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Genotype–phenotype correlations in
alternating hemiplegia of childhood

ABSTRACT

Objective: Clinical severity of alternating hemiplegia of childhood (AHC) is extremely variable. To
investigate genotype–phenotype correlations in AHC, we analyzed the clinical information and
ATP1A3 mutations in patients with AHC.

Methods: Thirty-five Japanese patients who were clinically diagnosed with AHC participated in
this study. ATP1A3 mutations were analyzed using Sanger sequencing. Detailed clinical infor-
mation was collected from family members of patients with AHC and clinicians responsible for
their care.

Results: Gene analysis revealed 33 patients with de novo heterozygous missense mutations of
ATP1A3: Glu815Lys in 12 cases (36%), Asp801Asn in 10 cases (30%), and other missense
mutations in 11 cases. Clinical information was compared among the Glu815Lys, Asp801Asn,
and other mutation groups. Statistical analysis revealed significant differences in the history of
neonatal onset, gross motor level, status epilepticus, and respiratory paralysis in the Glu815Lys
group compared with the other groups. In addition, 8 patients who did not receive flunarizine had
severe motor deteriorations.

Conclusions: The Glu815Lys genotype appears to be associated with the most severe AHC phe-
notype. Although AHC is not generally seen as a progressive disorder, it should be considered a
disorder that deteriorates abruptly or in a stepwise fashion, particularly in patients with the
Glu815Lys mutation. Neurology® 2014;82:1–9

GLOSSARY
AHC 5 alternating hemiplegia of childhood; DYT12 5 rapid-onset dystonia–parkinsonism.

Alternating hemiplegia of childhood (AHC) is a rare neurodevelopmental disorder characterized by
recurrent flaccid or dystonic types of hemiplegic episodes lasting from several minutes to several days,
abnormal ocular movements, involuntary movements, hypotonia, and seizures beginning in the
infantile period (before 18 months of age).1–4 Most patients have a sporadic form of the disorder,
and routine laboratory and neuroimaging examinations do not show any specific abnormal findings.

ATP1A2 gene mutations have been reported as the cause of AHC in atypical familial cases.5

However, these are rare. In 2012, 3 different research groups independently revealed that muta-
tions of the sodium–potassium (Na1/K1)–ATPase a3 subunit gene (ATP1A3) cause AHC.6–8
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ATP1A3 mutations have also been reported in
rapid-onset dystonia–parkinsonism (DYT12).9,10

Although the onset and clinical courses of these
disorders are different, AHC and DYT12 may
constitute a continuum of disorder;6–8,11 there-
fore, there should be a variety of phenotypes of
ATP1A3-related movement disorders.

Even in AHC alone, there are remarkable
clinical variations among individuals.12–16 Onset
time, motor development levels, and cognition
deficit levels differ considerably among individu-
als. Investigations among large populations in
Europe and the United States have provided evi-
dence of a nonprogressive course of AHC.3,14,15

However, some degree of motor or intellectual
deterioration has been observed in some patients
with AHC.13,16,17 Patients with early onset tend
to have a severe clinical course.16 We are unaware
of the reason behind this clinical diversity in
AHC. The position of the point mutations in
ATP1A3 and treatment methods used could be
key factors.

METHODS Patients. Standard protocol approvals, registra-
tions, and patient consents. Patients with AHC were recruited

through the Japanese AHC Family Association. Thirty-four pa-

tients (8 female and 26 male) who were clinically diagnosed with

AHC according to clinical diagnostic criteria1–4 participated in the

study with ages ranging from 1 year 4 months to 43 years. Another

male patient who did not fulfill the criteria (onset at 2 years of age)

was also enrolled in the study. All patients had sporadic AHC. Most

of the parents participated in the study.

Ethics statement. This study was approved by the Ethics Review
Committee of Fukuoka University. The parents of the patients

provided informed consent before the start of the study.

