lon Channels and Synaptic Machineries

Subjects: Pathology

Contributor: Hiroshi Mitoma, Jerome Honnorat, Kazuhiko Yamaguchi, Mario Manto

Abnormalities of ion channels and synaptic machineries can cause a variety of neurological diseases. Mutations in
genes coding for ion channels cause paroxysmal neurological diseases, such as epilepsy and episodic ataxia.
Autoantibodies can also target ion channels and related proteins as well as synaptic machinery proteins to cause limbic
encephalitis and immune-mediated cerebellar ataxias. In this brief review, we outline the physiological and molecular
features of ion channels and receptors, and summarize the clinical profiles of certain channelopathies and
synaptopathies. Following this background, we address two pathophysiological issues; 1) How do ion channel or synapse
abnormalities lead to clinical neurological features?, and 2) Why are ion channel and synapse abnormalities limited to a
specific brain area? We provide some clues to these fundamental questions.
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| 1. Introduction

lon channels and synaptic machineries are functional elements underlying elaborate and region-specific functions in
the central nervous system (CNS). These functional elements can be the targets in certain pathological conditions,
paroxysmal diseases and autoimmune diseases. In the former etiology, deficits in genes of ion channels elicit paroxysmal
neurological features, mainly epilepsy RIZE! episodic ataxias (EAs) BEIE and migraine. In some etiology
autoantibodies toward ion channels and receptors may play a particular role 8. Historically, myasthenia gravis and
Lambert-Eaton syndrome are well-known forms of this type of autoimmune diseases, in both of which neuromuscular
junctions are blocked by anti-acetylcholine receptor and anti-voltage gated calcium channel (VGCC), respectively (&,
Recent evidence also indicates that autoantibodies could be involved in some limbic encephalitis [QIZALLIAZIAS] gng
cerebellar ataxias (CAs) [14](15][16][17][18][19][20][21][22]

Herein, we provide a brief review of the physiological features of ion channels and synaptic machineries, mainly
receptors, and summarize clinical profiles of these channelopathies and synaptopathies. Based on these translational
approaches, the current review focuses on two pathophysiological issues; 1) how do impairments in ion channels or
synapses lead to neurological symptoms?, and 2) why are ion channels and synapse in a specific area disturbed?
Challenges to these issues will yield key insights that lead to deeper mechanistic understanding of channelopathies and
synaptopathies.

| 2. Overview of ion channels and synaptic machineries
2.1. General features of ion channels and receptors

Action potential, arriving at the axonal terminal, opens the voltage-gated Ca-channel. The increase in intracellular Ca
concentration ([CaZ*];,) at the nanodomain of the presynaptic active zone induces neurotransmitter release through Ca-
dependent exocytotic molecular machinery. Then, the diffused neurotransmitter binds and activates agonist-driven
receptor-ion channels at the postsynaptic membrane. Some neurotransmitters/modulators activate ion channel through
the G-protein coupled receptors. The electrical integration of excitatory postsynaptic potentials (EPSPs) and inhibitory
postsynaptic potentials (IPSCs) determines whether the postsynaptic neuron generates an action potential or not.

Voltage-gated ion-channel: The voltage-gated ion channel is functionally composed of an ion selective filter,
voltage-dependent gate and a pore region. Certain types of ion-channels possess voltage-gated inactivation
mechanism. The ion-selective filter can permit particular ions, such as K+, Na+, Ca2+ or Cl-, according to their molecular
structure. With regard to the structure of the K+ ion selective filter, four subunits surround the central pore, and each
subunit has a characteristic amino acids sequence, Thr-Val-Gly-Tyr-Gly, which is called as “K+ channel signature
sequence”. These amino acids construct a molecular structure to dehydrate hydrated K+, and the dehydrated K+ can
pass through the filter, in an exclusive manner. The voltage-dependent gate has a “voltage sensor region” composed by



charged amino acids. In general, the structural alternation of “open-close” obeys thermodynamics in a stochastic manner.
When the membrane potential depolarizes, the "open" channel probability of the voltage-dependent gate of K+ channels
increases based on the Bolzmann distribution. In the pore region, the ions movement is passively driven by their own
electrochemical gradient across the membrane.

lon channels and exocytic machinery at the presynaptic terminal

The arrival of the action potential at the presynaptic terminal activates the voltage-gated Ca-channels, such as P/Q-
type and/or N-type Ca2+-channel. This is followed by an increase in Ca2+-influx flow through the opened Ca2+-channel.
With [Ca2+]in near the Ca2+-channel (hanodomain) around 50 mM. Ca2+ binds to synaptotagmin, the main Ca2+ sensor
of Ca2+-dependent neurotransmitter release, which stops the synaptotagmin from impeding the fusion of the synaptic
vesicle membrane to the plasma membrane. This is followed by neurotransmitters release into the synaptic cleft via
exocytosis. Exocytosis is mediated by binding of SNARE core proteins, i.e., VAMP, a vesicular membrane protein, SNAP-
25 and syntaxin, plasma membrane proteins. Dissociation of the bound SNARE-core complex requires ATP
decomposition by NSF. An ATPase enzyme. Vesicular membrane, fused into the plasma membrane is recovered via AP-2,
clathrin-dependent endocytosis, and recycled as synaptic vesicle membrane. Autoreceptors expressed at the presynaptic
terminal suppress neurotransmitter release via a negative feedback loop.

