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Abstract Alternating hemiplegia of childhood is a rare neurodevelopmental disorder. Most cases are reported as

sporadic disorder due to de novo variants, and few with family members involved. Two boys were hospitalized due

to epileptic seizures occurred initially at age of six to seven months. During the course of the disease, there were

repeated episodes of paroxysmal weakness or paralysis affecting one side of the body. Genetic testing showed that

both patients carried heterozygous missense mutations in the ATP1A3 gene (OMIM: 614820): ¢.3025 (exon 22)
A>G (p.K1009E) and c.2443 (exon 18) G>A (p.E815K). Flunarizine can significantly improve the paroxysmal

motor symptoms of pediatric patients with alternating hemiplegia.

LTERNATING hemiplegia of childhood (AHC)

is a rare neurodevelopmental disorder char-

acterized by repeated episodes of muscle

weakness or paralysis, often affecting one
side of the body. Most cases are sporadic, and few cas-
es have family history. In 1971, Verret and Steele™
first described the common characteristics of eight
pediatric patients with AHC, such as onset age young-
er than three years, paroxysmal alternating unilater-
al paralysis, remission within 24 hours, intermittent
headaches and epileptic seizures. Residual persistent
neurological symptoms include mental retardation,
choreoathetosis, unilateral dystonia, and ataxia but not
persistent hemiplegia.

Received February 10, 2021. Published online May 31, 2021.
*Corresponding author Tel: 86-551-62237720, E-mail: guangeyang@
163.com

This study was supported by Research Fund of Anhui Medical
University (Grant Number: 2019xkj176).

AHC has a prevalence of 1/1 000 000.™ Because
of the epileptic seizures and developmental disorders
in language, mental capacity, and motor skills, AHC is
often misdiagnosed as cerebral palsy or epilepsy, and
its clinical prevalence is thus underestimated. AHC has
complex clinical manifestations and poor prognosis.
Therefore, early diagnosis will help to reduce errone-
ous treatment and improve prognosis.

We reports two boys with AHC carrying ATP1A3
mutation treated in our hospital. This study was ap-
proved by ethics committee of our hospital and writ-
ten informed consents were given by their parents.
Moreover, we searched publicly available databases for
relevant articles from China and abroad and retrospec-
tively summaried its clinical manifestations, genetic
mutations, and treatment.

CASE DESCRIPTION

Case 1: A one-year-old boy was admitted
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because of recurrent seizures for six months. The first
seizures occurred at six months of age, manifesting
as generalized tonic-clonic seizures (GTCSs) for 30
minutes. Remission was achieved after medication,
with a return to normal after waking. A similar episode
occurred at eight months of age and a third episode
at 11 months. Remission was achieved after repeated
intravenous injection of midazolam, and the mental
condition between episodes was acceptable. Starting
at eight months of age, paroxysmal muscle weakness
on one side of the body occurred 3-4 times per month,
and the weakness alternated from one side of the body
to the other. The affected limbs were weak, but they
improved on their own in 3-4 days. The boy had a nor-
mal birth history, and his developmental history was
as follows. At seven months old, the boy could hold
his neck straight, and could roll over at eight months.
At one year of age, he could not sit up by himself for
extended periods but could pronounce the sounds “ba”
and “ma”. There was no family history of paroxysmal
disease. Significant positive signs included: languid,
slow responses; head circumference of 44.5 cm;
closed anterior fontanelle; two circular pupils of equal
size (3.0 cm in diameter) and sensitive to light; inabili-
ty to sit up by himself or speak; muscle strength grade
IV , with low muscle tone; positive Babinski reflex.
There were no abnormalities detected by routine blood
tests, biochemical tests, or inherited metabolic disease
(IMD) screening in blood and urine. Although his elec-

