function due to familial Alzheimer’s disease-causing
presenilins mutants via Ca2+ disruptions. Cell Calcium 2016, 59, 240–250. [CrossRef] [PubMed]

34. Mak, D.O.; Cheung, K.H.; Toglia, P.; Foskett, J.K.; Ullah, G. Analyzing and Quantifying the Gain-of-Function Enhancement of
IP3 Receptor Gating by Familial Alzheimer’s Disease-Causing Mutants in Presenilins. PLoS Comput. Biol. 2015, 11, e1004529.
[CrossRef] [PubMed]

103



Life 2023, 13, 1187

35. Jensen, L.E.; Bultynck, G.; Luyten, T.; Amijee, H.; Bootman, M.D.; Roderick, H.L. Alzheimer’s Alzheimer’s disease-associated
peptide Abeta42 mobilizes ER Ca2+ via InsP3R-dependent and -independent mechanisms. Front Mol. Neurosci. 2013, 6, 36.
[CrossRef] [PubMed]

36. Shilling, D.; Muller, M.; Takano, H.; Mak, D.O.; Abel, T.; Coulter, D.A.; Foskett, J.K. Suppression of InsP3 receptor-mediated
Ca2+ signaling alleviates mutant presenilin-linked familial Alzheimer’s disease pathogenesis. J Neurosci. 2014, 34, 6910–6923.
[CrossRef] [PubMed]

37. Baker, K.D.; Edwards, T.M.; Rickard, N.S. The role of intracellular calcium stores in synaptic plasticity and memory consolidation.
Neurosci. Biobehav. Rev. 2013, 37, 1211–1239. [CrossRef]

38. Sugawara, T.; Hisatsune, C.; Le, T.D.; Hashikawa, T.; Hirono, M.; Hattori, M.; Nagao, S.; Mikoshiba, K. Type 1 inositol
trisphosphate receptor regulates cerebellar circuits by maintaining the spine morphology of purkinje cells in adult mice. J.
Neurosci. 2013, 33, 12186–12196. [CrossRef]

39. Lai, F.A.; Dent, M.; Wickenden, C.; Xu, L.; Kumari, G.; Misra, M.; Lee, H.B.; Sar, M.; Meissner, G. Expression of a Cardiac Ca-2+-
Release Channel Isoform in Mammalian Brain. Biochem. J. 1992, 288, 553–564. [CrossRef]

40. Furuichi, T.; Furutama, D.; Hakamata, Y.; Nakai, J.; Takeshima, H.; Mikoshiba, K. Multiple Types of Ryanodine Receptor Ca2+

Release Channels Are Differentially Expressed in Rabbit Brain. J. Neurosci. 1994, 14, 4794–4805. [CrossRef]
41. Hertle, D.N.; Yeckel, M.F. Distribution of inositol-1,4,5-trisphosphate receptor isotypes and ryanodine receptor isotypes during

maturation of the rat hippocampus. Neuroscience 2007, 150, 625–638. [CrossRef] [PubMed]
42. Liu, J.; Supnet, C.; Sun, S.; Zhang, H.; Good, L.; Popugaeva, E.; Bezprozvanny, I. The role of ryanodine receptor type 3 in a mouse

model of Alzheimer disease. Channels 2014, 8, 230–242. [CrossRef]
43. Zima, A.V.; Mazurek, S.R. Functional Impact of Ryanodine Receptor Oxidation on Intracellular Calcium Regulation in the Heart.

Rev. Physiol. Biochem. Pharmacol. 2016, 171, 39–62. [PubMed]
44. Smith, I.F.; Hitt, B.; Green, K.N.; Oddo, S.; LaFerla, F.M. Enhanced caffeine-induced Ca2+ release in the 3×Tg-AD mouse model of

Alzheimer’s disease. J. Neurochem. 2005, 94, 1711–1718. [CrossRef]
45. Oules, B.; Del Prete, D.; Greco, B.; Zhang, X.; Lauritzen, I.; Sevalle, J.; Moreno, S.; Paterlini-Brechot, P.; Trebak, M.; Checler, F.; et al.

Ryanodine receptor blockade reduces amyloid-beta load and memory impairments in Tg2576 mouse model of Alzheimer disease.
J. Neurosci. 2012, 32, 11820–11834. [CrossRef]

46. Kelliher, M.; Fastbom, J.; Cowburn, R.F.; Bonkale, W.; Ohm, T.G.; Ravid, R.; Sorrentino, V.; O’Neill, C. Alterations in the ryanodine
receptor calcium release channel correlate with Alzheimer’s disease neurofibrillary and beta-amyloid pathologies. Neuroscience
1999, 92, 499–513. [CrossRef] [PubMed]

47. Chakroborty, S.; Goussakov, I.; Miller, M.B.; Stutzmann, G.E. Deviant ryanodine receptor-mediated calcium release resets synaptic
homeostasis in presymptomatic 3xTg-AD mice. J. Neurosci. 2009, 29, 9458–9470. [CrossRef]

48. Lacampagne, A.; Liu, X.P.; Reiken, S.; Bussiere, R.; Meli, A.C.; Lauritzen, I.; Teich, A.F.; Zalk, R.; Saint, N.; Arancio, O.; et al.
Post-translational remodeling of ryanodine receptor induces calcium leak leading to Alzheimer’s disease-like pathologies and
cognitive deficits. Acta Neuropathol. 2017, 134, 749–767. [CrossRef]

49. Bruno, A.M.; Huang, J.Y.; Bennett, D.A.; Marr, R.A.; Hastings, M.L.; Stutzmann, G.E. Altered ryanodine receptor expression in
mild cognitive impairment and Alzheimer’s disease. Neurobiol Aging. 2012, 33, 1001.e1–1001.e6. [CrossRef]

50. Zhang, H.; Sun, S.; Herreman, A.; De Strooper, B.; Bezprozvanny, I. Role of presenilins in neuronal calcium homeostasis. J. Neurosci.
2010, 30, 8566–8580. [CrossRef]

51. Gant, J.C.; Sama, M.M.; Landfield, P.W.; Thibault, O. Early and simultaneous emergence of multiple hippocampal biomarkers of
aging is mediated by Ca2+-induced Ca2+ release. J. Neurosci. 2006, 26, 3482–3490. [CrossRef] [PubMed]

52. Gant, J.C.; Blalock, E.M.; Chen, K.C.; Kadish, I.; Porter, N.M.; Norris, C.M.; Thibault, O.; Landfield, P.W. FK506-binding protein
1b/12.6: A key to aging-related hippocampal Ca2+ dysregulation? Eur. J. Pharmacol. 2014, 739, 74–82. [CrossRef] [PubMed]

53. Peng, J.; Liang, G.; Inan, S.; Wu, Z.; Joseph, D.J.; Meng, Q.C.; Peng, Y.; Eckenhoff, M.F.; Wei, H.F. Dantrolene ameliorates cognitive
decline and neuropathology in Alzheimer triple transgenic mice. Neurosci. Lett. 2012, 516, 274–279. [CrossRef] [PubMed]

54. Chakroborty, S.; Briggs, C.; Miller, M.B.; Goussakov, I.; Schneider, C.; Kim, J.; Wicks, J.; Richardson, J.C.; Conklin, V.; Cameransi,
B.G.; et al. Stabilizing ER Ca2+ Channel Function as an Early Preventative Strategy for Alzheimer’s Disease. PLoS ONE 2012,
7, e52056. [CrossRef] [PubMed]

55. Liu, Y.; Yao, J.; Song, Z.; Guo, W.; Sun, B.; Wei, J.; Estillore, J.P.; Back, T.G.; Chen, S.R.W. Limiting RyR2 open time prevents
Alzheimer’s disease-related deficits in the 3xTG-AD mouse model. J Neurosci Res. 2021, 99, 2906–2921. [CrossRef]

56. Sun, B.; Yao, J.; Chen, A.W.; Estillore, J.P.; Wang, R.; Back, T.G.; Chen, S.R.W. Genetically and pharmacologically limiting RyR2
open time prevents neuronal hyperactivity of hippocampal CA1 neurons in brain slices of 5xFAD mice. Neurosci. Lett. 2021,
758, 136011. [CrossRef]

57. Yao, J.; Sun, B.; Institoris, A.; Zhan, X.; Guo, W.; Song, Z.; Liu, Y.; Hiess, F.; Boyce, A.K.J.; Ni, M.; et al. Limiting RyR2 Open Time
Prevents Alzheimer’s Disease-Related Neuronal Hyperactivity and Memory Loss but Not beta-Amyloid Accumulation. Cell Rep.
2020, 32, 108169. [CrossRef]

58. Nakamura, Y.; Yamamoto, T.; Xu, X.J.; Kobayashi, S.; Tanaka, S.; Tamitani, M.; Saito, T.; Saido, T.C.; Yano, M. Enhancing
calmodulin binding to ryanodine receptor is crucial to limit neuronal cell loss in Alzheimer disease. Sci. Rep. 2021, 11, 7289.
[CrossRef]

59. Mizushima, N.; Levine, B. Autophagy in Human Diseases. N. Engl. J. Med. 2020, 383, 1564–1576. [CrossRef]

104



Life 2023, 13, 1187

60. Fleming, A.; Bourdenx, M.; Fujimaki, M.; Karabiyik, C.; Krause, G.J.; Lopez, A.; Puri, C.; Scrivo, A.; Skidmore, J.; Son, S.M.; et al.
The different autophagy degradation pathways and neurodegeneration. Neuron 2022, 110, 935–966. [CrossRef]

61. Metaxakis, A.; Ploumi, C.; Tavernarakis, N. Autophagy in Age-Associated Neurodegeneration. Cells 2018, 7, 37. [CrossRef]
62. Hara, T.; Nakamura, K.; Matsui, M.; Yamamoto, A.; Nakahara, Y.; Suzuki-Migishima, R.; Yokoyama, M.; Mishima, K.; Saito, I.;

Okano, H.; et al. Suppression of basal autophagy in neural cells causes neurodegenerative disease in mice. Nature 2006, 441,
885–889. [CrossRef] [PubMed]

63. Komatsu, M.; Waguri, S.; Chiba, T.; Murata, S.; Iwata, J.; Tanida, I.; Ueno, T.; Koike, M.; Uchiyama, Y.; Kominami, E.; et al. Loss of
autophagy in the central nervous system causes neurodegeneration in mice. Nature 2006, 441, 880–884. [CrossRef] [PubMed]

64. Goldsmith, J.; Ordureau, A.; Harper, J.W.; Holzbaur, E.L.F. Brain-derived autophagosome profiling reveals the engulfment of
nucleoid-enriched mitochondrial fragments by basal autophagy in neurons. Neuron 2022, 110, 967–976.e8. [CrossRef]

65. Kuijpers, M.; Kochlamazashvili, G.; Stumpf, A.; Puchkov, D.; Swaminathan, A.; Lucht, M.T.; Krause, E.; Maritzen, T.; Schmitz, D.;
Haucke, V. Neuronal Autophagy Regulates Presynaptic Neurotransmission by Controlling the Axonal Endoplasmic Reticulum.
Neuron 2021, 109, 299–313.e9. [CrossRef] [PubMed]

66. Binotti, B.; Pavlos, N.J.; Riedel, D.; Wenzel, D.; Vorbruggen, G.; Schalk, A.M.; Kuhnel, K.; Boyken, J.; Erck, C.; Martens, H.; et al.
The GTPase Rab26 links synaptic vesicles to the autophagy pathway. eLife 2015, 4, e05597. [CrossRef] [PubMed]

67. Stavoe, A.K.; Holzbaur, E.L. Axonal autophagy: Mini-review for autophagy in the CNS. Neurosci. Lett. 2019, 697, 17–23. [CrossRef]
68. Kuijpers, M. Keeping synapses in shape: Degradation pathways in the healthy and aging brain. Neuronal Signal 2022,

6, NS20210063. [CrossRef]
69. Komatsu, M.; Wang, Q.J.; Holstein, G.R.; Friedrich, V.L., Jr.; Iwata, J.; Kominami, E.; Chait, B.T.; Tanaka, K.; Yue, Z. Essential role

for autophagy protein Atg7 in the maintenance of axonal homeostasis and the prevention of axonal degeneration. Proc. Natl.
Acad. Sci. USA 2007, 104, 14489–14494. [CrossRef]

70. Hernandez, D.; Torres, C.A.; Setlik, W.; Cebrian, C.; Mosharov, E.V.; Tang, G.M.; Cheng, H.C.; Kholodilov, N.; Yarygina, O.; Burke,
R.E.; et al. Regulation of Presynaptic Neurotransmission by Macroautophagy. Neuron 2012, 74, 277–284. [CrossRef]

71. Hwang, H.J.; Ha, H.; Lee, B.S.; Kim, B.H.; Song, H.K.; Kim, Y.K. LC3B is an RNA-binding protein to trigger rapid mRNA
degradation during autophagy. Nat. Commun. 2022, 13, 1436. [CrossRef] [PubMed]

72. Compans, B.; Camus, C.; Kallergi, E.; Sposini, S.; Martineau, M.; Butler, C.; Kechkar, A.; Klaassen, R.V.; Retailleau, N.; Sejnowski,
T.J.; et al. NMDAR-dependent long-term depression is associated with increased short term plasticity through autophagy
mediated loss of PSD-95. Nat. Commun. 2021, 12, 2849. [CrossRef] [PubMed]

73. Kallergi, E.; Daskalaki, A.D.; Kolaxi, A.; Camus, C.; Ioannou, E.; Mercaldo, V.; Haberkant, P.; Stein, F.; Sidiropoulou, K.; Dalezios,
Y.; et al. Dendritic autophagy degrades postsynaptic proteins and is required for long-term synaptic depression in mice. Nat.
Commun. 2022, 13, 680. [CrossRef] [PubMed]

74. Feng, T.C.; Tammineni, P.; Agrawal, C.; Jeong, Y.Y.; Cai, Q. Autophagy-mediated Regulation of BACE1 Protein Trafficking and
Degradation. J. Biol. Chem. 2017, 292, 1679–1690. [CrossRef]

75. Nilsson, P.; Saido, T.C. Dual roles for autophagy: Degradation and secretion of Alzheimer’s disease Abeta peptide. Bioessays 2014,
36, 570–578. [CrossRef]

76. Nilsson, P.; Loganathan, K.; Sekiguchi, M.; Matsuba, Y.; Hui, K.; Tsubuki, S.; Tanaka, M.; Iwata, N.; Saito, T.; Saido, T.C. Abeta
secretion and plaque formation depend on autophagy. Cell Rep. 2013, 5, 61–69. [CrossRef]

77. Wang, Y.P.; Martinez-Vicente, M.; Krüger, U.; Kaushik, S.; Wong, E.; Mandelkow, E.-M.; Cuervo, A.M.; Mandelkow, E. Tau
fragmentation, aggregation and clearance: The dual role of lysosomal processing. Hum. Mol. Genet. 2009, 18, 4153–4170.
[CrossRef]

78. Dolan, P.J.; Johnson, G.V. A Caspase Cleaved Form of Tau Is Preferentially Degraded through the Autophagy Pathway. J. Biol.
Chem. 2010, 285, 21978–21987. [CrossRef]

79. Caballero, B.; Bourdenx, M.; Luengo, E.; Diaz, A.; Sohn, P.D.; Chen, X.; Wang, C.; Juste, Y.R.; Wegmann, S.; Patel, B.; et al.
Acetylated tau inhibits chaperone-mediated autophagy and promotes tau pathology propagation in mice. Nat. Commun. 2021,
12, 2238. [CrossRef]

80. Ozcelik, S.; Fraser, G.; Castets, P.; Schaeffer, V.; Skachokova, Z.; Breu, K.; Clavaguera, F.; Sinnreich, M.; Kappos, L.; Goedert,
M.; et al. Rapamycin Attenuates the Progression of Tau Pathology in P301S Tau Transgenic Mice. PLoS ONE 2013, 8, e62459.
[CrossRef]

81. Schaeffer, V.; Lavenir, I.; Ozcelik, S.; Tolnay, M.; Winkler, D.T.; Goedert, M. Stimulation of autophagy reduces neurodegeneration
in a mouse model of human tauopathy. Brain 2012, 135, 2169–2177. [CrossRef] [PubMed]

82. Katsinelos, T.; Zeitler, M.; Dimou, E.; Karakatsani, A.; Muller, H.M.; Nachman, E.; Steringer, J.P.; de Almodovar, C.R.; Nickel,
W.; Jahn, T.R. Unconventional Secretion Mediates the Trans-cellular Spreading of Tau. Cell Rep. 2018, 23, 2039–2055. [CrossRef]
[PubMed]

83. Kang, S.; Son, S.M.; Baik, S.H.; Yang, J.; Mook-Jung, I. Autophagy-mediated secretory pathway is responsible for both normal and
pathological tau in neurons. J. Alzheimers Dis. 2019, 70, 667–680. [CrossRef]

84. Ruan, Z.; Pathak, D.; Kalavai, S.V.; Yoshii-Kitahara, A.; Muraoka, S.; Bhatt, N.; Takamatsu-Yukawa, K.; Hu, J.; Wang, Y.; Hersh,
S.; et al. Alzheimer’s disease brain-derived extracellular vesicles spread tau pathology in interneurons. Brain 2021, 144, 288.
[CrossRef]

105



Life 2023, 13, 1187

85. Sebastian-Serrano, A.; de Diego-Garcia, L.; Diaz-Hernandez, M. The Neurotoxic Role of Extracellular Tau Protein. Int. J. Mol. Sci.
2018, 19, 998. [CrossRef] [PubMed]

86. Pickford, F.; Masliah, E.; Britschgi, M.; Lucin, K.; Narasimhan, R.; Jaeger, P.A.; Small, S.; Spencer, B.; Rockenstein, E.; Levine, B.;
et al. The autophagy-related protein beclin 1 shows reduced expression in early Alzheimer disease and regulates amyloid beta
accumulation in mice. J. Clin. Invest 2008, 118, 2190–2199. [PubMed]

87. Du, Y.; Wooten, M.C.; Gearing, M.; Wooten, M.W. Age-associated oxidative damage to the p62 promoter: Implications for
Alzheimer disease. Free Radic. Biol. Med. 2009, 46, 492–501. [CrossRef]

88. Lipinski, M.M.; Zheng, B.; Lu, T.; Yan, Z.; Py, B.F.; Ng, A.; Xavier, R.J.; Li, C.; Yankner, B.A.; Scherzer, C.R.; et al. Genome-wide
analysis reveals mechanisms modulating autophagy in normal brain aging and in Alzheimer’s disease. Proc. Natl. Acad. Sci. USA
2010, 107, 14164–14169. [CrossRef]

89. Colacurcio, D.J.; Pensalfini, A.; Jiang, Y.; Nixon, R.A. Dysfunction of autophagy and endosomal-lysosomal pathways: Roles in
pathogenesis of Down syndrome and Alzheimer’s Disease. Free Radic. Biol. Med. 2018, 114, 40–51. [CrossRef]

90. Lee, J.H.; Yang, D.S.; Goulbourne, C.N.; Im, E.; Stavrides, P.; Pensalfini, A.; Chan, H.; Bouchet-Marquis, C.; Bleiwas, C.; Berg, M.J.;
et al. Faulty autolysosome acidification in Alzheimer’s disease mouse models induces autophagic build-up of Abeta in neurons,
yielding senile plaques. Nat. Neurosci. 2022, 25, 688–701. [CrossRef]

91. Lee, J.H.; Yu, W.H.; Kumar, A.; Lee, S.; Mohan, P.S.; Peterhoff, C.M.; Wolfe, D.M.; Martinez-Vicente, M.; Massey, A.C.; Sovak, G.;
et al. Lysosomal Proteolysis and Autophagy Require Presenilin 1 and Are Disrupted by Alzheimer-Related PS1 Mutations. Cell
2010, 141, 1146–1158. [CrossRef]

92. Coen, K.; Flannagan, R.S.; Baron, S.; Carraro-Lacroix, L.R.; Wang, D.; Vermeire, W.; Michiels, C.; Munck, S.; Baert, V.; Sugita, S.;
et al. Lysosomal calcium homeostasis defects, not proton pump defects, cause endo-lysosomal dysfunction in PSEN-deficient
cells. J. Cell Biol. 2012, 198, 23–35. [CrossRef]

93. Zhang, X.; Garbett, K.; Veeraraghavalu, K.; Wilburn, B.; Gilmore, R.; Mirnics, K.; Sisodia, S.S. A role for presenilins in autophagy
revisited: Normal acidification of lysosomes in cells lacking PSEN1 and PSEN2. J. Neurosci. 2012, 32, 8633–8648. [CrossRef]
[PubMed]

94. Bezprozvanny, I. Presenilins: A novel link between intracellular calcium signaling and lysosomal function? J. Cell Biol. 2012, 198,
7–10. [CrossRef] [PubMed]

95. Colacurcio, D.J.; Nixon, R.A. Disorders of lysosomal acidification-The emerging role of v-ATPase in aging and neurodegenerative
disease. Ageing Res. Rev. 2016, 32, 75–88. [CrossRef]

96. Torres, M.; Jimenez, S.; Sanchez-Varo, R.; Navarro, V.; Trujillo-Estrada, L.; Sanchez-Mejias, E.; Carmona, I.; Davila, J.C.; Vizuete,
M.; Gutierrez, A.; et al. Defective lysosomal proteolysis and axonal transport are early pathogenic events that worsen with age
leading to increased APP metabolism and synaptic Abeta in transgenic APP/PS1 hippocampus. Mol. Neurodegener. 2012, 7, 59.
[CrossRef] [PubMed]

97. Zi, Z.; Zhang, Z.; Feng, Q.; Kim, C.; Wang, X.D.; Scherer, P.E.; Gao, J.; Levine, B.; Yu, Y. Quantitative phosphoproteomic analyses
identify STK11IP as a lysosome-specific substrate of mTORC1 that regulates lysosomal acidification. Nat. Commun. 2022, 13, 1760.
[CrossRef]

98. Atakpa, P.; Thillaiappan, N.B.; Mataragka, S.; Prole, D.L.; Taylor, C.W. IP3 Receptors Preferentially Associate with ER-Lysosome
Contact Sites and Selectively Deliver Ca2+ to Lysosomes. Cell Rep. 2018, 25, 3180–3193.e7. [CrossRef]

99. Kong, A.; Zhang, Y.; Ning, B.; Li, K.; Ren, Z.; Dai, S.; Chen, D.; Zhou, Y.; Gu, J.; Shi, H. Cadmium induces triglyceride levels via
microsomal triglyceride transfer protein (MTTP) accumulation caused by lysosomal deacidification regulated by endoplasmic
reticulum (ER) Ca2+ homeostasis. Chem. Biol. Interact. 2021, 348, 109649. [CrossRef]

100. Dong, X.P.; Shen, D.; Wang, X.; Dawson, T.; Li, X.; Zhang, Q.; Cheng, X.; Zhang, Y.; Weisman, L.S.; Delling, M.; et al. PI(3,5)P2
controls membrane trafficking by direct activation of mucolipin Ca2+ release channels in the endolysosome. Nat. Commun. 2010,
1, 38. [CrossRef]

101. Krogsaeter, E.; Rosato, A.S.; Grimm, C. TRPMLs and TPCs: Targets for lysosomal storage and neurodegenerative disease therapy?
Cell Calcium 2022, 103, 102553. [CrossRef] [PubMed]

102. Chung, K.M.; Jeong, E.J.; Park, H.; An, H.K.; Yu, S.W. Mediation of Autophagic Cell Death by Type 3 Ryanodine Receptor (RyR3)
in Adult Hippocampal Neural Stem Cells. Front. Cell. Neurosci. 2016, 10, 116. [CrossRef] [PubMed]

103. Law, B.Y.K.; Michelangeli, F.; Qu, Y.Q.; Xu, S.W.; Han, Y.; Mok, S.W.F.A.; Dias, I.R.D.R.; Javed, M.U.; Chan, W.K.; Xue, W.W.; et al.
Neferine induces autophagy-dependent cell death in apoptosis-resistant cancers via ryanodine receptor and Ca2+-dependent
mechanism. Sci. Rep. 2019, 9, 20034. [CrossRef] [PubMed]

104. Qiao, H.; Li, Y.; Xu, Z.D.; Li, W.X.; Fu, Z.J.; Wang, Y.Z.; King, A.; Wei, H.F. Propofol Affects Neurodegeneration and Neurogenesis
by Regulation of Autophagy via Effects on Intracellular Calcium Homeostasis. Anesthesiology 2017, 127, 490–501. [CrossRef]

105. Chen, W.Q.; Wang, R.W.; Chen, B.Y.; Zhong, X.W.; Kong, H.H.; Bai, Y.L.; Zhou, Q.; Xie, C.H.; Zhang, J.Q.; Guo, A.; et al.
The ryanodine receptor store-sensing gate controls Ca2+ waves and Ca2+-triggered arrhythmias. Nat. Med. 2014, 20, 184–192.
[CrossRef] [PubMed]

106. Saucerman, J.J.; Bers, D.M. Calmodulin Mediates Differential Sensitivity of CaMKII and Calcineurin to Local Ca2+ in Cardiac
Myocytes. Biophys. J. 2008, 95, 4597–4612. [CrossRef]

107. Stefan, M.I.; Edelstein, S.J.; Le Novere, N. An allosteric model of calmodulin explains differential activation of PP2B and CaMKII.
Proc. Natl. Acad. Sci. USA 2008, 105, 10768–10773. [CrossRef]

106



Life 2023, 13, 1187

108. Medina, D.L.; Di Paola, S.; Peluso, I.; Armani, A.; De Stefani, D.; Venditti, R.; Montefusco, S.; Scotto-Rosato, A.; Prezioso, C.;
Forrester, A.; et al. Lysosomal calcium signalling regulates autophagy through calcineurin and TFEB. Nat. Cell Biol. 2015, 17,
288–299. [CrossRef]

109. Rosato, A.S.; Montefusco, S.; Soldati, C.; Di Paola, S.; Capuozzo, A.; Monfregola, J.; Polishchuk, E.; Amabile, A.; Grimm, C.;
Lombardo, A.; et al. TRPML1 links lysosomal calcium to autophagosome biogenesis through the activation of the CaMKK
beta/VPS34 pathway. Nat. Commun. 2019, 10, 5630. [CrossRef]

110. Somogyi, A.; Kirkham, E.D.; Lloyd-Evans, E.; Winston, J.; Allen, N.D.; Mackrill, J.J.; Anderson, K.E.; Hawkins, P.T.; Gardiner,
S.E.; Waller-Evans, H.; et al. The synthetic TRPML1 agonist ML-SA1 rescues Alzheimer-related alterations of the endosomal-
autophagic-lysosomal system. J. Cell Sci. 2023, 136, jcs259875. [CrossRef]

111. Xu, Y.; Du, S.; Marsh, J.A.; Horie, K.; Sato, C.; Ballabio, A.; Karch, C.M.; Holtzman, D.M.; Zheng, H. TFEB regulates lysosomal
exocytosis of tau and its loss of function exacerbates tau pathology and spreading. Mol Psych. 2021, 26, 5925–5939. [CrossRef]

112. Huang, A.S.; Tong, B.C.K.; Wu, A.J.; Chen, X.T.; Sreenivasmurthy, S.G.; Zhu, Z.; Liu, J.; Su, C.F.; Li, M.; Cheune, K.H. Rectifying
Attenuated Store-Operated Calcium Entry as a Therapeutic Approach for Alzheimer’s Disease. Curr. Alzheimer Res. 2020, 17,
1072–1087. [CrossRef] [PubMed]

113. Popugaeva, E.; Pchitskaya, E.; Bezprozvanny, I. Dysregulation of Intracellular Calcium Signaling in Alzheimer’s Disease. Antioxid.
Redox Signal 2018, 29, 1176–1188. [CrossRef]

114. Zhang, H.C.; Xie, W.Y.; Feng, Y.; Wei, J.L.; Yang, C.B.; Luo, P.; Yang, Y.F.; Zhao, P.; Jiang, X.F.; Liang, W.B.; et al. Stromal Interaction
Molecule 1-Mediated Store-Operated Calcium Entry Promotes Autophagy Through AKT/Mammalian Target of Rapamycin
Pathway in Hippocampal Neurons After Ischemic Stroke. Neuroscience 2023, 514, 67–78. [CrossRef] [PubMed]

115. Hu, Y.D.; Tang, C.L.; Jiang, J.Z.; Lv, H.Y.; Wu, Y.B.; Qin, X.D.; Shi, S.; Zhao, B.; Zhu, X.N.; Xia, Z.Y. Neuroprotective Effects
of Dexmedetomidine Preconditioning on Oxygen-glucose Deprivation-reoxygenation Injury in PC12 Cells via Regulation of
Ca2+-STIM1/Orai1 Signaling. Curr. Med. Sci. 2020, 40, 699–707. [CrossRef] [PubMed]

116. Zhang, H.; Sun, S.; Wu, L.; Pchitskaya, E.; Zakharova, O.; Fon Tacer, K.; Bezprozvanny, I. Store-Operated Calcium Channel
Complex in Postsynaptic Spines: A New Therapeutic Target for Alzheimer’s Disease Treatment. J. Neurosci. 2016, 36, 11837–11850.
[CrossRef] [PubMed]

117. Ma, S.; Xu, J.; Zheng, Y.; Li, Y.; Wang, Y.; Li, H.; Fang, Z.; Li, J. Qian Yang Yu Yin granule improves hypertensive renal damage: A
potential role for TRPC6-CaMKKbeta-AMPK-mTOR-mediated autophagy. J. Ethnopharmacol. 2023, 302, 115878. [CrossRef]

118. Zhou, J.; Song, J.; Wu, S. Autophagic degradation of stromal interaction molecule 2 mediates disruption of neuronal dendrites by
endoplasmic reticulum stress. J. Neurochem. 2019, 151, 351–369. [CrossRef]

119. Zhou, J.; Wu, S. Impairment of Store-operated Calcium Entry: Implications in Alzheimer’s Neurodegeneration. Curr. Alzheimer.
Res. 2020, 17, 1088–1094. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

107



Citation: Coppola, M.A.; Tettey-Matey,

A.; Imbrici, P.; Gavazzo, P.; Liantonio,

A.; Pusch, M. Biophysical Aspects of

Neurodegenerative and

Neurodevelopmental Disorders

Involving Endo-/Lysosomal CLC

Cl−/H+ Antiporters. Life 2023, 13,

1317. https://doi.org/10.3390/

life13061317

Academic Editor: Carlo Musio

Received: 22 May 2023

Revised: 30 May 2023

Accepted: 31 May 2023

Published: 2 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

life

Review

Biophysical Aspects of Neurodegenerative and
Neurodevelopmental Disorders Involving Endo-/Lysosomal
CLC Cl−/H+ Antiporters
Maria Antonietta Coppola 1,2, Abraham Tettey-Matey 1, Paola Imbrici 2, Paola Gavazzo 1, Antonella Liantonio 2 and
Michael Pusch 1,3,*

1 Istituto di Biofisica, Consiglio Nazionale delle Ricerche, 16149 Genova, Italy; maria.coppola@uniba.it (M.A.C.);
masirlow@gmail.com (A.T.-M.); paola.gavazzo@ibf.cnr.it (P.G.)

2 Department of Pharmacy–Drug Sciences, University of Bari “Aldo Moro”, 70125 Bari, Italy;
paola.imbrici@uniba.it (P.I.); antonella.liantonio@uniba.it (A.L.)

3 RAISE Ecosystem, 16149 Genova, Italy
* Correspondence: michael.pusch@ibf.cnr.it

Abstract: Endosomes and lysosomes are intracellular vesicular organelles with important roles in cell
functions such as protein homeostasis, clearance of extracellular material, and autophagy. Endolyso-
somes are characterized by an acidic luminal pH that is critical for proper function. Five members of
the gene family of voltage-gated ChLoride Channels (CLC proteins) are localized to endolysosomal
membranes, carrying out anion/proton exchange activity and thereby regulating pH and chloride
concentration. Mutations in these vesicular CLCs cause global developmental delay, intellectual dis-
ability, various psychiatric conditions, lysosomal storage diseases, and neurodegeneration, resulting
in severe pathologies or even death. Currently, there is no cure for any of these diseases. Here, we
review the various diseases in which these proteins are involved and discuss the peculiar biophysical
properties of the WT transporter and how these properties are altered in specific neurodegenerative
and neurodevelopmental disorders.

Keywords: CLC proteins; endosome; lysosome; chloride transport; developmental

1. Introduction—The CLC Family

Physiologically, the most abundant anion is chloride. It is an important substrate of
many transport proteins, being carried across the membrane as a single anion or coupled
with other ions, and is important, for example, for the regulation of the membrane potential,
intracellular vesicles acidification and cell volume regulation [1].

In humans, the CLC family is formed by nine members, which had initially been
supposed to be all chloride channels, because of their sequence homology with the founding
member, the Torpedo electroplax channel ClC-0 [2]. The discovery that the bacterial
Escherichia coli ecClC-1 homologue is not a passive chloride channel but a stoichiometrically
coupled secondary active 2 Cl−/1 H+ antiporter has dramatically changed the point of view
of the entire CLC group [3]. Based on sequence homology, three branches of human CLCs
have been distinguished. The first one includes the plasma membrane-localized chloride
channels ClC-1, ClC-2 and the two isoforms ClC-Ka and ClC-Kb. The second branch
is formed by ClC-3, ClC-4 and ClC-5, while the third branch contains ClC-6 and ClC-7.
ClC-3 to -7 are all Cl−/H+ exchangers and are localized to the intracellular membranes of
endosomes and/or lysosomes [1].

