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ABSTRACT

Background: ATP1A2 mutations cause hemiplegic migraine with or without epilepsy or acute reversible
encephalopathy. Typical onset is in adulthood or older childhood without subsequent severe long-term
developmental impairments.
Aim: We aimed to describe the manifestations of early onset severe ATP1A2-related epileptic
encephalopathy and its underlying mutations in a cohort of seven patients.
Methods: A retrospective chart review of a cohort of seven patients was conducted. Response to open-
label memantine therapy, used off-label due to its NMDA receptor antagonist effects, was assessed by
the Global Rating Scale of Change (GRSC) and Clinical Global Impression Scale of Improvement (CGI-I)
methodologies. Molecular modeling was performed using PyMol program.
Results: Patients (age 2.5-20 years) had symptom onset at an early age (6 days-1 year). Seizures were
either focal or generalized. Common features were: drug resistance, recurrent status epilepticus, etc.,
severe developmental delay with episodes of acute severe encephalopathy often with headaches,
dystonias, hemiplegias, seizures, and developmental regression. All had variants predicted to be disease
causing (p.lle293Met, p.Glu1000Lys, c.1017+5G>A, p.Leu809Arg, and 3 patients with p.Met813Lys).
Modeling revealed that mutations interfered with ATP1A2 ion binding and translocation sites.
Memantine, given to five, was tolerated in all (mean treatment: 2.3 years, range 6 weeks—4.8 years) with
some improvements reported in all five.
Conclusions: Our observations describe a distinctive clinical profile of seven unrelated probands with
early onset severe ATP1A2-related epileptic encephalopathy, provide insights into structure-function
relationships of ATPIA2 mutations, and support further studies of NMDAR antagonist therapy in
ATP1A2-encephalopathy.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

inability of astrocytes to uptake released glutamate from synaptic
clefts [2,3]. Variations in this gene have been associated with

ATP1A2 codes for the o2-subunit of the Na*/K*-ATPase pump
[1], which is responsible for maintenance and restoration of mem-
brane potential in astrocytes [2]. The underlying pathophysiology
is presumed to be related, at least in part, to failure of the ATP1A2
Na*/K*-ATPase pump function. This results in the subsequent
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Familial Hemiplegic Migraine-Type 2 (FHM2) [4,5], at times with
epilepsy [6,7] and less commonly with reversible epileptic
encephalopathy [7,8]. Previous case series analyzing the relation-
ship between variants in the ATP1A2 gene and the development
of encephalopathy describe patients with FHM who develop
encephalopathy as a symptom occurring in conjunction with hemi-
plegia and migraine [8-10]. Additional case series describes related
proband patients with FHM who present with acute reversible
encephalopathy as their first presenting symptom [11,12]. Typical
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onset has been in older children or in adulthood without subse-
quent severe long-term developmental impairments, irreversible
severe regression, or intractable epilepsy [6-12]. Here, we report
the clinical manifestations of seven patients with early onset sev-
ere ATP1A2-related epileptic encephalopathy, their underlying
mutations, and their response to therapy.

2. Methods
2.1. Case series data collection and analysis methods:

A retrospective review of data of seven consecutive patients
who had both ATP1A2 mutations and epileptic encephalopathy
with symptoms starting before the age of 2.5 years was conducted.
Data from our center as well as from care at other centers were
analyzed. Guardians of all patients provided written consent and
data were entered into our Institutional Review Board approved
database. These included type and age of symptom onset, type
and severity of epilepsy, response to therapies, and additional dis-
ease manifestations. Certain medications, including memantine (5
patients) and ketamine (one patient), were used off-label based on
the understanding of the presumptive underlying pathophysiology
of ATP1A2 mutations. These medications were titrated according to
doses used for other indications, as well as patients’ tolerance. Data
regarding side effects and response were collected and summa-
rized. In order to develop a better appreciation of the apparent
response to medications, while at the same time recognizing the
open-label nature of the data, we utilized two validated instru-
ments for measuring response. The Global Rating Scale of Change
(GRSC) is a validated scale designed to be completed by the patient
or guardian [13]. The scale ranges from —5 to +5 with a rating of —5
indicating severe worsening, a rating of 0 indicating no change, and
a rating of +5 indicating complete recovery. The guardian of the
patient was asked each question and then reported their percep-
tion of a specific aspect of their child’s development after starting
memantine. The Clinical Global Impression Scale of Improvement
(CGI-I) is validated for completion by trained healthcare providers
[14]. The scale ranges from 1 to 7 with a rating of 1 indicating a
very substantial improvement, a score of 4 indicating no change,
and a score of 7 indicating severe symptom exacerbation. Provider
observations consisted of evaluations by members of the treating
team of board-certified neurologists and supporting providers.

