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Background and Purpose  Episodic ataxia type 2 (EA2) is characterized by recurrent verti-
go and ataxia due to mutations in CACNA1A that encodes the α1A-subunit of the P/Q-type 
voltage-gated calcium channel. This study aimed to determine intellectual function in EA2.
Methods  During 2019–2023, 13 patients (6 males, age range=10–52 years, median age=29 
years) with a genetically confirmed diagnosis of EA2 had their intellectual function evaluated 
using the Korean versions of the Wechsler Intelligence Scales (version IV) for adults or chil-
dren in 3 referral-based university hospitals in South Korea.
Results  The full-scale intelligence quotients (FSIQs) among the 13 patients were below the 
average (90–109) in 11, low average (80–89) in 5 (38.5%), borderline (70–79) in 1 (7.7%), and 
indicated intellectual disability (≤69) in 5 (38.5%). These patterns of cognitive impairments 
were observed in all four of the following subtests: verbal comprehension, perceptual reason-
ing, working memory, and processing speed. The FSIQ was not correlated with the ages at on-
set for vertigo and ataxia (Pearson correlation: p=0.40).
Conclusions  Patients with EA2 may have hidden intellectual disabilities even without a history 
of epilepsy or administration of antiepileptic drugs, and should be considered for genetic coun-
seling and therapeutic interventions. Given the availability of medication to control episodic ver-
tigo and ataxia, early diagnosis and management are important in preventing irreversible brain 
dysfunction in EA2.
Keywords    vertigo; ataxia; episodic ataxia type 2; intellectual disability.

Intellectual Disability in Episodic Ataxia Type 2: 
Beyond Paroxysmal Vertigo and Ataxia

INTRODUCTION

Episodic ataxia (EA) type 2 (EA2) is an autosomal-dominant disorder characterized by re-
current vertigo and ataxia episodes that often begin in childhood or early adolescence at a 
frequency ranging from three to four times per week to once or twice per year.1,2 The at-
tacks are frequently triggered by emotional stress, fatigue, or exercise.2 In addition to at-
tacks, patients with EA2 often present with downbeat nystagmus, gaze-evoked nystagmus 
(GEN), positional nystagmus, impaired smooth pursuit, and saccadic hypermetria, which 
all indicate baseline cerebellar dysfunction.1 Another characteristic of EA2 is dramatic re-
sponses to carbonic anhydrase inhibitor, acetazolamide, or 4-aminopyrindine.3,4

EA2 is mostly caused by nonsense mutations in CACNA1A located on chromosome 19p 
that encodes the pore-forming α1A subunit of the P/Q-type voltage-gated calcium channel 
Cav2.1.5,6 EA2 is therefore allelic with familial hemiplegic migraine type 1 and spinocere-
bellar ataxia type 6, which are mostly caused by missense mutations and glutamine-en-
coding CAG-repeat expansion in CACNA1A, respectively.5,7 Indeed, these allelic disorders 
share clinical features with epilepsy,2,8 dystonia,9 migraine,2,10,11 and even intermittent coma 
additive to episodic or progressive cerebellar dysfunction.1,12-14 This wide spectrum of phe-
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notypes can be well explained by the ubiquitous expression 
of the voltage-gated P/Q-type calcium channels in both the 
central and peripheral nervous systems, even though those 
expressions predominantly present in the Purkinje and gran-
ule cells of the cerebellum.5 Previous studies have also de-
scribed saccadic slowing and internuclear ophthalmoplegia 
in patients with EA2, indicating extracerebellar involve-
ment.15-17 However, clinical features other than episodic ver-
tigo and ataxia have received little attention in relation to 
EA2.2,16-22

The interviews of the patients with EA2 impressed on the 
authors that these patients frequently have various degrees 
of intellectual disability. Cognitive impairments are often 
expected in patients with EA2 due to the roles of calcium 
channels in neural development and function.18,23 However, 
no studies have systematically investigated the intellectual 
function of patients with EA2. The present study was the first 
to evaluate cognitive dysfunction in patients with EA2.

METHODS

Patients
During 2019–2023, 13 patients with a genetically confirmed 
EA2 diagnosis had undergone clinical, genetic, and imaging 
evaluations at 3 university hospitals in South Korea: 11 at 
Seoul National University Bundang Hospital, 1 at Chonnam 
National University Hospital, and 1 at Incheon St. Mary’s 
Hospital (Table 1). The sample included six males, and were 
aged 30.5±13.7 years (mean±standard deviation [SD]; me-
dian age=29 years, age range=10–52 years). 