Receptors at the postsynaptic terminal

At the postsynaptic membrane, the receptors for neurotransmitters are localized by the synaptic scaffold proteins.
Synaptic adhesion molecules also contribute to the localization of the postsynaptic membrane. At the excitatory synapse,
activation of the transmitter-gated ion channels, such as glutamate, nicotinic-ACh- and 5-HT3 receptors elicits opening of
the cation channel, leading to the depolarization of membrane potential. When the membrane potential reaches the
threshold voltage, an action potential is generated in the postsynaptic neuron. Examples of transmitter-gated ion-channels
for glutamate receptors include the AMPA-type, NMDA-type and KA-type. At the inhibitory synapse, GABA or Gly activates
GABA,-receptor or Gly-receptor, respectively, and cause hyperpolarization via opening of CI" -channel. G-protein-coupled
receptors (GPCRs) are also expressed in the postsynaptic cell. Representative receptors coupled with Gag are b-
Adrenergic, dopamine-receptor type 1 (DA1) and 5-HT,4. Receptors coupled with Gaj, are GABAg, D2, 5-HT1 while
receptors coupled with Gag;1 are mGIuR1 and 5-HT2.

Table 1. Representative ion channels and receptors in the CNS neuron.

lon selectivity/
Subtype Distribution
Coupled Ga

Voltage gated ion channel

Na* channel Navl Na* axon, soma, dendrite

Kvl K* axon, soma, dendrite

Kv2 K* soma

Kv3 K* presynaptic terminal, soma
K* channel

Kv4 K* soma, dendrite

KCal (BK) K* axon, soma, dendrite

KCa2 (SK) K* axon, dendrite
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D1 S postsynaptic membrane

Dopamine

D2 ilo postsynaptic membrane

5-HT, ilo postsynaptic membrane
Serotonin

5-HT, g/11 presynaptic terminal
GABA GABAg ilo postsynaptic membrane

2.2. Role of lon Channels and Synaptic Machineries in Cerebellar Specific Functions

Notably, a cross talk between ion channels and synaptic receptors induces long-term synaptic plasticity in the
cerebellum. The roles of ion channels and receptors can be explained also in terms of cerebellar specific functions.

The cerebellar neuronal network is involved in coordinative control of motor and cognitive functions [231124]125](26]
Various internal forward and inverse models are assumed to be embedded within the cerebellum 4. For example, using
the internal forward model, the cerebellum serves as a predictive controller 28129 |n motor coordination, the internal
model predicts sensory consequences in response to issued motor commands 22, Two parameters; synergy and timing,
are computed using this internal model, which is updated through learning. One representative hypothesis is the Marr-
Albus-Ito theory, which postulates that the strength of the parallel fiber (PF)-Purkinje cell (PC) synapse is plastically
adjusted via climbing fiber's (CF’s) error signals 4. These specific functions depend on the properties of the ion channels
and synaptic transmission in the cerebellum. The unique features of the Na* and K* channels underlie the exact spike
firing during timing controls BYBLIEBAB3] - whereas the characteristic functions of the Ca2* signaling system and the
subsequent synaptic plasticity contribute to the continuous update of the internal mode| [2411271(34],

Conjunctive stimulation of CF and PF is reported to cause long-term depression (LTD) of PF-PC synaptic
transmission, both in vivo 3 and in vitro 3811371381 The CF inputs elicit an increase in [Ca%*];, through VGCC (P/Q-type)
(Figure 1) B9 The PF inputs in dendritic spines activate the metabotropic glutamate receptor (MGIUR)-PLCB-IP5
signaling pathways, and such activation elicits Ca?" release from the Ca?*-stores in the endoplasmic reticulum (ER)
through IP5 receptors and, as a result, increases [Ca2*];, (Figure 2) 9. The simultaneous activation of mGIuR1 and
VGCC (P/Q-type) elicits a series of events, including an increase in [Ca2*];, to levels higher than the additive level 1],
which leads to the activation of PKCa, which in turn phosphorylates GIuA2-C terminus, ultimately leading to the
detachment of AMPAR, including phosphorylated GluA2, from the scaffold protein and its internalization with PICK1 in
AP2- and clathrin-dependent manners (Figure 1) 24, Gene-manipulations that cause deficits in LTD were found to elicit
abnormalities in VOR-adaptation, eye-blink conditioning, and ataxia 42,

