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ABSTRACT

Episodic ataxia (EA) is a clinically heterogeneous
group of disorders that are characterized by recur
rent spells of truncal ataxia and incoordination last-
ing minutes to hours. Most have an autosomal do-
minant inheritance pattern. To date, 8 subtypes
have been defined according to clinical and genet-
ic characteristics, and five genes are known to be
linked to EAs. Both EA1 and EA2, which are caus-
ed by mutations in KCNAT and CACNATA, account
for the majority of EA, but many patients with no
identified mutations still exhibit EA-like clinical fea-
tures. Furthermore, genetically confirmed EAs have
mostly been identified in Caucasian families. In this
article, we review the current knowledge on the
clinical and genetic characteristics of EAs. Addition-
ally, we summiarize the phenotypic features of the
genetically confirmed EA2 families in Korea.

Key Words
Episodic ataxia; KCNAT, CACNATA.

Copyright © 2016 The Korean Movement Disorder Society 129


http://crossmark.crossref.org/dialog/?doi=10.14802/jmd.16028&domain=pdf&date_stamp=2016-09-23

JMD

J Mov Disord 2016;9(3):129-135

INTRODUCTION

Episodic ataxia (EA) is a clinically heterogeneous
group of disorders that are characterized by recur-
rent spells of truncal ataxia and incoordination."?
The incidence is likely to be less than 1/100,000, but
it may be underestimated due to demanding genet-
ic tests and unidentified causative genes. Most have
an autosomal dominant inheritance pattern, alth-
ough some sporadic cases have been reported. There
are several subtypes of EA, and these subtypes are
defined according to clinical features and genetic
characterizations. However, clinical and genetic het-
erogeneity is not uncommon (Table 1). Only EA1
and EA2 have been reported in multiple families of
different ethnicity. They are caused by mutations in-
volving the potassium and calcium channel genes,
KCNAI and CACNAIA. Mutations in CACNB4 and
SLC1A3 are known to cause EA5 and EA®6, respec-
tively, but have been reported in only one or two fa-
milies.”® Recently, by whole-exome sequencing,
UBR4 was found to be associated with EA.°

In Korea, genetically confirmed EA has rarely been
reported, probably due to clinical heterogeneity and
the limited availability of commercial genetic tests.”*°
However, recent advances in molecular genetics have
led to the increased identification of candidate vari-
ants and new mutations associated with EAs.

This review introduces the updates on the clinical
and genetic features of EAs and the phenotypes of
Korean EA patients that have been reported in the
literature.

CLINICAL FEATURES

The key clinical feature of EAs is the discrete at-
tacks of incoordination, with a clear onset and reso-
lution of symptoms.'* However, some patients can
also have progressive ataxia, which makes it diffi-
cult to distinguish EA with progressive features from
progressive ataxia with intermittent exacerbation.
Furthermore, the clinical features of EA subtypes
overlap each other. Among the various subtypes,
only EAI and EA2 have the characteristic interictal
findings and well-defined clinical features.

EA1

EAL1 is characterized by brief episodes of ataxia
with constant interictal myokymia."*'"'* The onset
is typically during early childhood. The core features
are imbalance, incoordination and slurred speech
and are triggered by physical and emotional stress,
startle response, or abrupt movements. The typical
duration of attacks lasts seconds to minutes, but pro-
longed attacks lasting hours or days have also been
described.” Furthermore, a recent large prospective

Table 1. Genetic and clinical summary of episodic ataxia (EA)

. . Age Attack ) : L
Type OMIM Inheritance Genes Protein i Associated symptoms Interictal findings
of onset  duration

EA1 160120 AD KCNA1 Potassium channel 2-15  Seconds- \Vertigo, dysarthria, weakness, Myokymia

(12p13) (Kv1.1) min tremor, seizure
EA2 108500 AD CACNA1A  PIQ type calcium 2-20  Hours Vertigo, dysarthria, diplopia, Nystagmus, ataxia

(19p13) channel weakness, tonic upward gaze,

a1 subunit (Cav2.1) headache, seizure, dystonia,
cognitive impairment
EA3 606554 AD Unknown Unknown 142 1minto Vertigo, diplopia, weakness, Myokymia
6h tinnitus, headache, visual blurring
EA4 606552 AD Unknown Unknown 23-60 Brief Vertigo, diplopia Nystagmus, abnormal
smooth pursuit