The clinical diagnoses of EA2 were based on a combina-
tion of the clinical features of episodic vertigo and imbalance 
lasting hours to days, interictal eye-movement abnormali-
ties indicative of cerebellar dysfunction, and response to ac-
etazolamide. The presence of EA2 was genetically confirmed 
in all patients based on mutations found in CACNA1A. The 
clinical and genetic features of some of the included patients 
had been reported previously.17,24-26

Bedside evaluations
In addition to routine neurologic examinations, patients re-
ceived bedside evaluations of ocular alignment, spontane-
ous nystagmus, horizontal and vertical GEN, horizontal and 
vertical saccades and smooth pursuit, head-impulse tests 
(HITs), and vergence while sitting.27,28 For the bedside HITs, 
the patients were instructed to fixate on the nose of the ex-
aminer while their head was rapidly rotated to about 20° in 
the semicircular canal plane in a passive and unpredictable 
manner.29,30 We then observed spontaneous nystagmus, head-
shaking nystagmus (HSN), and positional nystagmus with-

out visual fixation using video Frenzel goggles. Positional 
maneuvers included lying down from sitting, head turning 
to either side while supine, straight-head hanging, and the 
bilateral Dix-Hallpike maneuver. 

Video-oculography
All patients had also undergone three-dimensional video-
oculographic recording of their eye movements.30 Sponta-
neous nystagmus was recorded both with and without visu-
al fixation. GEN was recorded using target displacement in 
the horizontal (±30°) and vertical (±20°) planes. Vibration-
induced nystagmus was observed while vibratory stimuli 
were applied to either the mastoid or brow.30 Positional nys-
tagmus was observed without visual fixation during serial 
changes in head position and during bedside evaluation. The 
presence of positional nystagmus was determined as de-
scribed previously.31 The examiner induced HSN by pitch-
ing the head of the patient forward by about 30° to bring the 
horizontal canal into the plane being stimulated. The head 
was then shaken horizontally sinusoidally at a rate of about 
2.8 Hz at an approximate amplitude of ±10° for about 15 s. 
The head shaking was paced using computer-generated pe-
riodic tones, and the amplitude was controlled using online 
monitoring of the head motion. Patients were instructed to 
open their eyes after shaking their head and look straight 
ahead into darkness.32 Saccades and smooth pursuit were 
stimulated as described previously and considered abnormal 
when they exceeded the reference ranges obtained from 50 
normal controls.33 We also quantified eye movements during 
HITs using video recording. Seven or more impulses were 
delivered in each direction. Improvements in the vestibulo-
ocular reflex were measured in individual trials as the ratio 
of the mean eye velocity divided by the mean head velocity 
during a 40-ms window centered on the time of peak head 
acceleration.34,35

Intellectual-function evaluation
Intellectual function was evaluated using the Korean ver-
sions of the Wechsler Adult Intelligence Scale version IV (K-
WAIS-IV) and the Wechsler Intelligence Scale for Children 
version IV (K-WISC-IV).36,37 These comprise the following 
scales with subtests: verbal comprehension (core subtests: 
similarities, vocabulary, and information; supplemental sub-
test: comprehension), perceptual reasoning (core subtests: 
block design, matrix reasoning, and visual puzzles; supple-
mental subtests: picture completion and figure weights), 
working memory (core subtests: digit span and arithmetic; 
supplemental subtest: letter-number sequencing), and pro-
cessing speed (core subtests: symbol search and coding; sup-
plemental subtest: cancellation).36 The full-scale intelligence 
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quotient (FSIQ) was calculated based on these core subtests, 
and represents the overall intelligence level of an individu-
al.36 The FSIQ as measured by the K-WAIS-IV is defined as 
a mean score of 100±15,36 meaning that 68% of subjects 
score within one SD of the mean (85–115). The K-WAIS-IV 
classifies intelligence quotients (IQs) into very superior (130 
and higher), superior (120–129), high average (110–119), 
average (90–109), low average (80–89), borderline (70–79), 
and intellectual disability (≤69).36 The K-WAIS-IV or K-
WISC-IV was administered using paper and pencil or digi-
tally, and the core subtests were typically performed in 70–
100 minutes.37

Molecular analyses
Genetic analyses using direct and next-generation sequenc-
ing were applied to CACNA1A in eight and five patients, 
respectively. 

