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Episodic ataxia type 2
Three novel truncating mutations and one novel
missense mutation in the CACNA1A gene 

Introduction

Episodic ataxia type 2 (EA–2) is an autosomal dominant
disorder characterised by acetazolamide-responsive at-
tacks of cerebellar ataxia, lasting for hours to days. At-
tacks are often provoked by fatigue, stress, alcohol or
exercise. Interictal nystagmus, vertigo and cerebellar at-
rophy has been reported [1, 2, 20].The EA–2 locus was
identified on chromosome 19p13 [12, 16–18], and the
causative gene, CACNA1A, encodes a pore-forming sub-
unit of P/Q-type calcium channels [14]. Mutations in
this gene cause a diverse spectrum of diseases, including
a severe subtype of migraine with aura (familial hemi-
plegic migraine; FHM), spinocerebellar ataxia type 6

(SCA6),EA–2 and epilepsy [11,14,21].FHM is caused by
missense mutations and SCA6 is the result of moderate
expansions of a carboxy terminal CAG-repeat encoding
a small polyglutamine stretch. Truncating mutations, re-
sulting in premature stops and leading to putative aber-
rant CACNA1A proteins were identified in EA–2 pa-
tients [5, 10, 11, 14]. At present, fourteen different
truncating mutations are known [5, 10, 11, 14, 15].

Recently, four different missense mutations in the
CACNA1A gene in EA–2 patients were identified [6–9].
The clinical phenotype associated with these EA–2 mis-
sense mutations (F1406C, F1491S, R1662H (named
R1666H by the authors) and E1757K) is indistinguish-
able from the phenotype associated with the truncating
mutations. So, no simple correlation between the type of
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■ Abstract We analysed the
CACNA1A gene, located on chro-
mosome 19p13, in three unrelated
families and one sporadic case with

episodic ataxia type 2 (EA–2). In
two of the families and the spo-
radic patient, novel truncating mu-
tations, which disrupt the reading
frame and result in a premature
stop of the CACNA1A protein, were
identified in exons 14, 16 and 26. In
the remaining family, a novel mis-
sense mutation (H253Y) was
found. Of the twenty two EA–2 mu-
tations identified thus far, includ-
ing those of the present study, sev-
enteen are truncating mutations
and five are missense mutations, all
resulting in an EA–2 clinical phe-
notype.

■ Key words episodic ataxia 
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mutation and the phenotype in the CACNA1A gene ex-
ists.

As a range of truncating mutations along the
CACNA1A gene is associated with an EA–2 phenotype,
it was initially suggested that the disease may occur as a
result of haplo-insufficiency [14]. Two truncation muta-
tions (R1549X and R1279X) have been analysed and re-
vealed a complete loss of channel function, supporting
the hypothesis of haploinsufficency as the plausible
cause of EA–2 [9, 19]. The same effect on calcium chan-
nel function was observed for missense mutations
F1491S and F1406C [8,9]. In contrast,CACNA1A protein
harbouring the AY1593/1594D mutation was shown to
be able to form calcium channels in Xenopus laevis
oocytes but with pronounced loss of function [19]. An-
other mechanism, namely a dominant negative effect,
has been observed recently with the R1820X truncation
[11]. Here, we report on the finding of three novel trun-
cating and one missense mutation in four EA–2 families,
adding to the genetic heterogeneity of the disorder.

Material and Methods

■ Patient material

The pedigrees of four families are shown in Fig. 1.
All affected family members show a typical EA–2 phenotype, con-

sisting of childhood-onset attacks of ataxia lasting hours to days, trig-
gered by stress and/or physical exercise. Interictal neurological ex-
amination in all patients revealed nystagmus and/or unsteadiness.
Acetazolamide reduced the frequency or the severity in a proportion
of patients. In addition to episodic attacks of ataxia, the proband of
family 3 has moderate mental retardation.

Family 1

The proband (II–2), a 40-year-old male, had a long history starting in
childhood, of episodic ataxia accompanied by visual aura-like distur-
bances and a number of migrainous features. Later in life he was free
of attacks for a prolonged period. Recently, attacks have re-occurred.
Acetazolamide treatment has some beneficial effects on the attacks.
Interictal examination revealed mild unsteadiness only. His brother
(II–1) and mother (I–2) are also affected. His eldest daughter (III–1)
has similar symptoms.

Family 2

The proband (II–1) was a 23-year-old man who, at the age of five, be-
gan to have multiple, weekly, episodes of severe ataxia lasting several
hours. The ataxia was associated with vomiting but not with
headaches. Interictal examination revealed nystagmus only. Cerebral
MRI was normal. He responded well to acetazolamide treatment
(500–750 mg daily), commenced at the age of 17, and attacks are now
only precipitated by sleep deprivation and fasting for more than 12
hours. An attempt to lower the dose because of renal colic (a known
complication of long-term treatment with acetazolamide), was
stopped as the attack frequency increased instantly. Neither parent
(both aged over 45) or all other family members has experienced sim-
ilar symptoms.