2.2. Molecular testing and modeling

Whole exome sequencing was performed on all patients. When
positive findings were detected, these were confirmed by Sanger
sequencing. In silico variant analysis software, to predict
pathogenicity and SNAP2 software were used to predict
pathogenicity and likelihood of loss of protein function, respec-
tively. Molecular visualization of ATP1A2 protein structure and
analysis of location and potential impact of the mutations on pro-
tein function were performed using PyMol [15]. In addition, to fur-
ther demonstrate the pathogenicity of the M813K mutation, we

Table 1
Summary of patient dose, duration, and side effects to memantine.
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also generated a knock-in mouse model carrying that mutation.
The methods used to generate and test the mouse and the results
of that testing are included in Supplementary data sections [16-
18].

3. Results
3.1. Case reports

Please see Tables 1 and 2 for a summary of the GRSC and CGI-I
scores in response to memantine therapy. In addition, we have
included more detailed descriptions of the changes that occurred
after start of this therapy in the case histories below. We would
like to emphasize here again that these are descriptions of open-la-
bel data, subject to confounding variables and to observers’ bias,
and not the results of a controlled trial.

Patient 1 is a 15.5-year-old male born to healthy parents.
Development was mildly delayed in infancy and childhood. His
first words were at 15-18 months of age and walking was at
16 months of age. Starting at the age of 18 months, until the age
of 4 years, he had recurrent tonic-clonic seizures that occurred,
approximately, once every two weeks. During that period, he was
also noted to lag even more in his development being always 1-
2 years behind. He also had hemiplegias that occurred either in
association with seizures or independently. EEGs revealed frequent
spike and wave activity in the left occipital lobe. He received ther-
apy with phenytoin and lamotrigine without much success, but his
seizures could eventually be controlled at the age of four years on
Depakote, which was tapered at the age of 9 years. At 11 years old,
he started reporting headaches localized to the forehead, lasting 1-
2 hours, and associated with fatigue, photophobia, and phonopho-
bia. Additionally, during that period of time, he had regression of
his function. His handwriting became illegible. His academic per-
formance declined with his reading level regressing by two levels.
Teachers and parents reported worsening of memory and compre-
hension. He also experienced severe anxiety with accompanying
trichotillomania. MRI of the brain showed symmetrical high T2 sig-
nals in the peritrigonal region, and borderline cerebellar cortical
atrophy. Exome sequencing revealed a de novo heterozygous vari-
ant of the ATP1A2 gene (c.879C>G; p.lle293Met, de novo). He was
started on 2 mg/day of memantine at the age of 11.7 years.
Memantine dosage was progressively increased to 4 mg/day,
8 mg/day, and finally, 10 mg/day over a 13-month period. During
the first month of starting memantine, it had to be temporarily
stopped due to nausea and vomiting, but it was restarted several
days later and was well tolerated with no side effects. One month
after restarting, parents reported that the patient’s sentences were
longer, and speech was clearer. His energy level was better, and his
verbal learning and memory were noted to be better in school.
Three months after starting memantine, teachers, therapists,
neighbors, and family members all noted continued improvement
in overall functioning speech and learning.