Direct sequencing
We applied polymerase chain reaction (PCR)-based direct 
sequence analysis to CACNA1A after obtaining informed 
consent from all patients.38 Genomic DNA from the peripher-
al blood of the patients were amplified using 52 primer pairs 
that covered all coding exons and intron–exon junctions of 
CACNA1A. PCR-amplified products were separated and pu-
rified using 2% agarose gels, cycle-sequenced with PCR prim-
ers using the BigDye Terminator Sequencing Kit (Applied 
Biosystems, Foster, CA, USA), and electrophoresed using an 
ABI PRISM 3730xl DNA Analyzer (Applied Biosystems). Se-
quence variations were identified by visually analyzing chro-
matograms. PCR primer sequences and conditions are avail-
able upon request. Mutation c.4391-1G>C was further verified 
using PCR restriction-fragment-length polymorphism anal-
ysis with the restriction enzyme HpyCH4 III (New England 
Biolabs, Ipswitch, MA, USA) and a primer pair (forward, 50-
TTC CCT CTG TTC CTG TTC TGC-30; reverse, 50-GGG 
GTT CCT GGG TGT TGT G-30) in the DNA of patients and 
100 control chromosomes. Since that mutation produces a 
new recognition site for HpyCH4 III, those with a mutated 
allele will produce 119- and 282-bp DNA fragments and those 
with the normal allele will produce one 402-bp fragment. 

Next-generation sequencing
We adopted a stepwise approach to identify the genetic mu-
tation responsible for EA.26 We determined the presence of 
pathogenic variants in EA genes registered at the Online 
Mendelian Inheritance in Man (OMIM; https://www.omim.
org/about) compendium. These included KCNA1 (EA1, 
OMIM 176260), CACNA1A (EA2, OMIM 601011), CACNB4 
(EA5, OMIM 601949), SLC1A3 (EA6, OMIM 600111), and 

UBR4 (EA8, OMIM 609890). All variants detected were an-
notated for disease-causing variants previously reported in 
the Human Gene Mutation Database and Korean Personal 
Genome Project information.39 The pathogenicity of nonsyn-
onymous variants was analyzed using the following predic-
tive software: Sorting Intolerant From Tolerant, Likelihood 
Ratio Test, Polyphen2, and MutationTaster.40-42 Base-posi-
tion conservation was evaluated using Genomic Evolution-
ary Rate Profiling.43 All variants were further confirmed us-
ing PCR-based direct sequencing, and were screened against 
150 South Korean controls.

Statistical analyses
The correlations of the K-WAIS-IV and K-WISC-IV scores 
with the ages at onset of vertigo and ataxia were quantified 
using Pearson’s correlation coefficient. Statistical analyses 
were performed using R software (version 4.2.1, R Founda-
tion for Statistical Computing, Vienna, Austria; https://www.
r-project.org/), and p<0.05 was considered significant.

Standard protocol approvals
All experiments were in accordance with the Declaration of 
Helsinki, and informed consent was not required because this 
study was retrospective and did not affect subject care in any 
way. The Institutional Review Board of Seoul National Uni-
versity Bundang Hospital approved this study (IRB no. 
B-2406-907-102). 

RESULTS

Clinical features
The age at the onset of episodic vertigo and ataxia ranged 
from 2–38 years was 13±10 years, with 11 (84.6%) patients 
experiencing symptom onset when younger than 20 years. 
Ataxic episodes occurred from once in 2 months to 15 times 
in 1 month, and lasted from 30 minutes to several days. Ex-
ercise was the most common triggering factor, occurring in 
7 (53.9%) patients. Seven patients in three families had at least 
one family member with genetically confirmed EA2. All pa-
tients presented interictal ocular motor findings indicative 
of cerebellar dysfunction, which included downbeat, gaze-
evoked, and positional nystagmus, impaired smooth pursuit, 
saccadic dysmetria, and the cross-coupled head-impulse sign 
(upward eye deflection and downward corrective saccades 
during horizontal head impulses). All patients also reported 
a response to acetazolamide. Two patients (patients 5 and 6) 
from the same family reported a history of febrile seizure, and 
two others (patients 4 and 6) had migraine. Tonic upgaze and 
developmental delay with spasmus nutans were reported in 
patients 6 and 7, respectively. 

https://www.omim.org/about
https://www.omim.org/about
https://www.r-project.org/
https://www.r-project.org/
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Intellectual function 
The FSIQs of the 13 patients were below the average (90–
109), low average (80–89), borderline (70–79), and indicated 
intellectual disability (≤69) in 11 (84.6%), 5 (38.5%), 1 (7.7%), 
and 5 (38.5%) patients, respectively (Fig. 1 and Supplemen-
tary Table 1 in the online-only Data Supplement). These cog-
nitive impairment patterns were observed in all four subtests: 
verbal comprehension, perceptual reasoning, working mem-
ory, and processing speed. The verbal comprehension index 
was therefore below the mean minus 1 SD for the normal 
controls (<85) in 8 (61.5%), and below the perceptual rea-
soning index in 7 (53.8%), the working memory index in 7 
(53.8%), and the processing speed index in 9 (69.2%) pa-
tients. The FSIQ and each subtest score were not correlated 
with the age at onset for vertigo and ataxia (Pearson’s corre-
lation coefficient, p>0.05).