All CLC family members share the same dimeric architecture that is unique to this
protein family. Except for ClC-6 and ClC-7 [4], the other CLC proteins can form homo-
or hetero-dimers with members of the same branch [1]. Biochemical studies and single-
channel analysis on the first cloned Torpedo ClC-0, mutants [2,5,6] and biochemical and low-
resolution structural analysis of ecClC-1 [7,8] suggested a homodimeric “double-barreled”
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architecture, with physically separated anion transport pathways in each protomer. This
architecture has been fully confirmed by the determination of ecClC-1 and Salmonella ty-
phimurium stClC crystal structures [9,10]. The structures revealed the presence of distinct
anion binding sites, formed by residues that are also highly conserved in human CLCs.
The sites are denominated Sext, Scen and Sint, with Sext being occupied by the presum-
ably negatively charged side chain of the “gating glutamate” E148 [9,10]. Each monomer
presents 18 α-helices (from A to R) of which 17 are partially embedded in the membrane.
The two subunits interact in a tight manner and the architecture follows an inverted and
parallel orientation [1]. Two C-terminal tandem cystathionine-β-synthase (CBS) domains
are present in most eukaryotic CLC proteins [11,12], but are absent in ecClC-1. The two CBS
domains may have a role in the so-called common gating process (that will be discussed
in more detail below) and confer unique features to the CLC members [1]. Dutzler and
colleagues determined the crystal structures of isolated CBS domains of Torpedo ClC-0 [13],
human ClC-5 [14] and human ClC-Ka [15]. CBS domains are present in many different pro-
tein families, where they are often implicated in the sensing of adenine nucleotides [11,16].
Structurally, so far, ATP has been found to be bound in the isolated domains of ClC-5 and
in the full-length structure of ClC-7 [17], but not in isolated domains of ClC-0 and ClC-Ka
and not in full-length structures of bovine ClC-K or human ClC-1 [18–20].

Single-channel recordings of the Torpedo ClC-0 channel displayed two kinds of gating
mechanisms that regulate the open probability (Po) of the channel: a “fast” or “protopore”
gate that acts independently on single pores determines the closing or opening state of
each pore of the double-barreled structure [1]. The fast gate is mainly determined by the
gating glutamate (E166 in ClC-0), in that its neutralization renders CLC-0 channels voltage
independent. Protonation of the gating glutamate and its competition with permeant ions
underlie the anion and pH dependent protopore gating of most CLC channels [10,21–23].
Conversely, a second mechanism, termed a slow or common gate, operates on both pores
simultaneously and is still not well understood [1].

Some CLC proteins require association with a small ancillary subunit for proper
function or membrane expression. In particular, the kidney ClC-Ka and ClC-Kb channels
require association with the barttin subunit [24]. In glia cells, ClC-2 associates with Glial-
CAM, a protein with the typical architecture of a cell adhesion molecule, which is mutated
in megalencephalic leukoencephalopathy with subcortical cysts (MLC) [25]. It leads to
clustering of ClC-2 at glial cell–cell contacts and alters biophysical functions of the ClC-2
channel [25,26]. The complex of ClC-7 with its subunit Ostm1 is mandatory for mutual
stabilization [4,27].

The plasma membrane localized chloride channels belonging to the first branch of the
CLC family are expressed in a tissue-dependent manner that is different for each member
according to their physiological role. All channel CLCs are involved in various human
genetic diseases, as reviewed in detail elsewhere [1,28,29].

ClC-3 through ClC-7, which are the focus of this review, function as Cl−/H+ exchang-
ers and are localized to intracellular endosomes and/or lysosomes (Figure 1, Table 1).
Initially, when the transporter function of the intracellular CLCs was not yet known, it
was proposed that they act as charge-shunting chloride channels to assist the luminal
acidification of endosomes and lysosomes intracellular organelles [30–34]. Indeed, the
maintenance of an acidic pH of the lumen of endo-/lysosomes is required for their proper
physiological function. The proton pumping V-ATPase is electrogenic and thus generates
an electrical potential difference that would impede acidification if not neutralized by
anionic cotransport and/or cationic counter-transport. Somewhat surprisingly and counter-
intuitively, model calculations show that a 2 Cl−/H+ exchange activity, contributing to a
more inside-negative voltage, allows a more acidic steady-state luminal pH compared to a
shunting Cl− channel [35,36].
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Figure 1. Schematic illustration of localization of vesicular CLCs in the endo-/lysosomal pathway.

Among the endo-/lysosomal CLCs, ClC-5 is rather specifically expressed in the kidney
with a predominant presence in epithelial cells of the proximal tubule, where it is involved
in endocytic uptake [30,31,33]. Indeed, mutations causing impaired ClC-5 transport activity
are associated with Dent’s disease, a kidney disorder characterized by the primary symptom
of low molecular weight proteinuria, and a series of secondary symptoms including kidney
stones and renal failure, caused by defective endocytosis in the proximal tubule [33,37].
ClC-7, together with its subunit Ostm1 [27], is rather ubiquitously expressed in the body
and is localized to lysosomes and in the ruffled border of osteoclasts functioning as a
2Cl−/H+ antiporter [1]. Accordingly, impaired bone resorption in osteoclast, caused by a
functionally defective ClC-7/Ostm1 complex, causes osteopetrosis, a disease characterized
by stiff and fragile bones [38].
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Table 1. List of the CLC genes, subcellular localization and CLC related neurological diseases.

Protein Gene Cellular
Localization

Neurological
Disorder Symptoms References

ClC-3 CLCN3 Sorting and late
endosomes

Global developmental
delay

Intellectual disability, agenesis
of the corpus callosum, epilepsy, visual

impairment, hypotonia, anxiety, dysmorphic
facial features

[39]

ClC-4 CLCN4 Sorting and late
endosomes

CLCN4-related X
linked intellectual

disability syndrome

Intellectual disability, epilepsy, autism,
growth and feeding difficulties, epilepsy,

movement disorders, gastrointestinal
conditions, dysmorphic facial features

[40–42]

ClC-6 CLCN6 Late endosomes

Early Onset
Neurodegeneration

Severe neurodegeneration, severe
generalized hypotonia and respiratory

insufficiency, brain atrophy
[43]

Kufs’ disease
Adult-onset neuronal ceroid

Lipofuscinosis, movement and cognitive
function impairment

[44,45]

West syndrome

Severe developmental
delay, autism, movement disorder,
microcephaly, facial dysmorphism,

visual impairment

[46]

ClC-7/
Ostm1

CLCN7/
OSTM1 Lysosomes

Autosomal Recessive
Osteopetrosis

Osteopetrosis, lysosomal storage disease,
neurodegeneration, visual impairment [38,47,48]

Gain of function
CLCN7 related disease

Delayed myelination and development,
organomegaly, and hypopigmentation [49]

A large phenotypic spectrum of neuronal diseases is associated with mutations in
the genes encoding ClC-3/-4/-6 and ClC-7, as will be described in detail in the following
paragraphs (see Table 1).

For all vesicular CLCs, an unsolved question pertains to the direction of exchanger
transport. Despite being physiologically localized to endo-/lysosomes, ClC-3 to -6 can
reach the plasma membrane when heterologously expressed in HEK293 cells, allowing the
investigation of their biophysical properties using the patch clamp technique [45,50–53].
For ClC-7, the elimination of N-terminal lysosomal targeting motifs leads to plasma mem-
brane expression [4,54]. ClC-3 to -5 all exhibit extreme outward rectification of currents
with very little or nonresolvable activation kinetics [50–53,55]. This current direction corre-
sponds to the transport of luminal Cl− out of lysosomes with a parallel influx of cytosolic
H+. However, it remains unclear whether the direction of transport is physiologically
relevant and whether CLC exchangers work synergistically with V-ATPase, contributing to
luminal acidification.

Additionally, ClC-6 and ClC-7 exhibit strongly outwardly rectifying currents, which
are, however, characterized by slow activation kinetics and measurable inward “tail”
currents [4,45].

2. ClC-3 and ClC-4

The second branch of the CLC family comprises ClC-3, -4 and 5. These three endosomal
transporters share high sequence similarity and have similar functional properties [1,29].
Among the human CLCs, they are the most similar to the Escherichia coli ecClC-1 homologue.
The renal-specific ClC-5 is found mostly in recycling endosomes and its physiological role
will not be discussed in detail [1]. ClC-3 and ClC-4 are localized to sorting endosomes, and
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ClC-3 is probably localized in late endosomes as well [1,29]. ClC-3 has also been proposed
to play a role in synaptic vesicles. This is, however, still controversial and will not be
discussed in detail here (see [29] for a discussion).

Functionally, these transporters are characterized by an extremely outwardly recti-
fying current–voltage relationship with almost instantaneous activation at positive volt-
ages [50–52,55–58] (Figure 2A). The extreme outward rectification precluded the deter-
mination of transport stoichiometry by reversal potentials measurements [59]. Using a
fluorescent assay, a 2 Cl−/1 H+ stoichiometry was determined for ClC-5, which is probably
similar for ClC-3 and ClC-4 [55]. The outward rectification at least partially reflects a gating
process, as evidenced by a single point mutation (D76H) that conferred detectable inward
tail currents to ClC-5 [60]. The mutant also allowed us to measure reversal potentials for
ClC-5 for the first time, confirming the 2:1 Cl−/H+ transport stoichiometry [60].
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showed that ClC-4 protein stability relies on the presence of ClC-3 via heterodimerization 

Figure 2. Biophysical properties of ClC-4, ClC-6 and ClC-7. Typical voltage-clamp current traces
of ClC-4 ((A), expressed in Xenopus oocytes), ClC-6 ((B), expressed in HEK cells), and ClC-7PM

((C), expressed in HEK cells), elicited by the indicated voltage-clamp protocols, measured using
the two-electrode voltage clamp method (A) or the whole-cell recording mode of the patch clamp
technique (B,C) at neutral (left panels) and acidic (right panels) pH. Extracellular solutions were
100 mM NaCl, 10 mM Hepes or MES, 5 mM MgSO4 (A) or 150 mM NaCl, 10 mM Hepes or MES,
4 mM MgSO4 (B,C). In B and C the pipette solution contained 130 mM NaCl, 10 mM Hepes, 2 mM
EGTA, 2 mM MgSO4. ClC-3 is similar to ClC-4.
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Most evidence on the physiological roles of ClC-3 and ClC-4 was obtained from
mouse models and their involvement in human genetic diseases. ClC-3 KO mice dis-
play severe postnatal neurodegeneration with almost total loss of the hippocampus after
3 months [34,61,62]. Yet, ClC-3 KO mice have a normal life span. Neurodegeneration is
unlikely to be caused by impaired synaptic function [1,29]. Another set of mouse models
showed that ClC-4 protein stability relies on the presence of ClC-3 via heterodimeriza-
tion [63,64]. While ClC-4 KO mice have no overt phenotype, the double KO of ClC-3
and ClC-4 has a more severe phenotype than CLC-3 KO mice [64]. Notably, differently
from humans, Clcn4 is not X-linked in laboratory mice. For this reason, a rat model might
be more useful for the investigation of mechanisms underlying CLCN4-related disease,
because in rats, as in humans, Clcn4 is X-linked.

While ClC-4 KO mice have no overt phenotype, in 2013 and 2016, patients (mostly
pediatric) with a range of neurodevelopmental and psychiatric complications have been
described with X-linked CLCN4 variants [40,42,65] (see Table 1). In heterologous expression,
these and some novel variants [66] showed variable loss of function effects. It is important
to note that complete loss of ClC-4 protein leads to non-syndromic intellectual disability in
males and no disease in heterozygous females. In contrast, de novo and inherited missense
variants can lead to severe syndromic neurological disease in males as well as in females,
suggesting a dominant effect. In a recent study, a large number of CLCN4 families was in-
vestigated, describing a large spectrum of clinical phenotypes and studying > 50 missense
variants in heterologous expression [41]. Novel biophysical mechanisms were discovered
for new and already described variants. These included a toxic gain of function character-
ized by the presence of negative currents at acidic extracellular (luminal) pH, and a shift
in the voltage dependence of gating to more positive voltages [41]. Both effects can be
expected to exert dominant negative effects in ClC-3/ClC-4 heterodimers.

Almost simultaneously came the discovery of the first variants in CLCN3 that cause
global developmental delay, intellectual disability and neurodevelopmental disorders [39]
(Table 1). Detailed functional analysis revealed a toxic gain of function for two missense
variants, similar to the above-described effects in some CLCN4 variants [39].

3. ClC-6

The third branch of the CLC family comprises ClC-6 and ClC-7, which both function
as Cl−/H+ exchangers [1,45]. Even though the expression of ClC-6 mRNA appears to
be ubiquitous in many tissues [67], biochemical analysis detected native ClC-6 protein
predominantly in neurons, where it localizes to late endosomes and partially lysosomes [44].
For a long time, the biophysical profile of ClC-6 remained completely unknown. In the first
attempts at heterologous expression, no currents attributable to ClC-6 could be detected [67],
possibly caused by the intracellular localization of most of the overexpressed protein [68].

A subtype of lysosomal storage disease, referred to as neuronal ceroid lipofuscinosis
(NCL), was observed in ClC-6 knockout mice presenting a mild phenotype with features
of reduced pain sensitivity, probably due to strong accumulation of materials in axon
initial segments, mild cognitive abnormalities and no impact on their span life [44]. This
evidence suggested that CLCN6 variants could be involved in human NCL [44]. Indeed, in
a sample of 75 adult-onset variants, including late-onset forms of NLC and Kufs’ disease,
two individuals were found to be heterozygous for CLCN6 missense variants (V580M and
T628R) [44]. However, no functional analysis had been performed at the time of that study
because the transporter had not been successfully functionally characterized.

Preliminary electrophysiological characterization was obtained when the N-terminus
of ClC-6 tagged with GFP (GFP-ClC-6) was reported to enhance its cell surface localiza-
tion [69]. However, the reported currents were small and barely above background levels.

In 2020, the same de novo variant in CLCN6 leading to the amino acid change Y553C
was reported in three pediatric patients with no parental correlation [43]. The patients
exhibited a severe syndrome characterized by early-onset neurodegeneration. The mutated
tyrosine, located in the extracellular P-Q loop, is highly conserved among CLC antiporters.
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Electrophysiological measurements of ClC-6Y553C revealed large currents activated at
positive voltages (≥60 mV), representing a clear gain of function effect [43]. HEK cells
overexpressing the mutant showed a dramatic vacuolization [43]. The luminal pH of these
organelles did not reach low values, suggesting that the mutant impairs endolysosomal
ionic homeostasis in patients.

In 2022, Zifarelli et al. were able to obtain robust recordings of WT ClC-6 currents by
applying very large positive voltages beyond 140 mV [45,70]. Interestingly, the magnitude
and properties of currents were independent of the N-terminal GFP tag. Similar to ClC-7,
ClC-6-mediated currents showed slow activation at positive voltages; however, they re-
quired voltages of at least 140 mV to measure appreciable amplitudes [45] (Figure 2B). The
necessity of the large voltages explained why these currents had escaped detection so far.
Currents represent the coupled Cl−/H+ antiport, as assayed by reversal potential measure-
ments [45]. Similar to ClC-7 [71], ClC-6 also exhibits so called “transient” or “capacitive”
currents, whose possible physiological role is, however, obscure [45]. Interestingly, neu-
tralizing the so-called proton glutamate did not completely abolish transport currents [45].
In contrast to most other CLC proteins, ClC-6-mediated currents were enhanced at acidic
pH (6.3) compared to neutral pH [45] (Figure 2B), a finding that is of likely physiological
relevance. In light of these novel findings on the functional properties of ClC-6, Zifarelli
et al. performed a reexamination of the disease-causing variant ClC-6Y553C, concluding
that the mutation causes a gain of function by “shifting” the voltage dependence of ClC-6
gating to less positive voltages [45]. Possibly, Y553, being localized at the subunit inter-
face of the homodimer, is involved in the common gating mechanism that acts on both
ion-transporting units of the dimer.

The discovery of suitable recording protocols allowed Zifarelli et al. to study the
functional impact of the two above-mentioned variants found in Kufs’ disease patients.
While T628R was indistinguishable from WT ClC-6, precluding firm conclusions regarding
its causative nature for the disease, variant V580M showed a clearly reduced function,
suggesting a causal relationship [45]. Since the variant was found in heterozygosity, it
might exert a dominant negative effect in WT/mutant heterodimers.

Patients with the completely unrelated West syndrome, characterized by epilepsy,
among other symptoms, have been reported to carry the ClC-6 E200A variant [46]. E200
is the critical gating glutamate of the exchanger and it is known that its neutralization
in all studied vCLCs, including ClC-6, eliminates H+ transport and transforms it into an
uncoupled ohmic chloride channel [69]. In a heterologous expression system, ClC-6E200A

caused an impairment of the autophagosome-mediated degradation system, likely because
the fusion with lysosomes was compromised [46].

The three classes of disease related CLCN6 mutations, i.e., gain of function (Y553C),
reduction of function (V580M), and uncoupling (E200A), have different effects on the
functional properties of the ClC-6 antiporter, leading to clinical phenotypes with different
degrees of severity. In particular, ClC-6Y553C causing a gain of function is associated with
drastic neurodegeneration, whereas ClC-6E200A could be defined as a loss of function in the
respect of the uncoupling transport generated and related to a mild phenotype.

The recent remarkable progress that has been made regarding the functional analysis
of ClC-6 activity will allow us to decode further mechanisms underlying disease caused by
defective ClC-6 proteins.

4. ClC-7

Belonging to the third mammalian CLC branch, ClC-7 shares 45% of sequence ho-
mology with ClC-6. It was cloned in parallel with ClC-6 in 1995 [67], but could not be
functionally analyzed for a long time. Intriguingly, ClC-7 is the only subcellular CLC
member to be present almost exclusively in lysosomes [44]. Moreover, it has also been
found in the ruffled border of osteoclasts, where it participates in bone resorption [38].
Unlike the other CLC transporters, ClC-7 requires association with a type I transmembrane
protein, called Ostm1, for proper function and stability [4,27].
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Similarly to ClC-6, no information about electrophysiological ClC-7 characterization
has been available for a long time, due to its intracellular localization upon heterologous
expression [1]. Ion flux studies with isolated mouse lysosomes showed that ClC-7 is
the dominant anion permeation pathway of lysosomal membranes and that it performs
2 Cl−/1 H+ antiport activity [72]. A breakthrough was achieved by Stauber and Jentsch,
who discovered the sorting motifs that mediate lysosomal targeting [54]. In particular, they
found that when four leucine residues localized in the N-terminal portion are changed to
alanine, the transporter is at least partially targeted to the plasma membrane [54]. Notably,
Ostm1 follows ClC-7 in its expression location. ClC-7PM, the ClC-7 variant in which the
two dileucine motifs are mutated to alanine, elicited robust transmembrane, outwardly
rectifying voltage-activated currents [4] (Figure 2C). Even though some electrophysiological
properties of ClC-7 are similar to that of other vesicular CLCs, including the inhibitory
effect of acidic pH, ClC-7 differs substantially from ClC-3 to -5. Most importantly, ClC-7PM

exhibits very slow activation kinetics in the seconds time range [4] (Figure 2C). This slow
“gating” phenomenon is strictly linked to conformational changes in the proteins, where the
interactions between transmembrane as well as cytoplasmic domains play a key role [73].
In addition to the transport currents, Pusch and Zifarelli discovered that the transporter also
exhibits rather large “transient” or “capacitive” currents that reflect charge rearrangements
within the protein. These are most likely mediated by movements of the gating glutamate
and chloride binding/unbinding events [71]. Similar currents have been observed in ClC-5
and ClC-3 [52,74,75]. The transient currents probably have no physiological role, but repre-
sent a biophysical feature that can be useful in deciphering molecular mechanisms of gating
and transport. Interestingly, while in ClC-5, neutralization of the so-called proton glutamate
completely abolished transport currents, leaving only transient currents [74,75], in ClC-7,
residual transport currents were observed in the corresponding E312A mutant [71].

The physiological role of ClC-7 remained unclear for a long time. The first insights
were obtained with a mouse KO model that was characterized by severe osteopetrosis [38].
The involvement of ClC-7 in bone resorption was confirmed by the presence of CLCN7
mutations in a human patient with malignant osteopetrosis [38]. Further evidence came
from the identification of a spontaneous Ostm1 mutation to be associated with the onset
of a severe osteopetrosis in gray lethal mice presenting a fur color defect [76]. In Clcn7−/−

mice, even though the number of osteoclasts was normal, their ability to reabsorb calcified
bone was impaired [38]. Interestingly, however, no impact on lysosomal acidification
was observed, suggesting that the osteoclasts’ ability to acidify intracellular vesicles was
preserved in Clcn7−/− mice [38]. The life span of the KO mice was limited to 6–7 weeks.

Importantly, in addition to osteopetrosis, ClC-7−/− mice also presented severe lysoso-
mal storage associated with central nervous system and retinal degeneration [47]. Using a
lacZ fusion protein, the expression profile of ClC-7 was determined in the nervous tissue of
WT e KO mice revealing the hippocampus CA3 region, the cortex and the cerebellum as
the main regions experiencing neuronal loss in KO mice [47]. Electron microscopy analysis
revealed the presence of autofluorescent lipopigment in the regions affected by neurode-
generation and deficient of CLC-7 [47]. This factor, together with the detection of microglial
activation and astrogliosis, represents three important hallmarks of neuronal ceroid lipo-
fuscinosis (NCL) [47]. Importantly, no significant difference in pH values in lysosomes
of cultured neurons and fibroblasts was found in Clnc7−/− mice, but rather a reduction
in lysosomal Cl concentration was observed [47]. Several pieces of evidence suggest that
osteopetrosis and neurodegeneration are independent outcomes. First, an osteopetrotic
mouse model with a mutation in the a3 subunit of V-type H+-ATPase (oc/oc mice) does not
show retinal or neurodegeneration [47]. Moreover, the osteoporotic phenotype in Clnc7−/−

mice could be rescued by transgenically expressing ClC-7 in osteoclasts and macrophages
under the control of tartrate-resistant acid phosphatase (TRAP) promoter [47]. This treat-
ment achieved a lifespan increase, but it was not enough to ensure their survival due to the
enduring neurological problems [47]. Surprisingly, the same approach failed when TRAP
promoter-mediated Ostm1 expression was applied to rescue osteopetrosis in gray lethal
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(gl) mice which also displayed neuronal loss [77]. The severity of the phenotype and the
short life span of the mice were serious problems, preventing a better understanding of the
mechanisms underlying the progression of neurodegeneration in lysosomal pathologies [1].
The first information was collected when Wartosch et al. designed a floxed Clcn7 mouse
model allowing tissue-specific ClC-7 depletion [78]. No difference in lifespan between
neuron-specific Clcn7 KO and WT mice was observed. Moreover, neuron-specific Clcn7
KO mice had no osteopetrotic phenotype; thus, the quality of life of these mice was im-
proved compared to Clcn7−/− [78]. Importantly, it was observed that neuronal loss occurs
in regions, where ClC-7 had been disrupted and neurodegeneration started in the CA3
region of the hippocampus as in constitutive Clcn7−/−. Accordingly, in previous studies,
astrogliosis and microglia activation were observed in the regions lacking ClC-7. Impaired
lysosomal protein degradation was suggested after the detection of increased levels of
LC3-II, a marker of autophagy [78].

A somewhat surprising finding was that several, mostly dominantly inherited, CLCN7
variants causing osteopetrosis (but not neurodegeneration) produce a significant accel-
eration of gating kinetics [4,79,80]. It is unclear how this biophysical defect is related to
ClC-7 malfunction.

More recently, a completely different disease characterized by delayed myelination
and development, organomegaly and hypopigmentation was found in two children who
both carried the de novo Y715C variant [49]. Surprisingly, none of the patients showed
osteopetrosis (see Table 1). The variant, located in the C-terminus, was associated with
larger currents when directed to the plasma membrane, representing a clear gain of function
effect. Interestingly, the lysosomes of patient fibroblasts were enlarged and had a lower
pH (0.2 pH units) than control lysosomes [49]. Even more excitingly, in the ClC-7 structure,
Y715 is relatively close to the bound PI(3)P molecule (see below) and Leray et al. recently
reported that intracellular phosphatidylinositol-3,5-bisphosphate (PI(3,5)P2) appears to
tonically inhibit ClC-7 function, and that the Y715C variant was insensitive to PI(3,5)P2 [81].
The regulation of CLC-transporters by these signaling molecules is clearly an exciting
aspect that needs to be understood in more detail.

The structure of the ClC-7/Ostm1 complex has been determined by two independent
groups [17,82]. The structures revealed that the heavily N-glycosylated luminal region
of Ostm1 forms a sort of cap on the luminal portion of ClC-7, preventing its degradation
by lysosomal proteases [17,82]. Importantly, the mutual protein stabilization between
ClC-7 and Ostm1 is suggested by the observation that the gray lethal mouse line, which
lacks Ostm1, showed very weak ClC-7 staining; similarly, in Clcn7−/− mice, there was
only weak Ostm1 staining [27,76]. Both cryo-EM structures revealed strong intramolecular
interactions between the cytosolic N-terminal portion and the CBS domains [17,82]. This
important feature is also conserved in ClC-6 (Hite, personal communication), but the role
of these interactions in other CLCs remains unclear because no information about the
cytosolic structure of other CLC members is available. Similarly to ClC-5, the ClC-7 CBS
domains bind ATP and additionally, a Mg2+ ion was found to be bound [17,82]. However,
ATP had no effect on transport activity and its role remains to be understood [4]. Moreover,
in the structure of ClC-7 an endolysosomal phosphatidylinositol 3-phosphate (PI3P) lipid
was found to be bound at the interface between the CBS and the membrane domains [17].

5. Conclusions

While significant progress has been made in elucidating the functional properties
of vesicular CLC transporters and their involvement in various neurological diseases,
highlighting their importance in nervous system development and homeostasis, their
precise physiological role is still largely unknown. Even for the most studied ClC-7, it is still
disputed whether it is primarily necessary for proper luminal acidification or the regulation
of the luminal chloride concentration. Most recent evidence favors the idea that ClC-7
is responsible for achieving a high luminal chloride concentration, which is important
for phagosomal clearance [83]. Less clear are the roles of ClC-3 and ClC-4 in endosomes
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and the possible involvement of ClC-3/ClC-4 dimers in human genetic diseases. For all
vesicular CLCs, and in particular for ClC-6, the significance of the activation at highly
positive voltages remains enigmatic, since similar voltages are not expected to be achieved
in endosomes. However, it is clear that ClC-3 and ClC-4 need to be inactive at negative
voltages, since even a small amount of activity at these voltages, caused by gate disrupting
mutations, leads to severe disease for both transporters [39,41]. In general, it appears that
gain of function mutations lead to more severe phenotypes than loss-of function mutations
for all vesicular CLCs [39,41,43,49]. In this respect, specific pharmacological inhibitors of
vesicular CLCs are highly desirable. Unfortunately, thus far, no useful pharmacological
tools are available for any of them.
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Abstract: Motoneurons receive thousands of excitatory and inhibitory synapses from descending
tracts and primary afferent fibers. The excitability of these neurons must be precisely regulated to
respond adequately to the requirements of the environment. In this context, GABAA and GABAB

receptors regulate motoneuron synaptic strength. GABAA and GABAB receptors are expressed on
primary afferent fibers and motoneurons, while in the descending afferent fibers, only the GABAB

receptors are expressed. However, it remains to be known where the GABA that activates them
comes from since the GABAergic interneurons that make axo-axonic contacts with primary afferents
have yet to be identified in the descending afferent terminals. Thus, the main aim of the present
report was to investigate how GABAB receptors functionally modulate synaptic strength between Ia
afferent fibers, excitatory and inhibitory descending fibers of the dorsolateral funiculus, and spinal
motoneurons. Using intracellular recordings from the spinal cord of the turtle, we provide evidence
that the GABAB receptor antagonist, CGP55845, not only prevents baclofen-induced depression of
EPSPs but also increases motoneuron excitability and enhances the synaptic strength between the
afferent fibers and motoneurons. The last action of CGP55845 was similar in excitatory and inhibitory
descending afferents. Interestingly, the action of baclofen was more intense in the Ia primary afferents
than in the descending afferents. Even more, CGP55845 reversed the EPSP depression induced
by the increased concentration of ambient GABA produced by interneuron activation and GABA
transporter blockade. Immunofluorescence data corroborated the expression of GABAB receptors in
the turtle’s spinal cord. These findings suggest that GABAB receptors are extrasynaptic and tonically
activated on descending afferent fibers and motoneurons by GABA released from astrocytes and
GABAergic interneurons in the cellular microenvironment. Finally, our results also suggest that the
antispastic action of baclofen may be due to reduced synaptic strength between descending fibers
and motoneurons.

Keywords: GABAB receptors; spinal cord; dorsolateral funiculus afferents; motoneurons

1. Introduction

The remarkable variety of behaviors that result from brain activity becomes evident
through movements coordinated by motoneurons. Therefore, exquisite control of these
cells’ excitability is required to activate the minimum necessary to meet the motor demands.
Motoneurons receive many monosynaptic inputs from the ventromedial cord (MF), the
reticular formation (RF), the vestibular nucleus (VN), and the dorsolateral funiculus (DLF),
which contain rubrospinal and propriospinal fibers that elicit excitatory postsynaptic po-
tentials (EPSPs) in flexor motoneurons, inhibitory postsynaptic potentials (IPSPs), and/or
EPSPs in extensor motoneurons and primary afferents [1–7]. Therefore, for the motor
activity to be completed accurately, the synaptic strength of motoneurons must be precisely
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regulated at both the pre- and postsynaptic levels. On the other hand, it is well known
that the γ-aminobutyric acid (GABA) is the primary inhibitory neurotransmitter of the
nervous system, which acts through GABAA ionotropic and GABAB metabotropic recep-
tors [8]. Both receptors are expressed in motoneurons and primary afferent fibers, whereas
descending afferent fibers contacting motoneurons only express GABAB receptors [1,6].
Interestingly, in descending fibers, the function of GABAB receptors has been elucidated
using its agonist, baclofen. In this condition, EPSPs recorded in motoneurons are depressed
without affecting the input resistance and membrane time constant [1,3,6]. Therefore, in
these synapses, the action of baclofen occurs at the presynaptic level by inhibiting the
release of the transmitter.

Likewise, anatomical and functional evidence indicates that Ia fibers make GABAergic
axo-axonic contacts that activate synaptic GABAA receptors that mediate short-term presy-
naptic inhibition associated with primary afferent depolarization (PAD), which is abolished
by the application of an antagonist of the GABAA receptors [5,9,10]. It has been shown
that sustained activation of GABAergic interneurons produces long-term inhibition that
is removed by the blockade of GABAB receptors, activated by a spillover of GABA from
axo-axonic synapses [5], suggesting that these receptors are extrasynaptically located in
Ia fibers. However, these axo-axonal contacts have not been detected in the descending
afferent fibers [1]; therefore, the origin of the GABA that functionally activates the GABAB
receptors is presently unknown.

In addition, it has been reported that environmental GABA can tonically activate
GABAB receptors in primary afferent fibers, depressing EPSPs [7,11,12]. Also, neither
baclofen nor CGP affects the input resistance of postsynaptic neurons [7,12], suggesting
that presynaptic GABAB receptors mediate the effects on EPSPs. However, when activated
by baclofen, GABAB receptors reduce the excitability of dorsal horn neurons and mo-
toneurons [13,14] by inhibiting L-type calcium channels, indicating that GABAB receptors
modulate the active properties of these neurons. Thus, the question arises as to how GABAB
receptors are functionally activated in motoneurons and descending fibers of the DLF. One
source of GABA may be GABAergic interneurons, as reported in Ia fibers [5]. Another
possibility is the astrocytes, as observed in the spinal cord’s dorsal horn and cerebellum,
where GABA is released via the protein Bestrophin-1 (Best-1) [15,16].

Interestingly, the activity of GABAB receptors is relevant in patients with spasticity. A
widely used pharmacological treatment to reduce this condition is the intrathecal applica-
tion of baclofen. Synaptic strength studies indicate that baclofen has a greater inhibitory
action on Ia fibers [1,6], which has led to the proposal that its antispastic action is due to
the inhibition of excitatory transmitter release from the primary afferent fibers. However,
in patients with spasticity treated with baclofen, it has been observed that the drug did
not affect GABA-mediated presynaptic inhibition, suggesting that baclofen may act on
motoneurons but not on Ia afferent fibers [17].

Therefore, the main objective of this report was to investigate how GABAB receptors
are activated in the DLF terminals and motoneurons and whether these receptors are
tonically active. Likewise, we investigated whether GABAB receptors are extrasynaptic
and where the GABA that activates these receptors is produced and released.

2. Materials and Methods
2.1. Preparation

Forty adult turtles (Trachemys scripta spp., 15–20 cm carapace length) were anesthetized
with pentobarbital (100 mg/kg, i.p.). The plastron was opened, and the blood was flushed
by intraventricular perfusion with Ringer solution (~10 ◦C) of the following composition
(in mM): 120 NaCl, 5 KCl, 15 NaHCO3, 3 CaCl2, 2 MgCl2, and 20 glucose, saturated with
2% CO2 and 98% O2 to attain pH 7.5. The lumbar spinal enlargement was isolated by a
laminectomy and cut transversally to obtain 2–3 mm thick slices. The slices were placed
in a recording chamber for the experiments and perfused with Ringer solution (20–22 ◦C).
The spinal cord, in continuity with the dorsal and ventral roots, was dissected and cut
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transversally to obtain two segments to stimulate Ia primary afferent fibers. At the end of
the dissection, the animals were euthanized by decapitation. All experimental procedures
followed the guidelines set out in the Journal of Physiology for ethical matters [18] and were
conducted with the approval of the Cinvestav-IPN Experimental Ethics Committee, follow-
ing the current Mexican Norm for the Care and Use of Animals for Scientific Purposes. The
animals were provided by the National Mexican Turtle Center located in Mazunte, Oaxaca,
Mexico, with authorization (DGVS-03821/0907) from the Federal Mexican Government
Ministry of Environment and Natural Resources (Secretaría de Medio Ambiente y Recursos
Naturales, Semarnat).