EA5 613855 AD CACNB4 P/Q type calcium >20 Hours Vertigo, dysarthria Nystagmus, ataxia

(2922-23) channel

B4 subunit
EA6 612656 AD or SLC1A3 Excitatory amino 5-14  Hours- Vertigo, weakness, seizure Nystagmus, ataxia
sporadic (5p13.2) acid transporter 1 days
EA7 611907  Multiple Unknown Unknown <20 Hours- Vertigo, dysarthria, weakness No
days

EA8 616055 AD UBR4 Ubiquitin-protein Early  Min to Vertigo, weakness Nystagmus, ataxia

(1p36.13) ligase infancy 24 h myokymia

OMIM: Oline Mendelian Inheritance of Man, AD: autosomal dominant.
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study revealed that at least one-fifth of EA1 patients
developed permanent cerebellar symptoms and
signs."! Myokymia may be clinically evident or only
detectable by electromyography. Neuromyotonia is
also apparent in most patients, to a varying degree,
and is characterized by muscle stiffness, twitching,
flickering, and muscle hypertrophy. The presence of
myokymia or neuromyotonia suggests the involve-
ment of the peripheral nervous system. Additional
symptoms include distal weakness, tremors, cho-
reoathetosis, spinning sensation, and cognitive dys-
functions.

EA2

EA2 is the most common subtype of EA. The ep-
isodes are characterized by recurrent ataxia, slurred
speech for several hours, and interictal nystagmus.
The onset is typically early in life, but patients with
an onset during the sixth decade have also been re-
ported.*"*"* Vertigo and fluctuating general weak-
ness are common. Additional features include diplo-
pia, tinnitus, seizure, dystonia, and cognitive impair-
ment. Some patients initially present with a paro-
xysmal tonic upward gaze lasting a few minutes to
one hour during infancy, and the patients then grad-
ually develop cerebellar symptoms as the tonic up-
ward gaze disappears.'*"” Similarly, in EA1, the at-
tacks are commonly triggered by exercise, or physical
or emotional stress. A recent study described that se-
vere postural instability with pure downbeat nystag-
mus was provoked by intense exercise in a patient
with EA2.° Between the attacks, patients may be free
of symptoms but can present mildly progressive
baseline ataxia. Most patients also show various in-
terictal nystagmus, such as gaze-evoked nystagmus
(GEN), rebound nystagmus, or primary position
downbeat nystagmus. Acetazolamide can prevent
the attacks by reducing arterial pH, but it may cause
kidney stones. Alternatively, aminopyridine, a non-
selective blocker of voltage-gated potassium chan-
nels, reduces the frequency of attacks and improves
the quality of life in patients with EA2."®

Other EA subtypes

Other EA subtypes have only been reported in
one or two families.

EA3 was described in a single large Canadian fa-
mily."”” They were characterized by recurrent epi-
sodes of truncal ataxia, vertigo, and tinnitus, usually

lasting less than 30 minutes. Other features includ-
ed interictal myokymia, headache, visual blurring,
diplopia, and weakness. The presence of vertigo and
tinnitus and the absence of interictal nystagmus and
shorter episodes distinguish EA3 from EA1 and EA2.

EA4, which is also called periodic vestibulocere-
bellar ataxia, was described in two North Carolina
kindreds, suggesting a single common founder.”**'
They were characterized by ataxia, vertigo, GEN,
and defective smooth pursuit. The age of onset
ranged from the third to sixth decades. The attacks
typically last hours and do not response to acetazol-
amide.

EA5, which is caused by a mutation in CACNB4,
was reported in a French Canadian family.® The clin-
ical features were similar to those of EA2, including
the duration of attacks, interictal nystagmus, and re-
sponse to acetazolamide. The only obvious differ-
ence is that its onset is later than that of EA2.

EAG is caused by a mutation in SLC1A3 and was
identified in two unrelated individuals.** Their clini-
cal phenotypes were different from each other. One
sporadic child presented with a severe form of EA
with seizure, migraine, and alternating hemiplegia,
which was triggered by febrile illness.* The other
Dutch family showed typical EA2-like symptoms,
such as episodes with a duration of several hours, in-
terictal nystagmus, and a positive response to acet-
azolamide.’