DISCUSSION

This study was the first to document the underrecognized 
findings of cognitive impairments in patients with EA2. These 
impairments were found in most of our patients with EA2 
despite their disabilities generally being of mild-to-moder-
ate severity. The impairments were observed in all four sub-
tests. These findings expand on the clinical phenotype of 
EA2 and necessitate the consideration of cognitive dysfunc-
tion in genetic counseling and therapeutic interventions for 
the disorder.

Genetic basis of intellectual disability and EA2
Intellectual disability has been defined as IQ<70 with ac-
companying adaptive behavior deficits, with mild and mod-
erate-to-severe intellectual disabilities defined as IQ=50–69 
and IQ<50, respectively. Intellectual disability affects 1%–3% 
of the general population.44 Genetic factors play a key role in 
developing intellectual disability of a congenital origin de-
spite it being caused by heterogeneous disorders.45 Numer-
ous genetic abnormalities have been found in patients with 
intellectual disability along with various hereditary patterns.45 
The responsible genes are mostly involved in neuronal dif-
ferentiation and the formation and transmission of synapses 
in the developing brain.46

EA2 is caused by mutations in CACNA1A, more than two-
thirds of which induce a premature stop owing to nonsense 
mutations or defects at splice sites.2,26 CACNA1A encodes 
the pore-forming and voltage-sensing subunit Cav2.1 of P/
Q-type voltage-gated calcium channels, which are ubiquitous 
in the central nervous system and abundantly expressed in 
the Purkinje and granule cells of the cerebellum.5 P/Q-type 
calcium channels play roles in neuronal proliferation and 
differentiation, membrane excitability, signal transduction, 
gene expression, neurotransmitter release, and the outgrowth 
and synaptogenesis of neurites.47-50 Calcium is a cellular mes-
senger that also plays a role in synaptic plasticity and further 
regulatory processes in the central nervous system.51 Indeed, 
mice with selective knockout of CACNA1A in the forebrain 
or cerebellum also presented marked deficits in memory, 
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spatial learning, and exploratory behaviors.52,53

Intellectual disability has occasionally been described pre-
viously in patients with familial or sporadic cases of parox-
ysmal ataxia despite the genetic abnormalities not being de-
fined.54-59 An autopsy study also found cortical microdysgenesis 
comprising nodular heterotopia and hypermyelination in the 
temporal lobe in addition to a marked loss of Purkinje and 
granule cells exclusively in the superior cerebellar vermis of 
a patient with mild intellectual disability and hereditary ac-
etazolamide-responsive paroxysmal ataxia, but without mu-
tation or CAG expansion in CACNA1A.59 Indeed, more clini-
cal phenotypes are being observed in variants involving 
CACNA1A,23 now comprising developmental delay, intellec-
tual disability, paroxysmal dystonia, epilepsy, and psychiat-
ric disturbances in addition to episodic or progressive atax-
ia and hemiplegic migraine.60-65

 
Possible role of cerebellar dysfunction in cognitive 
impairment development
Since cognitive and limbic functions are controlled by the 
posterior cerebellum, cerebellar dysfunction may promote 
deficits in executive function, visual spatial procession, lin-
guistic skills, affect regulation, and social interaction (cere-
bellar cognitive-affective syndrome).66-68 The calcium cur-
rents passing through P/Q-type channels contribute to early 
cerebellum maturation. Dysfunction of this channel may 
therefore contribute to the development of cognitive-affec-
tive impairments early in life by altering how the cerebellum 
tunes cognitive cortical networks.69 

The cognitive impairments observed in EA2 may be caused 
by recurrent episodes of vertigo and ataxia in early childhood. 
Indeed, children with vertigo are at a greater risk of cognitive 
dysfunction and psychiatric comorbidity.70 Given the ab-
sence of descriptions for cognitive impairments in other pri-
mary episodic vestibular disorders, such as benign recur-
rent vertigo of childhood or vestibular migraine, recurrent 
episodes of vertigo and ataxia seem unlikely to cause cogni-
tive dysfunction.

