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Abstract

BACKGROUND—ATP1A3 mutations have now been recognized in infants and children 

presenting with a diverse group of neurological phenotypes, including Rapid-onset Dystonia-

Parkinsonism (RDP), Alternating Hemiplegia of Childhood (AHC), and most recently, Cerebellar 

ataxia, Areflexia, Pes cavus, Optic atrophy, and Sensorineural hearing loss (CAPOS) syndrome.

METHODS—Existing literature on ATP1A3-related disorders in the pediatric population were 

reviewed, with attention to clinical features and associated genotypes among those with RDP, 

AHC, or CAPOS syndrome phenotypes.

RESULTS—While classically defined phenotypes associated with AHC, RDP, and CAPOS 

syndromes are distinct, common elements among ATP1A3-related neurological disorders include 

characteristic episodic neurological symptoms and signs that vary in severity, duration, and 

frequency of occurrence. Affected children typically present in the context of an acute onset of 

paroxysmal, episodic neurological symptoms ranging from oculomotor abnormalities, hypotonia, 

paralysis, dystonia, ataxia, seizure-like episodes, or encephalopathy. Neurodevelopmental delays 

or persistence of dystonia, chorea, or ataxia after resolution of an initial episode are common, 

providing important clues for diagnosis.

CONCLUSIONS—The phenotypic spectrum of ATP1A3-related neurological disorders continues 

to expand beyond the distinct yet overlapping phenotypes in patients with AHC, RDP, and 

CAPOS syndromes. ATP1A3 mutation analysis is appropriate to consider in the diagnostic 

algorithm for any child presenting with episodic or fluctuating ataxia, weakness or dystonia 

whether they manifest persistence of neurological symptoms between episodes. Additional work is 

needed to better identify and classify affected patients and develop targeted treatment approaches.
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Introduction

Na+,K+-adenosine triphosphatases (ATPases, sodium/potassium pumps) are P-type cation 

transport proteins that play a critical role in maintaining electrochemical gradients for Na+ 

and K+ across the plasma membrane. The energy for transporting ions is derived from 

hydrolysis of ATP, exchanging three molecules of Na+ for every two molecules of K+. The 

alpha subunit is the catalytic subunit, and three of the four alpha isoforms (alpha1, 2, and 3) 

are expressed in the nervous system.1 Mutations of the alpha2 subunit (ATP1A2), expressed 

predominantly in astrocytes, are associated with familial hemiplegic migraine (FHM) type 

2.2 Mutations affecting the alpha3 subunit, ATP1A3, expressed in neurons, are associated 

with an expanding phenotypic spectrum of distinct yet overlapping neurological phenotypes, 

including rapid-onset dystonia Parkinsonism (RDP), alternating hemiplegia of childhood 

(AHC), and cerebellar ataxia, areflexia, pes cavus, optic atrophy, and sensorineural hearing 

loss (CAPOS) syndromes. The purpose of this review is to explore the recently expanding 

and diverse range of phenotypes associated with mutations in ATP1A3, to review phenotype-

genotype associations, and to consider how new observations can help guide diagnostic and 

treatment approaches in the infant or child presenting with an acute onset of paroxysmal and 

fluctuating neurological symptoms and signs ranging from paralysis to ataxia to dystonia 

and beyond.

Dobyns et al.3 provided the first evidence of a role for ATP1A3 in human disease 

pathogenesis. They described a single large family with dominant transmission of a 

syndrome they called RDP.4 Affected individuals manifested acute or subacute onset of 

rapidly evolving dystonia and Parkinsonism in adolescence or adulthood after a provocative 

stressor. Although acute progression of dystonia and bradykinesia were the initial 

manifestations of the disease, a more variable, slower decline in function was sometimes 

observed.5 RDP was initially identified in its familial form, but sporadic cases have been 

increasingly identified.6

AHC is a unique and complex neurodevelopmental syndrome first described by Verret and 

Steele in 1971. It was initially thought to be a migraine variant because of the unique 

features of stimulus sensitivity-induced paroxysmal alternating hemiplegia in association 

with other paroxysmal neurological and autonomic symptoms.7,8 The underlying 

pathophysiologic mechanism remained elusive until recently, when de novo mutations in 

ATP1A3 proved causative in most cases.9–12 After the discovery that mutations in ATP1A3 

were a frequent cause of AHC, and that AHC and RDP were in fact allelic disorders, an 

increasing number of patients with intermediate, nonclassic phenotypes have been 

described. However, AHC and RDP in their classic forms have, to date, almost exclusively 

nonoverlapping mutations in ATP1A3.