We collected detailed clinical information regarding the onset

time of the initial symptoms, frequency and type (flaccid or dys-

tonic) of recurrent hemiplegic attacks, frequency of seizures, expe-

rience of status epilepticus and respiratory paralysis, involuntary

movements, developmental history, level of gross motor develop-

ment, and cognitive function in the intermittent period between

recurrent hemiplegic attacks and flunarizine usage (particularly

age at initiation, dose, continuation, and age at which drug was

stopped if appropriate) from the parents of patients with AHC

and clinicians (primarily pediatric neurologists) responsible for

their care through an intake form. All participants except one

boy (onset at 2 years of age) were confirmed to fulfill the AHC

criteria and were subsequently screened for ATP1A3 mutations.

Mutation analysis. Sanger sequencing was performed to analyze ge-
nomes of the patients and their parents. Genomic DNA was prepared

from EDTA-Na2-containing blood samples using a QIAamp DNA

BloodMaxi Kit (Qiagen, Hilden, Germany) according to the protocol

provided by the manufacturer. All of the exons and intron–exon

boundaries of ATP1A3 were amplified by PCR using the designed

PCR primers. The primer sequences and PCR conditions are available

upon request. PCR products were purified in ExoSAP-IT for PCR

Product Clean-Up (Affymetrix, Santa Clara, CA) with 1 cycle of

15 minutes at 37°C and another of 15 minutes at 80°C. The

purified PCR products were sequenced using the ABI PRISM

BigDye 3.1 terminator method (Applied Biosystems, Foster City,

CA) and an ABI PRISM® 3100 Genetic Analyzer (Applied

Biosystems). We also recruited 96 unrelated healthy Japanese

volunteers who were free of seizures or without any history of

epilepsy as a control group.

Before the present study, we attempted to identify the genes

responsible for AHC by whole-exome sequencing analysis (using

a new generation sequencer) of 8 Japanese patients with AHC

who were clinically diagnosed with typical AHC. This previous

study revealed heterozygous missense mutations in ATP1A3 in

all of the 8 patients studied.8 Subsequently, we continued our

ATP1A3 analyses using Sanger sequencing of 35 Japanese pa-

tients with AHC (including the 8 patients).

Evaluation of clinical information and statistical analysis.
We compared the relationship between the point mutations in

ATP1A3 and clinical information. All the data analyses were

performed using the SAS software package (version 9.2; SAS

Institute Inc., Cary, NC). Frequency distributions of the pheno-

types were evaluated using Fisher exact test.

RESULTS Gene mutations. A heterozygous missense
mutation in ATP1A3 was confirmed in 33 of the 35
patients by Sanger sequencing. Thirty-three (7 female
and 26 male) of the 35 patients were observed to have
a heterozygous missense mutation. The rate of genetic
mutation was as high as 94%. None of the parents
showed any ATP1A3 mutations. All mutations were
thus confirmed as de novo mutations. Of the 33
patients with ATP1A3 mutations, 12 (36%) had a
c.2443 G.A, p.Glu815Lys (E815K) mutation; 10
patients (30%) had a c.2401 G.A, p.Asp801Asn
(D801N) mutation; 2 patients (7%) had a c.2780
G.T, Cys927Phe (C927F) mutation; and the
remaining 9 patients had other mutations. There were
3 Gly755 mutations: c.2263 G.T, p.Gly755Cys
(G755C); c.2263 G.A, p.Gly755Ser (G755S); and
c.2264 G.C, p.Gly755Ala (G755A) (table 1).