Genetic counseling and therapeutic interventions 
for intellectual disability
Patients with EA2 often exhibit dramatic responses to acet-
azolamide or 4-aminopyridine treatments aimed at inhibit-
ing vertigo and ataxia episodes.2-4 Even though the exact mech-
anisms have not yet been elucidated, these medications may 
work by changing the extracellular proton concentration and 
thus modulating ion permeation through either the calcium 
channels or a direct effect on the ion channels.71

It is essential for intellectual disability caused to genetic ab-
normalities to be recognized early, since this mostly devel-

ops during childhood and the early recognition of this con-
dition is important for therapeutic interventions. Although 
intellectual disability can be formally diagnosed once a child 
is about 6 years old, most pediatricians can reliably diagnose 
cognitive impairments in younger children. Given their ther-
apeutic effects on cerebellar dysfunction, acetazolamide or 
4-aminopyridine should be administered as soon as the di-
agnosis is confirmed, although the preventive effects on in-
tellectual disability still need to be established and consid-
ered alongside future side effects. Genetic counseling, education, 
and early diagnosis and management would therefore be im-
portant to prevent irreversible brain dysfunction in EA2. 

In conclusion, patients with EA2 may have hidden intel-
lectual disability, and so even those with no history of epi-
lepsy or taking antiepileptic drugs should be considered for 
genetic counseling and therapeutic interventions. Given the 
availability of medication to control episodic vertigo and atax-
ia, early diagnosis and management are important to pre-
vent irreversible brain dysfunction in EA2.

Supplementary Materials
The online-only Data Supplement is available with this arti-
cle at https://doi.org/10.3988/jcn.2024.0274.

Availability of Data and Material 
Data sharing not applicable to this article as no datasets were generated or 
analyzed during the study. 

ORCID iDs
Seoyeon Kim https://orcid.org/0000-0002-2983-8697
Ji-Soo Kim https://orcid.org/0000-0002-1508-2024
Seung-Han Lee https://orcid.org/0000-0002-4410-646X
Jae-Myung Kim https://orcid.org/0000-0003-0483-4179
Seunghee Na https://orcid.org/0000-0001-8578-8578
Jae-Hwan Choi https://orcid.org/0000-0002-4120-9228
Hyo-Jung Kim https://orcid.org/0000-0002-2027-6341

Author Contributions 
Conceptualization: Hyo-Jung Kim. Data curation: Ji-Soo Kim, Seung-Han 
Lee, Jae-Myung Kim, Seunghee Na. Formal analysis: Seoyeon Kim. Fund-
ing acquisition: Hyo-Jung Kim. Investigation: Seoyeon Kim, Hyo-Jung Kim. 
Methodology: Jae-Hwan Choi. Software: Jae-Hwan Choi. Visualization: 
Hyo-Jung Kim. Writing—original draft: Seoyeon Kim. Writing—review & 
editing: Ji-Soo Kim, Hyo-Jung Kim.

Conflicts of Interest
Dr. J-S Kim serves as an Associate Editor of Frontiers in Neuro-otology 
and on the editorial boards of the Journal of Clinical Neurology, Frontiers 
in Neuro-ophthalmology, Journal of Neuro-ophthalmology, Journal of Ves-
tibular Research, and Clinical Translational Neuroscience. Dr. J-S Kim is a 
technical director at SLMED. All remaining authors have declared no 
conflicts of interest.

Funding Statement
This study was supported by the National Research Foundation of Ko-
rea (NRF) grant funded by the Ministry of Science and ICT (No. NRF-
2021R1F1A1063826). 



www.thejcn.com  569

Kim S et al. JCN
REFERENCES

1. Jen JC, Graves TD, Hess EJ, Hanna MG, Griggs RC, Baloh RW, et al. 
Primary episodic ataxias: diagnosis, pathogenesis and treatment. Brain 
2007;130:2484-2493.

2. Jen J, Kim GW, Baloh RW. Clinical spectrum of episodic ataxia type 
2. Neurology 2004;62:17-22.

3. Griggs RC, Moxley RT 3rd, Lafrance RA, McQuillen J. Hereditary 
paroxysmal ataxia: response to acetazolamide. Neurology 1978;28: 
1259-1264.

4. Strupp M, Kalla R, Dichgans M, Freilinger T, Glasauer S, Brandt T. 
Treatment of episodic ataxia type 2 with the potassium channel 
blocker 4-aminopyridine. Neurology 2004;62:1623-1625.

5. Ophoff RA, Terwindt GM, Vergouwe MN, van Eijk R, Oefner PJ, Hoff-
man SM, et al. Familial hemiplegic migraine and episodic ataxia type-
2 are caused by mutations in the Ca2+ channel gene CACNL1A4. Cell 
1996;87:543-552.

6. Kim JM, Kim JS, Ki CS, Jeon BS. Episodic ataxia type 2 due to a dele-
tion mutation in the CACNA1A gene in a Korean family. J Clin Neurol 
2006;2:268-271.

7. Zhuchenko O, Bailey J, Bonnen P, Ashizawa T, Stockton DW, Amos C, 
et al. Autosomal dominant cerebellar ataxia (SCA6) associated with 
small polyglutamine expansions in the alpha 1A-voltage-dependent 
calcium channel. Nat Genet 1997;15:62-69.