Family 3

The proband (III–2), a 29-year-old woman, had, since the age of two
years, weekly episodes of gait ataxia, vertigo and nystagmus, associ-
ated with headache and vomiting. She also experienced migrainous
headache. From approximately 20 years of age, the episodes became
less striking. Interictal examination revealed moderate mental retar-
dation, a broad-based gait, saccadic smooth ocular pursuit, positional
nystagmus, and upbeat nystagmus on fixation. Acetazolamide
(400 mg daily) had no effect on attack frequency or severity.

Her brother (III–3) had experienced similar episodes, which
started in the first year of his life. Acetazolamide reduced the attack
frequency to 50 %. Their father (II–3) also had EA–2 attacks and had
cortical and cerebellar atrophy on cerebral MRI. A paternal uncle of
the proband (II–1) had been diagnosed with small cell lung carci-
noma complicated by a Lambert Eaton myasthenic syndrome, an au-
toimmune disorder caused by circulating autoantibodies against volt-
age-gated calcium channels, including P/Q-type calcium channels.He
also had a history of episodes of a “drunken feeling”and unsteadiness
after prolonged exercise.

Family 4

The proband (III–4) was a 47-year-old man, with attacks of gait
ataxia and dysarthria that started at the age of ten. The attacks oc-
curred once or twice weekly, typically during exertion and after alco-
hol intake, and lasted approximately 30 minutes. From the age of 40,
he developed a slowly progressive, mild gait imbalance. Interictal ex-
amination revealed saccadic pursuit eye movements, lateral gaze nys-
tagmus, and mild truncal ataxia. The daily use of 250 mg acetazo-
lamide markedly reduced the attack frequency. Of his family, his
mother (II–2), a maternal uncle (II–3), three out of six sibs (III–1,
III–3, III–6) a nephew (IV–1) and his son (IV–2) suffered from iden-
tical attacks.

■ Genetic analysis

From the persons marked “+”in the pedigrees in Fig. 1, genomic DNA
was isolated from peripheral blood cells according to standard meth-
ods [13].All 47 exons and flanking intron sequences of the CACNA1A
gene were analysed for mutations using single strand conformation
polymorphism (SSCP) analysis, essentially according to Ophoff et al.
[14]. In brief, intronic primers were used to amplify the coding re-
gions of the CACNA1A gene, using genomic DNA as template. Pri-
mary PCR products were labelled by incorporation of [α]-32P] dCTP
in a second round of PCR. Samples were diluted and denatured in for-
mamide buffer and electrophoresed on 8 % polyacrylamide (19:1)
gels containing 10 % glycerol.Electrophoresis was carried out at room
temperature at a constant power of 28 W. Finally, SSCP gels were dried
and exposed for autoradiography.

When aberrant banding patterns were observed, the respective
PCR products were directly sequenced using the BigDyeTM Termi-
nator Cycle Sequencing kit (PE Applied Biosystems, Foster City, CA),
using the amplification primers. Sequencing reaction fragments were
then run on an ABI 377 DNA automated sequencer (PE Applied
Biosystems), to reveal the underlying nucleotide sequence and muta-
tions.The samples harbouring deletion mutations were cloned in vec-
tor pCRII-TOPO (Invitrogen, Carlsbad, CA, USA), and inserts of re-
combinants were sequenced as described above, but now using
standard M13 vector primers. For each mutation, we analysed a panel
of 96 control DNAs from the Dutch population.

To determine the number of CAG repeats at the 3’ end of the
CACNA1A gene, a PCR reaction was performed using the forward
primer 5’-GCCCCCTCAACATCTGGTA–3’ and reverse primer 5’-
GACCCGCCTCTCCATCCT–3’ [14]. PCR products were elec-
trophoresed on the same sequencer as described above and the num-
ber of repeats determined by direct comparison with an internal
standard for size determination.
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Results

Mutations in the calcium channel pore-forming subunit
CACNA1A were found in the four index cases (Fig.s 1
and 2).

A four base pair-deletion in exon 14,
c.2145_2148delTTCA (nomenclature according to [4];
accession number X99 897 was used as the reference se-
quence), was identified in the index case from family 1
(II–2). As a consequence of the deletion the predicted
putative protein would be truncated in exon 15 at posi-
tion c. 2248. The same mutation was also detected in
samples from his mother and daughter (I–2 and III–1,
respectively).

In the index case from family 2 (II–1), a frameshift
mutation (c.2145_2148delAG) was detected in exon 16.
This mutation resulted in a putative protein that termi-
nates prematurely in exon 19 at position c. 2615. Because
neither of the parents carried the mutation, and non-pa-
ternity was ruled out by testing additional markers (data
not shown), this has to be a de novo mutation.

In the index case of family 3, a single nucleotide
deletion c. 4451delC was identified in exon 26. The
frameshift resulted in a putative truncated protein be-
cause of a premature termination occurring in exon 27
(position c. 4564). The mutation was also found in the
brother (III–3) and the father (II–3) of the proband.
Although the paternal uncle (II–1) did experience sev-
eral clinical symptoms that are reminiscent of EA–2 (f. i.