EA7 was reported in a 4-generation family, in
which 7 members had EA.”” The clinical features
were similar to those of EA2, except without inter-
ictal findings.

Recently, the Online Mendelian Inheritance of
Man database registered a large 3-generation Irish
family with EA as EA8.5 The attacks were character-
ized by unsteadiness, general weakness, and slurred
speech. Additional features included twitching ar-
ound the eyes, nystagmus, myokymia, and persistent
intention tremor. An interesting finding was the re-
sponse to clonazepam, instead of acetazolamide,
which was consistent within the affected individuals.

GENETIC CHARACTERISTICS

There are at least 8 loci for EA, 5 of which are known
genes (Table 1). All of the identified genes, except
UBR4, encode ion channel proteins located on the
neuronal or glial membrane and play important roles

Episodic Ataxias
Choi KD, et al.

www.e-md.org 131



JMD

J Mov Disord 2016;9(3):129-135

132

in excitatory neurotransmission.

EA1: KCNA1

KCNA1, which is located on chromosome 12p13,
is the gene responsible for EA1."*'""* It encodes the
voltage-gated potassium channel, Kv1.1, which is
expressed highly in basket cells and interneurons
forming the GABAergic synapses on Purkinje cells.
Kvl.1 plays an important role in the repolarization
phase of presynaptic action potentials that affect the
inhibitory inputs to the Purkinje cells. Thus, KCNAI
mutations result in the hyperexcitability of the pre-
synaptic basket cells and the excessive release of the
neurotransmitter, GABA, which can inhibit the gen-
eration of action potentials in the Purkinje cells. As
a consequence, the inhibitory output of the cerebel-
lum may be markedly reduced, thus producing the
cerebellar symptoms observed in EA1 patients.

To date, 30 mutations have been identified in
EALI individuals, and the majority are missense point
mutations.”""* Four different mutations have been
described on the highly conserved threonine resi-
due at codon 226 (T226M/A/R/K), which is located
in the second transmembrane segment, but the phe-
notypic characteristics are diverse. This can be ex-
plained by the extent of functional impairment re-
lated to the potassium channel, depending on the
type of KCNAI mutation. In other words, all muta-
tions result in loss-of-function effects on the outward
K* flux by altering channel expression and gating,
but the effect of each mutation is highly heteroge-
neous. Furthermore, due to wide interfamilial and
intrafamilial phenotypic variability, genotype-phe-
notype correlations are difficult to establish."

EA2: CACNAIA

EA2 is caused by mutations involving CACNAIA
on chromosome 19p13, which encodes Cav2.1, the
al subunit of the P/Q-type voltage-gated calcium
channel."” This channel is widely expressed in the
Purkinje and granule cells of the cerebellum; it me-
diates calcium entry into the cells and regulates the
precision of pacemaking. Thus, CACNAIA muta-
tions lead to a decrease in Ca** entry through Cav2.1
and the irregular firing of the Purkinje cells, which
contributes to EA2 symptoms.

Over 60 different heterozygous point mutations
have been described in EA2 patients. Most muta-
tions disrupt the open reading frame and subsequ-

ently lead to a premature stop due to nonsense mu-
tation or defects in splice sites. However, some miss-
ense mutations have also been reported. In some
EA2 patients, the direct sequencing of CACNAIA
did not identify any point mutation, but the use of
multiplex ligation-dependent probe amplification
demonstrated large genomic deletions or duplica-
tions.”** Although missense mutations typically in-
volve the pore loop region of the protein, CACNAIA
mutations occur throughout the entire gene, with-
out any consistent hot spots.

CACNAIA is also the gene responsible for famil-
ial hemiplegic migraine type 1 (FHM1) and spino-
cerebellar ataxia type 6 (SCA6). However, in FHM1
and SCAG, increased Ca’* influx through the mutant
channel causes aberrant neurotransmitter release
and excitotoxicity.' Nevertheless, there is clinical ov-
erlap among EA2, FHM1, and SCA6. Many patients
with FHM1 show cerebellar symptoms and signs,
whereas over half of the EA2 patients have migraines
that meet the International Headache Society crite-
ria. Some patients with SCA6 also present with fluc-
tuating ataxia similar to EA2.

Other EAs

In addition to KCNAI and CACNAIA, there are 3
other EA genes.