Sweney et al. Page 2

Pediatr Neurol. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Another unique disorder recently associated with a mutation in ATP1A3 is CAPOS 

syndrome (OMIM #601338). In 1996, Nicolaides et al.13 described a mother and two 

children with relapsing, early onset cerebellar ataxia in association with areflexia, pes cavus 

deformity, optic atrophy, and sensorineural hearing loss, features for which the syndrome 

was ultimately named. However, they also observed an abrupt onset of neurological 

symptoms, predominantly hypotonia and ataxia, in association with a stressor such as a 

febrile illness, with onset of first episodes ranging from 9 to 16 months. Recently, three 

additional families were described with a single, identical ATP1A3 missense mutation.14

In the following, we review the classical clinical presentations and neurological features of 

each disorder and relevant data on genotype-phenotype correlations. We compare and 

contrast onset and evolution (including nonmotor features), pathophysiologic mechanisms, 

differential diagnostic considerations, and current therapeutic approaches.

Clinical features

Alternating hemiplegia of childhood

Verret and Steele initially described a series of eight children with onset of intermittent 

episodes of alternating hemiplegia in association with a variety of other characteristic but 

more variable neurological features including developmental delay, choreoathetosis, and 

dystonia.7 Diagnostic criteria were subsequently refined8,15 and are listed in the following. 

Table 1 compares and contrasts key features of classically defined AHC and RDP.

Classic diagnostic criteria:

1. Onset of symptoms before 18 months of age

2. Paroxysmal disturbances including tonic or dystonic spells, oculomotor 

abnormalities, and autonomic phenomena during hemiplegic episodes or in 

isolation

3. Repeated attacks of hemiplegia involving either side of the body

4. Episodes of bilateral hemiplegia or quadriplegia as generalization of a hemiplegic 

episode or bilateral from the beginning

5. Immediate disappearance of symptoms upon sleeping, which later may resume 

after waking

6. Evidence of developmental delay and neurological abnormalities including 

choreoathetosis, dystonia, or ataxia

In reports summarizing series of patients with AHC diagnosed using classic criteria,16–18 

age of onset for both dystonic and hemiplegic episodes occurred in the majority in the first 

year of life. The frequency, duration, and severity of episodes are highly variable, occurring 

from multiple times per day to every few days and lasting from minutes to days or even 

weeks with a waxing and waning course.16 Abnormal eye movements, including monocular 

nystagmus,19 frequently occur in association with other types of episodes or in isolation and 

in some instances may be the first manifestations of the disease.16
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A hallmark of the disorder, aside from the pathognomonic, often migratory, uni- and bi-

lateral plegic episodes, is a pronounced sensitivity to environmental and physiologic 

triggers. Provocative factors have included physical activity, specific foods, light sensitivity, 

water exposure, and medications.16 Cessation, or significant improvement, of paroxysmal 

neurological deficits occurs with sleep, although at times only transiently.17 Anecdotally, 

this feature often serves as the only window during which families can provide food, water, 

and medications for affected children, because bulbar and respiratory function can be 

impaired during episodes, making oral intake unsafe. Additional persistent neurological 

comorbidities are frequently present and are increasingly penetrant with age, including gross 

and fine motor delay, cognitive and intellectual deficits, dysarthria, ataxia, chorea, and 

dysautonomia.16,17,20

Before the identification of mutations in ATP1A3, diagnostic studies performed to identify a 

specific biomarker or metabolic abnormality in AHC proved unrevealing or 

inconsistent.21–25 Neuroimaging studies are usually normal, at least early in the course of 

the disease, although nonspecific cortical atrophy, mesial temporal sclerosis, or cerebellar 

atrophy are present in some patients, and the presence of such abnormalities may depend on 

age and phenotypic severity. Single-photon emission computed tomography or 

fludeoxyglucose positron emission tomography scans performed during a hemiplegic 

episode have demonstrated hypometabolism in the contralateral hemisphere. Computed 

tomography or magnetic resonance imaging-based angiograms are generally normal.