2.2. Spinal Cord and DRG Immunostaining

Immediately after the dissection, dorsal root ganglia (DRG) and the lumbar enlarge-
ment of the turtle spinal cord were fixed in 4% paraformaldehyde in phosphate-buffered
saline (PBS) for 24 h and suspended in 10%, 20%, and 30% sucrose at 4 ◦C in PBS for
24 h. A total of 20 µm DRG and 30 µm spinal cord slices were obtained using a cryostat
(CM1520, Leica Microsystems, Wetzlar, Germany). Tissue sections were permeabilized in
0.3% Triton X-100 in PBS for 10 min, placed in 1% SDS in PBS for 5 min, and blocked in 5%
Tween20 and BSA 2% in PBS for 2 h. DRG and spinal cord sections were incubated with
mouse anti-GABAB receptor 1 (1:200; ab55051, Abcam) and rabbit NeuN (1:500; #12943,
Cell Signaling Technology, MA, USA) for 24 h at 4 ◦C. After washing three times in PBS,
sections were incubated with the corresponding secondary antibodies, Alexa Fluor® 488
AffiniPure Donkey Anti-Rabbit IgG (1:200; 711-545-152, Jackson InmunoResearch, PA, USA)
and Alexa Fluor® 594 AffiniPure Donkey Anti-Mouse IgG (1:200; 715-585-150, Jackson
InmunoResearch), for 2 h. Then, slices were incubated for 20 min with Hoechst (1:2000;
H1398, Invitrogen, MA, USA) and mounted with VECTASHIELD® Antifade Mounting
Medium (H-1000, Vector Laboratories, CA, USA). Samples were examined using an epi-
fluorescence microscope (BA410E, Motic, Kowloon, Hong Kong) and Image-Pro Premier
software. Images were acquired with the 10× and 40× objectives.

2.3. Intracellular Recordings

The input resistance and the postsynaptic potentials (EPSPs and IPSPs) were monitored
by applying a negative rectangular current pulse (500 ms duration) every 5 s before the
paired-pulse stimulation of the DLF or dorsal root (Figure 1A). The EPSP and IPSP were
evoked in motoneurons by electrical stimulation (1.3xTh) of the DLF and the dorsal root
every 5 s in the presence of strychnine and 6-Cyano-7-nitroquinoxaline-2, 3-dione (CNQX).
Here, it is worth mentioning that IPSPs could be fully discriminated by the AMPA receptor
blockade with CNQX (at 20 µM) because the expression of NMDA receptors has not
been reported in motoneurons, and therefore, AMPA receptors are considered to be the
only ones responsible for mediating EPSPs in these cells [19]. In the first case, a tungsten
bipolar electrode (World Precision Instruments, Sarasota, FL, USA) was used. In the second
case, the glass pipette suctioned the dorsal root. The tungsten electrode and the glass
pipette were connected to a source of constant current (Neuro Data Instruments Corp., TX,
USA). The threshold was defined as the minimum stimulus current intensity that elicits a
measurable postsynaptic potential (PSP). The PSPs were recorded with an Axoclamp 2B
amplifier (Molecular Devices, Union City, CA, USA) with a bandwidth of 0.1 Hz to 10 KHz,
digitized at 10 KHz, and stored in a hard disk for off-line analysis.
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tude. (iv) Bar graph summarizing the mean values of the normalized EPSPs shown in (iii) for four 
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(5 µM). Glycinergic receptors were blocked by strychnine (2 µM) and ionotropic glutama-

tergic AMPA receptors with CNQX (20 µM). Nipecotic acid (100 µM) and CaCCihn-A01 

(20 µM) were used to block the activity of GABA transporters and Bestrophin-1 channels, 

Figure 1. GABAB receptors are tonically active in the Ia primary afferent fibers. (A) Schematic
showing the cross-section of the lumbar spinal cord with a motoneuron recorded intracellularly (red).
The EPSPs were elicited by electrical stimulation (1.3xTh) of the dorsal root. (B) (i) Time course
of the EPSP amplitude recorded in a motoneuron in the control bath solution (2 µM strychnine;
black circles), baclofen (red circles), and baclofen plus CGP55845 (blue circles). (ii) Representative
traces of the EPSPs recorded in the three experimental conditions. (iii) Segmented time course of
normalized steady-state EPSP amplitude, relative to control values, recorded during the last 5 min
in each condition of steady-state response in each condition with respect to the mean control EPSP
amplitude. (iv) Bar graph summarizing the mean values of the normalized EPSPs shown in (iii)
for four motoneurons under all experimental conditions. Asterisks denote statistically significant
differences in the values of the EPSPs (p < 0.0001 by one-way ANOVA).
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2.4. Drugs

GABAB receptors were activated with baclofen (2 µM) and blocked with CGP55845
(5 µM). Glycinergic receptors were blocked by strychnine (2 µM) and ionotropic gluta-
matergic AMPA receptors with CNQX (20 µM). Nipecotic acid (100 µM) and CaCCihn-A01
(20 µM) were used to block the activity of GABA transporters and Bestrophin-1 channels,
respectively. All drugs used in this study were purchased from Sigma Chemical Company
(St. Louis, MO, USA). Baclofen was dissolved in DMSO according to the manufacturer’s
instructions and stored at 4 ◦C. From this initial dilution, aliquots (of 10 mM) were prepared
and kept at 4 ◦C. From these aliquots, fresh working solutions were prepared just before
each experiment.

2.5. Statistical Analysis

The time course response of the PSP of each motoneuron to the application of the drugs
was not the same; therefore, to evaluate the effects for each group of neurons, 4 consecutive
EPSPs were recorded every 5 s over 5 min at the steady state for each condition (drug
and train) and averaged. These values were normalized to the average control value of
each neuron and plotted as a function of time and presented in a bar graph. The action
potentials were elicited by 5 s depolarizing current injections for the motoneuron excitability
test. Waveform kinetics was determined by differentiating the spike voltage over time
(dV/dt), and phase graphs were constructed by plotting the membrane voltage versus
the first derivative (mV/ms). The excitability was evaluated by plotting the number of
action potentials as the function of supra-threshold intracellular depolarizing current pulses
starting from the rheobase current. One-way ANOVA and Student’s t-test determined the
statistical differences between the means. Means were considered statistically different
when p < 0.05. Values were presented as the mean ± S.E.M.

3. Results
3.1. Characterization of Motoneurons

The recorded cells of the spinal ventral horn were classified as motoneurons (n = 41)
when, after being stimulated with a pulse of intracellular depolarizing current greater than
the rheobase (Figure 1A), they presented adaptation of the action potential firing pattern.
The average input resistance of these cells was 18 ± 3.2 MΩ (n = 41), and the membrane
time constant was 19 ± 0.5 ms (n = 41), consistent with previously reported values for
motoneurons [4,20].

3.2. GABAB Receptors Are Tonically Active in Ia Primary Afferent Fibers

In order to corroborate that turtle Ia primary afferents were presynaptically inhibited
by tonic activation of GABAB receptors, as in rats, monosynaptic Ia-EPSPs were evoked in
motoneurons by dorsal root stimulation at 1.3xTh every 5 s (Figure 1A). Figure 1(Bi) shows
the time course of an evoked Ia-EPSP amplitude in a representative neuron in the presence
of baclofen alone or baclofen plus CGP55845. Taking the dashed line as the mean value
of the control condition, it can be seen that baclofen produced a depression of the EPSP
amplitude, as shown in the representative traces on the right (Figure 2(Bii)). Application
of CGP55845 not only reversed EPSP depression but also augmented its amplitude. As
can be seen in the graph of normalized values (Figure 1(Biii)) and the corresponding bar
graph on the right (Figure 1(Biv)), baclofen depressed the amplitude of the EPSPs by
84.6 ± 0.01% (n = 4, ANOVA test; F(2,42) = 1706; p < 0.001), while CGP55845 facilitated it by
45 ± 0.02% (n = 4, ANOVA test; F(2,42) = 1706; p < 0.001), concerning the control value. The
input resistance (control 16.5 ± 5.4; baclofen 16.4 ± 4.2 MΩ; n = 4, p > 0.5) and the time
constant (control 19.7 ± 0.8; baclofen 20.2 ± 0.7 ms; n = 4, p > 0.5) were not affected by the
drug treatment. Furthermore, the amplitude ratio increased by 93.8% in the presence of
baclofen. Overall, these findings agree with previous studies performed in rats, suggesting
a conserved mechanism of presynaptic inhibition mediated by GABAB receptors.
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larly (red). Here and throughout the subsequent outcomes, the EPSP was elicited by the electrical 

Figure 2. GABAB receptors are tonically active in excitatory and inhibitory DLF fibers. (A) Schematic
showing the transverse section of the lumbar spinal cord with a motoneuron recorded intracellularly
(red). Here and throughout the subsequent outcomes, the EPSP was elicited by the electrical stimula-
tion (1.3xTh) of the DLF. (B) Time course of the EPSP recorded in control bath solution (strychnine
2 µM; black circles), baclofen (red circles), and baclofen plus CGP55845 (blue circles) (i). (C) IPSP was
recorded as in (B), but CNQX 20 µM was added instead of strychnine in the control bath solution.
Representative EPSP (B) and IPSP (C) traces recorded under their respective conditions are shown (ii).
Segmented time course of normalized EPSP (Biii) and IPSP (Ciii) amplitude recorded during 5 min
of steady-state response in each condition with respect to the mean control EPSP amplitude. Bar
graph showing the mean values of the EPSPs (Biv) and IPSPs (Civ), recorded over 5 min. Asterisks
denote statistically significant differences in the values of the EPSPs and IPSPs (p < 0.0001 by one-way
ANOVA).
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3.3. GABAB Receptors Are Tonically Active in the DLF Terminals Synapsing Motoneurons

EPSPs in motoneurons were evoked by electrical stimulation of the DLF at 1.3xTh
(0.3 ms) every 5 s (Figure 2A). However, since the DLF stimulation evokes EPSPs and
IPSPs, the glycine receptor antagonist strychnine (2 µM) was added to the bathing solution
(control) to isolate EPSPs. Figure 2(Bi and Bii) show the time course and averaged traces
of evoked DLF-EPSPs in a representative motoneuron, in the control condition and the
presence of baclofen alone and baclofen plus CGP55845. As observed with the Ia-EPSPs,
baclofen depressed the DLF-EPSPs, while CGP55845 not only reversed depression but also
facilitated the EPSPs. As shown in the graph of normalized values (Figure 2(Biii)) and the
corresponding bar graph on the right (Figure 2(Biv)), baclofen depressed EPSP amplitude
by 59 ± 0.01% (n = 6, ANOVA test; F(2,42) = 2204; p < 0.001), and CGP55845 facilitated it
by 43 ± 0.01% (n = 6, ANOVA test; F(2,42) = 2204; p < 0.001), concerning the control, in six
recorded neurons. On average, the amplitude of the DLF-EPSPs was reduced by baclofen
to a lesser extent than the Ia-EPSPs.

Next, to record IPSPs in motoneurons elicited by DLF stimulation, an AMPA receptor
antagonist (CNQX, 20 µM) was added to the bath solution to block the EPSPs. Figure 2(Ci)
shows the time course of evoked DLF-IPSPs in a representative motoneuron under the
control condition, in the presence of baclofen alone, or baclofen plus CGP55845. Figure 2(Cii)
shows representative traces of the IPSPs recorded under the three conditions. The addition
of CGP55845 had two apparent effects. First, it reversed the action of baclofen, and
second, it facilitated the amplitude of DLF-IPSPs. As shown in the normalized value plot
(Figure 2(Ciii)) and the corresponding bar graph on the right (Figure 2(Civ)), baclofen
depressed the IPSP amplitude by 46 ± 0.01% (n = 4, ANOVA test; F(2,42) = 1314; p < 0.001),
while CGP55845 facilitated it by 18 ± 0.01% (n = 4, ANOVA test; F(2,42) = 1314; p < 0.001),
concerning the control. As observed with the DLF-EPSPs, the DLF-IPSPs were less affected
than the Ia-EPSPs.

It should be noted that in all motoneurons recorded, the input resistance (control
14.8 ± 1.7 MΩ; baclofen 15.4 ± 2.4 MΩ; n = 10; p = 0.83) and the time constant of the
membrane (control 18.9 ± 0.2; baclofen 19.2 ± 0.2 ms) were not affected by baclofen,
suggesting that the depression of the EPSPs and IPSPs was caused by GABAB receptor-
mediated presynaptic inhibition of DLF afferent fiber terminals.

3.4. On the Origin of GABA

It is well known that motoneurons are innervated by GABAergic and glycinergic
interneurons. Therefore, we next decided to investigate whether electrical stimulation of
premotor interneurons with a train of 100 pulses at 100 Hz could increase ambient GABA
concentration, eventually activating GABAB receptors. Figure 3i shows the time course of
EPSP amplitude in a representative motoneuron in the control condition after one train of
activating pulses (AT) and after a second train in the presence of CGP55845. Interestingly,
the depression of the EPSPs produced by the first train was reversed and facilitated with
CGP55845, which prevented the depression after the second train (Figure 3i,ii). As shown
in the normalized and averaged bar graphs, stimulation resulted in the depression of the
DLF-EPSPs by 18 ± 0.01% (n = 4, ANOVA test; F(3,56) = 598.5; p < 0.001) for more than 5 min.
However, when CGP55845 was applied, DLF-EPSPs were facilitated by 24 ± 0.01% (n = 4,
ANOVA test; F(3,56) = 598.5; p < 0.001), and the second-train decrease was also prevented
(Figure 3iii,iv). Considering that DLF terminals do not express GABAA receptors and only
express GABAB receptors, these results indicate that the pulse train produced GABA release
from GABAergic interneurons, increasing the number of active GABAB receptors expressed
on DLF terminals. This conclusion is supported by the observation that in the presence
of CGP55845, the amplitude of the basal EPSPs was restored and facilitated, preventing a
decrease in amplitude after a second train of pulses.
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Figure 3. Spillover of GABA tonically activates GABAB receptors. GABA spillover tonically activates
GABAB receptors. (i) Time course of the EPSPs elicited by DLF stimulation at 1.3xTh in the control
bath solution (3 µM strychnine), after a train (AT) of 100 electrical pulses (100 Hz) applied to the
spinal cord premotor area, in the presence of CGP55845 and again after a second train of pulses.
(ii) Superimposed traces from representative EPSPs recorded under the four experimental conditions
are shown. The color of the individual traces corresponds to the conditions described in (ii). Nor-
malized EPSP amplitude was recorded over 5 min at steady state in each condition relative to the
mean EPSP amplitude in the control. The number of independent motoneurons evaluated under
each condition is shown below the symbols in (iii). (iv) Bar graph showing the mean value of the
EPSPs recorded for 5 min for four motoneurons. Asterisks indicate statistically significant differences
(p < 0.0001 by one-way ANOVA).

3.5. Regulation of Ambient GABA Concentration with GABA Transporters

It is also known that neurons and astrocytes express transporters that can uptake
synaptically released GABA. Therefore, we next decided to investigate whether the block-
ade of these transporters may affect environmental GABA that tonically activates GABAB
receptors. Figure 4Ai shows that the application of nipecotic acid (100 µM) decreases the
amplitude of EPSPs compared to the control condition in one representative motoneu-
ron. This effect was reversed and facilitated by adding CGP55845 to the bath solution
(Figure 4(Ai,ii)). A similar effect was observed in five neurons that presented a mean EPSP
depression of 21 ± 0.01%, concerning the control (n = 5, p < 0.05; Student’s t-test). As
previously observed, CGP55845 reversed its decrease and facilitated EPSPs by 19 ± 0.02%,
concerning the control values (n = 5, ANOVA test; F(2,42) = 226.7; p < 0.001) (Figure 4(Aiii,iv)).
These results show that GABA uptake by transporters may regulate the environmental
neurotransmitter concentration and, therefore, the number of tonically activated GABA
receptors.
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significant differences (p < 0.0001 by one-way ANOVA).

3.6. GABA May Be Released through Best-1 Channels

It has been reported that extrasynaptic GABAA receptors are tonically active by am-
bient GABA released by astrocytes through the Best-1 protein channel [16]. Therefore,
in order to know whether the ambient GABA that activates the extrasynaptic GABAB
receptors (expressed in the DLF-motoneuron synapse) is released through Best-1 channels,
we decided to block this channel with CaCCinh, an antagonist of the Best-1 protein. As
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is shown in Figure 4(Bi–iv), the EPSP amplitude was facilitated by CaCCinh (20 µM) in
27 ± 0.02%, concerning control (n = 6, p < 0.001, Student’s t-test) while, CGP55845 produced
an additional facilitation of 15 ± 0.021% (n = 6, ANOVA test; F(2,42) = 107.2; p < 0.001).
Therefore, the facilitation of the EPSPs could be due to the Best-1-mediated decrease in
the ambient GABA concentration, resulting in a lower amount of tonically active GABAB
receptors.

3.7. GABAB Receptors Tonically Inhibit Motoneuron Excitability

Experimental evidence indicates that baclofen application does not affect the passive
properties of motoneurons. However, Svirskis and Hounsgaard (1998) showed that ac-
tivation of GABAB receptors with baclofen inhibits an inward calcium current through
L-type channels [14]. Therefore, we next decided to investigate whether these receptors
are modulating the firing pattern of these cells. To this end, excitability was determined
by applying supra-threshold depolarizing current pulses under control conditions and
in the presence of CGP55845. The results of these series of experiments show that the
blockade of GABAB receptors with CGP55845 did not modify the kinetics of the single
action potential (Figure 5A), but significantly increased the firing frequency (Figure 5B,C)
(n = 12, Student’s t-test; t(7) = 17.4; p < 0.001). These results suggest that GABAB receptors
expressed in motoneurons are tonically decreasing the excitability of motoneurons.
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plot of membrane voltage versus the first derivative (mV/ms) of the action potential is shown on
the right. (B) Firing pattern of the action potential elicited with the same depolarizing current in the
control condition (black) and the presence of CGP55845 (red). (C) Graph of the number of action
potentials as a function of the injection of depolarizing intracellular current recorded in the control
bath solution (black) and the presence of CGP55845 (red). Asterisks indicate statistically significant
differences (p < 0.001 by Student’s t-test).

3.8. GABAB Receptor Expression in the Spinal Cord and Dorsal Root Ganglia of the Turtle

Finally, immunohistochemical staining was performed on cross-sections of the spinal
cord and dorsal root ganglia (DRG) to determine the expression of GABAB receptors in
these regions. The results of this analysis show that GABAB immunostaining is more
prominent in the dorsal horn than in the ventral horn of the spinal cord (upper panel of
Figure 6). Interestingly, in the ventral horn (lower panels of Figure 6), the signal was evident
in the largest cells that, due to their size, may correspond to motoneurons. In Figure 6,
immunostaining for GABAB in the DRG (upper panel) is present in almost all neurons
regardless of size, which is best appreciated in the magnification of the boxed region shown
in the bottom panels of Figure 6.
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Figure 6. Expression of GABAB receptors in the spinal cord and dorsal root ganglia of the turtle. Im-
ages shown correspond to cross-sections of the spinal cord and DRG immunostained with antibodies
against GABAB receptors in red, neuronal nuclei (NeuN) in green, and nuclei (Hoechst) in blue. In
both cases, the images in the upper row were obtained with the 10× objective, and those in the lower
row were obtained with the 40× objective. A magnified image of a selected region is also shown,
as indicated. The combined image suggests colocalization (yellow/orange) of GABAB receptors in
neuronal cell bodies. It should be noted that Hoechst spots might not overlap (colocalize) with the
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fluorescence of anti-NeuN antibodies because the light intensity to activate Hoechst fluorescence in
large cells is not strong enough to see it in its entirety, as if it occurs in neurons of small size. For this
same reason, the nuclei of satellite (small) glial cells surrounding the soma of neurons in the DRG
stain adequately. In addition, negative controls are presented as a Supplemental Figure S1.

4. Discussion

In the present report, we show that the GABAB receptors are tonically activated by
ambient GABA, inhibiting the excitability of motoneurons and the transmitter release
from excitatory and inhibitory DLF terminals synapsing motoneurons. Likewise, we cor-
roborated that these receptors tonically inhibit Ia afferent fibers. We also show that the
number of tonically activated GABAB receptors depends on the ambient GABA concen-
tration, which is determined by its release from interneurons and astrocytes. Therefore,
extrasynaptic GABAB receptors may have a relevant role in motor control.

4.1. GABAB Receptors Tonically Inhibit Transmitter Release from DLF Terminals and Ia Afferents

The role of GABAB receptors in modulating the synaptic strength of excitatory DLF
terminals and motoneurons was investigated in the presence of strychnine to block the
inhibitory potentials evoked by the DLF terminals of propriospinal origin [2]. In these
experimental conditions, baclofen was found to decrease the EPSPs and IPSPs elicited
by stimulation of the DLF and Ia fibers, respectively. In both cases, CGP55845 prevented
the decrease and facilitated the EPSPs and IPSPs. Notably, the observed effects on the
EPSPs and IPSPs did not alter the motoneurons’ input resistance or time constant. This
finding agrees with previous reports in Ia, Aβ, Aδ, and C afferent fibers, where a block-
ade of GABAB receptors facilitated the EPSPs evoked in motoneurons and dorsal horn
neurons [7,11,12].

Likewise, the blockade of GABAB receptors in primary afferent fibers and DLF termi-
nals did not affect miniature EPSCs (mEPSCs), miniature IPSCs (mIPSCs), or membrane
conductance [6,11]. Before our work, the function of these receptors in the afferent fibers
of descending tracts, such as the ventromedial, dorsal, and dorsolateral funiculus, had
been evidenced only by their activation with baclofen, producing a significant inhibition of
transmitter release [1,3,4,6].

Interestingly, in excitatory DLF afferents, GABAB receptors may act by inhibiting Ca2+

channels of the N- and P/Q-type via the activation of Gi/o proteins [21]. On the other
hand, the expression of GABAA receptors in the DLF terminals has been underestimated
because, unlike Ia fibers, the vestibulospinal and reticulospinal terminals that synapse
with motoneurons appear not to be under the presynaptic control of muscle-type afferents
I and II [1]. Moreover, there is no evidence of axo-axonic GABAergic synapses in these
afferents [22]. Therefore, DLF terminals may only express GABAB receptors located at
extrasynaptic sites. Another relevant result of our work is that the blockade of the GABAB
receptors produced a facilitation of EPSPs and IPSPs, which indicates that these receptors,
as in primary afferent fibers, are tonically active by the ambient GABA.

4.2. The Cellular Origin of GABA

Though the descending afferent fibers express GABAB receptors, GABAergic axo-
axonal contacts, such as those in primary afferents that release GABA, have not yet been
identified. Here, we show that the simultaneous stimulation of interneurons in the pre-
motor region produces a depression of EPSPs that is prevented by applying CGP55845,
suggesting the involvement of GABAB receptors. This further suggests that synaptically
released GABA must have diffused from the synaptic gap to reach extrasynaptic receptors.
This result is consistent with what has been described for CA3 pyramidal cells of the
hippocampus, where extrasynaptic GABAB receptors are activated by GABA released by
the simultaneous activation of neighboring interneurons [23]. Likewise, in the spinal cord,
activation of these receptors expressed in the primary afferents was produced by tetanic
stimulation of the hindlimb flexor muscles, leading to long-lasting presynaptic inhibition of
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Ia fibers, which is prevented with the application of CPG [5]. Thus, in the spinal cord, diffu-
sion of synaptically released GABA can regulate synaptic strength between primary and
descending afferent fibers with motoneurons, which is relevant to motor control. Activation
of GABAB receptors by GABA diffusion indicates that these receptors are extrasynaptic.
Consequently, the functioning of neural networks in the spinal cord, just as it occurs in
the hippocampus, requires the action of GABA released from the synaptic and diffusion
systems. The diffusion of neurotransmitters is known as spillover and, together with its
related receptors, is called the neurotransmitter diffusion system [24].

The depression of the EPSPs produced by the blockade of the GABA transporters and
their reversal and facilitation by CGP55845 suggest that in the process, more GABAB recep-
tors were activated than those already tonically active, which, when blocked, facilitated
the EPSPs in response to the increase in GABA concentration. This enhanced action of
GABA produced by blocking GABA uptake has been reported in neurons of the spinal
cord, cerebellum, cortex, and hippocampus [25,26]. Particularly in the spinal cord, the
blockade of GABA transporters with nipecotic acid prolongs the neuronal response to
the iontophoretic application of GABA [25]. Therefore, GABA transporters expressed in
neurons and glial cells may play an important role in the uptake of neurotransmitters in
the synaptic cleft and in controlling its extrasynaptic concentration [27].

Another potential source of GABA is astrocytes. EPSP facilitation in the DLF in the
presence of CaCCinh, a Best-1 channel blocker, indicates a reduction in active GABAB
receptors due to decreased ambient GABA concentration. This is consistent with the
reduction in the tonic currents recorded in cerebellar granule cells in the presence of the Best-
1 antagonist [16]. Interestingly, GABA and Best-1 channels have previously been shown to
be expressed in Bermann glia and lamellar astrocytes adjacent to granule cell bodies [16].
In addition, glutamate has been shown to induce GABA release from astrocytes in the
spinal cord, as recorded using HEK293 cells heterologously expressing GABA receptors
as GABA sensors [15]. Likewise, GABA transporters expressed in neurons and glial cells
regulate the extracellular concentration of GABA by capturing and releasing it, as occurs in
the Bermann glia [27,28].

4.3. The Motoneuron Excitability Is Controlled Tonically by GABAB Receptors

In all motoneurons recorded, baclofen depressed the EPSPs and IPSPs evoked by DLF
and Ia afferent fibers without affecting their passive properties. The same action of baclofen
was reported in the recordings of EPSPs evoked in motoneurons by activation of descending
afferent fibers and Ia [1,5,6] and those recorded in dorsal horn neurons of the spinal cord
evoked by activation of the primary afferents Aβ, Ad, and C [7,11,12]. Furthermore, it has
been shown that the size of the quantum of miniature potentials did not change, indicating
that the action of baclofen was at the presynaptic level [6]. However, in these reports, the
active properties of postsynaptic neurons were not evaluated [6,7,11,12]. Our findings show
that in motoneurons, GABAB receptors are tonically reducing excitability, since blockade
with CGP55845 increases the number of action potentials. This result suggests that, as
in afferent fibers, GABAB receptors are tonically active in motoneurons, reducing their
excitability due to the inhibition of the L-type calcium current. This action of GABAB
receptors was reported by Svirskis and Hounsgaard, who showed that in motoneurons,
the activation of the inward calcium current through L-type channels was inhibited in the
presence of baclofen [14].

On the other hand, immunofluorescence assays have shown that GABAB receptors
are located in both the dorsal and ventral horns of the turtle spinal cord, with greater
expression dorsally and 60–90% lower density in laminae IX and X than in the superficial
laminae of the rat spinal cord [29]. Probably the high density of GABAB receptors in the
dorsal horn represents its expression not only in the soma and neuropil of interneurons
but also in primary afferents of the Aδ-type and C-type [30]. The positively stained cells in
the ventral horn may correspond to motoneurons due to their size and localization [31]. In
the DRG, we found a high expression level of GABAB receptors in all cells regardless of
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size. This result is similar to that reported for the DRG in rats [29]. Therefore, the images
indicate that GABAB receptors are expressed in the postsynaptic neurons throughout the
spinal cord, where they control its excitability.

4.4. GABAB Receptors and Spasticity

Spasticity is a condition present in patients with injury of the brain and spinal cord,
defined as a motor disorder with a velocity-dependent increase in tonic stretch reflexes with
exacerbated tendon jerks caused by hyperexcitability of the stretch reflex, as a component
of the upper motoneuron syndrome [32,33]. For a long time, baclofen has been used to
reduce spasticity, although it is presently unknown which neuronal element is acting.

Based on the evidence showing that the main action of baclofen is to decrease trans-
mitter release from Ia afferent and descending afferent fibers that synapse with motoneu-
rons [1], it has been proposed that the antispastic action of baclofen is due to the presynaptic
inhibition of Ia fibers. However, it has also been shown that, in patients with spasticity,
neither of the two tests of presynaptic inhibition, postactivation depression, or reciprocal
disynaptic inhibition of the soleus H reflex were affected by baclofen administration. In
addition, primary afferent action potentials did not change after baclofen administration.
However, in both cases, baclofen depressed the H reflex. Based on these results, the anti-
spastic action of baclofen could be attributed to a decrease in motoneuron excitability [17].

Interestingly, in all studies performed on animal preparations, the reported effect of
baclofen is the inhibition of transmitter release from primary Ia afferents and excitatory
descending afferents of the ventromedial and dorsolateral funicles [1,3,4,7,21] without
affecting the passive properties of motoneurons. In these reports, only the passive prop-
erties were explored, either by recording the input resistance or by determining the time
constant of the EPSP decay phase, without studying the action of baclofen on the active
properties of motoneurons. Our results indicate that GABAB receptors tonically inhibit
motoneuron excitability. This could be explained by the inhibition of L-type calcium
currents by baclofen [14]. This postsynaptic action of baclofen was also observed in the
dorsal horn neurons of the spinal cord, where activation of GABAB receptors inhibits the
wind-up and potential plateau that underlies a sustained burst of action potentials [13].
Our results support the idea that the antispastic action of baclofen may be produced by
the reduction in motoneuron excitability due to the inactivation of the presynaptic N- and
P/Q-type calcium channels in the descending excitatory fibers [21] and the postsynaptic
L-type calcium channels expressed in motoneurons.

In conclusion, this paper shows evidence that GABAB receptors are tonically acti-
vated by environmental GABA, thereby reducing synaptic strength between DLF afferent
fibers and motoneurons by inhibiting transmitter release and postsynaptic excitability.
Furthermore, we found that the release from interneurons and astrocytes determines the
environmental GABA concentration.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/life13081776/s1, Figure S1: Negative control of immunofluorescence
experiments of the expression of GABAB receptors in the turtle’s spinal cord and dorsal root ganglia.
(A) Images shown correspond to cross-sections of the spinal cord (A) and DRG (B) immunostained
without primary antibodies against GABAB receptors and neuronal nuclei (NeuN), but in the presence
of the fluorescent DNA dye Hoechst (blue signal). The images in the upper and lower rows were
obtained with the 4× and 10× objectives, respectively.

Author Contributions: Conceptualization, X.D.-R., R.D.-L. and V.A.M.-R.; methodology, X.D.-R.,
N.S.A.-C., G.R.-T., N.J.-B., V.A.M.-R. and R.D.-L.; formal analysis, X.D.-R., N.S.A.-C., N.J.-B., V.A.M.-
R., R.F., R.D.-L., R.D.-L. and V.A.M.-R. Wrote the original draft of the work. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was partially supported by Conahcyt grants PN5098 (to RDL). XCD (420935), NJB
(935751), and NSAC (936253) are Conahcyt PhD fellows. A postdoctoral fellowship from Conahcyt to
VMR is also acknowledged (Estancias Posdoctorales por México 2022, 396733).

134



Life 2023, 13, 1776

Institutional Review Board Statement: Animal care and experimental procedures were conducted
with the approval of the Cinvestav-IPN Experimental Ethics Committee and in accordance with
the current Mexican Norm for the Care and Use of Animals for Scientific Purposes. The animals
were provided by the National Mexican Turtle Center located in Mazunte, Oaxaca, Mexico, with
authorization (DGVS-03821/0907) from the Federal Mexican Government Ministry of Environment
and Natural Resources (Secretaría de Medio Ambiente y Recursos Naturales, Semarnat).

Informed Consent Statement: Not applicable.

Data Availability Statement: Derived data supporting the findings of this study are available from
the corresponding authors upon request.

Acknowledgments: The authors thank the two anonymous reviewers for their valuable comments
and suggestions, which substantially improved the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jiménez, I.; Rudomin, P.; Enriquez, M. Differential Effects of (-)-Baclofen on Ia and Descending Monosynaptic EPSPs. Exp. Brain

Res. 1991, 85, 103–113. [CrossRef]
2. Kostyuk, P.G.; Vasilenko, D.A.; Lang, E. Propriospinal Pathways in the Dorsolateral Funiculus and Their Effects on Lumbosacral

Motoneuronal Pools. Brain Res. 1971, 28, 233–249. [CrossRef] [PubMed]
3. Curtis, D.R.; Malik, R. The Differential Effects of Baclofen on Segmental and Descending Excitation of Spinal Interneurones in the

Cat. Exp. Brain Res. 1985, 58, 333–337. [CrossRef]
4. Delgado-Lezama, R.; Aguilar, J.; Cueva-Rolón, R. Synaptic Strength between Motoneurons and Terminals of the Dorsolateral

Funiculus Is Regulated by GABA Receptors in the Turtle Spinal Cord. J. Neurophysiol. 2004, 91, 40–47. [CrossRef] [PubMed]
5. Curtis, D.R.; Lacey, G. Prolonged GABA(B) Receptor-Mediated Synaptic Inhibition in the Cat Spinal Cord: An in Vivo Study. Exp.

Brain Res. 1998, 121, 319–333. [CrossRef]
6. Edwards, F.R.; Harrison, P.J.; Jack, J.J.; Kullmann, D.M. Reduction by Baclofen of Monosynaptic EPSPs in Lumbosacral Motoneu-

rones of the Anaesthetized Cat. J. Physiol. 1989, 416, 539–556. [CrossRef]
7. Peshori, K.R.; Collins, W.F.; Mendell, L.M. EPSP Amplitude Modulation at the Rat Ia-Alpha Motoneuron Synapse: Effects of

GABAB Receptor Agonists and Antagonists. J. Neurophysiol. 1998, 79, 181–189. [CrossRef] [PubMed]
8. Sivilotti, L.; Nistri, A. GABA Receptor Mechanisms in the Central Nervous System. Prog. Neurobiol. 1991, 36, 35–92. [CrossRef]

[PubMed]
9. Eccles, J.C.; Schmidt, R.; Willis, W.D. Pharmacological Studies on Presynaptic Inhibition. J. Physiol. 1963, 168, 500–530. [CrossRef]

[PubMed]
10. Bautista, W.; Aguilar, J.; Loeza-Alcocer, J.E.; Delgado-Lezama, R. Pre- and Postsynaptic Modulation of Monosynaptic Reflex by

GABAA Receptors on Turtle Spinal Cord. J. Physiol. 2010, 588 Pt 14, 2621–2631. [CrossRef]
11. Yang, K.; Ma, H. Blockade of GABA(B) Receptors Facilitates Evoked Neurotransmitter Release at Spinal Dorsal Horn Synapse.