Table 1 ATP1A3 mutations and protein modifications in patients with
alternating hemiplegia of childhood

Exon Nucleotide change Amino acid change Number (%) of probands

5 410 C.A Ser137Tyr (S137Y) 1

9 1072 G.T Gly358Cys (G358C) 1

16 2263 G.T Gly755Cys (G755C) 1

16 2263 G.A Gly755Ser (G755S) 1

16 2264 G.C Gly755Ala (G755A) 1

17 2312 C.A Thr771Asn (T771N) 1

17 2401 G.A Asp801Asn (D801N) 10 (30)

18 2443 G.A Glu815Lys (E815K) 12 (36)

20 2767 G.A Asp923Asn (D923N) 1

20 2780 G. T Cys927Phe (C927F) 2

21 2839 G.C Gly947Arg (G947R) 1

22 2974 G.T Asp992Tyr (D992Y) 1

Total 33
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The patient who experienced disease onset at age 2
had an Asp923Asn (D923N) mutation.

Clinical features. We divided the patients into 3 groups
based on the ATP1A3 mutations. Group 1 included
patients with an E815K mutation (12 cases), group 2
those with a D801N mutation (10 cases), and group 3

those with other mutations (11 cases). The clinical infor-
mation from all of the patients (table 2 and table 3) was
compared among these groups. Distinct differences in
several of the items were observed in group 1 compared
with the other groups (table 4).

In group 1 (E815K mutation), the onset time of
abnormal ocular movements or seizures was during

Table 2 First symptoms of onset and development in each patient

Case
number Age, y Sex

ATP1A3
mutation Onset times and symptoms

First
hemiplegic
attack Head control Sitting

Stand with
support

Unassisted
walk Run

G-1-01 33 F E815K 2 d; abnormal eye movements 1 y, 0 mo 2 y, 0 mo 2 y, 6 mo 3 y, 0 mo Impossible

G-1-02 16 M E815K 0 d; convulsion 1 y, 3 mo 1 y, 0 mo 1 y, 9 mo Impossible

G-1-03 14 M E815K 1 mo; abnormal eye movements,
convulsion

5 mo 7 mo 1 y, 0 mo 1 y, 6 mo Impossible

G-1-04 14 M E815K 17 d: abnormal eye movements,
convulsion

10 mo 7 mo 9 mo 2 y, 2 mo Impossible

G-1-05 14 M E815K 1 d; abnormal eye movements 5 mo 1 y, 6 mo 1 y, 10 mo 2 y, 6 mo Impossible

G-1-06 12 M E815K 1 d; abnormal eye movements 3 mo 8 mo 1 y, 0 mo Impossible

G-1-07 9 M E815K 1 d; abnormal eye movements,
convulsion

10 mo 2 y 3 y, 6 mo 4 y, 6 mo Impossible

G-1-08 9 M E815K 2 d; abnormal eye movements 8 mo 2 y, 6 mo 3 y, 3 mo 8 y Impossible

G-1-09 7 M E815K 0 d; abnormal eye movements,
convulsion

4 mo Impossible

G-1-10 4 M E815K 0 d; abnormal eye movements 6 mo 1 y, 0 mo 1 y, 6 mo 1 y, 10 mo Impossible

G-1-11 1 y,
6 mo

M E815K 1 d; convulsion 7 mo Impossible

G-1-12 1 y,
4 mo

M E815K 0 d; abnormal eye movements 9 mo Impossible

G-2-01 43 F D801N 10 mo; dystonic hemiplegia 10 mo 5 mo 1 y, 0 mo No record 3 y 5 y

G-2-02 33 F D801N 3 mo; flaccid paralysis 3 mo 4 mo 7 mo No record 5 y, 5 mo Impossible

G-2-03 25 M D801N 1 mo; abnormal eye movements 9 mo 4 mo 7 mo 11 mo 5 y Impossible

G-2-04 20 M D801N 1 d; convulsion 4 mo 5 mo 9 mo 1 y, 0 mo 2 y, 3 mo 3 y, 6 mo

G-2-05 19 M D801N 2 mo; convulsion 2 mo 5 mo 10 mo 12 mo Impossible

G-2-06 18 F D801N 4 mo; abnormal eye movements 4 mo 6 mo No record 2 y 3 y, 6 mo Impossible