Evolution of paroxysmal neurological symptoms and signs over time is typical, with a 

waxing and waning quality; infants and young children may demonstrate a predominance of 

hypotonic and plegic episodes. Spell types may evolve over time to become more tonic or 

dystonic in nature. Epilepsy is increasingly penetrant with age and is ultimately diagnosed in 

about 50% of patients. An epilepsy diagnosis is ultimately often made on the basis of 

characteristic clinical manifestations, that is, episodic generalized tonic-clonic convulsions, 

partial complex seizures, or status epilepticus. However, a delay in diagnosis often occurs 

because clinicians as well as parents initially discount that novel spells may represent 

seizure activity because most children had previously had extensive evaluation to exclude 

epileptiform activity in association with a variety of paroxysmal neurological, ocular, and 

autonomic abnormalities. Early on, brief tonic or dystonic episodes in infancy may be 

indistinguishable from observed epileptic events in disorders such as Dravet syndrome; 

older patients may suffer from recurrent, at times severe episodes of status epilepticus. 

Recent investigation into genotype-phenotype correlations among patients with AHC26 has 

provided some evidence that certain mutations may be more frequently associated with 

severe adverse outcomes, including status epilepticus, cognitive impairment, and persistent 

severe motor disability.

Although paroxysmal and fluctuating motor symptoms and signs are often the earliest and 

most severe neurological manifestation in children with AHC, impaired cognition, executive 

function, and mood and behavioral issues become increasingly evident with age. As they 

reach adolescence, episodic hemiplegia, dystonia, and abnormal eye movements sometimes 

wane in frequency and severity, whereas concerns regarding behavior and autonomy 

become increasingly significant.27 Unfortunately, only a few published studies to date help 
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clarify specific details regarding the range and severity of neuropsychologic deficients in 

patients with AHC,28 although multiple studies cite the nearly universal co-occurrence of 

both motor and cognitive developmental delay in children meeting clinical diagnostic 

criteria for the syndrome.16–18,20

Rapid-onset dystonia Parkinsonism

Dobyns et al.3 were the first to report on a large family with 12 affected individuals, with 

acute or subacute onset of dystonia and Parkinsonism ranging in age from 15 to 45 years. 

Initial symptoms evolve over hours to days, often ultimately including symptoms such as 

postural instability and bradykinesia.5 Paroxysmal oculomotor abnormalities were also 

described within the family, including oculogyric crisis. In all instances, cognition remained 

normal.

As awareness of RDP has increased, the phenotypic spectrum has expanded.29 RDP, also 

known as DYT12, is an autosomal dominant disorder with variable penetrance (and some 

reports of de novo mutations), typically with onset in the second to third decade of life after 

a physiologic stressor.29 Dystonia remains the hallmark feature, often manifesting with 

significant, early bulbar involvement (dysarthria and hypophonia), that progresses in a 

rostrocaudal, frequently asymmetric fashion.29 Subsequent stabilization typically occurs 

after the initial, acute progression, but “secondary onset” with later recurrence of rapid 

functional loss, has been observed.29 Tremor is generally absent in RDP.29

Core diagnostic criteria:

1. Abrupt onset of dystonia with features of Parkinsonism over a few minutes to 30 

days

2. A clear rostrocaudal (face > arm > leg) gradient of involvement

3. Prominent bulbar findings on examination

4. Absence of response to an adequate trial of L-dopa therapy

5. Family history consistent with autosomal dominant inheritance and more recently 

via de novo mutations

Additional helpful features:

1. Minimal or no tremor at onset

2. Occasional mild limb dystonia before the abrupt onset of dystonia

3. Triggers (e.g., running, childbirth, emotional stress, or alcoholic binges) associated 

with the abrupt onset of symptoms

4. Stabilization of symptoms within a month

5. Rare “second onsets” or abrupt worsening of symptoms later in life

6. Minimal improvement overall, but with limited improvement in gait

The true burden of RDP as a distinct syndrome in the pediatric population is uncertain. In 

one instance, a previously well 4-year-old infant suffered mild head trauma followed rapidly 
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by eye movement abnormalities, mutism, prominent hypotonia, and subsequent persistent 

but fluctuating dystonia.30 Over time, unprovoked episodes of whole body flaccidity and/or 

stiffness and bulbar impairment were observed. In an Irish family with RDP, one family 

member was observed to have recurrent attacks of provoked hemidystonia from the age of 4 

years that continued well into adulthood.31 However, in an increasing number of cases, the 

distinction between AHC and RDP phenotypes is less clear, with earlier onset and a broader 

range of paroxysmal neurological symptoms blurring the distinction between the two 

disorders. For instance, in a family with two affected siblings reported by Brashear et al.32 in 

2012, one child had onset of fluctuating and episodic hypotonia, dysphagia, mutism, 

dystonia, and ataxia at 9 months of age, whereas the other exhibited early hypotonia and 

motor delays followed by episodic slurred speech, ataxia, drooling, and dysarthria.

The cognitive and nonmotor aspects of RDP in adults have been the focus of recent 

investigation.33–35 In the same Irish family observed previously, features of social phobia, 

anxiety, depression, and schizoid tendencies were prominent.31 In a review of 23 patients 

with RDP, higher prevalence of mood disorders and psychosis were observed.33 A separate 

study with 29 patients with RDP showed consistent impairment in attention, verbal fluency, 

coding tasks, visual memory, and verbal learning tasks compared with controls, suggesting 

cognitive impairment as part of the RDP phenotype.34 Published studies to date assessing 

detailed cognitive function in AHC are limited, but cognitive impairment is virtually 

universal among cohorts.

CAPOS syndrome

Nicolaides et al.13 were the first to report on three patients from a single family in which 

relapsing, early-onset cerebellar ataxia associated with progressive optic atrophy and 

sensorineural deafness were shared features. Additionally, all patients had varying degrees 

of areflexia and pes cavus deformity, ultimately leading to the acronym of CAPOS. More 

recently, Demos et al.14 reported on additional families with similar syndromic features, 

during which a novel mutation in ATP1A3 was identified. Additional clinical features were 

described in this limited series of patients and are reviewed in more detail in later sections.

ATP1A3 pathophysiology

Na,K-ATPase is a ubiquitous integral plasma membrane protein which actively exports 

three Na+ ions and imports two K+ ions for each ATP hydrolyzed. It is responsible for 

maintenance of the transmembrane Na+ gradient and is also a major determinant of neuronal 

resting membrane potential. The alpha subunit of the Na/K-ATPase has several isoforms 

that are expressed in a cell type- and tissue-dependent manner. In adult vertebrates, although 

kidney cells express mostly alpha1, muscle and glial cells express alpha1 and alpha2 

isoforms of Na/K-ATPase. Neurons may express alpha1, alpha2, alpha3, or any combination 

of these isoforms, and evidence suggests that neuronal type (e.g., neocortical, hippocampal, 

cerebellar, and so forth) is the determining factor.36 Neurons of the central and peripheral 

nervous systems use up to 50% of the energy of ATP hydrolysis just to maintain the 

operation of this enzyme and transporter.36
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The specific role of ATP1A3 gene and its alpha3 isomer in neurophysiologic function 

continues to be investigated, although it appears to be exclusively expressed in neurons.37,38 

Several studies looking at the regional distribution of the isomer within the brain have 

shown prominent involvement in the Purkinje cell layer and molecular layer interneurons of 

the cerebellar cortex,37,39 ventral horn neurons and interneurons of the spinal cord,40 and 

basal ganglia structures,37 among others. Additionally, ATP1A3 function is implicated 

importantly in hippocampal function and memory mechanisms41 as well as spatial learning, 

motor activity, and anxiety42 in mouse models.