Figure 1. Electroencephalogram (EEG) changes of the two patients: A. Slow background in case 1. B. There is a focal
episode in the wake-up phase, as characterized by binocular gaze and lip smacking, with a concomitant EEG in the left
temporal region—high slow waves, mixed with sharp and spine waves in case 1. C. Discharge in the left temporal region
involved the ipsilateral frontal region in case 1. D. Slow background in case 2. E, F. Asynchronous emission of slow and tip
slow waves in bilateral occipital and posterior temporal regions during sleep in case 2.
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troencephalogram (EEG) at disease onset was normal,
EEG at 4 months after onset showed generalized back-
ground slowing (4-5 Hz) and one focal seizure origi-
nated at the left temporal region while awake (Fig. 1).
Cranial magnetic resonance imaging (MRI) revealed no
abnormalities.

Oral administration of sodium valproate after the
first seizures was ineffective. After diagnosis (1 year
old), sodium valproate was stopped; flunarizine and
topiramate were taken orally at doses of 2.5 mg BID
and 25 mg BID, respectively. During follow-up, the boy
at 2 years of age had poor mental capacity and severe
fatigue under heat stress or physical exertion, but
would return to normal the next day after rest. There
were no seizures and no paroxysmal weakness on one
side of the body. Signs of persistent developmental
disorders in language and motor skills were present;
food intake was low, and his weight was 10.5 kg. He
was able to understand simple language, but was not
an active speaker; he recognized his mother, had diffi-
culty in standing and could hardly walk with assistance.
There were no noticeable involuntary movements.

Case 2: A boy of eight months and four days old
was admitted to our hospital on account of repeated
seizures for more than twenty days. The manifesta-
tions of the first onset were as follows: sudden upward
movements of the eyes while awake, loss of conscious-
ness, perioral cyanosis, and tonic limb movements.
The first episode lasted for more than 10 minutes, and
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he fell asleep after remission, without fever. Twenty
days later, a similar episode occurred during nighttime
sleep, lasting for approximately 3 minutes. In the pre-
vious two months, there were three episodes of re-
current paroxysmal paralysis on one side of the body.
Each episode lasted for 0.5-4 days with spontaneous
remission, and paralysis alternated from one side of
the body to the other. The boy had a normal birth his-
tory, and his developmental history was as follows. At
seven months of age, he could hold his neck straight.
At eight months, he could not sit up by himself for ex-
tended periods, but could pronounce the sounds “ba”
and “ma”. There was no family history of paroxysmal
disease. Significant positive signs were as follows:
normal responses; head circumference of 44 cm; an-
terior fontanelle of 0.5 cmx0.5 cm, flat and soft; bi-
lateral pupils were round and equal in size (3.0 cm in
diameter) and sensitive to light; inability to sit up by
himself or speak; muscle strength grade IV, with low
muscle tone; negative Babinski reflex. There were no
abnormalities in routine blood or cerebrospinal fluid
tests, biochemical tests, or screening for IMD in blood
and urine. Video EEG showed generalized background
slowing (4-5 Hz) as well as asynchronous release of
slow and sharp waves in the bilateral occipital and
posterior temporal regions during sleep (Fig. 1). Cra-
nial magnetic resonance revealed hyperintense patchy
signals of the left parahippocampal gyrus on diffu-
sion-weighted imaging (DWI) and apparent diffusion
coefficent, but normal signals on T1 weighted imaging,

T2 weighted imaging and magnetic resonance angiog-
raphy (Fig. 2).

One course of immunoglobulin therapy and oral
administration of levetiracetam (symptomatic treat-
ment) was not effective. Oral administration of sodium
valproate was discontinued at the age of nine months
and replaced with flunarizine and oxcarbazepine at
doses of 5 mg QN and 0.0375 g BID, respectively.
During follow-up at 2 years and 3 months, he still had
seizures with the following manifestations: at the be-
ginning of sleep (first several minutes), he screamed
once because he was scared; his lips were cyanotic;
the episode subsided after 1-2 minutes, and he then
went back to sleep. There were 1-2 episodes monthly,
with more episodes during hemiplegia. After taking
flunarizine, the frequency and severity of paroxysmal
hemiplegia episodes decreased from once a week to
once a month. Paralysis that lasted 1-2 days before
treatment, can relieved a few hours after treatment
and significantly improved after sleep. Language de-
velopment was delayed, and mental retardation was
apparent. He could only pronounce the sounds “ba”
and “ma” and only walk with assistance, but he had a
normal weight.