Patient 2 is a 10.8-year-old female born to healthy parents. Fea-
tures noted in infancy included hypotonia bilateral eyelid ptosis

Patient Final Dose Duration Side Effects

1 10 mg/day 3.10 years (began at age 11.7 years) Ceased temporarily due to nausea and vomiting; restarted with no additional side effects
2 20 mg/day 2.3 years (began at age 8.5 years) None reported

3 20 mg/day 11 months (began at age 4.5 years) None reported

4 5 mg/day 1.4 years (began at age 16.11 years) None reported

5 40 mg/day 4.8 years (began at age 5.3 years) None reported
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Table 2
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Summary of guardian-perceived responses to memantine utilizing the GRSC and healthcare provider-perceived responses to memantine utilizing the CGI-I Scale.

Patient Question 1
With respect to your child’s motor function, how
would you rate after starting memantine?

Question 2

Question 3

With respect to your child’s behavior, how would With respect to your child’s learning abilities
you rate it after starting memantine?

how would you rate it after memantine?

Global Rating Scale of Change (GRSC): The scale ranges from —5 to + 5 with a rating of —5 indicating severe worsening, a rating of 0 indicating no change, and a rating of

+5 indicating complete recovery.

1 3 2
2 5 0
3 3 0
4 - -
5 4 3

I owuwu

3

Clinical Global Impression of Improvement (CGI-I): The scale ranges from 1 to 7 with a rating of 1 indicating a very substantial improvement, a score of 4 indicating no

change, and a score of 7 indicating severe symptom exacerbation.

g WN =
NN N W
N DN W

N NN NN

*The guardians of patient 4 were unable to be contacted to complete the GRSC.

and mild developmental delay. She manifested occasional general-
ized tonic-clonic and myoclonic seizures usually with subsequent
left-sided hemiparesis as of the age of 6 months and frequent
headaches from the age of 5years. Between the ages of 6-
8 months, her seizures were associated with fevers, but later
occurred without fevers. She initially failed levetiracetam and
oxcarbazepine, but was eventually treated with levetiracetam
which controlled her seizures for several years and was then
tapered off. However, at the age of 7.5 years, she had an episode
of status epilepticus associated with severe neurological regres-
sion. MRI of the brain at that time revealed nonspecific hyperin-
tense signals in the right parietal white matter. EEG at that time
showed postictal changes. Whole exome sequencing revealed a
heterozygous variant of the ATP1A2 gene, likely pathogenic
(€.2998G > A; p.Glu1000Lys, de novo). Subsequent to this result,
she was started on memantine therapy at 5 mg/day at the age of
8.5 years. In the following month, her parents reported that she
improved in her attention, focus, and then increased her counting
ability from none up to 20. Prior to that she had to repeat kinder-
garten and was reading at the lowest first grade reading level, level
D. In the few weeks following the start of memantine, she achieved
level E first grade reading level. The guided reading levels consist of
levels A-Z with A being the easiest. On average, children require
several months, rather than a few weeks, to progress reading
levels. Her dosage was increased to 20 mg/day one month later.
On further follow-up, six months after starting memantine,
improvements in handwriting, academics, and reading level from
level E to G were noted. Additionally, there was an observed
improvement in attention, and in performance in her occupational
therapy program.

Patient 3 is a 5.4-year-old male born to a healthy mother, and a
father with history of hemiplegic migraine associated with the
same ATP1A2 variant in the child. Patient 3 was born at 35 weeks
due to pre-eclampsia and had to undergo intubation. He mani-
fested bilateral myoclonic and clonic seizures from age 6 days to
8 months of age with EEG showing bilateral centrotemporal spikes.
He also had mild developmental delay in infancy. At the age of
1 year, he developed occasional episodes of left or right indepen-
dent hemiplegias, dystonia spells, nystagmus, and less frequent
quadriplegias. At the age of 1.5 years, he was suspected of having
headaches due to episodes of head banging and irritability. These
did not respond to cyproheptadine, but did respond to topiramate,
recurred when it was stopped and resolved again when it was
restarted. At the age of 1.6 years, his seizures took the form of star-
ing with impaired awareness occurring from several times per