G-2-07 13 M D801N 0 d; abnormal eye movements 9 mo 6 mo 11 mo 3 y, 10 mo Impossible

G-2-08 12 M D801N 4 mo; hemidystonia 9 mo 5 mo 7 mo 1 y, 10 mo 4 y, 6 mo 6 y

G-2-09 12 M D801N 6 mo; hemidystonia 6 mo 3 mo 9 mo 10 mo 3 y, 3 mo Impossible

G-2-10 3 M D801N 5 mo; hemidystonia 5 mo 3 mo 1 y, 2 mo 1 y, 3 mo Impossible

G-3-01 30 F S137Y 1 mo; seizure 6 mo 5 mo 2 y, 0 mo 4 y, 1 mo Impossible

G-3-02 25 M G755A 2 mo; abnormal ocular movements 6 mo 1 y, 0 mo 2 y, 0 mo 3 y, 0 mo Impossible

G-3-03 24 M T771N 5 mo; abnormal ocular movements,
seizure

1 y, 0 mo 5 mo 9 mo 11 mo 2 y, 0 mo 3 y

G-3-04 23 M D992Y 8 mo; abnormal ocular movements 8 mo No record No record 1 y, 5 mo 2 y, 10 mo 4 y

G-3-05 18 M G755C 2 mo; abnormal ocular movements 10 mo 6 mo 1 y 1 y, 6 mo 3 y 5 y

G-3-06 17 F C927F 2 mo; abnormal ocular movements 1 y, 0 mo 4 mo 7 mo 10 mo 2 y, 2 mo 4 y

G-3-07 13 M G755S 3 mo; abnormal ocular movements 4 mo 4 mo 7 mo 1 y, 2 mo Impossible

G-3-08 12 F C927F 2 mo; abnormal ocular movements 3 y 3 mo 5 mo No record 1 y, 10 mo 3 y

G-3-09 11 M D923N 2 y; left hemiplegia 2 y 3 mo 6 mo No record 1 y, 2 mo 1 y, 8 mo

G-3-10 8 M G358C 1 d; seizure 1 mo 7 mo Impossible

G-3-11 2 y,
8 mo

M G947R 2 d; seizure 8 mo 4 mo No record 8 mo 2 y, 8 mo Impossible
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Table 3 Details of clinical symptoms in each patient

Case
number Flunarizine Motor deterioration; trigger

Cognitive
deficit

Convulsion
(status
epilepticus)

Frequency of
hemiplegia/mo

Respiratory
paralysis

Respirator
care

Tube
feeding

G-1-01 Not used 1 At 6 y: stand/bedridden; fever Profound 1 Flaccid, continuous 1 RC, T TC