The underlying mechanisms of stress sensitivity in both AHC and RDP are unknown. 

Critical function in maintaining ionic homeostasis has stage-specific developmental 

impact43; however, the role of stress in protein expression and function is unclear. Other 

channelopathies have similar associations of disrupted membrane function with provoking 

stimulus, as in variants of FHM.44 In a study of ATP1A3 mutant mice, “restraint stress” was 

found to induce significant deficits in motor coordination and balance, as well as decreased 

thermal sensitivity and alterations in monoamine metabolism.38 An impact on function or 

expression of the cardiac-specific alpha3 isomer45 could provide an alternative explanation 

for autonomic dysfunction.

Altered alpha3 subunit expression may play a vital role in the pathogenesis of seizure 

activity by failing to re-establish resting membrane potential after repetitive action potentials 

or excitatory synaptic activity.46–48 This has been posited as an additional explanation as to 

the underlying cause of abrupt paroxysmal symptoms including dystonia and hemiplegia.47 

The relative infrequency of seizures reported in RDP and the variable epilepsy burden in 

AHC further highlights the likely contribution of age and developmentally specific protein 

expression.43

Genotype/phenotype correlations

Alternating hemiplegia of childhood

Heterozygous de novo mutations in ATP1A3 are present in most patients clinically 

diagnosed with AHC in the initially reported series of patients, ranging from 74% in a mixed 

European Caucasian cohort to nearly 100% in a Japanese cohort.9,10,12 The correlation of 

genotypes with phenotypes across the spectrum of ATP1A3-related neurological syndromes, 

including RDP, AHC, and CAPOS, are listed in Table 2. To date, mutations in AHC, RDP, 

and CAPOS are largely distinct, with rare exceptions, in part because of the carefully 

defined clinical criteria differentiating these syndromes. More than three dozen unique 

mutations have been associated with an AHC phenotype; however, there are clearly “hot 

spots” for de novo mutations resulting in AHC, because more than 50% of patients reported 

to date have one of two common mutations, D801N or E815K. A third mutation, G947R, is 

fairly frequent in European Caucasian cohorts, wherein the same amino acid change is 

associated with two different missense mutations (Table 2). In addition, two groups have 

published data supporting that the E815K mutation is associated with a more severe 

phenotype characterized by a neonatal presentation, status epilepticus, more severe delays/

deficits in gross motor function, more severe intellectual disability/cognitive impairment, 

and frequent respiratory failure.12,26 The observations by Sasaki et al26 in a Japanese cohort 
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seem to indicate a more consistently severe phenotype than has been evident in AHC 

patients with European ancestry, raising questions about the influence of additional 

modifiers or genetic background and its influence on phenotype. Further studies on ongoing 

to better characterize these preliminary genotype/phenotype correlations, given the relatively 

small numbers of subjects.

RDP syndrome

No distinct genotypic influence is clearly evident as yet regarding presentation of RDP 

symptoms in childhood versus adulthood, although case reports have observed episodic 

flaccidity in infancy and early childhood as a prodrome to more typical RDP features.32 This 

suggests that the type of neurological symptoms may be influenced by developmental 

maturation of the affected individual at the time of onset. As yet, no novel mutations have 

been described in children that had not previously been identified, but may change quickly, 

given that this phenotype was only recently recognized in children.

ATP1A3 is the only gene in which mutations are known to cause RDP3,29; however, 

evidence of locus heterogeneity has been reported in a German family with clinical features 

of RDP, as well as concurrent renal disease, but no mutation.6 To date, 12 mutations have 

been associated with either familial (dominant) or sporadic RDP cases (Table 2).