week to once every few months. MRI at the age of 2 years was nor-
mal. EEG at the age of 3.4 years revealed bursts of generalized spike
wave discharges. He has failed sequential therapies with pheno-
barbital, topiramate, gabapentin, and cannabidiol. Whole Exome
Sequencing revealed a heterozygous splicing variant of the ATP1A2
gene (c.1017+5G>A, IVS8+5G>A). He was started on 1 mg/kg/day of
memantine at the age of 3.4 years, and in the following months,
parents noted marked improvement as he started to regularly
use two-word phrases. After being on memantine for 9 months,
his occupational therapist noted continued improvement in his
functional speech and ability to follow instructions. His dose was
increased to 20 mg/day and over a 12-month period this was fol-
lowed by him using three-word sentences, being able to recognize
5 colors, and count two objects when he could not do that before.

Patient 4 is an 18.3-year-old male born to healthy parents.
Pregnancy was slightly complicated by manual manipulation of
breech presentation and ultimately a C-section delivery that
occurred at 37 weeks gestation. At one year of age, he developed
recurrent drug-resistant focal motor seizures that occurred every
few weeks and that usually were associated with regression of
milestones over several days requiring him several weeks to
recover and regain previous function. Combined or independent
episodes of hemiplegia, dystonia, nystagmus, and autonomic dys-
function later also occurred, but were less of a problem. Initial
childhood development, other than the reversible regressions
noted above, was otherwise within normal, but he plateaued cog-
nitively after the age of 6-7 years and failed to progress. In addi-
tion, after that age, the intermittent episodes of seizures with
regression became more impairing. It started to take him several
months to regain only some of the cognitive and motor functions
that were being lost without ever regaining his prior developmen-
tal trajectory. Whereas his initial seizures were suspected to be
febrile seizures in type, it was later recognized that the fever
always developed afterward suggesting that the fever was part of
the episodes. He failed sequential therapies with valproate, topira-
mate, zonisamide, lacosamide, levetiracetam, and lamotrigine. It
was found that the combination of the last two medications offered
him the best, albeit incomplete, control. EEG at age 15.3 years
revealed focal seizures arising from the right temporal region
and rapidly spreading to the left, rare interictal sharp waves in
the right frontal region, and evidence for a global encephalopathy
with abnormal background due to diffuse slowing with maximal
slowing over the left hemisphere. MRI at the age of 16 years
showed areas of increased T2 signal in the left thalamus and cere-
bral cortex and an area of SWI hypointensity in the right cerebral
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hemisphere cortex. Exome sequencing revealed a variant in the
ATP1A2 gene (c.2426T>G; p.Leu809Arg, de novo status unknown
due to absence of parental testing). He was started on 5 mg/day
of memantine at age 16.11 years. The parents reported improve-
ment in energy level, social skills and in his performance in school,
but he continued to have difficulties with fine motor skill tasks.
Patient 5 is a 10.9-year-old male born to healthy parents. At
15 months of age, he started to manifest episodes of daily drug-re-
sistant focal seizures followed by postictal Todd’s paralysis. Con-
current, and at times independent, episodes of hemiplegia also
occurred. These would also often precede the onset of seizures. Ini-
tial development was within normal with walking and first word
occurring at the age 15 months. However, at the age of 4 years,
he regressed significantly losing all gross motor, fine motor, and
language skills when he developed an episode of refractory status
epilepticus requiring hospitalization. He improved slightly and
then similarly regressed again with a similar episode at the age
of 6.8years. These episodes were associated with severe
encephalopathy fluctuating unilateral hemiplegia on either side
and less frequently dystonic posturing of the neck and body. A
vagal nerve stimulation (VNS) device was implanted at 6.5 years
of age. MRIs obtained at ages 6 and 6.5 years showed moderate
to severe cortical and white matter atrophy and increased signal
in the periventricular white matter bilaterally. Whole exome
sequencing revealed a de novo variant for the ATP1A2 gene
(c.2438T>A; p.Met813Lys, de novo). After hospitalization at the
age of 6.8 years which lasted 2 months, he was discharged on
memantine and ketogenic diet. This combination was followed
by marked improvements in motor control, alertness, and speech.
Upon re-evaluation at the age of 7.3 years, improvements in motor
control, awareness, and speech continued and no seizures were
observed at that time. Specifically, his head control had improved;
he was able to sit independently. He was able to transition to a
seated position from a lying position also independently. He could
stand from a seated position with minimal help, used his right
arm/hand more than before, and walked with support, better and
for longer distances than before. He also experienced steady
improvement in his communication, such as using yes/no cards
and short responses to questions. After his dose of memantine
was increased to 40 mg/day, parents reported further increases in
his functionality. He initially became sleepy during the titration,
but with gradual escalation was able to reach the 40 mg/day dose.
Specifically, he was able to use an eye-gaze device to answer ques-
tions, turn lights on/off, and drink minimal liquids. More impor-
tantly, he also displayed further improved motor control after
having no progress for a few months before that. Namely, he could
reach out push and manipulate objects and use pincer grasp with
either hand, with his left hand displaying a better grasp than his
right. Also, he started using a gait trainer at home and was able
take a few steps with it. At 8.3 years old, his parents noted that a
dose of ketamine given prior to sedation for a dental procedure
was followed by a marked improvement in alertness and general
functioning for a couple weeks. Thus, intravenous ketamine infu-
sions were initiated with a dosage of 0.5 mg/kg over a 40-min per-
iod once per week for the first month, and then to once per month
after that. The dosing schedule for ketamine infusions was based
on the 2018 article by Hofler and Trinka, and the 2003 article by
Mewasingh et al. for other indications [19,20]. The use of meman-
tine and ketamine was based on the known underlying pathophys-
iology of ATP1A2 dysfunction and their known effects [21-25].
While on the above ketamine regimen, he was able to sustain
two episodes of pneumonia and a urinary tract infection without
hemiplegia, without seizures or regression, and without hospital
admission for over 1.5 years. Previously, such infections would
consistently precipitate severe spells of encephalopathy, seizures,
and regression. Additionally, he improved in weight-bearing, in
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reaching, grasping, and manipulating objects, and started peddling
his tricycle. He also became more communicative with his assistive
device and mastered identification of the alphabet, numbers 1-10,
and sorting objects by colors and type. He has now transitioned to
IM Ketamine injections at home at the same dose. Over the past
2 years although he has experienced 4 clinical seizure events and
was admitted for three of them because they progressed to status
epilepticus with hemiplegia, his development has not regressed
after these episodes.