EAS5 results from mutations involving CACNB4,
which encodes the calcium channel 34 subunit and
is located on chromosome 2q22-23.* This subunit
interacts directly with the C-terminus of al subunit
(Cav2.1) and contributes to the modulation of cal-
cium current amplitude, voltage dependence, and
kinetics of activation and inactivation. A missense
mutation C104F has been identified in an EA5 fami-
ly, but the functional alterations of channel kinetics
were subtle. CACNB4 mutations have also been re-
ported in a family with generalized epilepsy (C104F)
and juvenile myoclonic epilepsy (R482X).

EAG6 is caused by mutations in SLCIA3 on chro-
mosome 5p, which encodes excitatory amino acid
transporter 1 (EAAT1), a glial glutamate transport-
er.”” EAAT1 is present in the brainstem and cerebel-
lum and is responsible for glutamate uptake in the
synapses. Thus, SLCIA3 mutation leads to the ex-
cessive extracellular accumulation of glutamate and
neurotoxic insults. Only 2 mutations, P290R and
C186S, have been reported in the literature, and the
mutant EAAT1 has been shown to result in decreas-



ed glutamate uptake in cell culture assays.

Recently, the missense variant, R5091H, in UBR4,
which is located on chromosome 1p36.13, was fo-
und in a large Irish family with autosomal dominant
EA8 by whole-exome sequencing.® However, its con-
tribution to EA8 has not been confirmed by func-
tional studies. UBR4 is known to interact with cal-
modulin, a Ca** regulating protein in the cytoplasm,
and may thus be involved in the regulation of neu-
ronal excitability.

Although recent advances in next-generation se-
quencing techniques have contributed to the easy
identification of pathogenic mutations, many pa-
tients with typical clinical features of EA do not have
any mutations in the known EA genes. This suggests
a genetic heterogeneity of EA and the presence of
additional causative EA genes. EA3 and EA7 are
linked to chromosome 1q42 and 19q13, respectively,
but no candidate gene has been confirmed.'*” In
EA4, linkage analysis ruled out EA1 and EA2 lodi,
but to date, no genome-wide scan has been reported.”!

Many genes coding the ion channels, transporters,
or synaptic proteins play crucial roles in regulating
neural excitability in the central nervous system.
Mutations in these genes can cause various parox-
ysmal neurological symptoms, and several overlap-
ping syndromes have been described, of which EA
has been reported as one of various phenotypes
(Table 2). For example, mutations in SCN2A, en-
coding the voltage-gated Na* channel, Nav 1.2, cause
benign familial neonatal-infantile seizures but can
also contribute to later onset EA.**° Other genes as-
sociated with EA include ATP1A3,” NALCN,*
DARS2,” SLC2A1,”° FGF14,' and PRRT2,* and they

Table 2. Other genes associated with episodic ataxia (EA)

have been reported to cause epilepsy and paroxys-
mal dyskinesia. Thus, extensive searches for these
genes with whole-exome sequencing may help de-
fine novel candidate genes and identify new muta-
tions associated with EA.

EAS IN KOREA

To date, four Korean EA2 families have been re-
ported in the literature (Table 3, Figure 1).”'° Two
splice site mutations, one nonsense mutation and
one missense mutation involving CACNAIA were
identified, and one of them was previously reported
as a pathogenic mutation in a Caucasian EA2 pa-
tient.”” The clinical features of the Korean patients
were similar to those of Caucasian EA2 patients,
including recurrent episodes of ataxia or vertigo
lasting hours, interictal nystagmus and a good re-
sponse to acetazolamide. However, each family had
an intriguing feature. In the first family with a dele-
tion mutation (c.2042_2043delAG), the symptoms
were provoked by a change in body temperature,
such as heat or high fever.” This suggests that calci-
um channel function may have a strong depen-
dence on body temperature. The second family
with a nonsense mutation (c.3832C>T) presented
with recurrent ataxia and vertigo that were fre-
quently triggered by exercise, and one member de-
veloped pure downbeat nystagmus and severe pos-
tural imbalance after exercise.® Ictal downbeat
nystagmus may be ascribed to changes in the cere-
bellar pH homeostasis precipitated by hyperventila-
tion during the exercise. The third family with a
splice site mutation (c.4392-1G>C) showed a de-
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Genes Locus Protein Clinical phenotype Reference
SCN2A 2q24.3 Na* channel (Nav 1.2) Neonatal epilepsy, late-onset episodic ataxia, myoclonus, and pain 25, 26
Benign familial neonatal-infantile seizure
ATP1A3  19g13.2 Na'/K*ATPase Episodic cerebellar ataxia, areflexia, optic atrophy, sensorineural hearing loss (CAOS) 27
NALCN  13g32.3 Na"leak channel Intellectual disability, acetazolamide-responsive episodic ataxia 28
Congential contractures of the limbs and face, hypotonia, and developmental delay
DARS2 1925.1 Aspartyl-t RNA Acetazolamide-responsvie exercise-induced episodic ataxia 29
synthetase Leukoencephalopathy with brainstem and spinal cord involvement and brain lactate elevation
SLC2A1 1p34.2  Glucose transporter 1 Intermittent ataxia, similar to EA2 30
Dystonia, GLUT1 deficiency syndrome
FGF14 13g33.1  Fibroblast growth Episodic ataxia 31
factor 14 Spinocerebellar ataxia 27
PRRT2 16p11.2  Proline-rich Convulsions, familial infantile with paroxysmal choreoathetosis 32
transmembrane Episodic kinesigenic dyskinesis 1
protein 2 Seizure, benign familial infantile 2
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Table 3. Literature reports of Korean families with episodic ataxia type 2