Neuroscience 2011, 193, 411–420. [CrossRef]
12. Salio, C.; Merighi, A.; Bardoni, R. GABAB Receptors-Mediated Tonic Inhibition of Glutamate Release from Aβ Fibers in Rat

Laminae III/IV of the Spinal Cord Dorsal Horn. Mol. Pain 2017, 13. [CrossRef]
13. Russo, R.E.; Nagy, F.; Hounsgaard, J. Inhibitory Control of Plateau Properties in Dorsal Horn Neurones in the Turtle Spinal Cord

in Vitro. J. Physiol. 1998, 506 Pt 3, 795–808. [CrossRef] [PubMed]
14. Svirskis, G.; Hounsgaard, J. Transmitter Regulation of Plateau Properties in Turtle Motoneurons. J. Neurophysiol. 1998, 79, 45–50.

[CrossRef] [PubMed]
15. Christensen, R.K.; Delgado-Lezama, R.; Russo, R.E.; Lind, B.L.; Alcocer, E.L.; Rath, M.F.; Fabbiani, G.; Schmitt, N.; Lauritzen, M.;

Petersen, A.V.; et al. Spinal Dorsal Horn Astrocytes Release GABA in Response to Synaptic Activation. J. Physiol. 2018, 596,
4983–4994. [CrossRef] [PubMed]

16. Lee, S.; Yoon, B.E.; Berglund, K.; Oh, S.J.; Park, H.; Shin, H.S.; Augustine, G.J.; Lee, C.J. Channel-Mediated Tonic GABA Release
from Glia. Science 2010, 330, 790–796. [CrossRef] [PubMed]

17. Ørsnes, G.B.; Sørensen, P.S.; Larsen, T.K.; Ravnborg, M. Effect of Baclofen on Gait in Spastic MS Patients. Acta Neurol. Scand. 2000,
101, 244–248. [CrossRef] [PubMed]

18. Drummond, G.B. Reporting Ethical Matters in The Journal of Physiology: Standards and Advice. J. Physiol. 2009, 587, 713–719.
[CrossRef]

19. Moghaddasi, M.; Velumian, A.A.; Zhang, L.; Fehlings, M.G. An ex vivo preparation of mature mice spinal cord to study synaptic
transmission on motoneurons. J. Neurosci. Methods 2007, 159, 1–7. [CrossRef]

20. Hounsgaard, J.; Mintz, I. Calcium Conductance and Firing Properties of Spinal Motoneurones in the Turtle. J. Physiol. 1988, 398,
591–603. [CrossRef]

135



Life 2023, 13, 1776

21. Castro, A.; Aguilar, J.; Elias, D.; Felix, R.; Delgado-Lezama, R. G-Protein-Coupled GABAB Receptors Inhibit Ca2+ Channels and
Modulate Transmitter Release in Descending Turtle Spinal Cord Terminal Synapsing Motoneurons. J. Comp. Neurol. 2007, 503,
642–654. [CrossRef] [PubMed]

22. Glusman, S.; Vázquez, G.; Rudomín, P. Ultrastructural Observations in the Frog Spinal Cord in Relation to the Generation of
Primary Afferent Depolarization. Neurosci. Lett. 1976, 2, 137–145. [CrossRef] [PubMed]

23. Scanziani, M. GABA Spillover Activates Postsynaptic GABAB Receptors to Control Rhythmic Hippocampal Activity. Neuron
2000, 25, 673–681. [CrossRef]

24. Kullmann, D.M. Spillover and Synaptic Cross Talk Mediated by Glutamate and GABA in the Mammalian Brain. Prog. Brain Res.
2000, 125, 339–351. [CrossRef] [PubMed]

25. Curtis, D.R.; Game, C.J.A.; Lodge, D. The in Vivo Inactivation of GABA and Other Inhibitory Amino Acids in the Cat Nervous
System. Exp. Brain Res. 1976, 25, 413–428. [CrossRef]

26. Roepstorff, A.; Lambert, J.D.C. Factors Contributing to the Decay of the Stimulus-Evoked IPSC in Rat Hippocampal CA1 Neurons.
J. Neurophysiol. 1994, 72, 2911–2926. [CrossRef]

27. Semyanov, A.V. Diffusional Extrasynaptic Neurotransmission via Glutamate and GABA. Neurosci. Behav. Physiol. 2005, 35,
253–266. [CrossRef] [PubMed]

28. Barakat, L.; Wang, D.; Bordey, A. Carrier-Mediated Uptake and Release of Taurine from Bergmann Glia in Rat Cerebellar Slices. J.
Physiol. 2002, 541 Pt 3, 753. [CrossRef]

29. Towers, S.; Princivalle, A.; Billinton, A.; Edmunds, M.; Bettler, B.; Urban, L.; Castro-Lopes, J.; Bowery, N.G. GABAB Receptor
Protein and MRNA Distribution in Rat Spinal Cord and Dorsal Root Ganglia. Eur. J. Neurosci. 2000, 12, 3201–3210. [CrossRef]

30. Désarmenien, M.; Feltz, P.; Occhipinti, G.; Santangelo, F.; Schlichter, R. Coexistence of GABAA and GABAB Receptors on A Delta
and C Primary Afferents. Br. J. Pharmacol. 1984, 81, 327. [CrossRef]

31. Andres, C.; Aguilar, J.; González-Ramírez, R.; Elias-Viñas, D.; Felix, R.; Delgado-Lezama, R. Extrasynaptic A6 Subunit-Containing
GABAA Receptors Modulate Excitability in Turtle Spinal Motoneurons. PLoS ONE 2014, 9, e115378. [CrossRef]

32. Lance, J.W. Spasticity: Disordered Motor Control. Symposium synopsis. In Symposia Specialists, Miami; Feldman, R.G., Young, R.R.,
Koella, W.W., Eds.; Medical Publishers: Chicago, IL, USA, 1980; pp. 485–500.

33. Nielsen, J.B.; Crone, C.; Hultborn, H. The Spinal Pathophysiology of Spasticity—From a Basic Science Point of View. Acta Physiol.
2007, 189, 171–180. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

136



Citation: Kim, H.R.; Martina, M.

Bidirectional Regulation of GABAA

Reversal Potential in the Adult Brain:

Physiological and Pathological

Implications. Life 2024, 14, 143.

https://doi.org/10.3390/

life14010143

Academic Editor: Carlo Musio

Received: 8 December 2023

Revised: 16 January 2024

Accepted: 17 January 2024

Published: 19 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

life

Review

Bidirectional Regulation of GABAA Reversal Potential in the
Adult Brain: Physiological and Pathological Implications
Haram R. Kim 1 and Marco Martina 1,2,*

1 Department of Neuroscience, Feinberg School of Medicine, Northwestern University, 300 E. Superior,
Chicago, IL 60611, USA; haram.kim@northwestern.edu

2 Department of Psychiatry, Feinberg School of Medicine, Northwestern University, 300 E. Superior, Chicago,
IL 60611, USA

* Correspondence: m-martina@northwestern.edu

Abstract: In physiological conditions, the intracellular chloride concentration is much lower than
the extracellular. As GABAA channels are permeable to anions, the reversal potential of GABAA is
very close to that of Cl−, which is the most abundant free anion in the intra- and extracellular spaces.
Intracellular chloride is regulated by the activity ratio of NKCC1 and KCC2, two chloride-cation
cotransporters that import and export Cl−, respectively. Due to the closeness between GABAA

reversal potential and the value of the resting membrane potential in most neurons, small changes
in intracellular chloride have a major functional impact, which makes GABAA a uniquely flexible
signaling system. In most neurons of the adult brain, the GABAA reversal potential is slightly more
negative than the resting membrane potential, which makes GABAA hyperpolarizing. Alterations in
GABAA reversal potential are a common feature in numerous conditions as they are the consequence
of an imbalance in the NKCC1-KCC2 activity ratio. In most conditions (including Alzheimer’s
disease, schizophrenia, and Down’s syndrome), GABAA becomes depolarizing, which causes net-
work desynchronization and behavioral impairment. In other conditions (neonatal inflammation
and neuropathic pain), however, GABAA reversal potential becomes hypernegative, which affects
behavior through a potent circuit deactivation.

Keywords: transporter; disease; brain oscillations; excitation; inhibition

1. Introduction

The balance between excitation and inhibition (E/I balance) is critical for maintaining
optimal function of the brain [1–4]. At the cellular level, a range of inhibitory mechanisms
are designed to precisely control the excitation so that the neurons convey accurate in-
formation through the network [5–8]. In the brain, GABA (γ-aminobutyric acid) is the
primary inhibitory neurotransmitter for both long-range and local inhibitory transmission.
E/I imbalance can be caused by alterations of excitation, inhibition, or both. Altered E/I
balance has been suggested as a causal factor for many symptoms associated with neu-
ropsychiatric diseases, including fragile X syndrome [9], Alzheimer’s disease [10], and
schizophrenia [11,12], and in most cases, it is attributable to altered GABAergic signal-
ing [13,14].

In the brain, GABA exercises its effects by acting on two major types of receptors,
the ionotropic (GABAAR) receptor and the metabotropic (GABABR) receptor. In contrast
to the GABAB receptors, which set the basal tone of inhibition through indirectly open-
ing potassium channels via G-protein activation, GABAA receptors immediately alter the
ion permeability of the membrane. When the GABAAR is activated, monovalent anions
(mostly chloride but also nitrate and bicarbonate ions [15]) pass through the transmem-
brane channel structure of receptors. This movement of anions generates the postsynaptic
current (PSC). The PSC amplitude depends on the number and availability of receptors
and the intracellular concentration of anions, as well as the amount of GABA released from
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presynaptic terminals. Although multiple mechanisms regulate signaling through GABAA
receptors, including the modulation of the subunit composition of GABAA receptors and
the alteration in GABA metabolism, an increasing amount of work suggests that in most
pathological conditions, the main alterations in GABAA function are caused by changes
in the relative activity of NKCC1 and KCC2, two chloride/potassium cotransporters that
import and export chloride, respectively, and, thus, set the reversal potential of the current.

Over the past decades, it has become clear that despite its primary role as an inhibitory
signal, the GABAA current can also be excitatory. Apart from the well-known role of
depolarizing GABAA in developmental stages, which has been extensively investigated,
numerous pathological states are associated with the reappearance of a depolarizing effect
of GABA in the adult brain. Additionally, we recently showed that alterations leading to
hypernegative GABAA reversal potential also have an important functional impact on the
adult cortex [16]. Here, we review the bidirectional regulation of GABAA reversal potential
in pathological conditions of the adult brain and discuss how the altered GABAA function
may impact network function.

2. GABAA Reversal Potential
2.1. GABAA Reversal Potential and Intracellular Chloride

In physiological conditions, the concentration of intracellular chloride ([Cl−]i = 5~30 mM)
is considerably lower compared to extracellular chloride ([Cl−]o = ~140 mM) [17]. As GABAA
channels are permeable to anions, the reversal potential of GABAA is very close to that of Cl−,
which is the most abundant free anion in physiological solutions. A few studies have measured
[Cl−]i directly in physiological conditions using the visualization of chloride ions [18,19], but
their reliability in assessing absolute chloride concentrations remains questionable. The
most reliable method to estimate [Cl−]i remains the measurement of GABAA current reversal
potential. The reversal potential of GABAA can be obtained by measuring the GABAA currents
at different membrane voltages. Using the perforated patch clamp recording technique, which
preserves the native concentration of anions, [Cl−]i is calculated using the Nernst equation
from the measured reversal potential.

At reversal potential, the net Cl− flux across the membrane is zero, and the effect of
GABAA activation is entirely due to shunting inhibition (the conductance increase that
diminishes cellular excitability due to Ohm’s law). In most neurons of the adult brain, the
GABAA reversal potential is slightly more negative than the resting membrane potential,
which makes GABAA hyperpolarizing. It is important to stress that because, in most cases,
the GABAA reversal potential is close to the resting potential, even small changes in GABAA
reversal can shift the effect of GABAA activation from hyperpolarizing to depolarizing.

Thus, small increases in [Cl−]i can cause the GABAA current reversal potential to
become depolarized relative to the resting potential. However, depolarizing reversal
potential is not synonymous with an excitatory effect. It is only when this depolarizing
effect exceeds the inhibitory shunting effect that GABAA becomes excitatory. Due to the
vicinity, in most neurons, between the value of GABAA reversal potential and resting
membrane potential, the opposite case is also true, and decreased [Cl−]i boosts the influx
of negatively charged ions and, therefore, strengthens the inhibitory effect of the current.

Interestingly, the internal chloride concentration in neurons is differentially regulated
across developmental stages and cell types, even in the normal brain. This sets the GABAA
current clearly apart from the currents mediated by ionotropic glutamate receptors (AMPAR
and NMDAR), which have reversal potentials (~0 mV) that are much less sensitive to
changes in sodium (Na+) or potassium (K+) concentration and never change from excitatory
to inhibitory. This “flexibility” of the GABAA current, which is regulated by the level of
[Cl−]I, sets GABAA apart from other signaling systems.

2.2. Chloride/Potassium Cotransporters

Neuronal [Cl−]i is primarily set by the activity of NKCC1 and KCC2, two chlo-
ride/potassium cotransporters that act in opposite directions. While NKCC1 increases
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[Cl−]i, KCC2 promotes Cl− extrusion [20]. The actions of these two transporters are differ-
ently balanced in different locations and conditions and depend on transporter density and
distribution as well as modulation (such as phosphorylation).

NKCC1 is widely expressed in cells within and outside the brain. NKCC1 tran-
scripts and proteins are also present in non-neuronal cells like oligodendrocytes, microglia,
and astrocytes [21]. KCC2 expression, on the contrary, is neuron-selective across numer-
ous CNS structures, including the spinal cord, retina, neocortex, and most subcortical
structures [22–24].

The structures of both transporters were well described [25–29]. NKCC1 cotransports
Na+ and K+ inwardly together with two Cl−, thus increasing [Cl−]i. In contrast, KCC2
exports K+ and Cl− and thus decreases [Cl−]i. As in mature neurons of the adult brain the
activity of KCC2 exceeds that of NKCC1, [Cl−]i is maintained at low levels, which results
in the GABAA current being inhibitory and hyperpolarizing.

Increased NKCC1 activity, on the other hand, results in a depolarizing shift in the
GABAA current reversal potential by elevating [Cl−]i. In this case, the reversal poten-
tial of the GABAA current becomes depolarized compared with the resting membrane
potential (see Section 2.1). In contrast, increased KCC2 activity lowers [Cl−]i and hyperpo-
larizes GABAA reversal potential to values considerably lower than the resting membrane
potential, producing a stronger inhibitory effect.

3. Regulation of GABAA Reversal Potential in Physiological Conditions

Depolarizing GABAA has been discovered and intensively studied in immature neu-
rons for over 30 years, and it is evolutionally conserved across vertebrate species and
in Caenorhabditis elegans [30]. Ben-Ari (2002) suggested that there are several potential
biological advantages to having GABA mediate excitation in immature neurons because,
compared with the excitatory glutamatergic current, the depolarizing GABA current could
be less excitotoxic for postsynaptic neurons and more energetically efficient as it does
not require pumping ions against large transmembrane gradients. Strong evidence also
supports the idea that the reversal potential of the GABAA current is heavily regulated,
even in a normally functioning adult brain, which suggests the idea that the flexibility of the
GABAA current effect is exploited as a general mechanism to that allows precise regulation
of synaptic transmission. As there are excellent published reviews on the GABAA shift
in developmental stages [17,31,32], in this section, we will only briefly summarize it and
focus on the GABAA reversal potential regulation in the adult brain.

3.1. Developmental Regulation

The presence of depolarizing GABAA current is the norm in the brain during early
development when GABAA is the main fast excitatory neurotransmitter and key to estab-
lishing normal circuitry [33,34]. Neonatal neurons express a substantial amount of NKCC1,
while KCC2 expression is very low. At this stage, GABAA is depolarizing, as [Cl−]i is
20–30 mM, which implies a GABAA reversal potential of −40 to −50 mV [17], while the
resting potential is similar to that of mature neurons (~−70 mV) [35]. This depolarizing
GABAA has a critical role in synaptic formation and in the establishment of the neuronal
network. GABAA currents become inhibitory around postnatal Day 12 in rodents [36] and
around 2 years of age in humans, largely due to increased KCC2 expression leading to
lower intracellular Cl− [37–40].

3.2. Cell Type and Spatial Heterogeneity of Chloride Transporters

In the adult brain, NKCC1 is strongly expressed in all types of non-neuronal cells—
oligodendrocytes, microglia, and astrocytes [21,41,42]. It is suggested that its splice variants
(NKCC1a/1b) are involved distinctively in the localization of NKCC1. NKCC1a is predom-
inant in glial cells, and NKCC1b is found in neurons [21].

The presence of NKCC1 in glial cells increases the complexity of GABAA signal-
ing. Astrocytes affect the activity of transporters by changing the extracellular potassium
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and chloride concentration around the neurons [43,44]. Additionally, astrocytes directly
contribute to synaptic transmission by releasing glutamate and other modulators in an
activity-regulated calcium-dependent or -independent fashion [45–47]. Beyond the effect
on membrane potential, astrocytic NKCC1 has been shown to regulate mitochondrial
calcium levels in astrocytes [48]. So, NKCC1 regulation in non-neuronal cells has a major
impact on brain function. A discussion of these effects is beyond the scope of this paper;
interested readers can find detailed reviews on this topic [49,50].

Even when restricting the analysis to neuronal expression, changes in NKCC1/KCC2
activity are typically confined to select brain areas. For example, in a pharmacological
model of cognitive impairment associated with schizophrenia, NKCC1 is increased in the
ventral but not in the dorsal subregion of the medial prefrontal cortex (mPFC) [51], and in
a rodent model of neuropathic pain, KCC2 expression is increased in the mPFC but not in
the neighboring anterior cingulate cortex [16]. NKCC1 and KCC2 can also be differentially
regulated in different layers within the same brain areas, as shown in mouse granule cells
and outer and middle molecular layers following entorhinal denervation [52].

Interestingly, in the adult mouse hippocampus, the reversal potential of the GABAA
current in parvalbumin-positive interneurons is sensitive to KCC2 and NKCC1 blockades in
a similar way to in pyramidal neurons, yet it is ~7 mV more depolarized than in pyramidal
neurons [53], suggesting the differential expression of transporters between these cell types.
Together with the observation that non-neuronal cells abundantly express NKCC1, these
data point to the necessity of single-cell resolution studies when evaluating NKCC1/KCC2
and show that using tissue-level approaches, such as Western blot analysis of homogenized
brain tissue, may easily miss cell-type selective alterations.

3.3. Compartmental Distribution of Chloride Transporters in Neurons
3.3.1. Somatodendritic Compartment

Both NKCC1 and KCC2 are distributed differently across cellular compartments.
NKCC1 mRNA is detected and abundant in most cells of the adult brain [21], but pro-
tein expression in mature neurons is low, which has hampered studying the subcellular
distribution of this transporter.

Recently, a super-resolution microscopy study in dissociated neurons took advantage
of hemagglutinin-tagged transporters in hippocampal neurons and showed that NKCC1
isoforms are detected in the somatodendritic compartment [54]. This study also found
that the NKCC1-KCC2 ratio is higher in axon initial segments of hippocampal neurons
(see Section 3.3.2). Another study found that in the adult brain, two KCC2 isoforms
(KCC2a and KCC2b) are expressed, but their expression differs between different cellular
compartments (E.G. soma and proximal dendrites versus distal neuronal dendrite [22]).
Both dentate gyrus granule cells and CA1 pyramidal cells of the adult hippocampus show
different patterns of KCC2 expression from distal/apical dendrites to the soma [55]. This
observation also suggests that the NKCC1-KCC2 ratio is differentially regulated along
dendrites, possibly providing local control over the efficacy of synaptic activation. Indeed,
spatially nonuniform [Cl−]i shifts have been described in dendrites [56]. In keeping
with the idea of spatial segregation in [Cl−]i gradients, KCC2 is enriched in the vicinity
of synapses [57–59] by a gephyrin-dependent mechanism, suggesting that GABAA is
hyperpolarizing in these structures. In particular, KCC2 is clustered at the spine periphery
rather than at the postsynaptic density (PSD) region [60]. NKCC1 is expressed in dendrites
both at perisynaptic and extrasynaptic sites, where, in most cases, it colocalizes with
KCC2 [54]. Intriguingly, these authors also showed that, in cultured neurons, NKCC1
and, to a lesser extent, KCC2 proteins are mobile, suggesting that their distribution can be
rapidly modified in response to neuronal activity and the activation of individual synapses.
This observation suggests that activity-dependent alterations in NKCC1/KCC2 activity
contribute to synaptic plasticity. In agreement with this suggestion, a study showed that
in hippocampal neurons (both cultured and in acute slices), KCC2 activity is regulated
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on a timescale of minutes by coincident postsynaptic spiking and synaptic activity by a
calcium-dependent mechanism, which leads to persistent changes in synaptic strength [61].

3.3.2. Axonal Structures

In mature neurons, NKCC1 appears to be more abundantly expressed in the axon
initial segment (AIS) compared with the somatodendritic compartment, which creates an
axo-somatodendritic gradient in intracellular chloride [62]. Additionally, KCC2 expression
in the AIS is low [55,63] or absent [54]. This high NKCC1-to-KCC2 ratio maintains high
[Cl−]i and, therefore, a depolarizing effect of GABAA in these structures. Accordingly,
elegant work showed that the GABAergic input from axo-axonic cells to cortical pyramidal
neuron axons is excitatory and elicits action potential firing in postsynaptic axons [63],
although it may become hyperpolarizing in older animals [64].

3.4. Circadian Regulation of GABAA Reversal Potential

A very recent paper reported another intriguing aspect of [Cl−]i homeostasis in
the adult brain, circadian regulation [65]. These authors showed that in the pyramidal
neurons of the adult mouse neocortex baseline, [Cl−]i undergoes a two-fold increase from
day to night and that such an increase is due to changes in the surface expression and
phosphorylation of NKCC1 and KCC2. These findings add another layer of complexity to
the understanding of GABAergic signaling in the brain and provide further proof of the
remarkable flexibility of this system.

4. Regulation of Neuronal GABAA Reversal Potential in Disease
4.1. Depolarizing GABAA Current

An altered NKCC1-KCC2 activity ratio has been linked with various neuropathologi-
cal disorders and discussed in previous reviews [66,67]. Depolarizing GABAA currents in
the adult brain have been reported in many pathological conditions such as epilepsy [37,68],
Down syndrome [69], schizophrenia [51], and severe stress [70]. The mechanism by which
depolarizing GABA currents interferes with brain activity is likely caused by a loss of
synchronization in network oscillations (Figure 1). The cellular mechanisms leading to the
altered reversal potential include alterations in transporter expression and in their regula-
tion. For example, increased activity of kinase, such as OXSR1 and WNK3, which regulate
NKCC1 and KCC2 was reported in the prefrontal cortex of schizophrenia patients [71].
On the other hand, in subchronic phencyclidine (scPCP)-treated mice, an animal model
that mimics the cognitive symptoms associated with schizophrenia [72,73], depolarizing
GABAA appears in the prefrontal cortex as a consequence of increased NKCC1 mRNA
expression [51]. In line with these data, a gain-of-function NKCC1 mutation has been
identified in human schizophrenia patients [74]. Thus, similar to the scenario in Down
syndrome [69] and in the spinal cord of neuropathic pain models [75], NKCC1 is the trans-
porter whose activity is mostly altered in schizophrenia. Therefore, the cellular mechanism
leading to altered GABAA reversal potential in the diseased adult brain appears to be
different than in the neonatal brain, where the depolarizing GABAA current is due to low
KCC2 expression [39,40]. Importantly, the pharmacological inhibition of NKCC1 rescues
cognitive impairment in both scPCP and Down syndrome mice. Additionally, depolarizing
GABA has also been suggested as a mechanism leading to a loss of the synapse specificity of
LTP in aging animals [76]. Finally, depolarizing GABA may also play a role in Alzheimer’s
disease, as it was recently shown that NKCC1 expression is increased in the hippocampus
of mice injected with amyloid β-peptide [77]. These authors further showed that treatment
with beta-amyloid (Aβ1–42) also increases NKCC1 expression in hippocampal cultures.
Another group [78] obtained complementary results showing KCC2 downregulation in
5xFAD mice, a widely used animal model of Alzheimer’s disease. Importantly, these au-
thors also showed that treating the mice with the KCC2 activator CLP290 rescued cognitive
performance.

141



Life 2024, 14, 143

Life 2024, 14, x FOR PEER REVIEW 6 of 13 
 

 

expression in hippocampal cultures. Another group [78] obtained complementary results 
showing KCC2 downregulation in 5xFAD mice, a widely used animal model of Alz-
heimer’s disease. Importantly, these authors also showed that treating the mice with the 
KCC2 activator CLP290 rescued cognitive performance. 

 
Figure 1. Schematic of the effects of depolarizing GABAA in disease. In postsynaptic neurons, two 
types of chloride/potassium cotransporters (NKCC1 and KCC2) regulate intracellular chloride con-
centration ([Cl−]i). The polarity of the GABAA current, either depolarizing or hyperpolarizing, is 
largely determined by the transmembrane chloride concentration gradient. When activation of 
GABAA receptors pathologically evokes excitatory (EPSP) instead of inhibitory (IPSP) synaptic po-
tentials due to increased NKCC1-KCC2 activity ratio, the excitatory/inhibitory (E/I) balance is al-
tered, which leads to a disruption of network oscillations and behavioral impairment. 

4.2. Hypernegative GABAA Current 
So far, the study of GABAA current reversal potential alterations in pathological con-

ditions has been largely focused on the (re)appearance of excitatory GABAA in adult ani-
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detrimental and that excessive GABAA-mediated inhibition due to hypernegative current 
reversal potential represents another potential mechanism of pathology. For example, 
adult mice that were exposed to neonatal inflammation (using an LPS injection) show cog-
nitive impairments associated with hypernegative GABAA reversal potential and in-
creased KCC2 activity in the hippocampus [79]. Interestingly, these authors showed a 
complex TGF-β1-dependent regulation, suggesting the alteration is not simply due to an 
overdrive of the normal developmental KCC2 upregulation. Accordingly, we recently 
showed that a hypernegative GABAA current can appear in the adult brain independently 
of any developmental dysregulation. We found that in adult mice 7 days after peripheral 
nerve injury (the Spared Nerve Injury model of neuropathic pain), the reversal potential 
of the GABAA current in the pyramidal neurons of the medial prefrontal cortex is ~10 mV 
more negative than in sham-operated control mice. This change is due to a large overex-
pression of KCC2 transcripts and, to a minor extent, to decreased NKCC1 expression [16]. 
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Figure 1. Schematic of the effects of depolarizing GABAA in disease. In postsynaptic neurons,
two types of chloride/potassium cotransporters (NKCC1 and KCC2) regulate intracellular chloride
concentration ([Cl−]i). The polarity of the GABAA current, either depolarizing or hyperpolarizing,
is largely determined by the transmembrane chloride concentration gradient. When activation of
GABAA receptors pathologically evokes excitatory (EPSP) instead of inhibitory (IPSP) synaptic
potentials due to increased NKCC1-KCC2 activity ratio, the excitatory/inhibitory (E/I) balance is
altered, which leads to a disruption of network oscillations and behavioral impairment.

4.2. Hypernegative GABAA Current

So far, the study of GABAA current reversal potential alterations in pathological
conditions has been largely focused on the (re)appearance of excitatory GABAA in adult
animals. However, recent investigations have shown that the opposite regulation can
also be detrimental and that excessive GABAA-mediated inhibition due to hypernegative
current reversal potential represents another potential mechanism of pathology. For ex-
ample, adult mice that were exposed to neonatal inflammation (using an LPS injection)
show cognitive impairments associated with hypernegative GABAA reversal potential and
increased KCC2 activity in the hippocampus [79]. Interestingly, these authors showed
a complex TGF-β1-dependent regulation, suggesting the alteration is not simply due to
an overdrive of the normal developmental KCC2 upregulation. Accordingly, we recently
showed that a hypernegative GABAA current can appear in the adult brain independently
of any developmental dysregulation. We found that in adult mice 7 days after peripheral
nerve injury (the Spared Nerve Injury model of neuropathic pain), the reversal potential of
the GABAA current in the pyramidal neurons of the medial prefrontal cortex is ~10 mV
more negative than in sham-operated control mice. This change is due to a large overex-
pression of KCC2 transcripts and, to a minor extent, to decreased NKCC1 expression [16].
Computational modeling of a cortical network demonstrated that the ~10 mV shift in
GABAA reversal potential is by itself sufficient to dramatically reduce the overall activity
of the network, resulting in over 60%-decreased activity of excitatory neurons in the range
of natural external inputs (Figure 2). Thus, hypernegative GABA has a major impact on
neuronal activity and should be considered whenever increased inhibition is present and
no changes in the activity and/or number of interneurons are detected.
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Figure 2. Effect of hypernegative GABAA current on network function. (a) When the neuronal
KCC2-NKCC1 activity ratio is increased, intracellular chloride concentration ([Cl−]i) is lower than
the physiological level, and the inhibitory effect of GABAA current is strengthened, disrupting
the E/I balance. (b–e) Simulated effects of hypernegative GABAA current on cortical network
activity. In pathological conditions (GABAA reversal potentials = −72 mV), the spike frequency of
the postsynaptic excitatory neurons is severely decreased, even when the frequency of the inhibitory
inputs is unaffected. (b) Computational model of a cortical network based on local microcircuit of
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excitatory–inhibitory recurrent architecture. (c) Simulated spontaneous spiking activity of excitatory
(blue) and inhibitory (green) cortical neurons with physiological (−62 mV, top panel) or pathologically
hyperpolarized (−72 mV, bottom) GABAA reversal potentials. (d) Average firing rate of excitatory
neurons with three different GABAA reversal potentials in response to variable external input
frequencies. (e) Histogram of firing rates of excitatory neurons when the external input was set at
4.5 kHz. (Adapted with permission from [16]).

4.3. GABAA Flexibility and Pathology

Why are changes in GABAA current reversal potential detected in so many different
conditions? The proximity of the value of the GABAA current reversal potential and the
resting membrane potential of most neurons is probably the critical factor. Such proximity
means that even small changes in the intracellular chloride concentration can switch
the current effect from hyperpolarizing to depolarizing; this is a unique property of the
GABAA channel and sets it apart from other synaptic receptors. Another reason might
be the intrinsic complexity and plasticity of the regulatory mechanisms. Intracellular
chloride concentration changes significantly during development because the regulating
machinery is heavily modulated by numerous mechanisms (including epigenetic [80]); this
makes this process particularly sensitive to even small functional abnormalities. Therefore,
we hypothesize that alterations in GABAA reversal potential (either in the depolarizing
or hyperpolarizing direction) in the cerebral cortex represent a common maladaptive
mechanism leading to cognitive impairment in multiple pathological conditions with
different etiologies.

5. Network Effects and Clinical Implications of Flexible GABAA Reversal Potential

Numerous studies show that neuronal oscillations in the prefrontal cortex and hip-
pocampus are closely associated with cognitive tasks. Theta rhythms (4–8 Hz) in the cortex
are enhanced during memory tasks in humans and animals [81,82]. Gamma oscillations
(25–100 Hz) are also critical for cognitive function, and aberrant gamma oscillations have
been observed in multiple cognitive disorders. Additionally, changes in brain oscillations
can predict cognitive symptoms in individuals with autism spectrum disorders, and in-
creasing evidence shows that long-range gamma synchronization is reduced in patients
with schizophrenia [83] and other conditions characterized by cognitive disability [84].
GABAergic inhibition is essential to the generation of oscillatory networks [85,86]. Ac-
cordingly, E/I balance in the PFC and hippocampus is critical for cognitive and social
functions [87,88]. However, despite the centrality of E/I imbalance in numerous brain
disorders, the cellular mechanisms of E/I imbalance are mostly unknown. As oscillations
emerge from reciprocal interactions between populations of excitatory (glutamatergic)
and inhibitory (GABAergic) neurons [89], E/I imbalance may be due to multiple types of
abnormalities in GABAergic and/or glutamatergic signaling. Consequently, it is possible
that differences in the mechanisms underlying E/I imbalance lay behind the large variety
and diverse severity of cognitive impairments in different neurodevelopmental disorders.
While abundant evidence has been collected over the past several years supporting the role
of depolarizing GABA as an important pathogenic mechanism in various diseases, it has
only become clear very recently that the hypernegative reversal potential of the GABAA
current also has a major functional impact, although the network mechanisms are likely
different. We suggest that the main functional impact of depolarizing GABA is a loss of
network synchronization, which results in the disruption of network oscillations (Figure 1).
On the other hand, a hypernegative GABAA current seems to cause a general inhibition
of the circuit, roughly equivalent to an increased number of inhibitory synaptic inputs
(Figure 2).

Additionally, while both these conditions represent dysfunctions in GABAergic signal-
ing, their potential treatment requires completely different approaches, each with potential
drawbacks. The case of hypernegative GABAA is theoretically straightforward because
GABA antagonists are likely beneficial to reduce the effects of the hypernegative GABAA.
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The use of such drugs, however, is limited by their toxicity and epileptogenicity. The
situation is more complex in the case of depolarizing GABA, where inhibition is insuffi-
cient but cannot be improved by the common approach of using GABA agonists such as
benzodiazepines or GABA analogs such as valproic acid or gabapentin. The most direct
treatment for this condition would obviously be the restoration of the inhibitory effect
of GABAA, which can be achieved either pharmacologically or genetically [51,69]. Both
these approaches, however, also have major limitations. As depolarizing GABA in disease
conditions is, by and large, the consequence of NKCC1 upregulation, NKCC1 antagonists,
such as bumetanide, may provide a treatment opportunity. However, these drugs have
very poor BBB permeability [90], which limits their effective concentration in the brain
parenchyma. Additionally, these drugs do not have any cellular selectivity and not only
affect excitatory and inhibitory neurons but also non-neuronal cells, which often express
NKCC1 at a higher level than neurons. Thus, the network effects are necessarily broad and
hard to predict. The genetic approach may help as NKCC1 expression could be selectively
repressed in select cellular populations, but this approach is still far from viable for clinical
treatment. An alternative approach may take advantage of KCC2 agonists, which would
be neuron-selective, but effective agonists are still missing. However, KCC2 activity is
regulated by numerous signaling pathways such as WNK, PKC, and BDNF [20,71,91–93];
therefore, these might also represent interesting pharmacological targets. Even in this case,
however, cell-type selectivity would help considerably.