8. Jouvenceau A, Eunson LH, Spauschus A, Ramesh V, Zuberi SM, Kull-
mann DM, et al. Human epilepsy associated with dysfunction of the 
brain P/Q-type calcium channel. Lancet 2001;358:801-807.

9. Spacey SD, Materek LA, Szczygielski BI, Bird TD. Two novel CAC-
NA1A gene mutations associated with episodic ataxia type 2 and in-
terictal dystonia. Arch Neurol 2005;62:314-316.

10. Jen J, Yue Q, Nelson SF, Yu H, Litt M, Nutt J, et al. A novel nonsense 
mutation in CACNA1A causes episodic ataxia and hemiplegia. Neu-
rology 1999;53:34-37.

11. Ducros A, Denier C, Joutel A, Cecillon M, Lescoat C, Vahedi K, et al. 
The clinical spectrum of familial hemiplegic migraine associated with 
mutations in a neuronal calcium channel. N Engl J Med 2001;345:17-
24. 

12. Baloh RW, Yue Q, Furman JM, Nelson SF. Familial episodic ataxia: 
clinical heterogeneity in four families linked to chromosome 19p. 
Ann Neurol 1997;41:8-16.

13. Jodice C, Mantuano E, Veneziano L, Trettel F, Sabbadini G, Calandri-
ello L, et al. Episodic ataxia type 2 (EA2) and spinocerebellar ataxia 
type 6 (SCA6) due to CAG repeat expansion in the CACNA1A gene 
on chromosome 19p. Hum Mol Genet 1997;6:1973-1978. 

14. Yue Q, Jen JC, Nelson SF, Baloh RW. Progressive ataxia due to a mis-
sense mutation in a calcium-channel gene. Am J Hum Genet 1997;61: 
1078-1087.

15. Kipfer S, Jung S, Lemke JR, Kipfer-Kauer A, Howell JP, Kaelin-Lang A, 
et al. Novel CACNA1A mutation(s) associated with slow saccade ve-
locities. J Neurol 2013;260:3010-3014.

16. Rucker JC, Jen J, Stahl JS, Natesan N, Baloh RW, Leigh RJ. Internucle-
ar ophthalmoparesis in episodic ataxia type 2. Ann N Y Acad Sci 2005; 
1039:571-574. 

17. Kim S, Kim S, Lee S, Kim HJ. Vertical saccadic slowing in episodic 
ataxia type 2. J Clin Neurol 2022;18:726-728.

18. Jung J, Testard H, Tournier-Lasserve E, Riant F, Vallet AE, Berroir S, 
et al. Phenotypic variability of episodic ataxia type 2 mutations: a 
family study. Eur Neurol 2010;64:114-116.

19. Park D, Kim SH, Lee YJ, Song GJ, Park JS. A novel CACNA1A muta-
tion associated with episodic ataxia 2 presenting with periodic paral-
ysis. Acta Neurol Belg 2018;118:137-139.

20. Rajakulendran S, Graves TD, Labrum RW, Kotzadimitriou D, Eunson 
L, Davis MB, et al. Genetic and functional characterisation of the P/Q 
calcium channel in episodic ataxia with epilepsy. J Physiol 2010;588: 
1905-1913.

21. Shimmura M, Uehara T, Yamashita K, Shigeto H, Yamasaki R, Ishika-
wa K, et al. Slowed abduction during smooth pursuit eye movement 
in episodic ataxia type 2 with a novel CACNA1A mutation. J Neurol 
Sci 2017;381:4-6.

22. Verriello L, Pauletto G, Nilo A, Lonigro I, Betto E, Valente M, et al. 
Epilepsy and episodic ataxia type 2: family study and review of the 
literature. J Neurol 2021;268:4296-4302.

23. Indelicato E, Boesch S. From genotype to phenotype: expanding the 
clinical spectrum of CACNA1A variants in the era of next generation 
sequencing. Front Neurol 2021;12:639994.

24. Kim HJ, Kim JS, Choi JH, Shin JH, Choi KD, Zee DS. Rebound up-
beat nystagmus after lateral gaze in episodic ataxia type 2. Cerebellum 
2014;13:411-413.

25. Choi JH, Oh EH, Choi SY, Kim HJ, Lee SK, Choi JY, et al. Vestibular 
impairments in episodic ataxia type 2. J Neurol 2022;269:2687-2695.

26. Choi KD, Kim JS, Kim HJ, Jung I, Jeong SH, Lee SH, et al. Genetic vari-
ants associated with episodic ataxia in Korea. Sci Rep 2017;7:13855. 