. CACNA1A mutation Affected Age Interictal . Response to
Family Ictal symptoms Additional features : Reference
(NM_001127221.1) members of onset nystagmus acetazolamide
1 Exon 16, deletion, Il S5-S6 3 10-15 Ataxia, dysarthria GEN Provoked by a heat 1M 7
€.2042_2043delAG,
p.Q681RfsX16
2 Exon 23, nonsense 11l S1-S2 4 12-25 Ataxia, vertigo, (-) Exercise-induced 11 8
€.3832C>T, p.R1278X dysarthria, headache, downbeat
paresthesia nystagmus
3 Intron 27, aberrant Il S5-S6 6 5-56  Ataxia, vertigo, GEN, DB  Possible anticipation 2/2 9
splicing, ¢.4392-1G>C dysarthria
4 Intron 31, aberrant IV S3-S4 3 10-12 Ataxia, vertigo, GEN, DB  Rebound upbeat 7 10
splicing, c.4953+1G>A dysarthria, headache, nystagmus
GEN: gaze-evoked nystagmus, DB: downbeat nystagmus.
Domain I 11 I v
Extracelluar @43y @400y A ([ AOAN o‘ 3 e | (4 o | (o
0001 | W Ol OO | W IV A DOVUJ | 1\ b.
v v )
Q00aQ LeR & 6. Q 1WDOOU . reee  1DC DOQQ
Intracellular ‘
N
(D Deletion (c.2042_2043delAG, p.Q681RfsX16)
@ Nonsense (¢.3832C>T, p.R1278X)
(3) Aberrant splicing (c.4392-1G>C) C
@ Aberrant splicing (c.4953+1G>A)

Figure 1. Mutations of the a1 subunit of the P/Q-type voltage-gated calcium channel in Korean patients with episodic ataxia type 2. The pro-
tein contains four homologous domains (I-1V), each with six transmembrane segments (S1-S6). The numbers in the symbol correspond to

the mutations listed in Table 3.

crease in the age of onset, possibly due to genetic
anticipation, in three succeeding generation.” An-
ticipation mostly occurs in neurodegenerative dis-
eases that are characterized by an expansion of un-
stable trinucleotide repeats, but it has not been
reported in EA2. In the last family with another splice
site mutation (c.4953+1G>A), one patient showed
transient upbeat nystagmus on resuming primary
eye position after lateral gazes that had induced GEN
and downbeat nystagmus.'® This phenomenon can
be explained by a shifting null in the vertical planes
as a result of an adaptation to the downbeat nystag-
mus that developed during lateral gaze.

Although only four Korean EA2 families have
been reported in the literature and other subtypes
have not yet been identified, this does not mean
that the frequency of EA is lower in the Korean pop-
ulation compared to Caucasian populations. Alth-
ough there are many clinically diagnosed EA pa-
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tients without genetic confirmations in multiple cen-
ters, the limited availability of genetic tests make it
difficult to establish a genetic confirmation. As
whole-exome sequencing becomes more affordable,
the identification of new mutations associated with
EAs will increase in the future.
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