Whole-exome sequencing

Whole-exome sequencing (WES) was performed for
the patients’ family members. For each family mem-
ber (the patients and their parents), 2 ml of peripheral
venous blood was collected for extraction of genomic

Figure 2. Cranial MRI of case 2 showing hyperintense patchy signals of the left parahippocampal gyrus on diffu-
sion-weighted imaging (arrows, C, D) and apparent diffusion coefficent (E), but normal signals on T1 weighted imaging (A),
T2 weighted imaging (B) and magnetic resonance angiography (F).
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DNA using a Mini Blood Kit (Qiagen, Germany). The
IDTxGen Exome Research Panel kit was used for exon
capture and library construction. The Illumina Nova-
Seq6000 platform was utilized to sequence exons in
genome-wide coding regions. The captured target se-
quence was 51 Mb, and the overall sequencing cover-
age (20X and above) was 99%.

A heterozygous missense mutation in the ATP1A3
gene was detected in both cases (Fig. 3). Case 1 car-
ried c¢.3025 (exon 22) A>G mutation, which has not
been reported; Case 2 carried c.2443 (exon 18) G>A,
which has been reported. Neither of them has been
included in databases of the 1000 Genomes (1KG), the
Exome Sequencing Project (ESP), and the Genome Ag-
gregation Database (GnomAD). Two types of software
that analyzed the conservation of nucleic acids (GERP,

v
TACGACGAAATCCGCAAACTCATCCTGCGCA
¥
TACGACGAAATCCGCGAACTCATCCTGCGCA

CHINESE MEDICAL SCIENCES JOURNAL 153

phyloP) and two protein predictions (SIFT, PolyPhen) all
indicated that the mutations are pathogenic (Table 1).

DISCUSSION

Clinical diagnostic criteria and gene detection in
AHC

Bourgeois et al.”! formulated the clinical diagnostic
criteria for AHC in 1993: (1) onset age less than 18
months; (2) paroxysmal symptoms including tonic limb
movements or dystonia, abnormal eye movements
(nystagmus), and autonomic nervous symptoms, with
or without hemiplegia; (3) repeated hemiplegic at-
tacks involving either side of the body; (4) diplegia or
quadriplegia, with hemiplegic attacks starting from one
side and alternating to the other side or starting from
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Figure 3. DNA sequencing results of ATP1A3 mutations in the two cases based on first-generation sequencing. A. Case 1,
heterozygous missense mutation of ATP1A3, c¢.3025 (exon 22) A>G. B. Case 2, heterozygous missense mutation of AT-
P1A3, c.2443 (exon 18) G>A. No mutation was found at these sites in the parents.

Table 1. Mutations in the ATP1A3 gene in two pediatric patients

Case 1 (¢.3025A>G  Not p.K1009E(NM de novo None NA/NA/NA Damaging D (3.32) Likely patho-

_001256214) (0.001)/possibly genic (PS2+P-
damaging (0.651) M1+PM2+PP3)
Case 2 c.2443G>A  Yes p.E815K de novo rs387907281 NA/NA/NA Damaging D (3.69) Pathogenic
(NM_152296) (0.001)/porobably (PS2+PS1+P-
damaging (1.0) M+PM1+P-
M2+PM+PP5)

GnomAD: Genome Aggregation Database; ESP: Exome Sequencing Project; ACMG: American College of Medical Genetics
and Genomics; NA: not available.
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both sides; (5) all paroxysmal symptoms disappearing
during sleep, possibly reappearing after waking; (6)
signs of speech and language developmental delays
and other neurological abnormalities, including dysto-
nia, choreoathetosis, and ataxia; (7) exclusion of other
diseases, such as treatable IMD and Moyamoya dis-
ease.