27. Choi KD, Oh SY, Kim HJ, Koo JW, Cho BM, Kim JS. Recovery of ves-
tibular imbalances after vestibular neuritis. Laryngoscope 2007;117: 
1307-1312.

28. Lee SH, Kim JS. Benign paroxysmal positional vertigo. J Clin Neurol 
2010;6:51-63.

29. Halmagyi GM, Curthoys IS. A clinical sign of canal paresis. Arch 
Neurol 1988;45:737-739.

30. Huh YE, Kim JS. Bedside evaluation of dizzy patients. J Clin Neurol 
2013;9:203-213.

31. Choi JY, Kim JH, Kim HJ, Glasauer S, Kim JS. Central paroxysmal 
positional nystagmus: characteristics and possible mechanisms. Neu-
rology 2015;84:2238-2246.

32. Lee SU, Choi JY, Kim HJ, Kim JS. Recurrent spontaneous vertigo with 
interictal headshaking nystagmus. Neurology 2018;90:e2135-e2145.

33. Yang Y, Kim JS, Kim S, Kim YK, Kwak YT, Han IW. Cerebellar hypo-
perfusion during transient global amnesia: an MRI and oculographic 
study. J Clin Neurol 2009;5:74-80. 

34. Lee SU, Kim HJ, Choi JY, Kim JS. Lower brainstem melanocytoma 
masquerading as vestibular paroxysmia. J Neurol 2018;265:1222-1225.

35. Lee SU, Kim HJ, Choi JY, Koo JW, Yang X, Kim JS. Evolution in the 
findings of head-impulse tests during the attacks of menière’s disease. 
Otol Neurotol 2020;41:e744-e750.

36. Wechsler D. Wechsler Adult Intelligence Scale–Fourth Edition (WAIS-
IV). San Antonio: NCS Pearson, 2008.

37. Jung EJ, Beak JM. Validity of the K-WAIS-IV short forms: focused on 
clinical utility. Clin Psychol Korea Res Pract 2019;5:213-231.

38. Choi KD, Yook JW, Kim MJ, Kim HS, Park YE, Kim JS, et al. Possible 
anticipation associated with a novel splice site mutation in episodic 
ataxia type 2. Neurol Sci 2013;34:1629-1632.

39. Jeon S, Bhak Y, Choi Y, Jeon Y, Kim S, Jang J, et al. Korean Genome 
Project: 1094 Korean personal genomes with clinical information. 
Sci Adv 2020;6:eaaz7835.

40. Sim NL, Kumar P, Hu J, Henikoff S, Schneider G, Ng PC. SIFT web 
server: predicting effects of amino acid substitutions on proteins. Nu-
cleic Acids Res 2012;40(W1):W452-W457. 

41. Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, 
Bork P, et al. A method and server for predicting damaging missense 
mutations. Nat Methods 2010;7:248-249. 

42. Steinhaus R, Proft S, Schuelke M, Cooper DN, Schwarz JM, Seelow D. 
MutationTaster2021. Nucleic Acids Res 2021;49(W1):W446-W451.

43. Davydov EV, Goode DL, Sirota M, Cooper GM, Sidow A, Batzoglou 
S. Identifying a high fraction of the human genome to be under selec-
tive constraint using GERP++. PLoS Comput Biol 2010;6:e1001025.

44. Shevell M, Ashwal S, Donley D, Flint J, Gingold M, Hirtz D, et al. Prac-
tice parameter: evaluation of the child with global developmental de-
lay: report of the Quality Standards Subcommittee of the American 
Academy of Neurology and The Practice Committee of the Child 
Neurology Society. Neurology 2003;60:367-380.



570  J Clin Neurol 2024;20(6):563-570

Intellectual Disability in Episodic AtaxJCN
45. Ilyas M, Mir A, Efthymiou S, Houlden H. The genetics of intellectual 

disability: advancing technology and gene editing. F1000Res 2020; 
9(F1000 Faculty Rev):22.

46. Ka M, Chopra DA, Dravid SM, Kim WY. Essential roles for ARID1B 
in dendritic arborization and spine morphology of developing pyra-
midal neurons. J Neurosci 2016;36:2723-2742.

47. Mintz IM, Sabatini BL, Regehr WG. Calcium control of transmitter 
release at a cerebellar synapse. Neuron 1995;15:675-688.

48. Burgess DL, Noebels JL. Voltage-dependent calcium channel muta-
tions in neurological disease. Ann N Y Acad Sci 1999;868:199-212. 

49. Jen J. Calcium channelopathies in the central nervous system. Curr 
Opin Neurobiol 1999;9:274-280.

50. Missiaen L, Robberecht W, van den Bosch L, Callewaert G, Parys JB, 
Wuytack F, et al. Abnormal intracellular ca(2+)homeostasis and dis-
ease. Cell Calcium 2000;28:1-21.