G-1-02 Discontinued
at 5 y

1 At 6 y: stand/bedridden; fever Sentence 1 Flaccid 25 1

G-1-03 15 mg No Words 1 Flaccid 10 1

G-1-04 Discontinued
at 6 y

1 At 7 y: stand/bedridden; status
epilepticus

Words 1 Flaccid 15, dystonic 1 1 RB TB

G-1-05 Discontinued
at 3 y

1 At 4 y: stand/bedridden Profound 1 Flaccid, continuous 1 RB, T TC

G-1-06 Not used 1 At 3 y: sit/bedridden; status
epilepticus

Profound 1 Flaccid 2 1 RB TC

G-1-07 5 mg No Words 1 Flaccid 10, dystonic
30

1

G-1-08 12.5 mg 1 At 8 y: stand/sit; unknown Sentence 1 Flaccid 10 1

G-1-09 5 mg No Severe 1 Flaccid 30 1 RB

G-1-10 Not used No Words 1 Flaccid 4 1

G-1-11 Not used No Severe 1 Flaccid 30 1

G-1-12 7.5 mg No Severe 1 Flaccid 15 1 TC

G-2-01 Discontinued
at 16 y

No at 16 y: long-lasting left
hemidystonia

Sentence 2 Flaccid 1, dystonic 2 2

G-2-02 5 mg No Sentence 2 Flaccid 6, dystonic 2 2

G-2-03 10 mg No Sentence 2 Flaccid 12, dystonic 8 2

G-2-04 Discontinued
at 9 y

No Sentence 2 Flaccid 10 2

G-2-05 Discontinued
at 5 y

No Sentence 1 Flaccid 3 2

G-2-06 30 mg No Sentence 2 Flaccid 15 2

G-2-07 5 mg No Words 1 Flaccid, dystonic 4 1

G-2-08 10 mg No at 3 y: long-lasting left
hemidystonia

Sentence 2 Flaccid 8, dystonic
continuous

1

G-2-09 Discontinued
at 3 y

No Sentence 2 Flaccid 25 2

G-2-10 5 mg No at 11 mo: long-lasting left
hemidystonia

Words 2 Flaccid 2, dystonic 4 1 TB

G-3-01 Discontinued
at 16 y

1 At 17 y: stand/bedridden;
status epilepticus

Profound 1 Flaccid, continuous 1 RB TC

G-3-02 Discontinued
at 15 y

1 At 16 y: stand/bedridden;
status epilepticus

Words 1 Flaccid 1 1

G-3-03 Discontinued
at 12 y

1 At 13 y: run/walk; unknown Sentence 2 Flaccid 5, dystonic 2 2

G-3-04 5 mg No Sentence 2 Flaccid 2, dystonic 10 2

G-3-05 5 mg No Sentence 1 Flaccid 2 1

G-3-06 Discontinued
at 3 y

No Sentence 2 Flaccid 15 2

G-3-07 Discontinued
at 5 y

1 At 12 y: stand/bedridden;
status epilepticus

Profound 1 Flaccid, continuous 1 RC, T TC

G-3-08 5 mg No Sentence 2 Flaccid 1, dystonic 2 2

G-3-09 5 mg No Sentence 2 Dystonic 10 2

G-3-10 5 mg No Profound 1 Flaccid 5 1 RB

G-3-11 5 mg No Words 2 Flaccid 2, dystonic 2 2

Abbreviations: B 5 before; C 5 continue; T 5 tracheostomy; R = respirator.
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the neonatal period (less than 7 days after birth) in 11
of the 12 patients. The first symptom was observed in
the last patient at 1 month of age. All patients showed
very slow early development. None of the patients
was able to control head movements before 6 months
of age. Three patients did not develop head control at
all, although they could all roll over during the inter-
ictal period.

The peak motor development was identified as
“standing with support” in 7 patients. None of the
patients in group 1 could walk independently, even
in the interictal period between recurrent hemiplegic
attacks (figure, A). All 12 patients experienced both
status epilepticus and respiratory paralysis, and most
had visited emergency rooms of hospitals. Five patients
experienced a permanent severe motor deterioration
from sitting or standing with support to becoming
bedridden in childhood. All 5 patients experienced this
severe deterioration: the condition of 3 patients deteri-
orated because of status epilepticus and that of the
remaining 2 patients deteriorated because of recurrent
fever. Four of these patients were immediately treated
by the emergency hospitals using mechanical respira-
tory care. Thereafter, 2 patients were placed under all-
day respiratory care. In these 5 patients, only mild brain
atrophy or mild cerebellar atrophy was revealed by
brain MRI. Tube feeding was required in 4 patients.
Out of the 5 patients in whom severe deterioration was
observed, 4 had discontinued flunarizine before the
severe deterioration occurred and the remaining patient
was not administered flunarizine.

In group 2 (D801N mutation), the onset time was
during the neonatal period in only 2 of the 10 patients.
Patients in this group were characterized by slower than
normal early development, but all patients were able to
control their headmovements by 6months of age. Seven
patients could walk independently in the interictal period

between hemiplegic attacks (figure, B). Three patients
experienced several episodes of hemidystonia lasting for
several weeks to a few months. None of the patients
showed severe motor deterioration. All 10 patients were
treated with flunarizine. Four patients had discontinued
flunarizine more than 10 years previously, but they
showed no severe motor deterioration.