6. Conclusions

The GABAA current represents a particularly vulnerable target in many neurological
conditions. This is mainly driven by two facts: 1—The net effect of GABAAR activation may
be inhibitory or excitatory, depending on the electrochemical gradient for the permeant
anions across the membrane of the postsynaptic neurons. Additionally, even when in-
hibitory, the GABAA current may dramatically change its efficacy depending on its reversal
potential. Consequently, this highly plastic and regulated system is sensitive to even small
changes in transmembrane ionic gradients. 2—This functional balance is regulated by mech-
anisms that are highly plastic because they are designed to change during physiological
development. Taken together, these factors explain both the particular vulnerability of this
system to even small cellular alterations and the oversized functional effects that can derive
from these alterations. In keeping with such strong vulnerability, alterations in GABAA
reversal potential have been recently implicated in numerous psychiatric and neurological
conditions, suggesting that regulation of chloride-cation cotransporters represents a viable
therapeutic target.
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Abstract: The human brain is composed of nearly one hundred billion neurons and an equal number
of glial cells, including macroglia, i.e., astrocytes and oligodendrocytes, and microglia, the resident
immune cells of the brain. In the last few decades, compelling evidence has revealed that glial cells
are far more active and complex than previously thought. In particular, astrocytes, the most abundant
glial cell population, not only take part in brain development, metabolism, and defense against
pathogens and insults, but they also affect sensory, motor, and cognitive functions by constantly
modulating synaptic activity. Not surprisingly, astrocytes are actively involved in neurodegenerative
diseases (NDs) and other neurological disorders like brain tumors, in which they rapidly become
reactive and mediate neuroinflammation. Reactive astrocytes acquire or lose specific functions that
differently modulate disease progression and symptoms, including cognitive impairments. Astrocytes
express several types of ion channels, including K+, Na+, and Ca2+ channels, transient receptor
potential channels (TRP), aquaporins, mechanoreceptors, and anion channels, whose properties and
functions are only partially understood, particularly in small processes that contact synapses. In
addition, astrocytes express ionotropic receptors for several neurotransmitters. Here, we provide an
extensive and up-to-date review of the roles of ion channels and ionotropic receptors in astrocyte
physiology and pathology. As examples of two different brain pathologies, we focus on Alzheimer’s
disease (AD), one of the most diffuse neurodegenerative disorders, and glioblastoma (GBM), the
most common brain tumor. Understanding how ion channels and ionotropic receptors in astrocytes
participate in NDs and tumors is necessary for developing new therapeutic tools for these increasingly
common neurological conditions.

Keywords: astrocytes; ion channels; glia; Alzheimer’s disease; glioblastoma

1. Introduction

Astrocytes constitute the most abundant glial cell population in the brain. Astrocytes
are heterogeneous and highly complex cells (Verkhratsky and Nedergaard (2018) [1];
Khakh and Deneen (2019) [2]) and they develop in strict and dynamic interaction with
neurons. Indeed, astrocytes govern synaptogenesis and synapse maturation and elimina-
tion through different active molecules and phagocytic functions (Khakh and Sofroniew
(2015) [3]; Allen and Eroglu (2017) [4]). During development and throughout the whole
life span, astrocytes play a plethora of crucial functions that include control of tissue
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homeostasis, metabolism, and neurovascular coupling (Allaman et al. (2011) [5]; Allen
and Lyons (2018) [6]; Lia et al. (2023a) [7]).

Neuronal, glial, vascular, and extracellular matrix elements contribute to forming
the functional unit responsible for information processing and brain functions that was
recently named the “brain active milieu” (Semyanov and Verkhratsky (2021) [8]), which is
largely affected in brain diseases. Indeed, in neurodegenerative diseases (NDs), gliosis is a
common hallmark, with both astrocytes and microglia playing a major role.

Astrocytes and microglia rapidly transform into a reactive state characterized by
morphological, transcriptional, and functional changes that frequently lead to neuroin-
flammation (Pekny et al. (2016) [9]; Liddelow and Barres (2017) [10]; Sofroniew (2020) [11];
Escartin et al. (2021) [12]). The molecular signature of these dynamic changes is only
partially understood. Mixed and even opposing effects may be produced by the same
activated glia depending on the specific context and factors that are the focus of several
ongoing studies (Escartin et al. (2021) [12]). Reactive astrocytes may release protective
cytokines and neurotrophic factors that may reduce cellular damage and, eventually, restore
tissue physiological functions, especially after acute events such as stroke or brain trauma.

In chronic NDs, instead, activated astrocytes and microglia persist in a reactive state
that may exert detrimental effects by producing excessive reactive oxygen or nitrogen
species (ROS or RNS, respectively), as well as proinflammatory cytokines and neurotoxic
factors (Guttenplan et al. (2021) [13]; Brandebura et al. (2023) [14]; Patani et al. (2023) [15]).

In addition to NDs, astrocytes are involved in glioblastoma (GBM) genesis and pro-
gression and in glioblastoma-related symptoms due to the alterations of local glial and
neuronal functions (Brandao et al. (2019) [16]; Yang et al. (2022) [17]).

Astrocytic ion channels, in contrast to neuronal ones, were considered important only
for the control of ion tissue homeostasis, particularly for potassium (Kuffler et al. (1966) [18];
Orkand et al. (1966) [19]; Kuffler (1967) [20]). Indeed, astrocytes are electrically non-
excitable cells since they do not generate action potentials. For this reason, astrocytes were,
for a long time, described as passive cells in contrast with neurons, which were consid-
ered the only players in synaptic transmission and information processing. This view
has changed considerably in the last few decades. In particular, calcium imaging studies
revealed that astrocytes are highly active cells capable of releasing gliotransmitters, such as
glutamate, ATP, and D-serine. Gliotransmitters dynamically interact with neurons, modu-
lating synaptic transmission, plasticity, and ultimately, behavior (Araque et al. (2014) [21];
Bazargani and Attwell (2016) [22]; Santello et al. (2019) [23]; Lyon and Allen (2021) [24];
Kofuji and Araque (2021) [25]).

Intracellular calcium transients in astrocytes were initially studied in the soma, where
intracellular stores are the main source of these events. Currently, perisynaptic astrocytic
processes (PAPs), the ultra-thin processes that intimately contact synapses (Ventura and
Harris (1999) [26]; Bushong et al. (2002) [27]), are considered the most active compartment,
in which calcium events are far more frequent and complex than in the soma, occurring
in localized and heterogeneous events. This calcium activity in small processes relies not
only on calcium released from internal stores but also on calcium influx from membrane
ion channels (Lia et al. (2021) [28]; Ahmadpour et al. (2021) [29]).

Finally, the membrane potential was very recently shown to be highly dynamic in
PAPs (Armbruster et al. (2022) [30]). These voltage transients may affect, for instance,
glutamate uptake and, indirectly, neuronal excitability. Accordingly, although not excitable,
astrocytes are now considered electrically active cells (McNeill et al. (2021) [31]).

A summary of ion channels and ionotropic receptors expressed in astrocytes is de-
picted in Figure 1. Notably, the ion channels and ionotropic receptors expressed in astro-
cytes and neurons are frequently the same, making the study of their specific roles very
difficult. The use of genetically encoded molecules or transgenic animals provides an
invaluable solution to this problem.
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Figure 1. Ion permeable channels and receptors in astrocytes. Schematic view of the main ion chan-
nels and ionotropic receptors in astrocyte processes in a tripartite synapse. Ion channels (top), from 
left to right: tension gated PIEZO-1 channel; endoplasmic reticulum (ER)-STIM1 activated ORAI 
channels (ORAI-1,-3); TRP channels (TRPV4 is depicted, and others include TRPA1, TRPV1, TRPC1, 
and TRPC4-6); potassium permeable channels Kir (Kir 4.1, Kir 5.1, and KATP, which include Kir 2.1-
3 and Kir 6.1-2), Kv (Kv1.1, Kv1.6, Kv3.4, and Kv4.3), K2P (TREK1-2 and TWIK1), and KCa (KCa1.1, 
KCa3.1, and KCa2.1-3, also known as BK, IK, and SK, respectively); sodium channels (Nav1.2-3 and 
Nav1.5-6); and anion permeable channels (CLC1-3, VRAC, MAC, and Best-1). The Na+Ca2+ ex-
changer (NCX) is also reported. Ionotropic receptors and others (bottom), from left to right: hemi-
channels composed of Cx 43, 30, and 26; purinegic P2X receptors (P2X7); GABAA receptors; cholin-
ergic nicotinic receptors (nACh); and glutamatergic ionotropic receptors (NMDA, AMPA, and KA). 
Metabotropic receptors coupled to G protein (GPCRs) and electrogenic glutamate and GABA trans-
porters (Glt and GAT1-3, respectively) are also reported. NT, neurotransmitter; Glut, glutamate. Ob-
tained from Biorender. 

Ion and water imbalances may affect calcium activity and membrane potential, mod-
ulating different intracellular pathways like NF-kB, JAK-STAT3, calcineurin, and NFAT, 
which are important for astrocytic activation in response to pathological conditions. Fur-
thermore, in NDs, astrocyte modulation of synaptic plasticity is impaired, suggesting a 
direct involvement of astrocytes in cognitive dysfunctions related to these pathologies 
(Osborn et al. (2016) [32]). Understanding the functional roles of ion channels and iono-
tropic receptors in astrocytes, particularly in small processes, may unveil unknown mech-
anisms of brain function and new therapeutic targets for brain diseases. Indeed, being so 
deeply affected in NDs, neurons were the focus of the drug research field for many years. 
Currently, the poor results obtained by neurocentric therapeutic strategies for NDs 
prompt us to consider glial cells as crucial players and possible new targets. Indeed, as-
trocytes are largely involved in virtually all brain diseases, including AD, Parkinson’s dis-
ease, Huntington’s disease, amyotrophic lateral sclerosis, epilepsy, tumors, ischemia, and 
injury (Losi et al. (2012) [33]; Pekny et al. (2016) [9]; Brandao et al. (2019) [16]; Khakh and 
Goldman (2023) [34]; Patani et al. (2023) [15]).  

Figure 1. Ion permeable channels and receptors in astrocytes. Schematic view of the main ion channels
and ionotropic receptors in astrocyte processes in a tripartite synapse. Ion channels (top), from left to
right: tension gated PIEZO-1 channel; endoplasmic reticulum (ER)-STIM1 activated ORAI channels
(ORAI-1,-3); TRP channels (TRPV4 is depicted, and others include TRPA1, TRPV1, TRPC1, and
TRPC4-6); potassium permeable channels Kir (Kir 4.1, Kir 5.1, and KATP, which include Kir 2.1-3 and
Kir 6.1-2), Kv (Kv1.1, Kv1.6, Kv3.4, and Kv4.3), K2P (TREK1-2 and TWIK1), and KCa (KCa1.1, KCa3.1,
and KCa2.1-3, also known as BK, IK, and SK, respectively); sodium channels (Nav1.2-3 and Nav1.5-6);
and anion permeable channels (CLC1-3, VRAC, MAC, and Best-1). The Na+Ca2+ exchanger (NCX) is
also reported. Ionotropic receptors and others (bottom), from left to right: hemichannels composed of
Cx 43, 30, and 26; purinegic P2X receptors (P2X7); GABAA receptors; cholinergic nicotinic receptors
(nACh); and glutamatergic ionotropic receptors (NMDA, AMPA, and KA). Metabotropic receptors
coupled to G protein (GPCRs) and electrogenic glutamate and GABA transporters (Glt and GAT1-3,
respectively) are also reported. NT, neurotransmitter; Glut, glutamate. Obtained from Biorender.

Ion and water imbalances may affect calcium activity and membrane potential, mod-
ulating different intracellular pathways like NF-kB, JAK-STAT3, calcineurin, and NFAT,
which are important for astrocytic activation in response to pathological conditions. Fur-
thermore, in NDs, astrocyte modulation of synaptic plasticity is impaired, suggesting a
direct involvement of astrocytes in cognitive dysfunctions related to these pathologies (Os-
born et al. (2016) [32]). Understanding the functional roles of ion channels and ionotropic
receptors in astrocytes, particularly in small processes, may unveil unknown mechanisms
of brain function and new therapeutic targets for brain diseases. Indeed, being so deeply
affected in NDs, neurons were the focus of the drug research field for many years. Cur-
rently, the poor results obtained by neurocentric therapeutic strategies for NDs prompt
us to consider glial cells as crucial players and possible new targets. Indeed, astrocytes
are largely involved in virtually all brain diseases, including AD, Parkinson’s disease,
Huntington’s disease, amyotrophic lateral sclerosis, epilepsy, tumors, ischemia, and in-
jury (Losi et al. (2012) [33]; Pekny et al. (2016) [9]; Brandao et al. (2019) [16]; Khakh and
Goldman (2023) [34]; Patani et al. (2023) [15]).

Here, we will review the most recent advances in this very active field, focusing on
astrocytic ion channels in AD (see also Table 1), one of the most diffuse NDs, and in GBM
(see also Table 2), a brain tumor that directly involves astrocytes. These two different
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neurological conditions may serve as examples of how glial cells alterations may contribute
to brain pathology. We will first present the role of astrocytic channels in physiological
conditions. Then, we will present how their expression and function are modified in AD
and GBM. We aim to give an overview of the complex mechanisms underlying two of the
most important neurological disorders without forgetting the broader scenario in which
many other pathologies show alterations of ion and ionotropic channels in astrocytes.

Table 1. Summary of the main findings reported on ion channels and ionotropic receptors in astrocytes
from AD brains.

Alzheimer’s Disease

Channel or Receptor Main Findings References

TRPA1

Upregulated in the late AD phase. Lee et al. (2016) [35]

Pharmacological inhibition or genetic KO
ameliorates AD outcomes in mice. Lee et al. (2016) [35], Paumier et al. (2022) [36]

Piezo1
Pharmacological activation reduces Aβ

accumulation and improves plasticity and memory. Hu et al. (2023) [37]

Selective KO in microglia exacerbates AD pathology.

AQP4

AQP4-KO in AD mice increases AB deposition and
cognitive deficits. Xu et al. (2015) [38]

AQP4 mislocalization has been found in
AD patients. Reeves et al. (2020) [39]

Kir4.1

Kir4.1 KO mice show neuronal hyperexcitability
associated with AD. Nwaobi et al. (2016) [40]

Kir4.1 is reduced in postmortem AD brains. Wilcock et al. (2009) [41]

Dentate gyrus astrocytes around Aβ plaque show
higher Kir4.1 Huffels et al. (2022) [42]

KATP

Kir6.2 subunit is upregulated in AD mice and
postmortem AD brains. Griffith et al. (2016) [43]

Pharmacological activation of KATP reduces AD
hallmarks and cognitive deficits in AD mice. Liu et al. (2010) [44]

Pharmacological inhibition of KATP increases Aβ

deposition in mice. Macauley et al. (2015) [45]

Kv3.4

Kv3.4 is upregulated in AD human and
mouse brains.

Angulo et al. (2004) [46], Pannaccione et al.
(2007) [47], Boscia et al. (2017) [48]

Kv3.4 silencing reduces GFAP expression and Aβ

loading in mice. Boscia et al. (2017) [48]

KCa3.1
KCa3.1 is upregulated in AD patients. Yi et al. (2016) [49]

KCa3.1 blockade attenuates neuroinflammation and
ameliorates cognitive deficits in AD mice.

Wei et al. (2016) [50], Yi et al. (2016) [49],
Yu et al. (2018) [51]

Best1
Mediates abnormal GABA release in AD mice
hippocampus and affects synaptic plasticity. Jo et al. (2014) [52]

Altered localization in astrocytes from AD mice.

α7nAChR

Higher expression in astrocytes from AD patients. Teaktong et al. (2003) [53], Yu et al. (2005) [54]

Activated by Aβ at physiological or pathological
concentrations, affecting synaptic plasticity.

Wang et al. (2002) [55], Pirttimaki et al. (2013) [56],
Gulisano et al. (2019) [57]

α7nAChRsKO mice develop an AD-like pathology Tropea et al. (2021) [58]
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Table 1. Cont.

Alzheimer’s Disease

Channel or Receptor Main Findings References

P2X7R

Upregulated in microglia from both AD mice and
postmortem AD brains.

McLarnon et al. (2006) [59];
Martínez-Frailes et al. (2019) [60]

Upregulated in astrocytes from AD mice. Jin et al. (2018) [61], Martin et al. (2019) [62]

P2X7R KO in AD mice reduces cognitive deficits and
Aβ plaques without affecting microglia. Martin et al. (2019) [62]

Table 2. Summary of the main findings reported on ion channels and ionotropic receptors in GBM.

Glioblastoma

Channel or Receptor Main Findings References

VRAC

Highly expressed in GBM cells. Caramia et al. (2019) [63]

Promotes migration and resistance to apoptosis but
is not necessary for tumor development.

Caramia et al. (2019) [63];
Liu and Stauber (2019) [64]

May transport anticancer drugs like cisplatin
and carboplatin. Planells-Cases et al. (2015) [65]

gBK

Overexpressed in GBM and contributes to
aggressive tumor growth and migration. Molenaar (2011) [66]

Inhibition reduces tumor migration only when GBM
cells are in their active state. Brandalise et al. (2020) [67]

Kir4.1

Downregulated in GBM cells. Tan et al. (2008) [68]; Brandalise et al. (2020) [67]

The remaining portion of functional Kir4.1 channels
may cooperate with gBK channels to promote

tumor invasion.
Brandalise et al. (2020) [67]

Kir4.1 loss depolarizes GBM cells and increases
tumor proliferation, while Kir4.1 reintroduction

reduces proliferation.
Madadi et al. (2021) [69]

KCa3.1

Elevated levels in GBM cells correlate with
poor survival. Brown et al. (2018) [70]; Hausmann et al. (2023) [71]

Contribute to GBM cell migration by influencing
Ca2+ signaling. Catacuzzeno and Franciolini (2018) [72]

Silencing and inhibition reduce tumor infiltration
and improve survival in mouse models. Brown et al. (2018) [70]

Kv1.3, Kv1.5

Inverse correlation between Kv1.5 expression and
glioma malignancy (no such association was

observed for Kv1.3).
Preußat et al. (2003) [73]; Arvind et al. (2012) [74]

Kv1.3 inhibition in glial populations regulates
astrocyte and microglia reactivity, reducing tumor

growth and invasiveness.
Grimaldi et al. (2018) [75]

Kv1.3 inhibitors can induce cell death in glioma cells. Venturini et al. (2017) [76]

TRPV4

Overexpressed in malignant gliomas like GBM.
Negatively correlated with the prognosis. Yang et al. (2020) [77]

CBD treatment causes TRPV4-mediated calcium
influx triggered mitophagy and consequent glioma

cell death.
Huang et al. (2021) [78]
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Table 2. Cont.

Glioblastoma

Channel or Receptor Main Findings References

PIEZO1

Overexpressed in malignant gliomas like GBM.
Negatively correlates with the prognosis.

Chen et al. (2018) [79]
ECM stiffness activates PIEZO1 and increases its

expression, promoting GBM invasiveness.

AQPs

AQPs facilitate tumor mobility, survival, and growth
through diverse mechanisms. Varricchio et al. (2021) [80]

AQP4 overexpression and redistribution in GBM are
linked to increased cell migration. Vandebroek and Yasui (2020) [81]

T3 hormone may decrease AQP4 in GBM cells,
leading to reduced tumor growth and migration. Costa et al. (2019) [82]

GABAAR

The majority of GABAAR subunits are
downregulated in GBM, except for the δ subunit,

which is upregulated.
Smits et al. (2012) [83]; Tantillo et al. (2023) [84]

GABA signaling decreases GBM proliferation and
growth, but it may lead to epilepsy development.

Blanchart et al. (2017) [85];
Radin and Tsirka (2020) [86];

Tantillo et al. (2023) [84]

GABAAR activity supports tumor cell quiescence.
After tumor resection, its reduced activity may be

responsible for GBM recurrence.
Smits et al. (2012) [83]; Blanchart et al. (2017) [85]

Neurosteroids could modulate GBM cell line biology. Zamora-Sánchez et al. (2017, 2022) [87,88];
Feng YH. et al. (2022) [89]

nAchR

Few subtypes of nAchR are expressed in GBM cells. Thompson et al. (2019) [90]; Pucci et al. (2022) [91]

nAchR controls the survival, proliferation, and
infiltrative capacity of GBM. Thompson et al. (2019) [90]; Pucci et al. (2021) [92]

Activation of nAchR produces an increase in
[Ca2+]int that leads to intracellular pathways

activation (Akt, ERK).
Pucci et al. (2022) [91]

nAchR antagonists decrease the viability,
proliferation, and migration of GBM cells.

Spina et al. (2016) [93]; Pucci et al. (2022) [91];
Bavo et al. (2023) [94]

iGluRs

Stimulation of iGluRs leads to GBM progression and
contributes to seizures in the peritumoral area. Venkataramani et al. (2019) [95]; Jung et al. (2020) [96]

NMDAR, AMPAR, and KAR expressed in GBM can
be activated by glutamate released by neurons and

by GBM itself.

Lyons et al. (2007) [97]; Nandakumar et al. (2019)
[98]; Venkataramani et al. (2019) [95]; Venkatesh

et al. (2019) [99]

Ca2+ permeable AMPARs and NMDARs promote
tumor progression in the glutamate-rich

environment of GBM.
Nandakumar et al. (2019) [98]

iGluR antagonists may slow GBM progression while
limiting neurodegeneration and seizure onset.

Grossman et al. (2009) [100];
Cacciatore et al. (2017) [101];

Yamada et al. (2020) [102];
Albayrak et al. (2021) [103];
Blyufer et al. (2021) [104];

Venkataramani et al. (2021) [105]
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Table 2. Cont.

Glioblastoma

Channel or Receptor Main Findings References

Cx43

Cx43 expression is reduced in the tumor core and
increased at the tumor–astrocyte interface. Due to its

heterogeneous distribution, Cx43 acts both as a
tumor suppressor and a promoter of cell migration.

Caltabiano et al. (2010) [106];
Sin et al. (2016) [107]; Uzu et al. (2018) [108];

McCutcheon and Spray (2022) [109]

Cx43 regulates apoptosis, impacts cell homeostasis,
and promotes epileptic activity in the

peritumoral zone.

Sin et al. (2016) [107]; Dong et al. (2017) [110];
Xing et al. (2019) [111]

Cx43 expression in GBM cells is associated with the
development of resistance to TMZ treatment. Gielen et al. (2013) [112]

2. Ion Channels and Ionotropic Receptors in Astrocyte Physiology
2.1. Potassium Channels

The relevance of K+ channels in astrocyte physiology was discovered nearly sixty years
ago in seminal studies that revealed a high permeability to this cation at very negative values of
resting membrane potential, close to the Nernst’s equilibrium for K+ (Kuffler et al. (1966) [18];
Orkand et al. (1966) [19]; Kuffler (1967) [20]; Ransom and Goldring (1973) [113]). Astrocytes
express a large set of K+-permeable channels, including voltage-dependent channels (Kir),
voltage-gated channels (Kv), voltage-independent two-pore domain channels (K2P), and Ca2+-
dependent channels (KCa) (Seifert et al. (2018) [114]; Verkhratsky and Nedergaard (2018) [1];
McNeill et al. (2021) [31]). Maintenance of K+ homeostasis in brain tissue is one of the major
known astrocytic functions, and it is mediated by different K+ channels together with active
Na+/K+ cotransporters.

Astrocyte K+ channels and transporters mediate the spatial buffering of extracellular
K+ that is internalized in regions of high neuronal activity and redistributed by gradients
in nearby, less active regions through gap junctions that connect astrocytes (Kofuji and
Newman (2004) [115]; Verkhratsky and Nedergaard (2018) [1]; McNeill et al. (2021) [31]).
Of note, an extracellular K+ increase is not due solely to repolarizing axons but also to
the activation of postsynaptic N-methyl-D-aspartate (NMDA) receptors, which are K+

permeable (Shih et al. (2013) [116]; Tyurikova et al. (2022) [117]), and the activation of
γ-aminobutyric acid (GABA) receptors through the involvement of cation chloride cotrans-
porters (Kaila et al. (1997) [118]; Voipio and Kaila (2000) [119]; Viitanen et al. (2010) [120]).
Also, for this reason, extracellular K+ concentrations are particularly dynamic in active
brain regions and need to be properly controlled.

Kir channels are inwardly rectifying channels composed of a family of 16 subtypes,
classified into 7 sub-families, expressed by distinct KCNJ genes. The main ion chan-
nels expressed by astrocytes are represented by Kir4.1, a weak, inwardly rectifying K+

channel expressed exclusively by glial cells (Kofuji and Newman (2004) [115]; Olsen and
Sontheimer (2008) [121]; Brasko et al. (2017) [122]). Kir4.1 channels are open at resting
membrane potential and contribute to its very negative value. Its voltage dependency
is modulated by Mg2+ and intracellular polyamines, and it is reduced at depolarized
membrane potentials. Kir4.1 is enriched at perisynaptic astrocytic processes and endfeet,
i.e., processes contacting blood vessels, and is also present as a heterodimer with Kir5.1
(Hibino et al. (2004, 2010) [123,124]; Tan et al. (2008) [68]).

Other Kir channels include Kir2.1-3, Kir6.1, and Kir6.2. The latter compose the ATP-
sensitive potassium channels (KATP) formed by four pore-forming Kir6.1 and Kir6.2 sub-
units and four sulfonylurea receptor subunits (Sun and Hu (2010) [125]). These channels
participate in the maintenance of extracellular K+ homeostasis, allowing the K+ entry
inside the cells and its release within capillaries or in adjacent regions of low activity.
KATP channels are also reported to exert anti-inflammatory and neuroprotective effects
(Hu et al. (2019) [126]; Chen et al. (2021) [127]).
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Voltage-activated K+ channels include Kv 1.1, 1.6, 3.4, and 4.3. Among these delayed-
rectifying (KD) channels with higher permeability at depolarized membrane potentials
and transient Ka are channels that mediate rapidly activating and inactivating currents
(A-type currents).

The family of voltage-independent K2P channels, also known as leak channels, in-
cludes 15 different members. Of these, TREK 1, TREK 2, and TWIK 1 channels have
been reported in astrocytes. Their role in setting the negative membrane potential is sup-
ported by pharmacological inhibition and shRNA approaches (Zhou et al. (2009) [128];
Hwang et al. (2014) [129]). However, experimental evidence is missing in knock-out mouse
models (Du et al. (2016) [130]).

Calcium-activated K+ channels (KCa), which are also voltage-dependent and named
according to their biophysical properties, include big conductance (BK; KCa1.1), interme-
diate conductance (IK; KCa3.1), and small conductance (SK; KCa2.1-3) channels. Opening
of these channels requires both intracellular Ca2+ and membrane depolarization. Their
localization is mainly reported in perivascular processes and endfeet where they participate
in neurovascular coupling (Price et al. (2002) [131]; Filosa et al. (2006) [132]; Carmignoto
and Gómez-Gonzalo (2010) [133]; Filosa and Iddings (2013) [134]).

2.2. Sodium Channels

Although voltage-dependent Na+ channels are typical of excitable cells such as neu-
rons, their expression is also reported in glial cells, including astrocytes. In situ studies
revealed the expression of Na+ channels such as Nav1.5, the cardiac tetrodotoxin (TTX)
resistant channel type, and to a lesser extent Nav1.2, 1.3, and 1.6, with substantial regional
differences (Pappalardo et al. (2016) [135]; Verkhratsky and Nedergaard (2018) [1]). The
functional roles of these channels are unclear. It is important to remember that these chan-
nels modulate the activity of other cotransporters/pumps, such as Na+/K+ ATPase and
glutamate and GABA transporters.

Nav1.5 and Nav1.6 may be important in NDs as their expression is increased in reactive astro-
cytes (Black et al. (2010) [136]; Zhu et al. (2016) [137]) and microglia (Pappalardo et al. (2016) [135]).

2.3. Calcium Permeable Channels

Calcium homeostasis is crucial for many astrocyte functions. Accordingly, astro-
cyte plasma membrane and intracellular organelles express several calcium channels and
calcium-permeable ionotropic receptors. As mentioned above, astrocytes display complex
and dynamic intracellular calcium transients that can be evoked by network activity or
occur spontaneously. The spatial and temporal pattern of Ca2+ transients is very hetero-
geneous, showing frequent and localized events in small processes and PAPs, which are
called Ca2+ microdomains (Grosche et al. (1999) [138]), or large events occurring in soma
and major processes in response to sustained network activity (Panatier et al. (2011) [139];
Di Castro et al. (2011) [140]; Shigetomi et al. (2013a) [141]; Kanemaru et al. (2014) [142];
Srinivasan et al. (2015) [143]; Bindocci et al. (2017) [144]; Mariotti et al. (2018) [145];
Stobart et al. (2018) [146]; Arizono et al. (2020) [147]) or in pathological conditions (Shige-
tomi et al. (2019) [148]). Calcium transients may evoke the release of gliotransmit-
ters (such as glutamate, D-serine, and ATP) that finely modulate synaptic functions
(Araque et al. (2014) [21]; Bazargani and Attwell (2016) [22] and, ultimately, behavior (Lyon
and Allen (2022) [24]; Nagai et al. (2021) [149]; Kofuji and Araque (2021) [25]).

The mechanisms that generate calcium transients are complex and involve both cal-
cium release from intracellular stores and calcium influx from the plasma membrane
(Lia et al. (2021) [28]; Ahmadpour et al. (2021) [29]). Intracellular calcium channels and
receptors mediate the release of calcium from the endoplasmic reticulum (ER) or other
calcium stores such as mitochondria. Calcium release from the ER is triggered by the
activation of metabotropic receptors coupled to G protein (GPCRs) and the consequent
production of inositol trisphosphate (IP3), which opens IP3 receptors expressed on ER
membranes, leading to the final Ca2+ release in the cytoplasm. Indeed, astrocytes sense
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network activity through high-affinity metabotropic receptors of neurotransmitters, in-
cluding glutamate, GABA, dopamine, and norepinephrine, as well as other messengers
such as ATP and purines. Of note, astrocyte GPCRs are associated not only with Gq but
also with Gi, as in the case of GABAB receptors, inducing IP3-mediated Ca2+ transients
(Mariotti et al. (2015, 2018) [145,150]; Durkee et al. (2019) [151]; Caudal et al. (2020) [152]).

Calcium influx from the external space may be mediated by different ion channels,
such as transient receptor potential (TRP) channels, Orai channels, mechanoreceptors
(Piezo-1), and ionotropic receptors for different neurotransmitters (Lia et al. (2021) [28];
Ahmadpour et al. (2021) [29]). In addition, reverse operation of the Na+-Ca2+ exchanger
(NCX) can also mediate cytosolic Ca2+ events (Rose et al. (2020) [153]).

Orai and TRP channels type C (TRPC) take part in store-operated calcium entry
(SOCE), a mechanism that involves the concerted action of these plasma membrane ion
channels and the ER-Ca2+ sensor STIM1 (Figure 1). Under conditions of a reduced calcium
content in the ER, STIM1 activates Orai or TRPC channels that allow calcium influx from
the extracellular space (Verkhratsky and Parpura (201) [154]; Yoast et al. (2020) [155]).
Indeed, astrocytes express functional Orai channels type 1 and 3 (Kwon et al. (2017) [156])
and TRPC receptors.

TRP channels are a group of ion channels present in different tissues that can be
activated either by physical stimuli, such as cell membrane stretch, osmotic pressure, and
temperature, or by molecules such as signaling lipids and others found in hot spices. TRP
channels expressed by astrocytes include TRPA1, TRPC1, TRPC4-6, TRPV1, and TRPV4, and
their functions are only partially understood (Verkhratsky et al. (2014) [157]; Verkhratsky
and Nedergaard (2018) [1]; Ahmadpour et al. (2021) [29]). For instance, TRPA1 takes part in
calcium activity in fine processes modulating synaptic inhibition in the striatum and long-
term potentiation (LTP) in the hippocampus (Shigetomi et al. (2011, 2013b) [158,159]), while
TRPV4 channels are involved in the control of local blood flow (Dunn et al. (2013) [160])
and brain ischemia (Sucha et al. (2022) [161]; Tureckova et al. (2023) [162]).

Other calcium-permeable channels are Piezo channels, transmembrane proteins that
act as mechanoreceptors. Stretch-induced membrane tension, caused, for instance, by cell
swelling, opens Piezo channels, which are permeable to calcium, potassium, and sodium
(Lewis and Grandl (2015) [163]). The role of Piezo-1 channels in glial cells is starting to
emerge (Benfenati et al. (2011) [164]; Blumenthal et al. (2014) [165]; Chi et al. (2022) [166]).

2.4. Anion Channels

Astrocytes express a large number of anion-permeable channels, including voltage-dependent
chloride channels (ClC1-3), volume-regulated anion channels (VRAC), Maxi-Cl- channels (MAC),
and Ca2+-dependent Cl- channels like Bestrophin 1 (Best1), which are all involved in brain diseases
(Verkhratsky and Nedergaard (2018) [1]; Elorza-Vidal et al. (2019) [167]).