Synaptic plasticity is maintained by trans-synaptic synaptic adhesion molecules that bidirectionally coordinate
synapse formation, restructuring, and elimination. Among the synaptic adhesion molecules in the cerebellar cortex,
neurexin is widely expressed as the presynaptic transmembrane protein 43!, Furthermore, cerebellin, secreted from PF
terminals, mediates the neurexin-cerebellin-glutamate receptor delta (GIUR3) interaction 44, GIUR3 is a postsynaptic
transmembrane protein localized at the PF-PC synapse. Interestingly, cerebellin gene-deleted mice lack LTD and show
ataxic movements 421,



Molecular mechanisms underlying LTD

Figure 1. Schematic diagram of long-term depression (LTD) at excitatory synapses between parallel fibers and Purkinje
cells. The climbing fiber input elicits complex spikes through the activation of dendritic P/Q type Ca?* channels, leading to
an increase in intracellular calcium concentration ([Ca®'],). On the other hand, the parallel fiber input activates
metabotropic glutamate receptor-PLCB-IP; signaling pathways, resulting in an increase in [Ca?*];, The conjunctive
activation of these two pathways increases the [Ca®*];, level more than the additive level. The high [Ca?*];, level activates
PKCa, and PKCa phosphorylates GIluA2 of the AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptor,
which results in detachment of the AMPA receptor from the scaffold proteins and its internalization with PICK1 in AP2- and
clathrin-dependent manner.

CF; climbing fiber, PF; parallel fiber, Glu; glutamate; AMAPA-R; AMPA receptor, mGIuR1; metabotropic glutamate
receptor, Cav2.1 (P/Q); P/Q type Ca?* voltage-gated channel, PLC; phospholipase C, PKC; protein kinase C, IP3; Inositol
triphosphate 3, GRIP; Glutamate receptor interactive protein, TARP; transmembrane AMPA receptor regulatory proteins,
PICK1; protein interacting with C kinase.

3. Clinical phenotypes of abnormalities in ion channels and synaptic
machineries in the cerebral cortex

3.1. Epilepsy

Table 2 shows mutations in variety of ion channels and GABA receptors responsible for epilepsy &l imbalance
between excitation and inhibition is assumed to be a key factor underlying epilepsy. Gain-of—function or loss-of function
mutations can result in enhancement of action potentials or excitatory synaptic transmission, or impairment of inhibitory
neurons, leading to hyperexcitability 51,

3.2. Episodic ataxia

Autosomal-dominant episodic ataxias (EAs), characterized by recurrent episodes of CAs, represent a clinically and
genetically heterogeneous group of disorders BBl Ataxic episodes are usually of short duration and often triggered by
specific stimuli 4IEI8, Seven subtypes have been recognized so far &, Amongst them, the EA types 1 and 2 are the
most common (Table 2). EA1 is caused by mutations of the potassium channel gene KCNA1, and evident clinically by
myokymias between the episodes of ataxia. On the other hand, EA2 involves mutations in CACNA1A, a P/Q-type VGCC-
encoding gene B8 and the patients often show interictal downbeat nystagmus with other cerebellar ocular dysfunctions,
together with slowly progressive ataxia and vermian atrophy. Therapeutically, acetazolamide is beneficial in the control of
EA2 though it is less effective in EAL B, 4-aminopyridine may provide benefits.

3.3. Limbic encephalitis

Accumulating evidence has confirmed the association of limbic encephalitis with autoantibodies toward potassium
channel-related proteins, glutamate receptors, and GABA receptors [QILQLL12|[13][46][47](48][49)[501511(52] (Table 3). The
clinical features include short-term memory loss, confusion, cognitive deficits, abnormal behavior, and seizures [&[Q[11][12]
(L3]46][471[48[49)[50][511(52] CSF examination shows pleocytosis, high protein levels, and oligoclonal bands in some patients




(ILONLLIA2][13][46][47][48][49)[50)[511[52] | AIR and T2 MRI studies usually show increased signals in the temporal lobe [RIZ0IL1]

(12113][46][47[481[49][50][511(52]  Some of these patients have paraneoplastic conditions. The majority of patients received
immunotherapy, though the benefits vary according to the subtype or the presence of neoplasm.