In addition to the above five patients who received memantine
therapy, we describe below two other patients with the M813K
mutation who manifested a similar phenotype, but have not
received memantine.

Patient 6 is a 2.3 years male who started to have 10-45-min
hemiplegic episodes at the age of 1 year. At times, these would pro-
gress to total paralysis and would occur once every 1-2 months. He
was also noted to have delay in expressive speech after the onset of
those spells. At the age of 2 years and 2 months, he presented with
altered mental status, fever, vomiting, and left body focal motor
secondary generalized seizures that necessitated intubation for
several hours in addition to intravenous antiseizure medications.
Cerebrospinal fluid was negative and EEG monitoring during the
subsequent six hours revealed bilateral slowing higher amplitude
on the right, subclinical seizures, one per hour, from the right pos-
terior quadrant and interictal spikes and sharp wave in the left
frontal and central regions. MRI showed right-sided cerebral
edema. His seizures subsequently subsided; however, one month
later, he had a similar episode of status epilepticus with right
hemisphere onset clinical and subclinical seizures that was simi-
larly managed.

Patient 7 is a 20-year-old male born to healthy patients. His
first left-sided tonic-clonic seizure occurred at 2 weeks of age.
His development was normal until the age of 14 months when
he experienced prominent seizures and two episodes of status
epilepticus with regression of developmental milestones. He con-
tinued to experience seizures and right-sided hemiplegia with
right-sided visual field deficit. Antiepileptic medications proved
ineffective and VNS had a transient partial benefit. From the age
11-12 years, his seizures worsened in frequency from 1 cluster
every 2-3 weeks to 2-3 clusters per week with each cluster lasting
5-10 minutes and characterized by limb jerking and stiffening and
head drops. Seizure frequency decreased at age 15 following initi-
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Fig. 1. Homology of o-subunit isoforms. The primary sequence comparison is
shown for human o2 isoform relative to the 3 human and porcine isoforms. The
numbering is that of the human o2 isoform.
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Arg1007