In all instances in which ATP1A3 mutations have been identified, rapid-onset, rostrocaudal 

gradient of progression, and bulbar symptoms were reported,29 whereas in mutation-

negative individuals, tremor and pain were more commonly reported at onset.29 No 

consistent clinical differences were seen between patients carrying different mutations and 

patients within a family or across families with the same mutation exhibited variable 

expressivity.29

CAPOS syndrome

A single mutation in ATP1A3, c.2452G>A (p.Glu818Lys) has been identified in three 

unrelated families with CAPOS syndrome.14 In all three families, onset of symptoms was 

associated with a febrile illness.13,14 Age of onset varied between 6 months and 5 years of 

age.13,14 All affected individuals had cerebellar ataxia, areflexia, optic atrophy, and 

sensorineural hearing loss at the most recent examination.14 Three of ten individuals had pes 

cavus at the most recent examination.14 Five of 10 individuals had abnormal eye movements 

during episodes of ataxia associated with encephalopathy and weakness.14 Two individuals 

reported dysphagia during an episode.14 One individual reported seizures during an 

episode.14 Other symptoms either reported or present on examination included dystonia in 

one individual, urinary symptoms in one individual, cognitive dysfunction in one individual, 

cardiac arrhythmia in one individual, and autistic traits in two individuals.14

The mutation in ATP1A3 associated with CAPOS syndrome appears to be a recurring de 

novo mutation in the three families so far identified and is fully penetrant. There have been 

no reports of asymptomatic carriers. Additional individuals with CAPOS syndrome without 

a mutation in ATP1A3 have not been reported.14
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Differential diagnosis

Alternating hemiplegia of childhood

Because of the variable presentation of complex neurological symptoms in AHC, a number 

of other syndromes must be considered in the differential diagnosis, including FHM 

syndromes, the episodic ataxias, glutamate transporter disorders, metabolic defects including 

mitochondrial disorders and pyruvate dehydrogenase deficiency, glucose transporter defects, 

infantile-onset epileptic encephalopathies, vascular disorders such as moyamoya disease and 

others.16,17 Normal neuroimaging and the lack of epileptiform activity on 

electroencephalography in association with characteristic plegic or tonic episodes early in 

the course of the disease can help to exclude some of these disorders, along with the absence 

of characteristic metabolic abnormalities such as elevated plasma lactate or abnormal 

cerebrospinal fluid to plasma glucose ratio that would support an alternative diagnosis.

The pathognomonic features of alternating hemiplegia in AHC have long been recognized to 

be similar in phenomenology with the episodic neurological dysfunction reported in FHM 

type 1 and 2 associated with mutations in CACNA1A and ATP1A2, albeit with earlier onset, 

more frequent recurrence and much higher prevalence of additional neurological signs and 

symptoms. Phenotypes associated with the FHM syndromes have increasingly expanded 

over the past few years to include episodic encephalopathy, epilepsy, and persistent 

neurological deficits including intellectual disability and ataxia in some affected individuals 

and families.50–53 ATP1A2 mutations have also been demonstrated in familial epilepsy and 

hemiplegic migraine syndromes.54 Patients with mutations in CACNA1A have an 

increasingly broad spectrum of phenotypes, including reports of acute onset of hemiplegic 

episodes after minor head trauma.55

Jen et al.56 reported a de novo mutation in SLC1A3 encoding the glutamate transporter 

EAAT1 in a child reported to have had onset of episodic hypotonia after breast feeding. He 

subsequently manifested developmental delays, incoordination and episodic ataxia, recurrent 

hemiplegic episodes associated with headache, and seizures.

Glucose transporter 1 (Glut1) deficiency syndrome is a disorder marked by epilepsy, 

episodic weakness, delays in psychomotor development, intermittent ataxia, and hypo-

glycorrhachia and often has paroxysmal and nonparoxysmal symptoms that can substantially 

overlap with those observed in infants with AHC. Glut1 deficiency is associated with 

mutations in the SLC2A1 gene.57 Studies have demonstrated that mutations in SLC2A1 are 

rare in patients presenting in infancy with a more classic AHC phenotype.58 However, 

because patients with Glut1 deficiency can improve significantly with treatment with a 

ketogenic diet, this disorder should always be considered.