The most studied voltage-dependent chloride channel in astrocytes is ClC-2
(Makara et al. (2003) [168]), which is widely expressed in all tissues. In astrocytes,
the auxiliary subunit GlialCAM modulates ClC-2 electrophysiological properties and
subcellular localization (Jeworutzki et al. (2012) [169]). ClC channels are thought to
play a role in GABAergic signaling as they favor Cl- exit from astrocytes at rest and especially
during swelling (Verkhratsky and Nedergaard (2018) [1]; Elorza-Vidal et al. (2019) [167]).

VRAC channels are formed by leucine-rich repeats containing the 8A subunit
(LRRC8A) and at least one other LRRC8 subunit (B-E). VRACs are also known as SWELL1
(Qiu et al. (2014) [170]; Voss et al. (2014) [171]). These channels play a crucial role in cell
volume regulation after cell swelling by allowing the efflux of Cl- and other osmolytes,
including glutamate and taurine (Mongin (2016) [172]; Osei-Owusu et al. (2018) [173];
Elorza-Vidal et al. (2019) [167]). SWELL1 mediates glutamate release from astrocytes
and contributes to the modulation of basal synaptic transmission and excitotoxicity after
stroke (Yang et al. (2019) [174]). In addition, astrocytic glutamate release through VRACs
evokes slow inward currents in nearby neurons (Gómez-Gonzalo et al. (2018) [175]),
which may be involved in pathological conditions, synchronizing the principal cells
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and favoring seizure onset (Fellin et al. (2004) [176]; Gómez-Gonzalo et al. (2010) [177]).
Recently, it was shown that astrocytes in the ventral tegmental area (VTA) release GABA
through SWELL1, modulating dopaminergic neuron disinhibition in cocaine-induced
rewards (Yang et al. (2023) [178]).

MAC channels are anion channels with very high single-channel conductance that is
permeable to anions such as Cl−, pyruvate, glutamate, and ATP (Lalo et al. (2014) [179];
Sabirov et al. (2021) [180]). The core of these channels was recently shown to be
SLCO2A1, which is also known to be a prostaglandin transporter (Kanai et al. (1995) [181];
Sabirov et al. (2017) [182]). In astrocytes, MAC channels are gated by swelling or hypoxia,
releasing ATP (Liu et al. (2006, 2008) [183,184]). Therefore, different pathological condi-
tions can enhance the opening of these channels.

Best1 is a calcium-dependent anion channel largely expressed on astrocytes, partic-
ularly on PAPs (Woo et al. (2012) [185]; Park et al. (2013) [186]). Best1 is permeable to
chloride and anions like glutamate and GABA. This channel was shown to modulate
synaptic plasticity and GABA tonic currents, affecting network activity and also cognitive
functions in pathological conditions such as AD (Lee et al. (2010) [187]; Yoon et al. (2011,
2012) [188,189]; Jo et al. (2014) [52]; Park et al. (2015) [190]; Kwak et al. (2020) [191]).

2.5. Ligand-Gated Ion Channels (Ionotropic Receptors)

Astrocytes express several ionotropic receptors, i.e., ligand-gated ion channels, whose
functions are only partially understood. The main known ionotropic receptors reported
in astrocytes are glutamatergic (iGluRs), GABAergic (GABARs), nicotinic cholinergic
(nAChRs), purinergic (P2XRs), glycinergic, and serotonergic receptors (Verkhratsky and
Nedergaard (2018) [1]).

iGluRs include α-amino-3-hydroxy-5-methyl4-isoxazolepropionic acid (AMPA), Kainate
(KA), and NMDA receptors. Astrocytic AMPA receptors are expressed in the cortex, cerebel-
lum, hippocampus, olfactory bulb, and spinal cord, with different GluA1-4 subunit composi-
tions (Höft et al. (2014) [192]; Mölders et al. (2018) [193]). AMPARs in astrocytes have been
reported to modulate glutamate transporters (López-Bayghen et al. (2003) [194]) and motor
coordination (Saab et al. (2012) [195]). KARs in astrocytes were reported to be involved in a
model of temporal lobe epilepsy (Vargas et al. (2013) [196]); however, their physiological role
is unknown.

Although initially controversial, likely due to a lower expression compared to other
iGluRs, the presence of NMDARs in astrocytes is now established. Functional NMDA
receptors are reported in astrocytes of the cortex, spinal cord, hippocampus, and cerebellum
(Verkhratsky and Kirchhoff (2007) [197]; Verkhratsky and Nedergaard (2018) [1]). In
astrocytes, NMDARs are composed of GluN1, GluN2A-D, and GluN3 subunits, mainly in
combinations that limit Mg2+ blocks. The role of NMDARs in astrocytes has been poorly
explored (Skowrońska et al. (2019) [198]).

Astrocytes express both ionotropic GABAA and metabotropic GABAB receptors.
GABAA receptors are pentameric ion channels that bind to γGABA and are perme-
able to Cl– and HCO3

− ions. Depending on the intracellular Cl– concentration, acti-
vation of GABAARs mediates either hyperpolarization or depolarization. Indeed, their
activation hyperpolarizes mature neurons, whereas it depolarizes glial cells and imma-
ture neurons (Labrakakis et al. (1998) [199]). Typically, GABAA receptors are composed
of five subunits selected from a pool of 19 isoforms, including two α, two β, and a
third type of subunit. The functional and pharmacological characteristics of GABAA recep-
tors in astrocytes, which depend on their subunit composition, are only partially known
(Müller et al. (1994) [200]; Fraser et al. (1995) [201]; Höft et al. (2014) 95]). Functionally,
astrocytic GABAARs are thought to modulate extracellular Cl- concentrations, thus indi-
rectly modulating GABAergic signaling (Egawa et al. (2013) [202]), intracellular pH, and
K+ influx (Ma et al. (2012) [203]). Notably, astrocytes synthesize neurosteroids (Puia and
Belelli (2001) [204]; Belelli and Lambert (2005) [205]; Reddy (2010) [206]), potent modulators
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of GABA receptors with paracrine and possible autocrine effects, although these latter
effects are largely unexplored.

Nicotinic acetylcholine receptors are pentameric ligand-gated ion channels composed
of different subunits (α2-10 and β2-4) and expressed by neurons and astrocytes in different
brain regions (Gotti et al. (2006) [207]; Shen and Yakel (2012) [208]; Zoli et al. (2018) [209]).
Neuronal nAChRs are involved in gene expression, neurotransmitter release, and synaptic
plasticity, thus affecting learning and memory (Gotti et al. (2006) [207]; Zoli et al. (2018) [209];
Koukouli and Changeux (2020) [210]). Astrocytes express mainly α7s or α4β2 receptors.
Activation of α7-nAChRs triggers calcium transients in astrocytes and the release of glio-
transmitters such as glutamate, GABA, ATP, and D-serine, which affect neuronal and synap-
tic activity (Pirttimaki et al. (2013) [56]; Wang et al. (2013) [211]; Papouin et al. (2017) [212];
Lezmy et al. (2021) [213]). Of note, nAChRs are also actively involved in neuroinflammation
by acting on NfkB and STAT3 and could represent a target for novel therapeutic strategies
(Wang et al. (2003) [214]).

Purinergic receptors are largely expressed in astrocytes and glial cells, where they
play a major role in different pathological conditions (Fields and Burnstock (2006) [215];
Burnstock (2018) [216]; Huang et al. (2021b) [217]), being suitable targets for future therapies.
Purinergic receptors include G-protein coupled (P2Y) and ionotropic (P2X) receptors,
nonselective cation channels with high Ca2+ permeability. ATP can bind to P2X7R, opening
the channel and leading to the influx of Ca2+ and Na+ and the efflux of K+.

Purinergic signaling is actively involved in brain disease. Indeed, ATP and its break-
down products ADM, AMP, and adenosine are enriched in extracellular space in response to
cellular damage and a tumor microenvironment (TME), acting as damage-associated molecu-
lar patterns (DAMPs), contributing to inflammatory responses (Di Virgilio et al. (2020) [218];
Huang et al. (2021b) [217]; Engel et al. (2022) [219]).

2.6. Other Channels
2.6.1. Aquaporins

Aquaporins (AQPs) are a class of transmembrane proteins forming a pore responsible
for the bi-directional passage of water and small solutes across the cell membranes while
preserving ion gradients. To date, 13 members of this family have been identified in
mammals (AQP0-12) (Ishibashi et al. (2017) [220]). AQP4 is expressed mainly by astrocytes
in small processes in the proximity of the subarachnoid area, ventricular spaces, and
blood vessels (Nielsen et al. (1997) [221]; Aoyama et al. (2012) [222]). Accumulated
evidence suggests that AQP4 is necessary not only for water homeostasis but also to
clear small molecules and metabolites, including Aβ and Tau proteins, from interstitial
space (Iliff et al. (2012, 2014) [223,224]; Kress et al. (2014) [225]). Indeed, impaired AQP
expression/function is involved in different neurological conditions affecting the blood-
brain barrier (BBB) or causing water accumulation and brain edema (Vella et al. (2015) [226];
Filippidis et al. (2016) [227]; Clément et al. (2020) [228]).

2.6.2. GAP Junctions and Hemichannels

Astrocytes are known to be interconnected in a network by gap junctions, large pores
formed by the juxtaposition of two connexons expressed in adjacent astrocytes, that allow
intercellular exchange of ions and molecules, including second messengers and metabolites
(Pannasch and Rouach (2013) [229]; Giaume et al. (2013) [230]). Connexons are formed
by six subunits named connexins (Cx), such as Cx43, Cx26, and Cx30, whose opening
depends on intracellular calcium, pH, phosphorylation, or molecules like spermine and
spermidine (Saez et al. (2003) [231]; Harris (2007) [232]; Houades et al. (2008) [233];
Decrock et al. (2015) [234]).

Connexins, as well as pannexins, can also form plasma membrane pores called
hemichannels, which are not connected to an adjacent astrocyte. Hemichannels may
release molecules such as ATP, glutamate, and metabolites into the extracellular space in
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response to changes in extracellular or intracellular calcium, pH, phosphorylation state,
and pro-inflammatory cytokines (Giaume et al. (2013) [230]).

Connexins and hemichannels are considered possible new therapeutic targets
for different brain diseases (Decrock et al. (2015) [234]; Charvériat et al. (2017) [235];
Xing et al. (2019) [111]), particularly for epilepsy (Mylvaganam et al. (2014) [236];
Li et al. (2019) [237]; Guo et al. (2022) [238]) and cancer (Sinyuk et al. (2018) [239];
Zhou et al. (2023) [240]).

3. Alzheimer’s Disease

Alzheimer’s disease is a common neurodegenerative disease affecting more than
55 million people worldwide (World Health Organization) with a constantly growing
incidence. Although different hypotheses have been proposed to clarify the etiopathology
of the disease, a complete picture of the underlying mechanisms is missing, as well as an
efficient treatment to block AD progression.

The hallmark of AD is the presence of aggregated amyloid-β (Aβ) plaques and neu-
rofibrillary tangles of phosphorylated tau (Henstridge et al. (2019) [241]). Reactive astro-
cytes and neuroinflammation are always present in AD (Chun and Lee (2018) [242]; Perez-
Nievas and Serrano-Pozo (2018) [243]; Habib et al. (2020) [244]; Viejo et al. (2022) [245]),
leading progressively to significant synapse and neuronal dysfunction and, ultimately, to
their loss. Currently, neurotoxicity is thought to be linked to extracellular Aβ42 oligomers
present since disease onset rather than to the plaques that occur at later stages of the disease.
Although the large majority of AD is idiopathic, in a small percentage of cases, AD is due to
a hereditary component related to mutations in genes involved in Aβ production. In more
detail, familial forms of AD are related to the genes encoding amyloid precursor protein
(APP) or presenilin-1 and presenilin-2 (PS1 and PS2, respectively), both implicated in APP
cleavage. These mutations are useful for obtaining genetic mouse models of the disease
that recapitulate many of its features (Webster et al. (2014) [246]).

The involvement of astrocytes in AD pathogenesis is linked to their importance in ox-
idative stress and neuroinflammatory responses, as supported by several studies performed
both in animal models and in humans (Pekny et al. (2016) [9]; Nanclares et al. (2021) [247]). In
humans, higher blood levels of glial fibrillary acidic protein (GFAP), a marker of astrocyte reac-
tivity, have been reported in AD patients compared to controls (Abdelhak et al. (2022) [248]).
Moreover, a study revealed a positive correlation between cortical Aβ deposition and GFAP
levels in symptomatic AD patients (Asken et al. (2020) [249]).

3.1. Potassium Channels

Several studies have shown alterations of K+ channels in AD. Kir4.1 KO animal models,
despite the exclusive Kir4.1 expression in macroglia, showed neuronal hyperexcitability associ-
ated with neurodegenerative diseases, including AD (Nwaobi et al. (2016) [40]). Accordingly,
postmortem human AD brains showed reduced Kir4.1 levels (Wilcock et al. (2009) [41]). Com-
paring multiple AD mouse models, Wilcock and colleagues concluded that reduced levels of
Kir4.1 mRNA and protein are associated with cerebral amyloid angiopathy (CAA), a condition
that affects 70% of AD patients (Kalaria and Ballard (1999) [250]). Finally, as for AQP4, it was
proposed that decreased levels of both AQP4 and Kir4.1 are a consequence of the diminished
expression of anchoring protein dystrophin 1 (DP71), a protein highly affected by vascular
amyloid deposition (Wilcock et al. (2009) [41]).

Conversely, Huffels et al. revealed that in the APP/PS1 AD mouse model, den-
tate gyrus astrocytes in the proximity of Aβ plaques showed increased expression of
Kir4.1 but regular function, possibly to compensate for increased extracellular K+ levels
(Huffels et al. (2022) [42]).

KATP channels expressed in astrocytes and neurons seem to play a critical role dur-
ing the development of AD. Griffith and colleagues demonstrated that the Kir6.2 sub-
unit is upregulated in astrocytes in the hippocampus of 3 × Tg-AD mice and the post-
mortem brains of AD patients. Moreover, increased levels of the pore-forming Kir6.2
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were found in the plasma membrane of reactive astrocytes of aged 3 × Tg-AD animals
(Griffith et al. (2016) [43]). The altered expression levels on the astrocytes’ plasma mem-
branes may affect the resting potential of the cells, resulting in impaired metabolism
and gliotransmission.

In vivo studies showed that inducing the opening of KATP with diazoxide in 3 × Tg-AD
mice results in reduced levels of cortical and hippocampal Aβ oligomers and hyperphospho-
rylated tau, and improved cognitive performance (Liu et al. (2010) [44]). On the other hand,
delivering the KATP channel blocker glibenclamide to the APP/PS1 hippocampus increases
extracellular Aβ levels (Macauley et al. (2015) [45]).

The voltage-gated potassium Kv3.4 channel subunits are responsible for fast-inactivating K+

currents. Kv3.4 is upregulated in AD human brains and 6-month-old Tg2576 mice, suggesting a
possible role in the development of AD (Angulo et al. (2004) [46]; Pannaccione et al. (2007) [47];
Boscia et al. (2017) [48]). In vitro studies performed in primary rat astrocytes showed that
Aβ oligomer treatment induces Kv3.4 expression. Interestingly, silencing Kv3.4 subunits by
intracerebral infusion of selective siRNA was sufficient to reduce both GFAP and Aβ oligomer
levels (Boscia et al. (2017) [48]).

Among the K+ channels, the intermediate conductance calcium-activated potassium
channel 3.1 (KCa3.1) is involved in the control of membrane potential by controlling the K+

efflux in response to the inward flow of Ca2+ (Yi et al. (2017) [251]). KCa3.1 was found to be
up-regulated in astrocytes in senescence-accelerated mouse prone 8 (SAMP8) mice and AD
patients (Yi et al. (2016) [49]). Notably, blockage of KCa3.1 with the selective inhibitor TRAM-
34 or by genetic ablation was sufficient to reduce astrogliosis and microglia activation
in 7-month-old SAMP8 animals and APP-PS1 mice. Moreover, this neuroinflammation
reduction was accompanied by an attenuation of memory deficits (Wei et al. (2016) [50];
Yi et al. (2016) [49]; Yu et al. (2018) [51]). Interestingly, in cultured astrocytes, TRAM-34
reduces the Ca2+ elevation induced by Aβ oligomers treatment (Yi et al. (2016) [49]). Indeed,
it was reported that KCa3.1 is able to induce ER stress by increasing ER Ca2+ overload
in an Orai1-dependent manner. Accordingly, KCa3.1 gene deletion or pharmacological
inhibition prevents astrocyte activation by reducing Ca2+-induced ER stress and activating
the neuroprotective AKT/mTOR pathway (Yu et al. (2018) [51]).

3.2. Calcium Permeable Channels and Intracellular Calcium Activity

The astrocyte role in AD has been extensively studied in relationship with Ca2+

activity, with different outcomes present in different AD models. Initial experiments
in APP-PS1 mice showed that amyloidosis is linked to an increased spontaneous so-
matic astrocyte Ca2+ activity (Kuchibhotla et al. (2009) [252]) that is P2Y1R-mediated
(Delekate et al. (2014) [253]). On the other hand, a diminished sensory-evoked astrocyte
response has been recently reported in a different mouse model that is also based on APP
and PS1 mutations (Lines et al. (2022) [254]). A reduced astrocyte Ca2+ response to locomo-
tion has also been reported in the neocortex of awake-behaving 15-month-old tg-ArcSwe
mice (Åbjørsbråten et al. (2022) [255]). These studies were performed at a single time point
in AD mouse models.

Conversely, a recent work performed longitudinally in the PS2APP mouse model of
AD found that astrocyte Ca2+ activity evolves with disease progression, with a drastic
reduction of both spontaneous and evoked activity at the onset of Aβ plaque deposition.
The reduction of astrocyte Ca2+ activity leads to long-term memory impairments. It is
noteworthy that by acting on SOCE through astrocyte-specific STIM1 overexpression, both
spontaneous and evoked astrocyte Ca2+ activity together with synaptic plasticity were
rescued (Lia et al. (2023b) [256]).

Although these studies point to a heterogeneous astrocyte response to different AD-
related mutations, AD progression is certainly accompanied by alterations of astrocyte Ca2+

activity. Therefore, it is a potential target for therapeutic intervention.
TRPA1 channels mediate Ca2+ influx in astrocytes, contributing to free basal Ca2+ levels

(Shigetomi et al. (2011, 2013b) [158,159]). In 2016, the first study on a mouse model based
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on APP and PS1 mutants investigated the role of TRPA1 in AD. TRPA1 is upregulated
in the late stage of disease in APP/PS1 mice but not in the early phase. Accordingly,
knockout (KO) of TRPA1 in APP/PS1 mice improves spatial learning and memory and
decreases Aβ deposition (Lee et al. (2016) [35]). Interestingly, another model of AD based
on APP and PS1 mutations (APP/PS1-21) showed that, concomitantly with Aβ production,
astrocytes became hyperactive. This Ca2+ hyperactivity is mediated by TRPA1 channels
and is linked to hippocampal CA1 neuronal hyperexcitability (Bosson et al. (2017) [257]).
In line with this, chronic pharmacological inhibition of TRPA1 channels has positive effects
on disease outcomes in the same AD model by normalizing spine density and maturation
and reducing astrocyte Ca2+ hyperactivity (Paumier et al. (2022) [36]).

Piezo channels are mechanosensitive cation-conducting channels activated upon in-
creased membrane tension by unknown chemical ligands. It is conceivable that in the context
of AD, where Aβ plaque deposition leads to a change in the mechanical environment, Piezo
channel function could be significantly altered. Both hippocampal and cortical astrocytes
express Piezo1, which allows an increase of cytosolic Ca2+ in the presence of mechanical
stimuli or upon Yoda1 perfusion, a Piezo1 agonist. Piezo1 activation elicits ATP release by
astrocytes, although the mechanisms involved are still unclear (Chi et al. (2022) (46)).

The role of Piezo1 in the context of AD has been studied in the 5xFAD mouse model,
where Yoda1 administration reduced Aβ accumulation and improved synaptic function
together with learning and memory, in contrast to selective Piezo1 KO in microglia that
exacerbates AD pathology (Hu et al. (2023) [37]). In the 5xFAD model, the authors
clearly showed that the protective effect is mediated by microglia, but it has already been
shown that astrocyte Piezo1 is upregulated around Aβ plaques in postmortem AD brains
(Satoh et al. (2006) [258]; Velasco-Estevez et al. (2018) [259]). Therefore, the role of astrocyte
Piezo1 in other AD mouse models could be of potential interest.

3.3. Anion Channels

The Best1 channel is highly expressed at astrocyte microdomains in the hippocampus
(Woo et al. (2012) [185]), and its role in AD was studied by Jo and co-workers in 2014. The
authors showed in 5xFAD and APP/PS1 models of AD an abnormal GABA release in the
dentate gyrus mediated by astrocytic Best1. Of note, the authors showed a redistribution
of Best1 in the hippocampus of the AD mice. Although Best1 is expressed similarly in
control and AD mice, in the AD scenario it is found mainly at the level of the soma and
proximal processes. The excess of released GABA activates both ionotropic (GABAA) and
metabotropic (GABAB) receptors with a consequent presynaptic inhibition that affects
neurotransmitter release, LTP, and cognitive functions (Jo et al. (2014) [52]).

3.4. Ionotropic Receptors

Calcium permeable α7nAChRs are emerging as key players in AD. Cholinergic sig-
naling is deeply affected in AD, and the few medications currently used, like donepezil,
rivastigmine, and galantamine, are all acetylcholinesterase inhibitors. AChRs are expressed
by all brain cell populations, and the specific role of astrocyte α7nAChRs is under inves-
tigation in several laboratories. In particular, it was shown that α7nAChRs expressing
astrocytes are increased in the hippocampus and entorhinal cortex of patients with AD but
not in other forms of dementia (Teaktong et al. (2003) [53]; Yu et al. (2005) [54]. Other works
revealed that astrocytic α7nAChRs are activated by both physiological and pathological
concentrations of Aβ, leading to Ca2+ transients that favor or oppose synaptic plasticity,
respectively (Wang et al. (2002) [55]); Pirttimaki et al. (2013) [56]; Gulisano et al. (2019) [57]).

Interestingly Tropea et al. showed that α7nAChRs KO mice develop an AD-like
phenotype with aging, showing increased Aβ and phospho-tau and cognitive impairment,
suggesting that the lack of a physiological target of Aβ, i.e., α7nAChRs, may lead to
a compensatory Aβ overproduction that induces neurotoxicity and AD-like symptoms
(Tropea et al. (2021) [58]). The specific role of the lack of astrocytic vs. neuronal α7nAChRs
is, however, to be determined.
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P2X7R expression is upregulated in microglia, both in AD post-mortem brains and
AD mouse models (McLarnon et al. (2006) [59]; Martínez-Frailes et al. (2019) [60]), and in
astrocytes from mice overexpressing human tau protein (MAPT P301S)(Jin et al. (2018) [61])
and APP/PS1 mice (Martin et al. (2019) [62]). In a recent study, deleting P2X7R in an
APP/PS1 model of AD had a protective role, reducing the Aβ plaque load and improv-
ing spatial memory. The author related this phenotype to a reduced level of chemokine
production (i.e., CCL3). Interestingly, P2X7R deletion does not affect cytokines production
(IL-1β) or microglia activation (Martin et al. (2019) [62]). The authors proposed a new
model where high levels of Aβ peptide induce ATP release from microglia and astro-
cytes (Sanz et al. (2009) [260]; Orellana Roca et al. (2011) [261]), which activates P2X7Rs,
which in turn triggers the neurodegenerative process, increasing chemokine production,
and favoring the pathogenic recruitment of T cells (Martin et al. (2019) [62]). Further
studies are needed to verify if the inhibition of chemokine release is sufficient to prevent
AD-related impairments.

3.5. Aquaporins

The involvement of AQP4 in the development of AD has been reported in several
studies. As mentioned above, aquaporins are important for the cerebrospinal fluid (CSF)–
interstitial fluid (ISF) exchange. Indeed, it was shown that AQP4 KO mice have a 55%
reduction in I125-Aβ40 washout after intrastriatal injection (Iliff et al. (2012) [224]). The
partial clearance of Aβ40 suggests the existence of other pathways involved in Aβ transport
and degradation in the brain (Storck et al. 2016 [262]; Gallwitz et al. 2022 [263]).

Moreover, APP/PS1 mice lacking AQP4 showed increased Aβ deposition, exacerbat-
ing AD-related cognitive deficits (Xu et al. (2015) [38]). These observations obtained in
animal models were confirmed in patients with AD, where an impaired glia–lymphatic sys-
tem and mislocalization of astrocytic AQP4 was found (Reeves et al. (2020) [39]). A couple
of studies questioned what could be the reason for the AQP4 mislocalization. Evidence
supports the idea that the mislocalization of AQP4 on astrocytes is associated with the
downregulation of DP71 dystrophin (Wilcock et al. (2009) [41]). Of note, AQP4 mislocaliza-
tion on astrocytic endfeet could participate in blood-brain barrier (BBB) dysfunction, which
in turn contributes to neurodegeneration (Wilcock et al. (2009) [41]; Zlokovic (2011) [264]).

Studies support the idea that, as for Aβ, tau clearance also occurs through the glym-
phatic system. Indeed, inhibition of AQP4 leads to impaired CSF–ISF exchange and de-
creased tau clearance (Harrison et al. (2020) [265]). Similar results were found in AQP4 KO
mice, in which a severe neurogenic fibrillary pathology is present (Iliff et al. (2014) [223]).

In conclusion, ion homeostasis in astrocytes is widely modified in AD (see Table 1 and
Figure 2). Notably, the trend shows an increased excitability during the early phases of the
disease and a decrease in the late phases, in particular for Ca2+ activity. Therefore, trying to
revert this trend by targeting ion channels or receptors in astrocytes could help prevent
neuronal loss and AD progression.
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Figure 2. Ion permeable channels and receptors in astrocytes in AD and GBM. (A) Schematic view 
of an Aβ plaque surrounded by reactive astrocytes (green) and microglia (yellow), together with Aβ 
fibrils and neurons (purple). Ion channels and ionotropic receptors reported in Table 1 are high-
lighted below with information about their expression changes and the consequent protective or 
detrimental effects on brain functions. (B) Schematic view of GBM cells surrounded by reactive as-
trocytes (green) and microglia (yellow), together with neurons (purple). The different colors of the 
GBM cells highlight the GBM cell heterogeneity. Ion channels and ionotropic receptors reported in 
Table 2 are highlighted below with information about expression changes in GBM cells and their 
effects in promoting tumor proliferation, migration, or resistance to chemotherapy. Synaptic con-
tacts between neurons are omitted for simplicity. Obtained from Biorender. 

4. Glioblastoma 
The astrocytic tumor known as glioblastoma (GBM, grade IV glioma, World Health 

Organization) is the most aggressive and common glioma in adults (Weller et al. 
(2015)[266]). GBM has very frequent recurrence and a poor prognosis (14–20 months) due 
to several factors, including high cellular heterogeneity, invasiveness, microvascular pro-
liferation, therapeutic resistance, and recurrence after surgical removal (Wen et al. 
(2020)[267]). The existence of a functional network among GBM cells and the tumor mi-
croenvironment (TME) preserves and fosters its development (Osswald et al. (2015) [268]; 
Weil et al. (2017) [269]; Venkataramani et al. (2019) [95]). Indeed, GBM cells are intercon-
nected (between them) through tumor microtubes (TMs) that join single cells via gap junc-
tions (GJs), mainly formed by Cx43, and form an intracellular pathway (Osswald et al. 
(2015) [268]) with important roles both in tumor progression and in resistance to cytotoxic 
therapies (Weil et al. (2017) [269]; Li et al. (2020) [270]).  

Furthermore, a tumor–neuron network exists: bona fide synapses were detected be-
tween presynaptic neurons and postsynaptic glioma cells, mostly at the TM level, and the 
crosstalk between neurons and specific tumor cells within the TME is a crucial step in 
cancer initiation and progression (Jung et al. (2020) [96]).  

The release of glutamate near GM cells from neurons and from neighboring astro-
cytes, results in complex calcium signaling followed by de novo formation of TMs and 
increased invasion speed (Venkataramani et al. (2019, 2022 [95,271]). In addition to adja-
cent neurons and astrocytes, GBM cells themselves secrete glutamate through a cys-
tine/glutamate antiporter (SLC7A11), producing hyper-excitability in the peritumoral 
zone that fosters GBM malignity (Lo et al. (2008) [272]).  

In support of this hypothesis, it was shown that SLC7A11 upregulation in GBM cells 
correlates with tumor invasion and a worse outcome in GBM patients, as well as with the 
onset of tumor-related seizures in patients (Robert et al. (2015) [273]). Moreover, neuronal 
hyperactivity results in the release of factors, such as brain-derived neurotrophic factor 
(BDNF) and soluble neuroligin 3 (NLGN3) (Venkatesh et al. (2015) [274]), that add support 

Figure 2. Ion permeable channels and receptors in astrocytes in AD and GBM. (A) Schematic view
of an Aβ plaque surrounded by reactive astrocytes (green) and microglia (yellow), together with
Aβ fibrils and neurons (purple). Ion channels and ionotropic receptors reported in Table 1 are
highlighted below with information about their expression changes and the consequent protective
or detrimental effects on brain functions. (B) Schematic view of GBM cells surrounded by reactive
astrocytes (green) and microglia (yellow), together with neurons (purple). The different colors of
the GBM cells highlight the GBM cell heterogeneity. Ion channels and ionotropic receptors reported
in Table 2 are highlighted below with information about expression changes in GBM cells and their
effects in promoting tumor proliferation, migration, or resistance to chemotherapy. Synaptic contacts
between neurons are omitted for simplicity. Obtained from Biorender.

4. Glioblastoma

The astrocytic tumor known as glioblastoma (GBM, grade IV glioma, World Health Organi-
zation) is the most aggressive and common glioma in adults (Weller et al. (2015) [266]). GBM has
very frequent recurrence and a poor prognosis (14–20 months) due to several factors, including
high cellular heterogeneity, invasiveness, microvascular proliferation, therapeutic resistance,
and recurrence after surgical removal (Wen et al. (2020) [267]). The existence of a functional
network among GBM cells and the tumor microenvironment (TME) preserves and fosters its de-
velopment (Osswald et al. (2015) [268]; Weil et al. (2017) [269]; Venkataramani et al. (2019) [95]).
Indeed, GBM cells are interconnected (between them) through tumor microtubes (TMs) that join
single cells via gap junctions (GJs), mainly formed by Cx43, and form an intracellular pathway
(Osswald et al. (2015) [268]) with important roles both in tumor progression and in resistance to
cytotoxic therapies (Weil et al. (2017) [269]; Li et al. (2020) [270]).

Furthermore, a tumor–neuron network exists: bona fide synapses were detected
between presynaptic neurons and postsynaptic glioma cells, mostly at the TM level, and
the crosstalk between neurons and specific tumor cells within the TME is a crucial step in
cancer initiation and progression (Jung et al. (2020) [96]).

The release of glutamate near GM cells from neurons and from neighboring astrocytes,
results in complex calcium signaling followed by de novo formation of TMs and increased
invasion speed (Venkataramani et al. (2019, 2022 [95,271]). In addition to adjacent neurons
and astrocytes, GBM cells themselves secrete glutamate through a cystine/glutamate
antiporter (SLC7A11), producing hyper-excitability in the peritumoral zone that fosters
GBM malignity (Lo et al. (2008) [272]).

In support of this hypothesis, it was shown that SLC7A11 upregulation in GBM cells
correlates with tumor invasion and a worse outcome in GBM patients, as well as with
the onset of tumor-related seizures in patients (Robert et al. (2015) [273]). Moreover,
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neuronal hyperactivity results in the release of factors, such as brain-derived neurotrophic
factor (BDNF) and soluble neuroligin 3 (NLGN3) (Venkatesh et al. (2015) [274]), that add
support to glioma progression and facilitate the synapsing of neurons onto glioma cells
(Goethe et al. (2023) [275]).

GBM exhibits intra-tumoral heterogeneity, and a small population of neuronal and
neural progenitor-like tumor cells has been identified as responsible for the aggressive
behavior of the tumor and its resistance to treatments. Interestingly, these cells resemble
migrating neurons during development (Elias et al. (2023) [276]).

Recently, Hausmann et al. showed that one of these subpopulations can generate
rhythmic calcium oscillations that are important for driving tumor progression and inva-
siveness. This small fraction of tumoral cells having “pacemaker activity” express Ca2+

activated potassium channels (KCa3.1) that, by triggering calcium signaling, regulate cell
proliferation and motility (Hausmann et al. (2023) [71]).

In GBM cells, the altered expression of specific ion channels with consequent ionic
misbalance may contribute to tumor growth, progression, and resistance. Indeed, changes
in ion channel activity can lead to the dysregulation of the cell cycle and cell growth,
inhibition of apoptosis, and enhancement of cell migration and invasion, all of which
contribute to malignant transformation (Litan and Langhans (2015) [277]).

Here, we review the current literature on ion channels and ionotropic receptors in
GBM cells and nearby interacting populations.

4.1. Potassium Channels

These channels have a significant physiological function in GBM cells. In particular,
the voltage-dependent large-conductance Ca2+-activated BK channels (gBK in glioma) are
involved in the aggressive growth and extensive migratory behavior of GBM cells. These
channels are overexpressed in malignant gliomas (like GBM), and their expression level is
positively correlated with the severity of the tumor (Molenaar (2011) [66]). These channels
can contribute to alterations in the shape and volume of glioma cells during their migration
into the TME (Wawrzkiewicz-Jałowiecka et al. (2020) [278]). Even though BK channel
activation increases the movement of GBM cells by allowing K+ efflux, preventing the
same conductance from functioning when the cells are at rest does not stop GBM cells from
invading. In fact, it was demonstrated that inhibiting BK channels can reduce GBM cell
migration only if the intracellular calcium concentration is increased, which results in the
BK channels being in the open state (Brandalise et al. (2020) [67]).