Lys1003

Arg1002

Fig. 2. A. Cartoon representation of the structure of the sodium potassium ATPase. The a-subunit is colored gray, the B-subunit is colored blue, and the FXYD subunit is
colored magenta. The atoms of nucleotide bound to the N-site are shown as spheres. The carbon atoms of residues Ile293, Leu809, Met813, and Glu1000 are spheres and
colored light blue. The sodium ions are spheres and colored purple. B. Cartoon representation of the position of [le293, Leu809, Met813, and Glu1000. The perspective is that
of the shaded area in A, but TM8 and TM9 are not shown. The color coding is the same as in A. C. Cartoon representation of the position of 1le293, Leu809, Met813, and
Glu1000. The perspective is that shown in B after rotation along the y-axis by 90°. In this image, TM8 and TM9 are shown while TM1 and TM2 are not shown. D. Cartoon
representation of the structure of the sodium potassium ATPase. The shaded area represents the perspective in E. E. Structural interactions at the C-terminal region involving
Glu1000. The polar interactions related to Glu1000 are shown. The carbon atoms of residues that have been identified as residues that have been identified as mutated in
diseases are colored magenta. These images were generated from the pdb: 3WUG, [26] which is the structure of the porcine enzyme with the a3-isoform. The porcine enzyme
is highly homologous to the human enzyme and the a2-isoform is highly homologous to the a3-isoform, especially in TM1-10. The images were generated using Pymol. [15]
Please see section 3.2 for further details. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

ation of ketogenic diet. From the age of 16-17 years, he continued
to have seizures that included 0-2 tonic seizures per night or quick
facial jerking. From ages 18-20 years, his seizure frequency fluctu-
ated while on VNS ketogenic diet, felbamate and brivaracetam. He
currently uses an eye gaze communication device to answer yes/no
questions. He can stand, take 10-15 steps with assistance, but uses
driving wheelchair for daily ambulation.

3.2. ATP1A2 variants structural analysis and their potential
pathophysiological implications

The four missense variants identified in our patients are in
regions of the protein that are critical for proper interaction with
sodium ions. Figs. 1 and 2A show the relationship of the mutations
to the Na+/K+ binding sites and their legends discuss the potential
implications on ion transport. Fig. 2B and C show the relative posi-
tion of 11e293 in the o-subunit of the sodium potassium ATPase;
1le293 lies in TM3 and with the side chain pointing toward the
interior of the ion pathway. 11e293 lies about 8 A from the nearest
bound sodium ion and is 4.2 A from Tyr851. Tyr851 is 4.2 A from
Asn780, which forms a contact with a bound sodium ion.
Glu1000 lies in TM10 and is located in a hydrophilic cavity facing
the intracellular side on the membrane (Fig. 2C-E). This region
has been shown to be involved in ion binding and transport [26].
Glu1000 makes polar contacts with Arg1002, Lys1003, and
Arg1007. Mutations in Asp999 and Arg1002 have been identified
as disease forming in ATP1A2 [27,28]. Glu1000 is about 3.5 A from

Phe996 which forms a m-m interaction with Phe942 and which
bridges TM8 with TM9. Fig. 2B and C also show the relative posi-
tions of Leu809 and Met813. These residues are located in TM6
and are just one turn from each other in the a-helix. TM6 forms
a central component of the ion translocation pathway and abuts
TM4 and TM8 which also are central to the ion translocation path-
way. Asp 807 and 811 are adjacent to both Leu809 and Met813 and
are involved in binding sodium ion. The ¢.1017+5G>A mutation is
in intron 8, between exons 8 and 9. The mutation is in the donor
site and replaces a G for an A. While G is the preferred base at
+5, A is also allowed [28]. This replacement would likely reduce,
but would not eliminate, the level of correct splicing. Thus, the
level of protein is likely reduced below 100%, but is likely higher
than 50%, in a heterozygote as compared to the normal. This vari-
ant is expected to cause a haploinsufficiency disease phenotype
that is less than what would be expected from a complete loss of
function from a nonsense or deletion mutation. In the event that
the mutation causes aberrant splicing, there are a number of pos-
sibilities including skipping of exon 8, skipping intron 8, or uncov-
ering a cryptic donor site [28,29].