In 2012, Heinzen and Rosewich et al.'* * found
that ATP1A3 is the primary pathogenic gene for AHC;
hence, this disease can be diagnosed through molec-
ular genetics. The ATP1A3 gene is located on chro-
mosome 19q13.2 and encodes the A3 subunit of Na*/
K*-ATPase. The A3 subunit is mainly expressed in
neurons. The retrieved literature showed that most
mutations in the ATP1A3 gene are de novo, with few
familial mutations.'™ Three hotspot mutations in AHC
patients are p.D801N, p.E815K, and p.G947R. Among
them, p.D801N mutation is the most common; p.E815K
mutation results in more epileptic seizures and the most
severe clinical manifestations.”®! The parents of the two
children in this study carried the wild-type gene, and
there was no history of similar diseases in the two fami-
lies, which was consistent with reports in the literature.!®

In our study, both cases met the above clinical di-
agnostic criteria 1, 3, 4, 5, 6, and 7, and ATP1A3 gene
mutations were detected in both cases.

Clinical features and treatment of AHC

The initial symptoms of AHC are mostly eye move-
ment disorders, alternating hemiplegia, and epileptic
seizures.”! Uchitel et al.'* reported 32 cases of AHC
with epileptic-like seizures. Among them, 25.0% cases
had epilepsy as the initial symptom, and 59.4% cases
had drug-resistant epilepsy; successful vagus nerve
stimulation therapy was performed in 5 of 6 cases.
Video-EEG monitoring showed that stretches of nonep-
ileptic loss of consciousness (with or without epilepsy)
frequently occurred in patients. Brain MRI results of
AHC patients at early stages are mostly normal, but
they can change with age and are closely related to
the severity of the disease. Patients with severe irre-
versible motor and mental deterioration often present
progressive frontal lobe atrophy, diffuse cerebellar
cortical atrophy, and severe hippocampal atrophy.!*!!
Some AHC patients have significant autonomic dys-
function. In these patients, Q-T interval is shortened
on electrocardiogram, and incidence of intraventricular
conduction delay or incomplete right bundle branch
block is significantly increased. Moreover, an abnormal

heart rhythm often occurs independently of epilepsy
and hemiplegia.™”

There are very few atypical AHC cases, includ-
ing onset age older than 18 months,”! early-onset
epileptic encephalopathy with dystonia (no hemi-
plegia),**
autism,!¥ obvious mental health symptoms with or
without paroxysmal hemiplegia,™> ** and catastroph-
ic early life epilepsy in the newborn.™” '®! In general,
vascular mechanisms are involved in the pathogene-
sis of AHC.[*"

Regarding treatment plan for the acute phase,
during hemiplegia attack, a child with mild symptoms
should be kept in a quiet room, with reduced stimula-
tion and awaiting spontaneous relief. If spontaneous
relief is not possible, it is best to give oral midazolam,
chloral hydrate or diazepam via rectum under pulse
oxygen monitoring to promote sleep and end the at-
tack. If child’s condition is progressive or there’re com-
plications, child should be sent to a medical institute
for observation or hospitalization. When epileptic sei-
zures continue for more than 5 minutes, the same plan
as above should be implemented.™

To prevent attacks, flunarizine, a nonselective,
voltage-dependent calcium channel blocker, can block
sodium currents, thereby preventing high-frequency
discharge by cortical neurons and reducing hyperexcit-
ability of cortex. Flunarize is used to improve hemiple-
gic pediatric patients with AHC. The efficacy of flunarizine
in treetment of AHC patient carrying different genotypes
does not show significantly different. The effective dose
of flunarizine ranges from 5 to 20 mg/d, though it is un-
clear whether flunarizine can alter long-term prognosis
of AHC. For coexisting epilepsy, drugs should be chosen
according to type of clinical seizure.”” As it has been re-
ported that topiramate has a good effect on epileptic sei-
zures, migraine and hemiplegia in children with AHC, it
can be used as the first choice or for children who do not
respond to flunarizine treatment.””