SCN1A mutations are frequently identified in instances of severe myoclonic epilepsy of 

infancy (Dravet syndrome). Early manifestations of hemiclonic/tonic seizures in the setting 

of a febrile illness may mimic unilateral dystonic episodes of AHC. Electroencephalography 

is critical in differentiating between the two entities. Recently, SCN1A mutations have also 

been identified in FHM, with onset of hemiplegic episodes as early as 11 years of age in one 

family.59
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Benign nocturnal AHC is a disorder characterized by transient and recurrent attacks of 

hemiplegia without other paroxysmal neurological disorders arising from sleep.60,61 The 

occurrence of episodes in sleep, and the lack of more serious comorbid developmental 

impairments, is usually sufficient to help distinguish this disorder from AHC.

Rapid-onset dystonia Parkinsonism

To date, RDP appears to represent a unique diagnostic entity in adults, as no other disorder 

shares the specific constellation of features. However, in pediatric patients, disorders 

associated with dopa-responsive dystonia phenotypes must be considered because 

phenotypes are highly variable. Exclusion of inborn errors of metabolism, such as Wilson 

disease, or other early-onset Parkinsonism syndromes, in which limb dystonia may be an 

early manifestation, is also important because alternative treatments are available.62 DYT1 

dystonia, or early-onset primary dystonia, may share some overlapping features with some 

of the childhood-onset RDP cases reported to date, although DYT1 typically has a more 

caudal to rostral gradient of involvement.63 One should also consider dopa-responsive 

dystonia syndromes associated with mutations in GCH1 (Segawa disease), tyrosine 

hydroxylase deficiency, and sepiapterin reductase deficiency because patients with these 

disorders may be missed on newborn screening because of the absence of elevated 

phenylalanine levels. However, paroxysmal onset of symptoms is not typical in these 

disorders unless patients are exposed to precipitating anti-dopaminergic medications.

Treatment

Alternating hemiplegia of childhood

Therapeutic options in AHC have proved of limited success to date. A variety of treatment 

strategies targeted toward episode prophylaxis can be helpful in some individuals, including 

avoidance of specific stressors or triggers, using daily prophylactic medications such as 

flunarizine or topiramate, or implementing strategies to induce sleep as a management tactic. 

Medications variably useful in acute attack management include benzodiazepines 

(administered orally, rectally, or via nasal administration), chloral hydrate, phenobarbitol 

and other sleep inducers, and antiepileptic agents if appropriate in children with concomitant 

epilepsy.64 Behavioral and mood disturbances become increasingly prevalent in later 

childhood and adolescence, and antipsychotic agents and mood stabilizing medications may 

be of value. Epilepsy is often reasonably managed with standard antiepileptic agents; 

however, it is important to try to distinguish nonepileptic from epileptic episodes and treat 

appropriately.

In children with AHC, flunarizine remains a mainstay of prophylactic therapy,65,66 although 

it is not currently Food and Drug Administration approved in the United States and has 

never been adequately tested in a sufficiently powered placebo-controlled trial; nonetheless, 

anecdotal reports of benefit are compelling in a disorder with limited treatment options.16–18 

No definitive mechanistic explanation for potential efficacy has been proven, although 

flunarizine has been demonstrated to block voltage-dependent Na+- and Ca2+-dependent 

channels and alters synaptic transmission,67 and the utility of flunarizine in epilepsy and 

migraine has been previously documented.68 A recently published cohort of Japanese 
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patients suggests a potential protective benefit of the medication in severe cases of AHC, 

and these investigators have previously reported an abrupt deterioration in the setting of 

withdrawal of flunarizine in some patients.26

A second prophylactic agent increasingly used in AHC is topiramate.69,70 Like flunarizine, 

reports of benefit have been largely anecdotal.16 It too blocks voltage-dependent Na+ 

channels; in addition, it is an antagonist of non-N-methyl D-aspartate glutamate and calcium 

channel receptors and is a carbonic anhydrase inhibitor.