The American College of Medical Genetics and Genomics (ACMG)
criteriaand Combined Annotation Dependent Deletion (CADD) were
applied for each variant found in each patient (Table 3). That table
also shows the amino acid changes resulting from the mutations.
The pathogenicity of the Met813Lys variant is strengthened by our
findings in the knock-in mouse model (Supplementary Material
and Supplementary Fig. 1), and by the fact that we have three cases
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Table 3

Summary of variants of each patient and the corresponding amino acid change, American College of Medical Genetics and Genomics (ACMG) criteria met and Combined

Annotation Dependent Deletion (CADD) for each variant.
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Patient/s Variant Amino Acid Change ACMG classification ACMG criteria met *CADD Score
1 de novo Isoleucine is a nonpolar, noncharged, branched Pathogenic PM2, PP2, PP5, PS2 254
¢.879C>G; p.1293M chain amino acid, while methionine is a nonpolar,
noncharged, sulfur-containing amino acid with no
branched chain characteristics. This substitution is
a nonconservative change in a well-conserved
residue. In silico analysis, including SNAP2, predicts
that this variant likely impacts the secondary
structure of its respective protein.
2 de novo Glutamate is a negatively charged amino acid with Likely pathogenic PM2, PP3, PP2, PS2 32
€.2998G>A; high tendency for interactions, while lysine is a
p.Glu1000Lys positively charged and basic amino acid. This
substitution is a nonconservative change in a well-
conserved residue. In silico analysis predicts that
this variant likely impacts the secondary structure
of its respective protein.
3 ¢.1017+5G>A paternally Splicing mutation in the ATP1A2 gene. Contributing VUS PM2, PP5, PP3 225
inherited, father has to the pathogenicity of the c.1017 +5G>A splicing
hemiplegia migraine variant is the fact that the patient’s father has the
same variant and has hemiplegic migraine. When
examining the splicing change of the intron, the
effect of +5G>A is expected to impact the splice
efficiency and thus reduce the cellular level of the
correctly spliced mRNA.
4 de novo status unknown Leucine is a nonpolar, noncharged, branched chain Vus PM2, PP3, PP2 253
c.2426 T>G; amino acid, while arginine is a positively charged
p.Leu809Arg and basic amino acid. This substitution is a
nonconservative change in a well-conserved
residue. In silico analysis predicts that this variant
likely impacts the secondary structure of its
respective protein.
56,7 de novo Methionine is a nonpolar, noncharged, sulfur Pathogenic PM2, PP5, PP3, 27
€.2438 T>A; containing amino acid, while lysine is a positively PP2, PS2
Met813Lys charged and basic amino acid. This substitution is a

nonconservative change in a well-conserved
residue. In silico analysis predicts that this variant

likely impacts the secondary structure of its

respective protein.

*CADD score >20 indicates that these variants are among the 1% most delirious substitutions in humans.

fitting the phenotypic profile of our series and with the same
Met813Lys variant. This indicates that the Met813 mutation is a
recurring mutation manifesting the described phenotype.

4. Discussion
4.1. Expanding the spectrum of ATP1A2-related encephalopathy

The seven patients in our cohort demonstrated a clinical course
characterized by initial normal or near normal early development
in infancy, with development of hemiplegias and seizures during
the first 2.5 years of life associated with subsequent significant
developmental slowing and recurrent episodes of acute
encephalopathy with regression in milestones (without regaining
the original level of function), and at times headaches. These epi-
sodes were associated with seizures, hemiplegias, status epilepticus,
and at times, dystonias. Seizures were either generalized or focal in
nature. Previous case series and case reports of the phenotypes asso-
ciated with ATP1A2 mutations have reported the occurrence of
hemiplegic migraine with acute reversible encephalopathy. In those
patients, unlike our patients, the usual age of onset of symptoms was
in adulthood or later childhood and severe long-term developmen-
tal impairments or intractable epilepsy were not characteristic fea-
tures [6-12]. Thus, whereas our patients show some similarities
with prior cases, the differences they demonstrate point to a distinc-
tive, though related, phenotype notably characterized by early onset
and more severe phenotype.