In group 3 (other mutations), the onset time
was during the neonatal period in only 2 of the 11
patients. Most patients in this group showed slight
delays in early development, and 7 of the 11 patients
were able to walk unassisted in the interictal period
between recurrent hemiplegic attacks. Six of these 7
patients had no obvious signs of motor deteriora-
tion. However, 3 patients who could stand with
support abruptly experienced a severe motor deteri-
oration in their teens (figure, C). All 11 patients
were treated with flunarizine, and 3 of the 5 patients
who discontinued flunarizine treatment showed perma-
nent severe deterioration after status epilepticus; these 3
patients had the following ATP1A3mutations: S137Y,
G755A, and G755S.

Severe motor deterioration after status epilepticus
or fever during childhood was observed in 5 of the 12
patients with an E815K mutation and 3 of the 11 pa-
tients with other mutations.

Regarding flunarizine usage, 31 of the 33 patients
with ATP1A3 mutations were administered flunarizine,
and this was discontinued in 13 patients. Seven of the 13
patients who discontinued flunarizine experienced either
an abrupt or stepwise severe motor deterioration. In
addition, 8 patients with severe motor deterioration
had not been administered flunarizine during the period
of deterioration. No patient who continued flunarizine
showed severe motor deterioration.

The patient with the D923N mutation showed
normal motor development.

Table 4 Comparison between group 1 vs group 2, group 3, and groups 2 1 3

Group 1
(n 5 12), n (%)

Group 2
(n 5 10), n (%)

p Value
(group 1 vs 2)

Group 3
(n 5 11), n (%)

p Value
(group 1 vs 3)

Groups 2 1 3
(n 5 21), n (%)

p Value
(group 1 vs 2 1 3)

Neonatal onset 11 (91.7) 2 (20) 0.0015a 2 (18.2) 0.0006a 4 (19.0) 0.0001a

Unassisted walking 0 (0.0) 7 (70) 0.0007a 7 (63.6) 0.0013a 14 (66.7) 0.0002a

Prolonged severe motor
deterioration

5 (41.7) 0 (0) 0.040b 3 (27.3) 0.67 3 (14.2) 0.11

Cognitive deficit, severe or
profound

8 (66.7) 0 (0) 0.0017a 3 (27.3) 0.10 3 (14.2) 0.0055a

Status epilepticus 12 (100) 2 (20) 0.0001a 5 (45.5) 0.0046a 7 (33.3) 0.0002a

Respiratory paralysis 12 (100) 3 (30) 0.0007a 5 (45.5) 0.0046a 8 (38.0) 0.0005a

Respirator care 5 (41.7) 0 (0) 0.040b 3 (27.3) 0.67 3 (14.2) 0.11

Tube feeding 5 (41.7) 1 (10) 0.16 2 (18.2) 0.37 3 (14.2) 0.11

Group 1: E815K mutation; group 2: D801N mutation; group 3: other mutations.
a Statistically significant (p , 0.01) (Fisher exact test).
b Statistically significant (p , 0.05) (Fisher exact test).
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Statistical analysis. Statistical analyses revealed signifi-
cant differences between group 1 and the other groups
in terms of neonatal onset, unassisted walking, severe
cognitive deficit, and history of status epilepticus and

respiratory paralysis (table 4). Group 1 was shown to
have a more severe phenotype than the other groups.

DISCUSSION Similar to patients in Europe and the
United States, ATP1A3 genetic analysis revealed that
E815K (36%) and D801N (30%) mutations are
common in Japanese patients with AHC. Reasons
for male/female ratio deviation in this study were
unclear. Because a male bias is not typical of AHC,
it is possible that some female patients may have not
yet been diagnosed in Japan.