More recently, a case study citing the potential benefit of the ketogenic diet with AHC71 has 

been published. However, the utility of this therapy, as well as other non-pharmaceutical 

interventions (e.g., vagus nerve stimulation, deep brain stimulation), has not been formally 

studied.

Rapid-onset dystonia Parkinsonism

Therapeutic options in RDP remain limited, and the dystonia has proved markedly resistant 

to established therapies. Symptomatic treatment of dystonia with benzodiazepines, often at 

relatively high doses, provides symptomatic relief in some patients. In spite of the 

observation of a low cerebrospinal fluid level of homovanillic acid in one patient, treatment 

with L-dopa/carbidopa demonstrated little or no benefit in symptoms, in spite of 

documented normalization of homovanillic acid levels.26 Neuro-stimulation via deep brain 

stimulation has been proposed to be potentially beneficial, but a report of bilateral pallidal 

stimulation in one patient proved ineffective.72,73

Conclusions

The recent discovery that ATP1A3 mutations are causative in an increasingly diverse group 

of neurological disorders has shifted our focus to shared features, which may provide further 

insights into the mechanisms by which the disruption of ATP expression and function causes 

neurological dysfunction.49 In AHC and RDP, the mechanisms contributing to the sudden 

and often stepwise deterioration seen in both disorders remains poorly understood. In AHC, 

multifaceted neurological symptoms and signs fluctuate more dramatically, and with a wider 

range of symptoms and signs than in those with RDP, yet shared features of the additional 

neurological comorbidities, including cognitive impairment, mood and behavioral disorders, 

dystonia, and bulbar involvement (especially dysarthria), are compelling. Epilepsy, ataxia, 

and oculomotor apraxia are prevalent in AHC and relatively infrequent in RDP, and this 

may reflect differences in severity of channel dysfunction or expression, or relate in part to 

the onset of neurological dysfunction during a period of critical nervous system maturation 

and development. Genotype phenotype observations can help to facilitate earlier diagnosis 

and more accurate prognosis for these conditions and allow more carefully designed and 

thoughtfully conceived treatment trials. However, it is clear that these disorders represent 

points on a continuum that will continue to expand as new cases are identified. Improved 

therapeutic options will ultimately arise from an increased understanding of how mutations 

in ATP1A3 cause neurological dysfunction and the united efforts of the scientists and 

clinicians pursuing new and more effective therapies.
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TABLE 1

Unique and Shared Features Between AHC and RDP Phenotypes

RDP AHC Shared Features

Onset >18 mo Onset <18 mo, often in neonates, young infants Virtually no overlap in age of onset in classic 
forms

Abrupt onset Abrupt onset Yes, not as evident in AHC due to onset in 
young infants

Fluctuating neurological symptoms/signs: 
dystonia

Fluctuating neurological symptoms/signs: 
more frequent and diverse spell types including 
tonic, dystonic, hemiplegic and oculomotor 
abnormalities

Yes, but hypotonia, hemiplegia, and ataxia 
common in AHC and children often 
demonstrate age-dependent evolution in spell 
types

Persistent neurological deficits: dystonia, 
bulbar dysfunction, Parkinsonism

Persistent neurological deficits: chorea, bulbar 
dysfunction, hypotonia, ataxia, oculomotor 
apraxia, dystonia

Overlapping, yet distinct—varies with age and 
severity in AHC

Epilepsy (infrequent) Epilepsy (common) with age-dependent 
penetrance

Yes, more severe and prevalent in AHC

Cognitive impairment infrequent Cognitive impairment nearly universal Yes, more severe and prevalent in AHC

Mood disorders Mood/behavioral disorders Yes, often severe in AHC—increasing 
prevalence with age

Triggers: physical or emotional stressors, 
i.e., boot camp, binge drinking, childbirth

Triggers: excitement or other strong emotions, 
sleep deprivation, illness, excessive 
environmental stimuli—lights, water, sounds

Somewhat broader range of stressors identified, 
because AHC presents more episodically early 
in the clinical course; triggers persist in AHC

Abbreviations:

AHC = Alternating hemiplegia of childhood

RDP = Rapid-onset dystonia Parkinsonism
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