4.2. Potential therapy with NMDAR antagonists

Patients in our cohort had reported improvement in at least one
of the following categories when memantine treatment was initi-
ated: motor, behavior, or learning abilities. Memantine is a non-
competitive NMDAR antagonist that is used in Alzheimer's
disease [21]. Ketamine, an anesthetic, blocks NMDARs, has neuro-
protective anti-glutamatergic effects, and has been used as a ther-
apeutic agent to treat depression [22]. Previous studies in animal
models show that ATPase is involved in protecting neurons from
glutamate and NMDAR-related excitotoxicity, which supports the
notion that neuronal dysfunction found in patients with ATP1A2-
related encephalopathy is secondary to glutamate toxicity [3,23-
25]. The side effects of memantine were minimal and were limited
to one patient needing to temporarily cease treatment shortly
upon initiation due to nausea and vomiting; however, he restarted
memantine shortly afterward with no further side effects. While
the patient utilizing ketamine injections did not report any side
effects, some potential side effects of ketamine include short-term
amnesia, injection site irritation, dizziness, and other potential
complications related to sedation [30].

There are three single case reports we are aware of that
reported the wuse of anti-NMDAR therapy in ATP1A2-
encephalopathy. One reported an improvement in handwriting,
increase in focus, and academic performance in a patient that fits
the above profile [31]. Additionally, one study using a knock-in
ATP1A2 mouse model resulting in FMH2 reported improved behav-
ioral functioning with the use of an NMDAR antagonist [23]. The
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third case report discussed a patient with familial hemiplegic
migraine type due to an ATP1A2 mutation. Utilization of meman-
tine resulted in improvement of the patient’s migraine and hemi-
paralysis, and reduction of edema on magnetic resonance
imaging [32]. Given these previous studies coupled with our cur-
rent study, we believe that controlled prospective studies of
NMDAR antagonist therapies in the treatment of ATP1A2-related
encephalopathy are warranted.

4.3. Structure-function relationships

Variants in the ATP1A2 gene interfere with proper functioning of
the alpha-2 subunit of the Na+/K+ catalytic subunit of ATPase [1,3].
We found that four of the five mutations were missense variants
that are within the transmembrane helix and about the Na+/K+
binding site, while the fifth (patient 3) had a splicing mutation
with likely complex effects on protein structure and function.
The four patients with missense variants are located in the region
of the protein that is critical for proper interaction with sodium
ions. Therapies aimed at correcting abnormalities in this interac-
tion may prove useful in development of future therapies for
ATP1A2-related encephalopathy. Such approaches targeting the
ion transport functions rather than the downstream effects of glu-
tamatergic toxicity may offer an opportunity for more specific pre-
cision therapy [33,34].

4.4, Limitations

The present study is retrospective in design out of necessity due
to the rarity of ATP1A2-related encephalopathy. Another limitation
is the open-label nature of the therapeutic trials. The observed
improvements could have been due to natural developmental pro-
gression that occurs with age or to other ongoing therapies such as
the ketogenic diet in patient 5.

5. Conclusions

Our observations demonstrate that the current spectrum of
ATP1A2-related encephalopathy should be expanded to include
patients with early onset severe epileptic encephalopathy. Our
examination of the potential structural and pathophysiological
implications of the mutations support pathogenicity of the
observed variants and could potentially help development of
future therapies for ATP1A2-related epileptic encephalopathy.
Finally, our data also suggest that NMDAR antagonist therapy
may be beneficial in ATP1A2-encephalopathy, and support the per-
formance of prospective controlled studies of the use of NMDAR
antagonist therapy in this disorder.
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