The ionic balance of GBM cells is also altered by the downregulation of the consti-
tutively open Kir4.1 channel (Tan et al. (2008) [127]; Brandalise et al. (2020) [67]). The
reduction of Kir4.1 expression in GBM leads to a change in cell phenotype, resulting in the
increased formation of filopodia that promote cell invasion (Thuringer et al. (2017) [279]).
Furthermore, it has been proposed that a small but steady outflow of potassium at the
higher resting membrane potential of GBM cells is facilitated by the remaining portion
of functional Kir4.1 channels. By doing so, these channels may cooperate with gBK chan-
nels in promoting tumor invasion. In fact, recent experiments have shown that when
Kir4.1 and BK channels are simultaneously blocked, the migration of GBM cells is reduced
(Brandalise et al. (2020) [67]). The depolarization of glioma cells caused by Kir4.1 loss is
associated with increased proliferation, whereas introducing Kir4.1 via stable transfec-
tion with the resulting repolarization prompts the transition from G2/M to G0/G1 phase,
thereby reducing proliferation. It is noteworthy that this reversal effect can be hindered
by depolarization with high extracellular K+ or by Ba2+ usage (Madadi et al. (2021) [69]).
Altogether, these findings indicate that Kir4.1 targeting could be a potential treatment
for glioblastoma.

In addition, several tumor types, including GBM, exhibit abnormally high levels of
KCa3.1, which plays a major role in cellular activation, migration, and proliferation by
regulating the membrane potential and Ca2+ signaling (Brown et al. (2018) [70]). Specifi-
cally, in migrating GBM cells, calcium signaling frequently manifests as oscillations in the
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intracellular Ca2+ concentration that are important for promoting critical processes in the
migratory cycle (Brandalise et al. (2020) [67]). Considering this, it has been hypothesized
that KCa3.1 channels may contribute to GBM cell migration by generating or modifying the
pattern of these calcium oscillations (Catacuzzeno and Franciolini (2018) [72]). Studies have
also shown that GBM cells exhibit an increase in the expression of IL-4 and KCa3.1 when
exposed to high levels of radiation. This causes the mobilization of calcium within the
cells and the transcription of genes that promote invasion (D’Alessandro et al. (2019) [280]).
Given the correlation between KCa3.1 overexpression in glioma patients and their poor
survival rate (Hausmann et al. (2023) [71]), it is reasonable to consider targeting KCa3.1
as a means of reducing glioma invasiveness and progression. In fact, both in vitro and
in vivo experiments have shown that KCa3.1-silencing and using KCa3.1 inhibitors (such as
TRAM-34) reduced tumor infiltration, glioma-associated microgliosis and astrogliosis, and
increased survival time in mouse glioma models (Brown et al. (2018) [70]).

Moreover, Kv subtypes Kv1.3 and Kv1.5 have been demonstrated to play a specific role in
the growth-related characteristics of normal glial cells, and it has been proposed that glioma
subtypes may exhibit varied expression of these channels (Preußat et al. (2003) [73]). Specifi-
cally, there is an inverse correlation between the level of expression of Kv1.5 in astrocytomas
and their grade of malignancy, with high expression observed in low-grade astrocytomas and
low expression in glioblastoma. Consequently, there is a positive correlation between the high
expression of Kv1.5 and a favorable outcome of patients with GBM.

No such association was observed for Kv1.3 expression (Preußat et al. (2003) [73];
Arvind et al. (2012) [74]). However, research has shown that Kv1.3 inhibition can regulate
astrocytes and microglia reactivity in the context of glioma, leading to a decrease in tumor
growth with a direct effect on the invasive properties of glioma cells. These results suggest
that Kv1.3 channels could be promising targets for restoring glial cells functioning and
reducing the damage caused by glioma to the surrounding brain tissue (Grimaldi et al. 2018).
Other studies have demonstrated that Kv1.3 is expressed in different murine and human
glioma cell lines and can be found in both the plasma membrane and mitochondria. In vitro
experiments have shown that treatment with Kv1.3 inhibitors (such as clofazimine, PAPTP,
or PCARBTP) can induce cell death in a significant portion of glioma cells. Nonetheless,
modifying these drugs and/or the delivery method is necessary to enable the translation of
these findings into clinical practice (Venturini et al. (2017) [76]).

In addition, KAaH1, a homologous Kv1 blocker from scorpion venom, has been
discovered to have an impact on Kv1.3 by preventing the migration and adhesion of
U87 cells. As a result, it may serve as a potential therapeutic approach for treating GBM
(Aissaoui et al. (2018) [281]).

4.2. Calcium Permeable Channels
4.2.1. TRP Channels

Emerging and underexplored targets for GBM therapy are the TRP channels. Changes
in the expression of TRP channels have been linked to cancer growth and development.
Indeed, they can be useful as diagnostic and/or predictive markers for a variety of tumor
types, including glioma (Chinigò et al. (2021) [282]). Changes in calcium homeostasis due
to the abnormal function of these channels in tumors are associated with uncontrolled pro-
liferation and resistance to cell death (Huang et al. (2021a) [78]). Among the TRP channels,
TRPV4 (transient receptor potential vanilloid 4) expression is considerably higher in malig-
nant glioma compared to both normal brain tissue and low-grade glioma. Furthermore,
there is a negative correlation between the expression of TRPV4 and the prognosis of glioma
patients (Yang et al. (2020) [77]). All of this suggests that TRPV4 could be an attractive
therapeutic target and biomarker for GBM. Notably, a team of researchers investigated the
impact of cannabidiol (CBD) on glioma and showed that TRPV4-mediated calcium influx
triggered mitophagy, leading to the hypothesis that this might be the primary cause of
glioma cell death in response to CBD treatment. Furthermore, the same group provided
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in vitro and in vivo evidence that a combination of temozolomide (TMZ) and CBD resulted
in a powerful antitumoral effect (Huang et al. (2021a) [78]).

4.2.2. Piezo Channels

Other ion channels important in GBM “biology” are the mechanosensitive Piezo ion
channels. The stretch-induced membrane tension caused by cell swelling opens the Piezo
channels, which then allow the permeation of calcium, potassium, and sodium (Lewis and
Grandl (2015) [163]). Piezo1 specifically is overexpressed in aggressive human gliomas,
and its expression is inversely correlated with the patient’s prognosis. The mechanical
microenvironment provided by ECM stiffening in tumor tissue activates Piezo1, whose
activity promotes focal adhesion and activates the integrin/FAK signaling pathway. Piezo1-
mediated signaling also regulates cell proliferation and controls the expression of genes
involved in ECM remodeling, which further modulates the tissue stiffness. As a result, the
harsher environment increases the expression of Piezo1, which enhances the mechanosen-
sory capacity of cancer cells and promotes glioma aggressiveness. These processes create
a feed-forward circuit between Piezo1-dependent mechano-transduction and abnormal
tissue mechanics in gliomas, exacerbating the disease (Chen et al. (2018) [79]).

4.3. Anion Channels

One channel that is highly expressed in GBM cells is the anion channel VRAC, which
mediates the flow of chloride triggered by cell swelling. The primary function of VRAC is to
restore a normal cell volume, which may be altered due to various pathological conditions.
Additionally, VRAC promotes cell shape and volume changes that are required for cell
proliferation and migration (Caramia et al. (2019) [63]). In GBM, VRAC arguably plays a
major role. This channel can be activated in vivo by severe hypoxia, a condition that occurs
in GBM tissues. In this state, following mechanical stress of the plasma membrane, it has
been observed that VRAC activation promotes cell migration and resistance to cell death,
both of which increase the severity of GBM (Caramia et al. (2019) [63]). Also, another study
revealed that lowering the expression of LRRC8A leads to a decrease in the growth of GBM
cells and enhances their sensitivity to the chemotherapeutic drugs TMZ and carmustine,
which are commonly used in clinical settings (Rubino et al. (2018) [283]).

Conversely, a different investigation showed that pharmacological VRAC inhibi-
tion and LRRC8A knockdown do not have any impact on GBM cell proliferation or mi-
gration, suggesting that VRAC may not be necessary for tumor development (Liu and
Stauber (2019) [64]). Further investigation is needed to elucidate the roles that this ion
channel may play in cell migration and invasion.

Moreover, VRAC can transport anticancer drugs like cisplatin and carboplatin into the
cell, and the selectivity of the substrate, as well as the pharmacology of VRAC, depends on
its subunit composition. Notably, one of the subunits of VRAC, the LRRC8D subunit, plays
an important pharmacological role, supporting the transport of these anticancer drugs
(Planells-Cases et al. (2015) [65]).

4.4. Ligand Gated Ion Channels
4.4.1. GABAA Receptors

In GBM cells, all of the different isoforms of GABAA receptor subunits are present and
generally down-regulated compared to grade II and III gliomas, except for the up-regulation
of the δ subunit (Smits et al. (2012) [83]). GABAAR expression in GBM cells is triggered
by contacts with neurons (Synowitz et al. (2001) [284]), fostering the hypothesis of commu-
nication between the two cell types. Interestingly, in the neurons surrounding the tumor,
a loss of expression of the α1 subunit, leading to a reduction of GABAergic input, was re-
ported (Tantillo et al. (2023) [84]). In the peritumoral area, the expression of specific potassium
chloride co-transporters (NKCC1 and KCC2) is dysregulated. NKCC1 and KCC2 levels are in-
creased and decreased, respectively, which results in a high intracellular chloride concentration
that, when GABAARs are activated, induces functional excitation (Pallud et al. (2014) [285];
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Campbell et al. (2015) [286]). Similarly, GBM cells could be depolarized by high concentra-
tions of GABA present in the TME (Blanchart et al. (2017) [85]), and the increased intracellular
calcium may activate several pathways, also involving fibroblast growth factor, which reduces
tumor proliferation and growth (Babateen et al. (2015) [287]; Huberfeld and Vecht (2016) [288];
Blanchart et al. (2017) [85]). GABA does not affect the initial phase of tumorigenesis but it
limits growth and disease progression (Blanchart et al. (2017) [85]). It has also been shown
that GABA activity promotes tumor cell quiescence, which ends when GABAAR is blocked.
Since GBM produces high levels of GABA, lowering overall GABA levels by tumor resection
can possibly result in rapid recurrence by residual GBM cells (Blanchart et al. (2017) [85]). The
importance of GABA signaling is supported by the fact that the loss of functional GABAAR
correlates with the grade of the glioma and the clinical outcome (Smits et al. (2012) [83]).

Since GABA signaling limits tumor growth, it is conceivable that enhancing GABAAR
function may represent a valuable approach to GBM therapy. Exogenous (benzodiazepines)
and endogenous (neurosteroids, NS) substances are able to positively modulate GABAAR
function (Puia et al. (2012) [289]). It was shown that progesterone and its 5α-reduced metabolite
allopregnanolone (Allo) favor the progression of GBM cell lines at nanomolar concentrations
(Zamora-Sánchez et al. (2017) [88]) while having opposite effects at high micromolar concen-
trations (Zamora-Sánchez et al. (2022) [87]; Feng et al. (2022) [89]). Because GBM cells express
steroidogenic enzymes and produce NS (Zamora-Sánchez et al. (2017) [88]), it is possible that
these endogenous substances, depending on their metabolism, play significant roles in the
maintenance and progression of GBM (Pinacho-Garcia et al. (2019) [290]). Indeed, Allo has
a therapeutic effect on GBM cell lines, enhancing TMZ inhibition of cell migration and TMZ-
induced apoptosis (Feng et al. (2022) [89]).

On the other hand, we should keep in mind that GABA, by acting as an excitatory
neurotransmitter, may bolster the oncogenic effects of the neuronal hyperactivity previously
detailed (Venkatesh et al. (2015) [274]). In fact, it has been observed that while GABA
appears to inhibit GBM progression, it also stimulates peritumoral neurons to release
glutamate, leading to epilepsy (Radin and Tsirka (2020) [86]).

4.4.2. Glutamate Ionotropic Receptors

The GBM microenvironment is characterized by increased glutamatergic signaling,
which fuels tumor progression and induces hyperexcitability of the peritumoral neurons.
This heightened activity, in turn, may contribute to the genesis of seizures or epilepsy and
to widespread neurodegeneration (Venkataramani et al. (2019) [95]; Jung et al. (2020) [96]).
GBM cells express iGluRs such as NMDA (Nandakumar et al. (2019) [98]), KAR and AMPAR
(in parts, Ca2+ permeable AMPAR) (Maas et al. (2001) [291]; Venkataramani et al. (2019) [95];
Venkatesh et al. (2019) [99]). GBM iGluRs may be stimulated either via neuron–tumor synapses
or by glutamate released in an autocrine fashion by tumor cells through the cystine–glutamate
antiporter (xCT) (Takano et al. (2001) [292]) or by neighboring reactive astrocytes
(Sin et al. (2013) [107]).

The importance of neuronal activity for GBM progression is widely accepted
(Corsi et al. (2019) [293]). Specifically, neurons and GBM cells communicate directly
through bona fide synapses and also indirectly via paracrine signals such as NLGN3
or BDNF (Venkatesh et al. (2015, 2017) [274,294]). Aside from the direct unidirectional
synaptic contacts between neurons and tumor cells, in GBM, there are indirect presynap-
tic contacts resembling the tripartite synapses between neurons and astrocytes. Gluta-
matergic signals may induce calcium transients through calcium-permeable AMPARs,
activating downstream Akt-PKB pathways that promote GBM growth and invasion
(Ishiuchi et al. (2002) [295]; Piao et al. (200) [296]; Venkatesh et al. (2019) [99]). NMDARs
are highly expressed in GBM cells, and their activation also contributes to increased
intracellular Ca2+ levels (Nandakumar et al. (2019) [98]) and the phosphorylation of tran-
scription factors, contributing to GBM survival and migration (Längle et al. 2019 [297]).

A cross-talk between these calcium-permeable receptors (NMDAR and AMPAR) in
the glutamate-rich microenvironment of GBM probably has an important role in tumor pro-
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gression (Nandakumar et al. (2019) [98]). Both AMPAR and NMDAR activation influence
extracellular matrix proteins (Piao et al. (2009) [296]; Ramaswamy et al. (2014) [298]).

Finally, the involvement of KAR in GBM has been poorly investigated (Lange et al. (2021) [299]).
High expression of GluK4 was found in GBM cell lines (Stepulak et al. (2009) [300]), but more
studies are needed to shed light on the role of KARs in GBM progression and glioma-associated
epilepsy since glutamate released from GBM cells could activate KARs along with AMPARs and
NMDARs (Lyons et al. (2007) [97]).

Since GBM, like several cancers of different tissues, relies on glutamate signaling to
survive and proliferate (Yu et al. (2017) [301]), pharmacological targeting of iGluRs or the
systems responsible for glutamate release may slow the disease progression while simulta-
neously limiting neurodegeneration and seizure onset. Considering the interdependency
between neuronal hyperexcitability and GBM progression, a GBM therapy with iGluRs an-
tagonists acting on both sides (tumor cells and neurons) is particularly suitable. Indeed, an
antiepileptic drug with AMPAR antagonistic properties has been successfully employed in
clinical trials for GBM in association with radiochemotherapy (Grossman et al. (2009) [100];
Salmaggi et al. (2021) [302]). Because of the biological relevance of calcium-permeable
AMPARs in tumor progression, specific inhibitors of these receptors could represent a
promising therapeutic strategy for GBM (Venkataramani et al. (2021) [105]).

NMDAR antagonists, such as memantine, are useful in the management of GBM
(Albayrak et al. (2021) [103]), especially considering their neuroprotective activity. For
instance, MP1 and MP2 are two NMDA antagonists derived from memantine that increase
autophagy in the human U87MG glioblastoma cell line and reduce its proliferative ac-
tivity (Cacciatore et al. (2017) [101]). Of note, Blyufer et al. highlighted the potential of
riluzole, a drug that inhibits glutamate release, as a potential therapeutic tool for GBM
(Yamada et al. (2020) [102]; Blyufer et al. (2021) [104]).

4.4.3. Nicotinic ACh Receptors

GBM cells are capable of synthesizing and releasing Ach, which, acting in an autocrine
or paracrine fashion, affects proliferation, survival, and tumor invasion (Thompson and
Sontheimer (2019) [90]). The expression of most nAchR subunits in GBM is very low, except
for the muscle-type α1 and β1 subunits and the neuronal α7 and α1 subunits (Thompson
and Sontheimer (2019) [90]; Pucci et al. (2021, 2022) [91,92]).

AChR activation increases cell invasion by enhancing the activity of matrix metalloproteinase-
9 (MMP-9) through a Ca2+-dependent mechanism (Thompson and Sontheimer (2019) [90]). A
recent study (Pucci et al. (2021) [92]) found that α9 and α5 subunit mRNAs are highly expressed
in GBM and that chronic treatment with selective agonists increases the proliferation of tumor
cell lines (U87MG and GBM5). By silencing the expression of the α7 and α9 subunits or by
applying selective α7 and α9 AChR antagonists, this effect was prevented, thus indicating that the
presence of both subunits was required (Pucci et al. (2021, 2022) [91,92]). Stimulation of α9 and
α7 nAChRs can activate various intracellular signaling pathways and regulate gene expression
through non-conventional metabotropic channel signaling. In GBM cell lines, the activation of
α7nAChRs and α9nAChRs has been shown to inhibit cell apoptosis via the EGFR/Akt pathway
and the promotion of cell proliferation via the EGFR/ERK pathway (Khalil et al. (2013) [303];
Pucci et al. 2022 (2022) [91]).

Considering the importance of nAChRs in GBM progression in the last few years, non-
selective and selective antagonists of nAchR have been developed and tested on GBM cell
lines. For example, Atracurium Besylate (an nAChR antagonist) (Spina et al. (2016) [93]) and
StN2/4/8 (α7 and α9/α10 nAChR antagonists) (Pucci et al. (2022) [91]; Bavo et al. (2023) [94])
have been shown to have significant inhibitory effects on GBM cell line vitality.

4.5. Other Channels
4.5.1. Aquaporins

AQPs play a role in enhancing tumor mobility through several mechanisms: cell
volume regulation, cell-cell and cell-matrix adhesion, actin cytoskeleton interaction, control
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of enzymes and molecules involved in extracellular matrix degradation, and ion channel
and transporter co-localization. In the case of GBM, the overexpression of AQP-1, -4, and -9
is consistent with their suggested functions in facilitating the mobility, growth, and survival
of glioma cells (Varricchio et al. (2021) [80]). AQP4, the primary aquaporin expressed in the
CNS, plays a crucial role in maintaining water and potassium homeostasis. In glioblastomas
and other types of astrocytomas, AQP4 expression is elevated and redistributed. In fact,
in high-grade brain tumors, AQP4 shows a loss of its polarized distribution at the tips of
astroglial pedicels, which can contribute to increased tumor cell migration (Vandebroek
and Yasui (2020) [81]). In this regard, a research group suggested that high concentrations
of T3 thyroid hormone could be effective in decreasing AQP4 in GBM tumor cells, leading
to improved outcomes in terms of reducing the migration and growth of brain tumor cells
(Costa et al. (2019) [82]).

4.5.2. Connexin 43

Connexin 43 is an important building block of GJs and hemichannels, and its expres-
sion, which is very high in astrocytes, is reduced when they undergo malignant trans-
formation (Caltabiano et al. (2010) [106]). Indeed, the amount of Cx43 protein inversely
correlates with the level of malignancy of astrocytomas, and its presence is low in GBM
(Sin et al. (2016) [107]; Gielen et al. (2013) [112]). Hence, this relationship between Cx43
expression and glioma severity suggests that Cx43 should have a tumor suppressor ability,
restraining the proliferation of glioma cells.

On the other hand, several pieces of evidence have pointed out the capability of Cx43
to enhance the mobility and invasiveness of GBM cells, facilitating their migration from
the tumor core into the surrounding tissues (Sin et al. (2016) [107]; Dong et al. (2017) [110]).
The ambivalence of Cx43 effects, ranging from tumor suppressor to cell migration booster,
can be partly explained by the heterogeneous expression of Cx43 in the GBM mass. In
fact, the cells in the core with low Cx43 expression proliferate, while those with high Cx43
levels are expected to migrate (Sin et al. (2016) [107]; McCutcheon and Spray (2022) [109]).
The presence of GJs between GBM cells might inhibit migration, whereas GJs between
GBM cells and astrocytes, or between astrocytes themselves, promote tumor progression.
Indeed, Cx43 expression is enhanced significantly in the glioma-associated astrocytes of the
peritumoral zone that have a decisive role in granting the dissemination of tumoral cells
(Sin et al. (2016) [107]). Cx43 can foster invasiveness by activating different pathways (i.e.,
by interacting with different cytoskeletal proteins) and also by promoting the transfer of
oncogenic signaling molecules from tumor cells to neighboring astrocytes or among astro-
cytes (Sin et al. (2016) [107]; Uzu et al. (2018) [108]; McCutcheon and Spray (2022) [109]).

Cx43 is also involved in tumor progression because it increases GBM resistance to
apoptosis and has an impact on cell homeostasis through paracrine hemichannels activity
(Sin et al. (2016) [107]).

Moreover, Cx43 and GJ/hemichannels may contribute to glioma-associated epileptic
activity in the peritumoral zone induced by changes in the tumor microenvironment. In
particular, Cx43 may have a role in the regulation of neurotransmitters such as glutamate
and ATP (Dong et al. (2017) [110]).

Furthermore, the expression of Cx43 in GBM cells is associated with the development
of resistance to TMZ treatment (Gielen et al. (2013) [112]). It has been shown that Cx43-
dependent resistance involves both GJ-dependent and GJ-independent mechanisms that
influence the invasion and migration of tumor cells. In response to TMZ treatment, Cx43
modulates mitochondrial apoptotic pathways by regulating Bax and Bcl-2 levels and by
influencing the release of cytochrome C from mitochondria (Gielen et al. (2013) [112];
Dong et al. (2017) [110]; Xing et al. 2019 [111]).

Considering the different roles played by Cx43 in GBM progression, it will be ex-
tremely important in the development of novel therapeutic strategies for GBM treatment
(Xing et al. 2019 [111]) to selectively target Cx43 of specific cell types (tumoral or non
tumoral), carefully considering the stage of glioma genesis.
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In conclusion, the published research in the field converges toward a complex view of
“GBM biology.” The influence of ion channels and ionotropic receptors on tumor develop-
ment, invasiveness, and resistance to therapies is widely recognized, but on the other hand,
is extremely complex. The channels/receptors that are differently expressed in GBM and
the results of these changes are a composite (see Table 2 and Figure 2) because they affect
not only the single tumoral cell but also the multicellular network of the TM that drives
tumor growth and resistance to therapy. Since a major reason for the incurability of gliomas
by local treatment is the diffuse infiltration of the brain, determined also by changes in
channels/receptors, they are important pharmacological targets for new GBM drugs and
as powerful prognostic biomarkers. The development of new therapeutic approaches that
target ion channels should always consider not only the effect on single cellular entities but
also on the whole “GBM network”.

5. Conclusions and Perspectives

When considering the poor results obtained by neurocentric drug research for different
NDs such as AD, fifteen years ago, the great scientist Ben Barres made the following
statement: “Quite possibly saving astrocytes from dying in neurological disease would
be a far more effective strategy than trying to save neurons, glia already know how to
save neurons, whereas neuroscientists still have no clue” (Barres (2008) [304]). Scientific
advancements in the last fifteen years confirmed this assertion. Indeed, it is now clear
that astrocytes contribute to brain disorders with several intermingled mechanisms that
depend on different factors such as subcellular localization, disease stage, comorbidity,
and others. Technical advances over the last years helped to reveal the morphological,
functional, and molecular complexity of glial cells (Endo et al. (2022) [305]) and their
plethora of functions, including modulation of behavior and cognition in health and
disease. Multiphoton or supersolution microscopy, genetic tools, and transcriptomics allow
for a deeper understanding of the molecular fingerprint of reactive astrocytes in brain
diseases. In addition, astrocyte small processes, which are in strict contact with synapses,
have emerged as the most interesting and yet elusive cellular district.

Finally, human astrocytes are even more complex and heterogeneous than in rodents
(Oberheim et al. (2009) [306]; Vasile et al. (2017) [307]), suggesting their great relevance
in human brain physiology and pathology. Accordingly, expanding our knowledge on
astrocyte mechanisms at different stages of brain disorders is a required step to design new
preventive or therapeutic treatments oreand finally prove that acting on glia is an efficient
strategy to save brain functions.
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Abstract: Nucleoporins (NUPs) are proteins that comprise the nuclear pore complexes (NPCs). The
NPC spans the nuclear envelope of a cell and provides a channel through which RNA and proteins
move between the nucleus and the cytoplasm and vice versa. NUP and NPC disruptions have a great
impact on the pathophysiology of neurodegenerative diseases (NDDs). Although the downregulation
of Nup358 leads to a reduction in the scaffold protein ankyrin-G at the axon initial segment (AIS) of
mature neurons, the function of Nup358 in the cytoplasm of neurons remains elusive. To investigate
whether Nup358 plays any role in neuronal activity, we downregulated Nup358 in non-pathological
mouse cortical neurons and measured their active and passive bioelectrical properties. We identified
that Nup358 downregulation is able to produce significant modifications of cell-membrane excitability
via voltage-gated sodium channel kinetics. Our findings suggest that Nup358 contributes to neuronal
excitability through a functional stabilization of the electrical properties of the neuronal membrane.
Hypotheses will be discussed regarding the alteration of this active regulation as putatively occurring
in the pathophysiology of NDDs.

Keywords: nucleoporins; ion channels; membrane excitability; voltage-gated sodium channels;
neuronal activity; neurodegenerative disease; patch-clamp

1. Introduction

The nuclear pore complex (NPC) is a large multiprotein complex of nucleoporin (NUP)
proteins that mediate nucleocytoplasmic transport, genome organization, and gene expres-
sion [1,2]. An important body of studies indicates that disruptions of the NPC contribute
to the pathogenesis of neurodegenerative diseases (NDDs) by triggering pathophysiologi-
cal intracellular cascade effects [3,4]. NUPs were first reported to localize at the nuclear
rim, but emerging evidence has revealed that some individual nucleoporins are stably
expressed in the cytoplasm and/or the nucleoplasm and contribute to numerous physi-
ological events [5–8]. Nup358, also known as Ran-binding protein 2 (RanBP2), is by far
the largest nucleoporin [9] of the NPC [10]. In neurons, Nup358 is indispensable for the
process of axon specification and cell polarity during neuronal differentiation in culture [11].
The conditional loss of Nup358 in Thy1+-motoneurons in mice causes the development
of amyotrophic lateral sclerosis-like motor traits [12]. Furthermore, the loss of Nup358
in motoneurons triggers the dysregulation of neuronal–glial and chemokine signaling in
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sciatic nerves and somas of spinal motoneurons from mice without Nup358 [13]. Alto-
gether, those reports underline the relevance of Nup358 in neuronal homeostasis during
the development and maturation of neurons.

Recently, it has been shown that Nup358, through its N-terminal domain, is associated
with the axon initial segment (AIS) in neurons in an ankyrin-G-dependent fashion [14].
Another study also confirmed that Nup358 is enriched at the AIS [15]. Stimulation through
chemical depolarization of neurons results in an evident change in Nup358 subcellular
distribution and/or expression, as demonstrated by (1) a reduction in the Nup358 signal at
the nuclear rim, (2) more diffuse staining in the entire neuronal cell, and (3) a decrease in
the total Nup358 protein expression level. Although evidence on the regulation of electrical
activity exerted by nucleoporins has been reported in non-neuronal systems [16,17], the
functional impact of the Nup-mediated electrophysiological activity in neuronal systems is
still unexplored.

Hypothesizing that Nup358 modulates neuronal excitability, this work hence aims
to determine the functional effects of Nup358 downregulation in neurons. Using whole-
cell patch-clamp on dissociated cortical neurons, we show that Nup358 regulates neuron
excitability by facilitating the conductance of voltage-gated sodium channels.

On the basis of functional interpretations of our results, and according to the struc-
ture/function relationship concept, we can postulate that (1) Nup358 promotes the sta-
bilization of the membrane proteins that control neuronal firing and (2) impairments in
Nup358 function might be involved in the pathophysiological mechanisms of NDDs.

2. Materials and Methods
2.1. Animals and Cell Culture

Mice (c57/bl6 strain) were kept in a normal light/dark cycle (12 h light:12 h dark)
and had free access to water and food. Cortical neurons were prepared from E15 female
and male embryos using a previously described method [14]. Briefly, we euthanized
the pregnant mice with a carbon dioxide (CO2) overdose. We isolated cortices under a
stereomicroscope. After mechanical dissociation, cells were counted and plated on 12 mm
coverslips coated with poly-D-lysine (Sigma, St. Louis, MO, USA) according to the density
of 150–200 cells/mm2. The cells were grown in neuronal complete medium (Neurobasal
1×, B-27 supplement 1×, 0.5 mM L-glutamine, 10 µg/mL gentamicin; B-27 supplement
and Neurobasal medium were purchased at Life Technologies, Carlsbad, CA, USA) at 37 ◦C
and 5% CO2 until full maturation, i.e., 14 days in vitro (DIV).

2.2. Constructs

Scrambled negative control shRNA (shCTRL, Origene TR30021) and a pool of four
mouse gene-specific Nup358 shRNA constructs (shNup358, Origene TL501860) in pGFP-
C-shLenti Vector (Origene, Rockville, MD, USA) plasmids were used for the knockdown
experiments as previously described [14]. Briefly, mouse cortical neurons were transfected
on DIV 5 with shRNA constructs using Lipofectamine 2000 reagent (Invitrogen, Waltham,
MA, USA) following the manufacturer’s instructions and processed on DIV 14.

2.3. Electrophysiology
2.3.1. Recordings

Patch clamp recordings, in the configuration of the whole cell, were conducted
in accordance with previous reports [18–20]. The neurons in the culture were placed
into a recording chamber and underwent constant perfusion (flow rate, 3 mL per min)
with standard extracellular solution consisting of (in mM) 140 NaCl, 4 KCl, 10 HEPES,
2.0 MgCl2, 2.0 CaCl2, and 10 glucose, pH 7.4 and 290 mOsm. The micropipettes were
obtained from a temperature-controlled PIP6 pipette puller (HEKA, Reutlingen, Germany)
and borosilicate glass capillaries (Harvard Apparatus, Cambridge, MA, USA). The resis-
tance of the electrodes ranged between 3 and 5 MΩ upon filling them with an intracellular
solution composed of (in mM) 130 K-gluconate, 10 KCl, 0.1 CaCl2, 2.0 MgCl2, 1.1 EGTA,
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10 HEPES, 2.0 Mg-ATP, and 0.2 Na-GTP, pH 7.3 (280 mOsm). The cells selected for recording
were identified subsequent to the 470 nm stimulation using a fiber-coupled LED (M89L01,
Thorlabs, Newton, MA, USA), and the microelectrodes were positioned, for each neuron,
in a distal somatic area through a water-immersion 40× objective. Once the whole-cell
configuration was established, the series resistance and membrane capacitance were elec-
tronically compensated. Experimental signals were obtained using an ELC-03XS amplifier
(npi, Tamm, Germany), filtered at 2 kHz with a low-pass filter, and sampled at 10 kHz with
an INT-20X interface (npi electronic, Tamm, Germany). Analogic signals were recorded
using an ELC-03XS amplifier (npi, Germany) and digitized with an INT-20X interface (npi
electronic, Tamm, Germany). Data were acquired with WinWCP V5.2.7 software (©John
Dempster, University of Strathclyde, Glasgow, UK) and low-pass-filtered at 2 kHz. The
sampling rate employed was 10 kHz. Seal stability was tracked online, incorporating
the following criteria: access resistance (<20 MΩ < 20% drift), stable RMP, and holding
currents <100 pA. After a brief period of stabilization, the RMP was measured in a bridge
balance configuration. The ion currents and action potentials were obtained from neurons
displaying an RMP that was stable and lower than −50 mV. Thereafter, the membrane’s
passive properties were explored through hyperpolarizing current square pulses from 0 to
−150 pA in −30 pA decreasing pulses. Still in a current-clamp configuration, a succession
of depolarizing pulses required to trigger an action potential (AP) were injected from
an imposed membrane potential of −70 mV, and unitary APs were evoked using 10 ms
suprathreshold steps. In order to evaluate the AP frequency, we delivered long pulses
(1000 milliseconds) of depolarizing current in 50 pA delta increments. Voltage-dependent
ion conductances were elicited by 10 mV steps from −80 to +40 mV (500 ms) and a hold-
ing potential of −70 mV in a voltage-clamp configuration. In order to remove capacitive
transients and leakage currents, both of no interest, from the macroscopic current pro-
viding only the ionic current under exam, P/4 (or P/N according to WinWCP V5.2.7
software term) leak subtraction protocol was applied online, with which capacitive and
leakage currents, ideally linear and not voltage-dependent, were subtracted from the signal
of interest.

2.3.2. Ionic Current Dissection

The experiments designed for the isolation of sodium current were performed as
previously described [20], Cs+-based intracellular solution was composed of (in mM)
130 CsCl, 10 NaCl, 2 MgCl2, 0.1 CaCl2, 1.1 EGTA, 10 HEPES, 3 MgATP, 0.3 GTP, and pH 7.2
adjusted with CsOH, and 4-amino pyridine, 4-AP (20 µM) and tetraethylammonium, TEA
(200 µM) were also added to the bath solution. The voltage dependency of activation was
computed through a stepwise procedure starting from a holding potential of −70 mV and
with increasing voltage steps of +5 mV across a range of potentials from −80 to +40 mV.
The voltage dependency of inactivation was explored using a two-step procedure, with
an initial conditioning pulse lasting 40 ms delivered from a holding potential of −70 mV
to a series of potentials from −80 to 0 mV in 10 mV increments, succeeded by a test pulse
to +10 mV. To analyze the recovery from fast inactivation, we employed a multiple-pulse
procedure executed with a conditioning depolarization from a holding potential of −70 to
−15 mV (10 ms); then, a subsequent test pulse at the equal depolarizing pulse value was
delivered beforehand to evoke the Na+ current fraction. The time between conditioning
and test pulses (∆) was modified throughout 2–18 ms, in 2 ms augmentations, to analyze
the rate of recovery [21].