We observed that the E815K mutation group had
more severe symptoms than the other mutation groups
with respect to 1) onset time of the first symptoms, 2)
unassisted walking, 3) cognitive deficit, 4) status epilep-
ticus, and 5) respiratory paralysis. Although the num-
ber of participants was relatively small, this study
demonstrated that the E815K mutation was associated
with the most severe AHC phenotype. The D801N
mutation possibly results in a moderate to mild form
of AHC. Some other mutations, such as G755A,
G755S, and S137Y, may also result in a severe pheno-
type, but the rest of “other mutations” identified in this
study could result in a relatively mild phenotype. The
reason why the early-onset group tended to show a
more severe clinical course16 could be partly explained
by the findings of this study.

Previous studies have not been able to establish any
genotype–phenotype correlations in patients with
AHC.6,7 However, one study of 24 patients reported
a tendency for AHC patients with an E815K mutation
to have a more severe subtype than those with a
D801N mutation because 1) only 2 of the 7 patients
with an E815K mutation had a peak motor function of
“walking unassisted” compared with 8 of the 9 patients
with a D801N mutation, 2) progression of nonparox-
ysmal features was seen in 4 of the 7 patients with an
E815K mutation but only in 1 of the 9 patients with a
D801Nmutation, and 3) muscular hypotonia was seen
in all 7 patients with an E815K mutation but only in 5
of the 9 patients with a D801N mutation.7 These find-
ings support our observation that the E815K mutation
results in a more severe AHC phenotype. However, a
larger study of 82 patients demonstrated no genotype–
phenotype correlations in AHC.6 Our positive findings
may thus be because of our relatively small sample size.

Severe deterioration or sudden death have long been
associated with AHC.14,16,17 Permanent loss of function
has sometimes been reported after a severe episode,
which is a major concern for many families.17 However,
it has been suggested that AHC is probably not an
intrinsically progressive disease, but one that can
show stepwise deterioration with severe episodes
in some patients.17 Several studies have reported that
some children with AHC may require intensive care
for breathing problems associated with whole-body

Figure History of gross motor development during the intermittent period for
each patient

(A) E815K mutation group (group 1), (B) D801N mutation group (group 2), (C) other muta-
tions group (group 3). Small circles: Age at which gross motor development was attained
or lost. Large circles: Age of each patient during the study. Thin lines: Grossmotor level ignor-
ing short-term fluctuations. Thick lines: Period of flunarizine administration among patients
for whom flunarizine treatment was discontinued.
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attacks and severe seizures, which are the main life-
threatening symptoms associated with AHC.17 A
report from a large European study also mentioned
7 deaths due to severe plegic attacks or epileptic seiz-
ures.14 These reports confirm that some patients with
AHC have a severe clinical course. In our study, 8 of
the 33 patients with AHC experienced stepwise or
abrupt permanent severe motor deterioration, and
none of these 8 patients showed any sign of recovery.
Fever or status epilepticus could be a factor in this
severe deterioration.

We investigated the severe motor deterioration in
patients with AHC. We suspect that a genetic factor
could be related to severe deterioration. Although
severe motor deterioration was not observed among
patients with the D801N mutation, it was observed
in 5 of the 12 patients with an E815K mutation
and 3 of the 11 patients with other specific mutations.
We should be aware of the possibility of severe motor
deterioration in patients, particularly among those
with E815K and G755A/S mutations.

Previous studies have shown that patients with
early-onset AHC fared the poorest in terms of devel-
opment.15,16 One reason for the correlation with
early-onset and poor development could be that the
E815K mutation is associated with a severe pheno-
type of AHC.