Fig. 1a+b Pedigrees of family 1 to 4. Affected mem-
bers with an EA–2 phenotype are indicated by filled
boxes (male) or circles (female). The box with cross
symbol identifies an individual with Lambert-Eaton
myasthenic syndrome and ‘unsteadiness’, but no di-
agnosis of EA–2. An arrow indicates the index case of
the family. A plus indicates that DNA is available. A
dash indicates a deceased person. Below the pedi-
grees an electropherogram of the relevant part of the
CACNA1A sequence harbouring the mutation is
shown, with the normal sequence above and the mu-
tant sequence below.
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‘unsteady gait’) and LEMS, he did not have the muta-
tion.

In the index case from family 4, a nucleotide substi-
tution was detected in exon 5 (c. 1032C > T) substituting
a histidine for a tyrosine (H253Y). The H253Y mutation
is located in the highly conserved IS5-IS6 P-loop domain
of the protein (Fig. 2). Conservation of histidine within
this functional domain is preserved in both paralogues
and ortologues of human CACNA1A (Fig. 3). DNA was
available of four additional affected members of this
pedigree (III–1, III–3, IV–1, IV–2) and an unaffected
spouse (III–2). The affected members were found to be
carriers of this missense mutation, and the spouse was
not.

None of the mutations mentioned above were found
in a set of 192 chromosomes of the general population
that were tested as controls. In addition, we investigated
whether any of the patients carried expansions of the
CAG sequence that is present in the carboxy terminal re-
gion of the CACNA1A protein and that potentially could
contribute to the observed variable expression of the

EA–2 phenotype.All patients had CAG repeats that were
within the normal range (4–18 CAG units; [21]) (data
not shown).

Discussion

We have characterised one novel missense and three
truncating mutations within the CACNA1A gene. In-
cluding these newly characterised mutations, a total of
22 mutations has now been identified in patients with
EA–2. Seventeen (77 %) of these are truncating muta-
tions. All but two reported families have a typical EA–2-
phenotype, with acetazolamide-responsive episodes of
ataxia triggered by physical exercise, starting in child-
hood. In one atypical family with a c. 4914C > T muta-
tion, resulting in an early stop R1547X, affected mem-
bers also experienced hemiplegia during the EA–2
attacks [9]. In a second atypical family attacks of ab-
sence epilepsy were present in addition to the EA–2 phe-
notype and caused by a R1820X mutation [11]. It is now
apparent that a remarkable variation in the clinical ex-
pression of the EA–2 phenotype exists [5, 9–11] sug-
gesting that other modifying genetic and/or environ-
mental factors play a role.

We confirm this inter-familial variation of clinical
symptoms in the present study. For instance, family 3
displays a severe phenotype with a very early onset of
the disease in the proband (III–2) at the age of two, and
the brother (III–3) even in his first year, both with
weekly episodes, which last up to hours. Currently, at the
age of 16, the brother shows an impaired VOR suppres-
sion and saccadic dysmetria at interictal neurological
examination. In contrast, the phenotype in the proband
of family 1 (II–2) is less severe: the first attacks occurred
in childhood, but there were prolonged attack-free peri-
ods. The patient only shows some mild unsteadiness at
interictal examination at the age of 46. The five missense

Fig. 2 Schematic representation of the CACNA1A
calcium channel subunit protein.
This protein is the pore-forming, main unit of the P/Q
type calcium channel. It forms the calcium channel,
together with auxiliary subunits (β and α2δ). 
The position of the three deletions are indicated by
grey circles (with affected exon). The missense muta-
tion is indicated by a grey box (with affected exon).

Fig. 3 Sequence alignment of a part of IS5 segment and the relevant part of the
P-loop between 1S5 and 1S6 of the CACNA1A protein harbouring the affected his-
tidine residue. The position of the mutated histidine residue is indicated by an ar-
row. The conserved amino acids in this section of the P-loop are depicted by short
bars. The following cDNA sequences (accession numbers) were used for the align-
ment: human CACNA1A (X99897), mouse CACNA1A (U76716), human CACNA1B
(M94172) and human CACNA1E (L29384).

Human CACNA1A
Mouse CACNA1A
Human CACNA1B
Human CACNA1E

IS5

GLEFYM
GLEFYM
GLEFYM
GLEFYS

GKFHTTCFEEGTD
GKFHTTCFEEGTD
GKFHKACFPNSTD
GKLHRACFVNNSG

P-LOOP
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mutations now known to be associated with an EA–2
phenotype are H253Y, F1491S, R1662H, F1406C and
E1757K. The H253Y mutation removes a conserved
amino acid in the P-loop between transmembrane seg-
ment S5 and S6 of repeat I, a region that contributes to
ion-selectivity of the pore [3]. Unlike familial hemi-
plegic migraine, where several recurrent CACNA1A mu-
tations have been reported (e. g. T666M and R583Q), no
recurrent mutations have yet been observed for EA–2.
This has important implications for genetic analysis of

samples from patients with presumed EA–2 patients
and their families. In cases of EA–2 with a suspected
CACNA1A mutation, it is apparent that the entire gene
must be screened for mutations.
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