2.4. Data Analysis

Mean ± SEM values are provided for the data, with n representing the sample size
of cells recorded. The AP waveform kinetics were calculated by differentiating the spike
voltage with respect to time (dV/dt). Plane phase graphs were created by plotting the
first derivative of the membrane potential (in mV/ms) against the membrane voltage. The
threshold was established based on the membrane potential, where dV/dt exhibited an
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abrupt increase. The current density was estimated by dividing the peak current values
by the total membrane surface area obtained from whole-cell capacitance determination.
Conductance (G) was calculated through the equation G(Vm) = I(Vm)/(Vm − Erev), where
I(Vm) is the current measured at the used membrane potential and Vm, and Erev is the
computed Nernst potential. The maximum conductivity (Gmax) of every cell was used for
normalization. To determine a measure of gating conductance, peak currents were adjusted
using a Boltzmann distribution with the form G = G0 + (Gmax − G0)/1 + exp[(V1/2 − V)/k],
where G refers to the conductance that varies with voltage, while G0 represents the voltage-
independent baseline conductance. V1/2 is the voltage of half-maximal activation, while k
denotes the slope factor employed to calculate the activation kinetics [20]. The inactivation
time constants were obtained by plotting the peak current amplitude during each test pulse
normalized to the current amplitude of the first test pulse and graphed as a function of
the pre-pulse potential. Last, the Boltzmann equation was used to fit the values of the
voltage dependency of inactivation. The time constant of the recovery from inactivation
was obtained by plotting the ratio Itest/Iconditioning against the interval time (∆t) and the
data were fitted with a single exponential equation. In order to perform data analysis, curve
fitting, and plotting, we used the WinWCP, OriginPro 8.1 (OriginLab, Northampton, MA,
USA), and Prism 8 (GraphPad, Boston, MA, USA) software packages, respectively. The
Kolmogorov–Smirnov test was employed to test data normality. An unpaired Student’s
t was employed when comparing two groups; in all analyses, a threshold for statistical
significance was set at p < 0.05.

3. Results

We first downregulated Nup358 using RNAi as previously described [14]. Neurons
were transfected either with an shNup358 or with a non-targeted shCTRL construct as a
negative control. The efficiency of the shRNAs in eliminating the expression of Nup358
was evaluated via immunostaining (Figure 1). Transfected neurons showed a significant
reduction in Nup358 signal compared to shCTRL transfected neurons.

Figure 1. Downregulation of Nup358 expression in cortical neurons. Cortical neurons transfected at
5 DIV, with shRNA constructs co-expressing GFP to downregulate Nup358 (shNup358). As a control,
neurons were transfected with a non-targeted shRNA construct (shCTRL). Immunostaining was
conducted for Nup358 (red), and the nuclei are labeled with DAPI (blue). Asterisks are used to mark
the transfected neuronal cells (green) with a substantial decrease in the Nup358 signal compared to
the control untransfected cells. Scale bar: 10 µm.
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We subsequently examined the effect of Nup358 downregulation on the spontaneous
activity of the cultured mouse cortical neurons at 12 days in vitro (DIV12). The transfected
neurons were identified through the presence of the reporter protein, GFP, and only those
exhibiting positive expression were chosen for whole-cell patch-clamp recordings. At
their respective physiological resting membrane potential (RMP), we tracked the intrinsic
neuronal activity and found no significant differences in the RMP between the neurons
with induced downregulation of Nup358 (56.85 ± 1.52 mV) and those treated with scram-
bled shRNA (57.18 ± 1.17 mV) (Figure 2A). While we did not detect differences in the
amplitude, threshold, or the one-half width of the action potential (Figure 2B), the fre-
quency of membrane potentials was significantly higher in the shNup358-treated neurons
(0.42 ± 0.10 Hz) than in the control neurons (0.10 ± 0.03 Hz; here and throughout the text,
values are mean ± SEM).

Figure 2. The effect of Nup358 downregulation on the spontaneous activity of cultured mouse
cortical neurons. (A) Tracks of membrane potential changes recorded in gap-free mode in the control
scrambled-treated (left) and shNup358-treated (right) neurons. (B) Different properties of the resting
membrane potentials are computed from the traces shown in (A). Each dot in the graphs represents
an individual cell, and the dashed line in the violin plots is the median; the left and right dashed lines
are the upper and lower quartiles, respectively. n = 14. * p < 0.05, Student’s unpaired t-test.

Next, we assessed whether Nup358 downregulation alters the active neuronal mem-
brane properties. We injected neurons with 1000 ms long hyperpolarizing/depolarizing
current pulses of increasing amplitude and recorded variations of membrane potentials
from the membrane resting potential.

The injection of a 150 pA current evoked a tonic firing in neurons from both experi-
mental groups (Figure 3A); however, the number of spikes was significantly higher in the
shNup358-treated neurons. We performed raster plot and frequency analyses to estimate
the shNup358-mediated rise in the action potential tonic firing.

Compared to the control group, the downregulation of Nup358 resulted in an increase
in the number of spikes per individual neuron and a leftward shift in the InterSpike Interval
(ISI) temporal window, indicating prompter excitability of the neurons (Figure 3B,C). These
results demonstrate that Nup358 plays a critical role in regulating the resting membrane
potential and the frequency of action potential firing of neurons.

Further, we analyzed whether Nup358 downregulation impacts the biophysical prop-
erties of the single action potential. Figure 4A illustrates two representative traces of a
single action potential reaching the firing threshold. These traces were obtained by injecting
10 ms of somatic depolarizing current into either the control or the shNup358 neurons.
To assess the detailed action potential kinetics in detail, we assembled phase plots from
overlaid means of single action potentials.
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Figure 3. The downregulation of Nup358 increases the firing frequency of cortical neurons.
(A) Representative recordings of membrane potentials in scrambled and shNup358-treated neurons in
response to 1000 ms long whole-cell current injections. (B) Raster plot showing the temporal locations of
action potential firing over current injection trials. Each bar in the raster indicates one action potential,
and each row represents an independently recorded neuron. (C) Relative frequency distributions of the
mean Inter Spike Interval (ISI) computed from the neurons assessed in (B). n = 6 + 6. µ, Gaussian fit
mean; σ, Gaussian fit S.D.; RMSE, root-mean-square deviation.

Figure 4. Downregulation of Nup358 alters the intrinsic excitability of neurons. (A) Representative
recordings of single APs elicited with a 10-millisecond current pulse delivered to control or shNup358-
silenced neurons. (B) Phase plane plots (dV/dt versus membrane voltage) from averaged single
APs. The central line represents the mean, and the SEM is shown as a faded area. (C) Violin
graph comparing the rheobase and spike amplitude (as well as passive membrane properties) in
Nup358-downregulated neurons. Graphs of grouped data show individual cells and mean ± SEM
from cortical neurons pooled from at least four independent brain dissections for each condition.
* p < 0.05, Student’s unpaired t-test. n = 19. RMP, resting membrane potential; Rin, input resistance;
Tau, membrane time constant; Cm, membrane capacitance.

We examined changes in different parameters of individual spikes’ waveforms
(Figure 4C). The amplitude of the AP in shNup358-silenced neurons was higher and sig-
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nificantly different from control neurons, with a computed increase of 7.3 ± 1.90 mV. The
minimum amount of current required to evoke an AP (rheobase) was 47.50 ± 4.24 mV
smaller in Nup358-silenced neurons compared to control neurons, which had 68.00 ± 4.58 mV
(Figure 4B). No such differences were observed between the mean of resting membrane po-
tential, input resistance, capacitance, or membrane time constant (tau) membrane properties.

Overall, Nup35-silenced neurons exhibited a faster firing and larger amplitude of action
potentials. These results thus suggest that Nup358 modulates the active membrane properties,
that is, the input–output relationships and the repetitive AP firing of individual neurons.

Since the AIS—by defining a specific neuronal compartment with the lowest firing
threshold—serves as the site for action potential (AP) initiation, we investigated the po-
tential impact of ionic conductances involved in AP generation, considering that Nup358
interacts with the scaffold protein Ankyrin-G, which plays a crucial role in the assembling
the axon initial segment (AIS) and the recruiting of other molecules like voltage-dependent
sodium channels (Nav) [22]. Hence, using the voltage-clamp configuration and clamp-
ing neurons Vm at −70 mV, we examined whether the voltage-gated total ionic currents
underlie the increase in neuronal activity of shNup358-silenced cortical neurons.

The step stimulation elicited voltage-gated macroscopic currents composed of Na+-
associated inward and K+-associated outward currents (Figure 5A). To record the ionic
responses belonging to the AIS, we placed the patch pipette in a position distal to the
somatic compartment and delivered the voltage pulses (Figure 5(Ai)). The analysis of the
steady-state (outward) or peak (inward) total currents at the maximum amplitude revealed
an increase of 39.05 ± 3.56% in the amplitude of the inward current in shNup358-treated
cells as compared to control neurons (Figure 5(B,Bi)). We did not observe modifications
between the control and Nup358-silenced neurons when the potassium-associated outward
component was compared (Figure 5C).

Figure 5. Inward total ionic current increase in shNup358-treated neurons. (A) Ionic current traces
obtained from voltage-clamped cortical neurons. The neurons were held at −70 mV, and then
voltage steps of 100 milliseconds from −90 to +40 mV were applied in 10 mV increments. (Inset Ai)
Exemplification of cultured cortical neurons from mice at 12DIV sealed with a glass micropipette (left).
All the whole-cell patch clamp recordings in this work were performed in the optically identified
AIS surrounding area (black arrow). (B) Current–voltage (I–V) relationships of the inward deflection
(peak) of the traces are depicted in (A), left. (Inset Bi) Analysis of the mean differences in maximum
current amplitude at −20 mV. (C) Current–voltage relationships of the outward deflection (steady
state) of the traces depicted in (A) right. The total number of assessed neurons is shown in each panel.
* p < 0.05, Student’s unpaired t-test; n.s., not significant.
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Based on the previous finding, we sought to dissect sodium-associated inward cur-
rents using pharmacological and ionic substitution procedures (Figure 6A). The amplitude
of the Na+ currents was increased in shNup358-treated neurons at the maximum peak
of the curve (−20 mV). We measured the current density using the ratio of peak current
amplitude to the cell membrane capacitance (pA/pF). This formal analysis computed an
increase of 56% ± 3.2 of the normalized current density obtained from silenced Nup358
neurons when compared to control neurons (Figure 6B). To measure the voltage depen-
dence of sodium conductance, the IV curve data from Figure 6B were then employed
to construct a conductance/voltage (GV) plot. Then, the normalized (G/Gmax) GV rela-
tionships were fit using a single Boltzmann function (see methods for details). From this
analysis, we obtained the potential of the half-maximal activation (V1/2) and the slope value
(K). In control neurons, the calculated values for V1/2 and K were −24.37 ± 0.68 mV and
3.49 ± 0.61, respectively. Interestingly, in neurons treated with shNup358, the V1/2 showed
a slight hyperpolarization of −26.65 ± 0.35 mV, and the K value decreased to 1.96 ± 0.27
(Figure 6C). At this point, the results clearly indicate that Nup358 is a key modulator of
sodium conductance in the AIS.

Figure 6. Nup358-dependent modifications of sodium currents’ biophysical properties. (A) Cs-based
isolation of voltage-gated sodium currents (INa) in response to voltage steps between −80 and
+40 mV. (B) I-V plot of normalized peak INa currents plotted with current density as a function of
test voltage. (C) Normalized mean conductance versus voltage plot of INa activation of the data in
(B). The line represents the average Boltzmann fit to data. (D) Representative currents of INa steady-
state inactivation (inset, voltage protocol). Currents were normalized to the current elicited from
a holding potential of −80 mV and used to construct the steady-state inactivation. Plotted points
represent the mean of the normalized currents and are fitted with a Boltzmann function. (E) Repre-
sentative INa current traces were obtained using the protocol shown in the inset to study the recovery
time course from fast inactivation. The plot represents the current recovery as a function of the
interstimulus interval (∆t). Recoveries were fitted with one exponential.
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To gain more insight into the biophysical mechanisms by which the Na+ conductances
could be altered in the absence of Nup358, we measured steady-steady fast inactivation of
Na+ currents elicited with voltage commands (pre-pulse) from −80 to 0 mV (10 mV step
increase, 40 ms) in cortical neurons held at −70 mV. This allows the channels to undergo
fast inactivation without permitting the channels to slowly inactivate and then to depolarize
to a test pulse (10 mV) to measure the fraction of channels that did not fast inactivate. As
Figure 6D shows, Nup358 silencing induced a positive shift in the INa+ (voltage-gated
sodium current) inactivation curve (V1/2 = −36.97 ± 0.68 mV and K factor = −12.04 ± 1.15)
compared with the control ones (V1/2 = −45.19 ± 0.92 mV and K factor = −8.07 ± 0.85).
Finally, we used a multiple-pulse protocol with recovery durations between 2 ms and 18
ms to further characterize the recovery from fast inactivation properties (inset, Figure 6D).
Compared to the control, Na+ channels from Nup358-silenced neurons recovered rapidly
from inactivation when held at negative voltages between pulses. The computed recovery
time constant in shNup358 was 3.44 ms, a value considerably lower than the 3.97 ms
estimated from scrambled neurons (Figure 6E). Taken together, the data obtained in this
work strongly suggest that Nup358 promotes a fine-tuned control of sodium conductance
in the AIS.

4. Discussion
4.1. Nup358 Downregulation and the Neuronal Excitability Alteration

Our results provide the first evidence that the downregulation of Nup358 results in
increased neuronal excitability associated with changes in the biophysics of voltage-gated
sodium channels. Previously, the Macchi group highlighted the unique localization of Nup358
protein expression at the AIS of cultured neurons and its relevance to neuronal activity [14].
Here, we examine in depth the electrophysiological implications of reduced Nup358 expres-
sion in cortical neurons. It is well known that the AIS has a pivotal role in triggering APs and
determining neuronal output. The biophysical properties of the AIS are primarily determined
by the molecular assembly and the concentration of voltage-gated channels’ proteins in this
specialized region. The increased excitability observed with Nup358 silencing is consistent
with the hypothesis that nucleoporin regulates the abundance, membrane distribution, or
activity of some proteins, such as voltage-gated ion channels.

Previous studies have examined the role of individual Nups in the modulation of
voltage-gated ion channels in cardiac electrophysiology. For instance, Nup50 induces
an increase in the transcription and translation of the Kcna4 gene, which encodes a K+

voltage-gated channel (Kv1.4) of shaker-related subfamily member 4, which is essential
for repolarization in cardiomyocytes [16]. Nup107 also regulates cardiac bioelectricity by
controlling the nucleocytoplasmic trafficking of a sodium channel mRNA (Scn5a) [17,23].
As is well known, both sodium and potassium voltage-gated ion channels are fundamental
to the initiation and the conduction of APs in excitable cells, respectively [24]. These studies
thus underscore the role of individual Nups in regulating the activity of excitable cells by
modulating the expression of voltage-gated channels. In a similar manner, Nup358 might
modulate the expression of proteins either through direct/indirect transcriptional control
of the genes encoding the ion channel subunits or by changing the expression of genes
encoding enzymes altering ion channel activity through post-translational modifications.

An emerging number of reports indicate the role of nucleoporins in the homeostasis
impairment of neuronal cells and thus having ramifications in neurodegenerative disease.
For instance, the alteration of the Nup153 expression leads to the functional impairment of
hippocampal neural stem cells in the AD mouse model [25]. Moreover, Ranbp2/Nup358
has been implicated in the regulation of the manifestations associated with Parkinson’s
disease [26]. The conditional ablation of Nup358 in mouse motor neurons causes disrup-
tions in cellular functions and the development of amyotrophic lateral sclerosis (ALS)-like
syndromes [12]. Furthermore, an in vitro/in vivo study reports that Nup358 contributes to
neuronal activity and that its downregulation disrupts the functional properties of neurons
regardless of the molecular domain of expression [27].
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Using patch-clamp recordings, we observed a marked increase in evoked and sponta-
neous APs discharge upon Nup358 silencing in neurons. This hyperexcitability of neurons
due to a reduction in Nup358 expression is the first demonstration linking a formerly
recognized nuclear protein with an electrophysiological event. We found an increment in
the amplitude of INa from Nup358-silenced neurons. Guan et al. [17] likewise found a rise
in the amplitude of Nav1.5 channel currents in cardiac myocytes, but that increment was
the cellular result of Nup107 overexpression.

We further explored the biophysical mechanisms of voltage-gated sodium currents.
To note, we did not find changes in the voltage-gated potassium currents between control
and Nup358-silenced cortical neurons, as reported for another nucleoporin family [16].
Since the activity-dependent alterations of Na+ channels would be predicted to have
functional effects on neuronal excitability [28], we explored the kinetic properties of the acti-
vation/inactivation of voltage-gated Na+ channels in cortical neurons subjected to Nup358
downregulation. The kinetics of the voltage dependency of activation and the steady state
from the fast inactivation of voltage-dependent Na+ channels were modified in Nup358-
silenced neurons. In accordance with this, others have reported a functional alteration of the
voltage-dependent Na+ channel kinetics in neurons from the central nervous system [29,30].
Collectively, these studies demonstrate that alterations induced by Nup358 in Na+ channel
functions may underlie cortical neuron hyperexcitability. Among the alterations, we report
(1) the presence of increased inward current, (2) a shift in steady-state activation or inacti-
vation, and (3) a modification of channel recovery from fast inactivation). Moreover, we
have noted that Nup358 is a fast-reactive protein responding to neuronal insults [13]. The
chemical depolarization of cortical neurons with KCl modified the subcellular distribution
and protein expression of Nup358 [13].

Taken together, our data show that, besides its role in nucleocytoplasmic transport,
Nup358 markedly contributes to neuronal activity by modulating sodium currents. How-
ever, we cannot exclude those additional molecular mechanisms, such as anchoring proteins
like AnkG, which could contribute to neuronal plasticity and in turn exert a fine-tuned
regulation of Na+ channels kinetics. Moreover, according to our functional data, the in-
volvement of other ionic channels/conductance (e.g., potassium, calcium, etc.) also in
Nup-regulated neuronal cells, as reported for K+ ionic channel in cardiomyocytes [16,17],
cannot be excluded a priori and could be worth investigating. Nevertheless, the functional
implication of Nup358 downregulation has been limited to single-cell excitability. Finally,
the study of the role of endogenously expressed Nup358 in regulating or preventing cell
hyperexcitability would be of great translational interest.

4.2. Nup358 Downregulation: A Promising Window into Ion Channel Pathophysiology in
Neurodegenerative Diseases?

On the basis of our results, it would be interesting to examine the effect of the condi-
tional depletion of Nup358 on the final output of a neuronal network to assess the potential
contribution (i.e., the active role) to the pathogenesis and/or pathophysiology of NDDs.

Nowadays, it is certain that the intracellular machinery constituted by Nuclear-Pore-
Complex–Nucleoporins–Nucleocytoplasmic Transport (NCP-Nup-NCT) is emerging as
a key player in the cell alterations as well as in the pathophysiology of NDDs [2–4,31].
Although the cause–effect relationship between NCT defects and NDD pathogenesis has
still not been fully assessed, several lines of evidence lead to the conclusion that they
are undoubtedly associated with many neurodegenerative disorders [23,31]. The link
between the alterations of the aforementioned machinery and the pathophysiology of
NDDs has been demonstrated at molecular and cellular levels, e.g., in AD (Alzheimer’s
disease) [25,32]; ALS (amyotrophic lateral sclerosis) [33,34], encephalopathy [35], and, very
recently, primary tauopathies [36].

Nevertheless, how the NPC-Nup-NCT machinery alterations influence neuronal ex-
citability remains less understood. Accordingly, our electrophysiological results obtained
in non-pathological cell models, to our knowledge, are the first ones in the field to demon-
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strate an active role of Nup358 in modulating the neuronal activity in native mouse cortical
neurons, mainly through the gating of voltage-gated sodium channels.

Consequently, we are confident in hypothesizing and verifying that our results ob-
tained in native/NUP downregulated cortical cells could be a proof of concept to verify
if common biophysical and pathophysiological mechanisms related to the altered neu-
ronal excitability via Nup358 downregulation could also occur in NDDs affected neuronal
cell models.

5. Conclusions

Taken together, our data show that Nup expression tunes the cell membrane ex-
citability in non-pathological cortical cells mainly acting on the gating of voltage-gated
Na channels.

Although they were obtained on non-pathological cell models, we hope that our
findings might constitute seminal results towards the functional study of Nup-related
defects, which will need future experiments. Succeeding in this, the electrical correlate of
altered neuron membrane excitability due to ion channel dysregulation, as already effec-
tively proposed as a putative target/marker of the disease [18–20,37], could be extended
at the NPC-Nup-NCT machinery level. Accordingly, our future goals will comprise the
developing of ion channel-targeted neurotherapies based on the Nup pathogenetic cascade,
according to modern pharmacogenetics and personalized pharmacology guidelines [38,39]
established for neurological disorders.

Author Contributions: Conceptualization, V.A.M.-R., G.P., P.M. and C.M.; methodology, V.A.M.-R.,
G.P., P.M. and C.M.; software, V.A.M.-R., F.P. and I.R.-M.; validation, G.P., P.M. and C.M.; formal
analysis, V.A.M.-R., I.R.-M. and C.M.; investigation, V.A.M.-R., F.P. and B.K.; resources, P.M., G.P. and
C.M.; data curation, V.A.M.-R., F.P., P.M. and C.M.; writing—original draft preparation, V.A.M.-R. and
C.M.; writing—review and editing, V.A.M.-R., P.M. and C.M.; visualization, V.A.M.-R., F.P., I.R.-M.
and B.K.; supervision, P.M. and C.M.; project administration, P.M. and C.M.; funding acquisition, P.M.
and C.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was partially funded by Fondazione CARITRO, Trento, Italy (to CM and
VAMR). VAMR was granted by Young Post-Doc Call 2018, Fondazione CARITRO, Trento, Italy.

Institutional Review Board Statement: Animal care and experimental procedures were conducted
in accordance with the University of Trento ethic committee and approved by the Italian Ministry of
Health, following the European Union guidelines adopted by the Italian Ministry of Health (approval
code: 162/2022-PR, approval date: 1 March 2022, based on Italian Law Art. 31, D.lgs. 26/2014).

Data Availability Statement: Relevant data are contained within the article.

Acknowledgments: We are grateful to Elena Gerola (IBF-CNR Trento, I) for her administrative
support and fund management. We warmly thank Michael Whalen (IBF-CNR, Trento, I) for the
accurate revision of the English and comments on the final version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Beck, M.; Hurt, E. The nuclear pore complex: Understanding its function through structural insight. Nat. Rev. Mol. Cell Biol. 2016,

18, 73–89. [CrossRef] [PubMed]
2. Grossman, E.; Medalia, O.; Zwerger, M. Functional architecture of the nuclear pore complex. Annu. Rev. Biophys. 2012, 41,

557–584. [CrossRef] [PubMed]
3. Ferreira, P.A. The coming-of-age of nucleocytoplasmic transport in motor neuron disease and neurodegeneration. Cell. Mol. Life

Sci. 2019, 76, 2247–2273. [CrossRef] [PubMed]
4. Coyne, A.N.; Rothstein, J.D. Nuclear pore complexes—A doorway to neural injury in neurodegeneration. Nat. Rev. Neurol. 2022,

18, 348–362. [CrossRef] [PubMed]
5. Bodoor, K.; Shaikh, S.; Salina, D.; Raharjo, W.H.; Bastos, R.; Lohka, M.; Burke, B. Sequential recruitment of npc proteins to the

nuclear periphery at the end of mitosis. J. Cell Sci. 1999, 112, 2253–2264. [CrossRef] [PubMed]
6. Chatel, G.; Fahrenkrog, B. dynamics and diverse functions of nuclear pore complex proteins. Nucleus 2012, 3, 162–171. [CrossRef]

[PubMed]

195



Life 2023, 13, 1791

7. Guan, T.; Kehlenbach, R.H.; Schirmer, E.C.; Kehlenbach, A.; Fan, F.; Clurman, B.E.; Arnheim, N.; Gerace, L. Nup50, a nu-
cleoplasmically oriented nucleoporin with a role in nuclear protein export. Mol. Cell. Biol. 2000, 20, 5619–5630. [CrossRef]
[PubMed]

8. Rabut, G.; Doye, V.; Ellenberg, J. Mapping the dynamic organization of the nuclear pore complex inside single living cells. Nat.
Cell Biol. 2004, 6, 1114–1121. [CrossRef]

9. Bernad, R.; van der Velde, H.; Fornerod, M.; Pickersgill, H. Nup358/RanBP2 attaches to the nuclear pore complex via association
with Nup88 and Nup214/CAN and plays a supporting role in CRM1-mediated nuclear protein export. Mol. Cell. Biol. 2004, 24,
2373–2384. [CrossRef]

10. Goldberg, M.W. Nuclear pore complex tethers to the cytoskeleton. Semin. Cell Dev. Biol. 2017, 68, 52–58. [CrossRef]
11. Vyas, P.; Singh, A.; Murawala, P.; Joseph, J. Nup358 interacts with dishevelled and APKC to regulate neuronal polarity. Biol. Open

2013, 2, 1270–1278. [CrossRef] [PubMed]
12. Cho, K.I.; Yoon, D.; Qiu, S.; Danziger, Z.; Grill, W.M.; Wetsel, W.C.; Ferreira, P.A. Loss of Ranbp2 in motoneurons causes disruption

of nucleocytoplasmic and chemokine signaling, proteostasis of HnRNPH3 and Mmp28, and development of amyotrophic lateral
sclerosis-like syndromes. Dis. Models Mech. 2017, 10, 559–579. [CrossRef]

13. Cho, K.; Yoon, D.; Yu, M.; Peachey, N.S.; Ferreira, P.A. Microglial activation in an amyotrophic lateral sclerosis-like model caused
by Ranbp2 loss and nucleocytoplasmic transport impairment in retinal ganglion neurons. Cell. Mol. Life Sci. 2019, 76, 3407–3432.
[CrossRef] [PubMed]

14. Khalaf, B.; Roncador, A.; Pischedda, F.; Casini, A.; Thomas, S.; Piccoli, G.; Kiebler, M.; Macchi, P. Ankyrin-G induces nucleoporin
Nup358 to associate with the axon initial segment of neurons. J. Cell Sci. 2019, 132, jcs222802. [CrossRef] [PubMed]

15. Hamdan, H.; Lim, B.C.; Torii, T.; Joshi, A.; Konning, M.; Smith, C.; Palmer, D.J.; Ng, P.; Leterrier, C.; Oses-Prieto, J.A.; et al.
Mapping axon initial segment structure and function by multiplexed proximity biotinylation. Nat. Comm. 2020, 11, 100. [CrossRef]
[PubMed]

16. Gao, X.; Yu, S.; Guan, Y.; Shen, Y.; Xu, L. Nucleoporin 50 mediates Kcna4 transcription to regulate cardiac electrical activity. J. Cell
Sci. 2021, 134, jcs.256818. [CrossRef] [PubMed]

17. Guan, Y.; Gao, X.; Tang, Q.; Huang, L.; Gao, S.; Yu, S.; Huang, J.; Li, J.; Zhou, D.; Zhang, Y.; et al. Nucleoporin 107 facilitates the
nuclear export of Scn5a mRNA to regulate cardiac bioelectricity. J. Cell. Mol. Med. 2019, 23, 1448–1457. [CrossRef] [PubMed]

18. Jimenez-Garduño, A.M.; Juarez-Hernandez, L.J.; Polanco, M.J.; Tosatto, L.; Michelatti, D.; Arosio, D.; Basso, M.; Pennuto, M.;
Musio, C. Altered ionic currents and amelioration by IGF-1 and PACAP in motoneuron-derived cells modelling SBMA. Biophys.
Chem. 2017, 229, 68–76. [CrossRef]

19. Martínez-Rojas, V.A.; Jiménez-Garduño, A.M.; Michelatti, D.; Tosatto, L.; Marchioretto, M.; Arosio, D.; Basso, M.; Pennuto, M.;
Musio, C. ClC-2-like chloride current alterations in a cell model of spinal and bulbar muscular atrophy, a polyglutamine disease.
J. Mol. Neurosci. 2021, 71, 662–674. [CrossRef]

20. Martínez-Rojas, V.A.; Arosio, D.; Pennuto, M.; Musio, C. Clenbuterol-sensitive delayed outward potassium currents in a cell
model of spinal and bulbar muscular atrophy. Pflügers Arch. Eur. J. Physiol. 2021, 473, 1213–1227. [CrossRef]

21. Zona, C.; Pieri, M.; Carunchio, I. Voltage-dependent sodium channels in spinal cord motor neurons display rapid recovery from
fast inactivation in a mouse model of amyotrophic lateral sclerosis. J. Neurophysiol. 2006, 96, 3314–3322. [CrossRef] [PubMed]

22. Zhong, G.; He, J.; Zhou, R.; Lorenzo, D.; Babcock, H.P.; Bennett, V.; Zhuang, X. Developmental mechanism of the periodic
membrane skeleton in axons. Elife 2014, 3, e04581. [CrossRef]

23. Hutten, S.; Dormann, D. Nucleocytoplasmic transport defects in neurodegeneration—Cause or consequence? Semin. Cell Dev.
Biol. 2020, 99, 151–162. [CrossRef] [PubMed]

24. Hille, B. Ionic Channels of Excitable Membrane, 3rd ed.; Oxford University Press: Oxford, UK, 2001; pp. 1–814.
25. Leone, L.; Colussi, C.; Gironi, K.; Longo, V.; Fusco, S.; Li Puma, D.D.; D’Ascenzo, M.; Grassi, C. Altered Nup153 expression

impairs the function of cultured hippocampal neural stem cells isolated from a mouse model of alzheimer’s disease. Mol.
Neurobiol. 2019, 56, 5934–5949. [CrossRef] [PubMed]

26. Cho, K.I.; Searle, K.; Webb, M.; Yi, H.; Ferreira, P.A. Ranbp2 haploinsufficiency mediates distinct cellular and biochemical
phenotypes in brain and retinal dopaminergic and glia cells elicited by the parkinsonian neurotoxin, 1-Methyl-4-Phenyl-1,2,3,6-
Tetrahydropyridine (MPTP). Cell. Mol. Life Sci. 2012, 69, 3511–3527. [CrossRef] [PubMed]

27. Ogawa, Y.; Rasband, M.N. Endogenously expressed Ranbp2 is not at the axon initial segment. J. Cell Sci. 2021, 134, jcs256180.
[CrossRef] [PubMed]

28. Grubb, M.S.; Burrone, J. Activity-dependent relocation of the axon initial segment fine-tunes neuronal excitability. Nature 2010,
465, 1070–1074. [CrossRef] [PubMed]

29. Katz, E.; Stoler, O.; Scheller, A.; Khrapunsky, Y.; Goebbels, S.; Kirchhoff, F.; Gutnick, M.J.; Wolf, F.; Fleidervish, I.A. Role of
sodium channel subtype in action potential generation by neocortical pyramidal neurons. Proc. Natl. Acad. Sci. USA 2018, 115,
E7184–E7192. [CrossRef]

30. Yang, J.; Xiao, Y.; Li, L.; He, Q.; Li, M.; Shu, Y. Biophysical properties of somatic and axonal voltage-gated sodium channels in
midbrain dopaminergic neurons. Front. Cell. Neurosci. 2019, 13, 317. [CrossRef] [PubMed]

31. Liu, J.; Hetzer, M.W. Nuclear pore complex maintenance and implications for age-related diseases. Trends Cell Biol. 2022, 32,
216–227. [CrossRef]

196



Life 2023, 13, 1791

32. Sheffield, L.G.; Miskiewicz, H.B.; Tannenbaum, L.B.; Mirra, S.S. Nuclear pore complex proteins in Alzheimer disease. J.
Neuropathol. Exp. Neurol. 2006, 65, 45–54. [CrossRef] [PubMed]

33. Fallini, C.; Khalil, B.; Smith, C.L.; Rossoll, W. Traffic jam at the nuclear pore: All roads lead to nucleocytoplasmic transport defects
in ALS/FTD. Neurobiol. Dis. 2020, 140, 104835. [CrossRef] [PubMed]

34. Chandra, S.; Lusk, C.P. Emerging connections between nuclear pore complex homeostasis and ALS. Int. J. Mol. Sci. 2022, 23, 1329.
[CrossRef] [PubMed]

35. Fichtman, B.; Harel, T.; Biran, N.; Zagairy, F.; Applegate, C.D.; Salzberg, Y.; Gilboa, T.; Salah, S.; Shaag, A.; Simanovsky, N.; et al.
Pathogenic variants in NUP214 cause “plugged” nuclear pore channels and acute febrile encephalopathy. Am. J. Hum. Genet.
2019, 105, 48–64. [CrossRef] [PubMed]

36. Dickson, J.R.; Frosch, M.P.; Hyman, B.T. Altered localization of nucleoporin 98 in primary tauopathies. Brain Commun. 2022, 5, fcac334.
[CrossRef] [PubMed]

37. Huang, H.; Shakkottai, V.G. Targeting Ion channels and Purkinje neuron intrinsic membrane excitability as a therapeutic strategy
for cerebellar ataxia. Life 2023, 13, 1350. [CrossRef] [PubMed]

38. Cacabelos, R. New paradigms in pharmaceutical development. Life 2022, 12, 1433. [CrossRef] [PubMed]
39. Cacabelos, R.; Naidoo, V.; Martínez-Iglesias, O.; Corzo, L.; Cacabelos, N.; Pego, R.; Carril, J.C. Personalized management and

treatment of Alzheimer’s disease. Life 2022, 12, 460. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

197





MDPI AG
Grosspeteranlage 5

4052 Basel
Switzerland

Tel.: +41 61 683 77 34

Life Editorial Office
E-mail: life@mdpi.com

www.mdpi.com/journal/life

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are

solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s).

MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from

any ideas, methods, instructions or products referred to in the content.





Academic Open 
Access Publishing

mdpi.com ISBN 978-3-7258-1930-0