Patients with AHC who experience severe deteri-
oration do not recover, which is similar to the out-
come for patients with DYT12 who experience
fixed dystonic symptoms. The difference in clinical
symptoms between patients with AHC and DYT12
is probably because of differences in the position of
the ATP1A3 mutations or amino acid sequence
changes, which could influence the structure, func-
tion, and protein expression of the Na1/K1-ATPase
transporting pump. Mutations in ATP1A3 can be
clearly differentiated for AHC and DYT12,6–10 but
they could be viewed as an allelic disorder or as dif-
ferent aspects on a continuum of a single disease.11 It
is not yet clear why these 2 disorders are clinically
different. AHC may be a severe manifestation,
whereas DYT12 may be a milder type. Differences
in ATP1A3mutations influence the function of Na1/
K1-ATPase, and an intermediate phenotype must
exist. The D923N mutation, which has already been
reported as causing DYT12,18,19 could be a mild form
of AHC. In our study, the G-3-09 patient who had a
D923N mutation showed later onset, normal cogni-
tive function, frequent dystonia, and dysarthria. This
patient could have an intermediate form of the disor-
der between AHC and DYT12.20,21

Most causative ATP1A3mutations lie within con-
served domains or in the transmembrane region of
the Na1/K1-ATPase enzyme protein.6–8 The amount
of the enzyme remains stable, but enzyme activity is

reduced with both E815K and D801Nmutations.6 At a
molecular level, the reason for the E815Kmutation caus-
ing more severe symptoms is unclear.22–25 E815K and
G755A/S mutations could be responsible for the more
severe subtypes of AHC because both E815 and G755
are predicted to be located in the cytoplasmic domains
adjacent to the membrane.6 The reason for the G755A/S
mutations resulting in a more severe phenotype than the
G755C mutation may be explained by the same molec-
ular mechanism responsible for the relationship between
D801Y in DYT12 and D801N in AHC. Further inves-
tigations of the function of Na1/K1-ATPase harboring
ATP1A3 mutations causing AHC or DYT12 should be
performed to elucidate the mechanism of these disorders
and develop proper treatments.

In patients with AHC, flunarizine administration is
recommended,26 because it has been reported to be effec-
tive in reducing the frequency and intensity of plegic
attacks.26,27 However, it is not known whether flunari-
zine protects patients with AHC from manifestations of
permanent severe motor deterioration. In this study, flu-
narizine may have had a protective effect on severe motor
deterioration. The genotype could also affect the decline
in motor function on flunarizine discontinuation.
Although the mechanism of flunarizine efficacy is not
fully understood, it blocks calcium and sodium currents
in cultured rat cortical neurons.28 Flunarizine had been
discontinued in some patients because 1) it had not been
shown to reduce the frequency or duration of recurrent
flaccid types of hemiplegic attacks, or 2) approval for
flunarizine was withdrawn in Japan by the Ministry of
Health and Welfare in 1999.29 Since then, it has not
been possible to prescribe flunarizine in Japan. There-
fore, families of patients with AHC have to import flu-
narizine from foreign countries. None of the patients
with severe deteriorations recovered even when flunari-
zine was readministered after their collapse. It is uncer-
tain whether these patients would have experienced
severe deterioration if they had continued flunarizine
therapy.

Although there is no gold standard treatment for pa-
tients with AHC, extensive care, e.g., administration of
flunarizine, anticonvulsants, immediate treatments for
status epilepticus or apnea attacks, is essential. This is even
more important for patients with substantial severe motor
deterioration who have E815K and other mutations and
have discontinued flunarizine therapy. We recommend
that all patients with AHC, regardless of genotype, should
not discontinue flunarizine administration even if this
does not show any obvious short-term effectiveness
against recurrent hemiplegic attacks. Because the number
of patients with AHC in this study was small, a global
prospective study with a larger population is necessary
to confirm the protective effect of flunarizine.

In this study, we observed that the E815K geno-
type appears to be associated with the most severe
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AHC phenotype. Although AHC is not generally seen as
a progressive disorder, it should be considered a disorder
that can be associated with abrupt or stepwise severe
deterioration, particularly among patients with an
E815K mutation. Genotype–phenotype correlations in
AHC should be further explored in a global study.
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