51. Clapham DE. Calcium signaling. Cell 2007;131:1047-1058.
52. Mallmann RT, Elgueta C, Sleman F, Castonguay J, Wilmes T, van den 

Maagdenberg A, et al. Ablation of Ca(V)2.1 voltage-gated Ca(2+) 
channels in mouse forebrain generates multiple cognitive impair-
ments. PLoS One 2013;8:e78598.

53. Bohne P, Mourabit DB, Josten M, Mark MD. Cognitive deficits in epi-
sodic ataxia type 2 mouse models. Hum Mol Genet 2021;30:1811-1832.

54. Denier C, Ducros A, Vahedi K, Joutel A, Thierry P, Ritz A, et al. High 
prevalence of CACNA1A truncations and broader clinical spectrum 
in episodic ataxia type 2. Neurology 1999;52:1816-1821.

55. Feeney GF, Boyle RS. Paroxysmal cerebellar ataxia. Aust N Z J Med 
1989;19:113-117.

56. Hawkes CH. Familial paroxysmal ataxia: report of a family. J Neurol 
Neurosurg Psychiatry 1992;55:212-213.

57. Vahedi K, Joutel A, Van Bogaert P, Ducros A, Maciazeck J, Bach JF, et 
al. A gene for hereditary paroxysmal cerebellar ataxia maps to chro-
mosome 19p. Ann Neurol 1995;37:289-293.

58. van den Maagdenberg AM, Kors EE, Brunt ER, van Paesschen W, Pas-
cual J, Ravine D, et al. Episodic ataxia type 2. Three novel truncating 
mutations and one novel missense mutation in the CACNA1A gene. 
J Neurol 2002;249:1515-1519. 

59. Mochizuki Y, Kawata A, Mizutani T, Takamoto K, Hayashi H, Taki K, 
et al. Hereditary paroxysmal ataxia with mental retardation: a clini-

copathological study in relation to episodic ataxia type 2. Acta Neuro-
pathol 2004;108:345-349.

60. Guerin AA, Feigenbaum A, Donner EJ, Yoon G. Stepwise develop-
mental regression associated with novel CACNA1A mutation. Pedi-
atr Neurol 2008;39:363-364. 

61. Vahedi K, Denier C, Ducros A, Bousson V, Levy C, Chabriat H, et al. 
CACNA1A gene de novo mutation causing hemiplegic migraine, 
coma, and cerebellar atrophy. Neurology 2000;55:1040-1042. 

62. Nachbauer W, Nocker M, Karner E, Stankovic I, Unterberger I, Ei-
gentler A, et al. Episodic ataxia type 2: phenotype characteristics of a 
novel CACNA1A mutation and review of the literature. J Neurol 2014; 
261:983-991.

63. Damaj L, Lupien-Meilleur A, Lortie A, Riou É, Ospina LH, Gagnon L, 
et al. CACNA1A haploinsufficiency causes cognitive impairment, au-
tism and epileptic encephalopathy with mild cerebellar symptoms. 
Eur J Hum Genet 2015;23:1505-1512.

64. Hommersom MP, van Prooije TH, Pennings M, Schouten MI, van 
Bokhoven H, Kamsteeg EJ, et al. The complexities of CACNA1A in 
clinical neurogenetics. J Neurol 2022;269:3094-3108.

65. Lipman AR, Fan X, Shen Y, Chung WK. Clinical and genetic charac-
terization of CACNA1A-related disease. Clin Genet 2022;102:288-295.

66. Schmahmann JD. The cerebellum and cognition. Neurosci Lett 2019; 
688:62-75.

67. Van Overwalle F, Manto M, Cattaneo Z, Clausi S, Ferrari C, Gabrieli 
JDE, et al. Consensus paper: cerebellum and social cognition. Cere-
bellum 2020;19:833-868.

68. Jacobi H, Faber J, Timmann D, Klockgether T. Update cerebellum 
and cognition. J Neurol 2021;268:3921-3925. 

69. Sokolov AA, Miall RC, Ivry RB. The cerebellum: adaptive prediction 
for movement and cognition. Trends Cogn Sci 2017;21:313-332.

70. Bigelow RT, Semenov YR, Hoffman HJ, Agrawal Y. Association be-
tween vertigo, cognitive and psychiatric conditions in US children: 
2012 National Health Interview Survey. Int J Pediatr Otorhinolaryn-
gol 2020;130:109802.

71. Spacey SD, Hildebrand ME, Materek LA, Bird TD, Snutch TP. Func-
tional implications of a novel EA2 mutation in the P/Q-type calcium 
channel. Ann Neurol 2004;56:213-220.