Based on basic researches, ATP1A3 could give
rise to multiple levels of pathophysiological changes,
which could serve as target of AHC treatment. Muta-
tions in ATP1A3 can reduce ATPase function and pump
function of Na* and K" exchange, thus increasing ex-
citability of neurons. The effect of ATP therapy can
act against the ATP,,. function reduction, and restore
excitability of neurons. Inactivation of Na*/K* ATPase
pump can open N-type voltage-gated calcium channels
and lead to increased intracellular calcium. Flunarizine

paroxysmal hemiplegia accompanied by
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can act on Na*/K" ATP,.. pump to reduce calcium in-
flux into neurons. In addition, because inhibiting Ky
channel of Na*/K* ATP,.,, pump on neurons can induce
hyperexcitability of cells, ketone bodies, activators of
Kare channel, may be beneficial to ATP1A3 associated
AHC. Moreover, multiple signal transduction pathways
have been found to be modulated by Na*/K* ATP,..,
but no drug is clinically available up to now. ATP1A3
mutations induced excitatory/inhibitory imbalance in
signal tranduction network may increase excitability of
neurons, which, therefore, consequently may result in
seizures or a predisposition to spreading depression.
Benzodiazepines might have the ability to restore the
balance. There are ongoing open-label clinical tri-
als and one controlled study of triheptanoin for AHC
therapy.®"

Other drugs have also proven to be effective,
such as aripiprazole, chloral hydrate, niaprazine, ac-
etazolamide, melatonin, olanzapine, 5-hydroxytrypto-
phan, amitriptyline, and mirtazapine, but the mecha-
nisms remain unknown,® 2%

In this study, episodic hemiplegia improved sig-
nificantly after application of flunarizine. For the two
patients, Case 1 was treated with topiramate and
flunarizine, and no hemiplegia or epileptic seizures
were observed; Case 2 received flunarizine treatment
without topiramate, and hemiplegia was alleviated, but
epileptic seizures were not controlled. Therefore, it is
speculated that topiramate combined with flunarizine
may be helpful for children with AHC. The difference in
therapeutic effect of the two cases may be attributable
to difference in ATP1A3 mutation sites.

Other clinical phenotypes correlating with ATP1A3
gene

In addition to AHC, clinical phenotypes associated with
ATP1A3 mutations are rapid-onset dystonia-Parkin-
sonism (RDP),!**?®! cerebellar ataxia, areflexia, optic
atrophy and sensorineural hearing loss syndrome (CA-
POS),* * and recurrent encephalopathy and cerebel-
lar ataxia syndrome (RECA);""** there are many atyp-
ical cases with overlapping phenotypes.'**°! Therefore,
it is believed that phenotypes of nervous system dys-
function caused by ATP1A3 mutations are associated
with a wide spectrum of diseases.

Conclusions
This study reports two pediatric boys with AHC, as
confirmed by genetic testing. Case 1 carried a pre-
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viously unreported mutation, ¢.3025 (exon 22) A>G
(p.K1009E), which enriches the reported profile of AT-
P1A3 mutations. The patient had seizures at age of 6
months and repeated hemiplegic attacks at 8 months.
Case 2 carried a c.2443 (exon 18) G>A (p.E815K) mu-
tation, which confirmed the mutation hotspot in this
gene. The patient had onset of hemiplegia at the age
of 6 months and epilepsy at 7 months. Both patients
had developmental delays in cognition and motor skills.
In addition to prominent parodic hemiplegia, epilep-
sy and general developmental retardation, we should
pay attention to some paroxysmal symptoms, such as
abnormal eye movements (nystagmus), involuntary
movements, unexplained paroxysmal abnormalities,
and nonepileptic loss of consciousness.
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