3.4. Inmune-mediated cerebellar ataxias

Immune-mediated cerebellar ataxias (IMCAs) include diverse etiologies in which autoimmune mechanisms insult the
cerebellum LAILSIREIAAMASIIN20121[22] |5 most of the cases IMCAs are associated with neuronal death (particularly PCs),
probably by activation of cellular immunity 23l However, in few rarer cases, etiologies are considered to involve
autoantibodies-induced functional impairments of ion channels and synaptic transmissions. Table 3 shows the
association of CAs with anti-ion channel or their related proteins antibodies (Abs) and anti-synaptic machinery proteins
Abs [HIZOILLA2](13][46][47][481[49][501(5LI[52](54](5S[561(571(58] Notably, the frequency of CAs is classified into four patterns (1)
common phenotype (anti-VGCC, mGIuR1, GAD65 Abs), (2) sometimes associated (anti-Caspr2, DPPX, GIuRd Abs), (3)
occasionally associated (anti-AMPAR and GlycineR Abs), and (4) rarely associated (anti-Lgll, GABAAR, and GABAgR
Abs) 9],

Table 2. Inherited mutations of ion channels responsible for epilepsy and episodic ataxia.

Condition Impaired channel Gene (channel subunit)

SCN1A(a subunit of Nav1.1), SCN1B(B1), SCN2A(a subunit of
Navl.1)

Sodium channel

, KCNQ2(Kv7.2), KCNQ3(Kv7.3), KCNMA1(BK), KCNA1(Kv1.1),
Potassium channel

Epilepsy KCNC3(Kv3.3)
Calcium channel CACNA1H(alH subunit of Cav3.2)
GABAAR GABRAI1(al), GABRB3(B3), GABRG2(y2)
Potassium channel KCNA1(Kv1.1)

Episodic ataxia
Calcium channel CACNA1A(Cav(2).1)

Table 3. Autoantibodies associated with autoimmune limbic encephalitis and immune-mediated cerebellar

ataxias.
Condition Frequency Autoantibodies
Autoimmune limbic Anti-Lgl1, Caspr2, DPPX Abs, Anti-NMDAR, AMPAR, GABAxR,
Common phenotype
encephalopathy ABAgR,
Common phenotype Anti-VGCC, mGIluR1, GAD65 Abs

Sometimes associated Anti-Caspr2, DPPX, GIuRd Abs
Immune-mediated

cerebellar ataxias
Occasionally associated Anti-AMPAR, GlycineR Abs

Rarely associated Anti-Lgl1l, GABAAR, GABAgR Abs

Lgll: Leucine-rich glioma-inactivated 1; Caspr2: Contactin-associated protein-like 2; DPPX: Dipeptidyl-peptidase-like
protein-6; VGCC: P/Q-type voltage-gated calcium channel; mGIluR1l: metabotropic glutamate receptor 1; GIluRd:
glutamate receptor delta; GAD: glutamate acid decarboxylase



| 4. Conclusions
4.1. How do ion channel or synapse abnormalities lead to clinical neurological features?

In all cases, ion channel and synapses abnormalities are associated with imbalance between neural excitation and
inhibition, resulting in impaired formation of neural signals in the local neural circuits. Especially, epilepsy is likely to occur
when such imbalance elicits hyperexcitability in the cerebral cortex. In addition to this general mechanism, more specific
mechanisms can operate in the cerebellum. For example, mutations in the VGCC-encoding gene CACNA1A and the
presence of anti-VGCC and anti-mGIuR Abs often impair the characteristic functions of the Ca2* signaling system with
subsequent internalization of the AMPA receptors. In other words, the signal cascades underlying synaptic plasticity (LTD)
are final common pathways in these channelopathies and synaptopathies. Thus, key molecular apparatuses for region-
specific functions are preferentially targeted.

4.2. Why are ion channel and synapse abnormalities limited to a specific brain area?

Inherited ion channel mutations can affect the entire CNS. Autoantibodies to ion channels and synaptic machinery
proteins have potential actions over the CNS. Thus, additional factors should be taken into consideration. One possible
explanation is that neural excitability is tightly regulated and that alterations in some ion channels or synapses can be
compensated for by the activities of other ion channels and/or synaptic alterations 4. Such abilities for compensation
might differ depending the brain region.

Alternatively, in autoimmune diseases, the cerebellar region-specific vulnerability might be due to local inflammation
B9 That is, despite the wide distribution of AMPAR and GABAR in the cerebellum, the association of CAs with
autoantibodies toward these receptors is rare. In these etiologies, limbic encephalitis is the main clinical phenotype. A
breakdown of the blood-brain barrier (BBB) is necessary for infiltration of effector T and B cells &, and when such
breakdown occurs, these lymphocytes overexpress adhesion molecules, which enhances their passage from the
circulation to the parenchyma. Importantly, the permeability of BBB is different between the hippocampus and the
cerebellum €9, Recent studies have shown that the CSF is locally produced and absorbed between capillaries and the
interstitial fluid B which implies that although CSF autoantibodies are humoral factors, their actions can be local. Taken
together, neurons, which are involved in local inflammation, are the main targets of autoantibodies whose actions are
local.

We hope that this unifying issue will enhance our understanding of the pathological roles of ion channels and synaptic
machineries in neurological diseases.
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