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ABSTRACT

Objective: We report a case series of 10 patients with y-aminobutyric acid (GABA)-transaminase
deficiency including a novel therapeutic trial and an expanded phenotype.

Methods: Case ascertainment, literature review, comprehensive evaluations, and long-term treat-
ment with flumazenil.

Results: All patients presented with neonatal or early infantile-onset encephalopathy; other fea-
tures were hypotonia, hypersomnolence, epilepsy, choreoathetosis, and accelerated linear
growth. EEGs showed burst-suppression, modified hypsarrhythmia, multifocal spikes, and gener-
alized spike-wave. Five of the 10 patients are currently alive with age at last follow-up between
18 months and 9.5 years. Treatment with continuous flumazenil was implemented in 2 patients.
One patient, with a milder phenotype, began treatment at age 21 months and has continued for
20 months with improved alertness and less excessive adventitious movements. The second
patient had a more severe phenotype and was 7 years of age at initiation of flumazenil, which
was not continued.

Conclusions: GABA-transaminase deficiency presents with neonatal or infantile-onset encepha-
lopathy including hypersomnolence and choreoathetosis. A widened phenotypic spectrum is re-
ported as opposed to lethality by 2 years of age. The GABA-A benzodiazepine receptor
antagonist flumazenil may represent a therapeutic strategy. Neurology® 2017;88:1919-1924

GLOSSARY

GABA = vy-aminobutyric acid; GABA-T = vy-aminobutyric acid transaminase; SSADH = succinic semialdehyde
dehydrogenase.

y¥-Aminobutyric acid (GABA) was reported in 1950 as a ubiquitous compound arising from
a-decarboxylation of glutamic acid,’ and subsequently recognized as the major inhibitory
neurotransmitter of the CNS.>? GABA is metabolized by a combination of GABA transaminase
(GABA-T or ABAT) and succinic semialdehyde dehydrogenase (SSADH). When GABA-T is
absent, GABA is unable to convert to succinic semialdehyde resulting in a buildup of GABA and
B-alanine, homocarnosine, and the GABA ketone, 2-pyrrolidinone.*>

GABA-T deficiency is caused by biallelic, recessive mutations in the ABAT gene (MIM
137150). Since the first report of GABA-T deficiency in 1984,° 7 additional cases have been
reported.””"! The syndrome was previously characterized as early-onset epileptic encephalopathy
with mortality within the first 2 years of life. We present a case series of 10 patients, including
a previously unreported case and 2 with follow-up subsequent to initial publication, with an
expanded phenotype and a novel therapeutic intervention.

METHODS Following identification of our index case, a literature review was completed to identify all previously reported cases.
Authors and care providers of living patients were contacted for follow-up. Patients were seen clinically and a comprehensive review

of their medical history, EEG, imaging, and laboratory studies were conducted. With the exception of the brother of the initial proband,
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Table v-Aminobutyric acid transaminase (GABA-T)
Patient 1 Patient 2° Patient 311 Patient 47 Patient 5102 Patient 6102 Patient 7°° Patient 85 Patient 95° Patient 10®
ABAT genotype c.1129C>T, c.454C>T, c.275G>A, p.Arg92GIn  ¢.862-2A>G; c.631C>T, p.Leu211Phe, homozygous c.659 G>A, p.Arg220Lys + c.888G>T,
p.Arg377Trp, p.Prol152Ser + + ¢.199-? 316+7del, c.1505T>C, ¢.1433T>C, p.Leu478Pro p.GIn296His,
homozygous c.1393G>C, p.Asn67ValfsTer8 p.Leu502Pro homozygous
p.Gly465Arg
Age at last 8y 3y 6 mo 9y 6 mo 18 mo 8y Deceased at 8y Deceased at 12 Deceased at 25 Deceased at 12 Deceased at 12
follow-up mo mo mo mo
Sex Male Male Female Female Male Female Female Female Male Male
Age at onset, mo 5 6 7 Neonate S S 8 Neonate Neonate Neonate
Development Profound impairment Sits up, operates Profound impairment Profound Profound Profound Profound Newborn level Newborn level Profound
automated impairment impairment impairment impairment impairment
wheelchair, single
words
Hypotonia + + + + + + + + + +
Hypersomnolence + + + + + + + + + +
Seizures Focal, absence, GTCS - GIIES - GTCS Myoclonic + GTCS GTCS Neonatal
seizures
Choreoathetosis + + = + - - - - - -
Accelerated = = 4 = = = = * + +
length
Failure to thrive + + + + - - - + - -
MRI Dysmyelination, atrophy Dysmyelination, Dysmyelination, atrophy = Dysmyelination Dysmyelination, Dysmyelination, NA Dysmyelination, Dysmyelination, Dysmyelination,
atrophy atrophy atrophy atrophy atrophy atrophy
EEG Multifocal spikes, diffuse ~ Modified Slow spike-wave Multifocal Multifocal Hypsarrhythmia  Hypsarrhythmia Multifocal NA Burst-
slowing hypsarrhythmia spikes spikes, diffuse spikes, diffuse suppression
slowing slowing
Treatment Ketogenic diet, Flumazenil (x20 mo) PBS, clonazepam, Levetiracetam,  Flumazenil (x2 NA NA PBS, PHT, NA Levetiracetam
levetiracetam, diazepam, baclofen, clonazepam mo) pyridoxine,
lacosamide, dantrolene, haloperidol picrotoxin
tetrabenazine,
clonazepam
GABA (free, CSF, NA 0.25 (0.02-0.07) 1.26 (0.04-0.12) NA 3.1(0.8-1.4) 2.9(0.8-1.4) NA 4.8 (0.04-0.12) NA NA
micromolar)
GABA-T NA NA 2 (23-64) NA NA NA NA 1.2 (20-58) NA NA
(lymphoblasts,
pmol/mg)
GH (serum, ng/mL) NA NA 8.84 (0.28-1.64) NA NA NA NA 7.9-38.4 NA 7.7 (normal < 1)
(normal < 5)

Abbreviations: GABA = y-aminobutyric acid; GH = growth hormone; GTCS = generalized tonic-clonic seizures; NA = not ascertained; PBS = phenobarbital; PHT = phenytoin.
@Siblings.
P Siblings.



who was diagnosed posthumously, the remaining 9 patients have
documented ABAT mutations. This study was approved by the

Boston Children’s Hospital Institutional Review Board.

Standard protocol approvals, registrations, and patient
consents. Standard consent was received from the parents of the
patient shown in the video at Neurology.org to print and post the
video online and they have been given the opportunity to review

the manuscript.

RESULTS Ten patients identified with
GABA-T deficiency; 5 are currently alive with age

were

at last follow-up 18 months to 9.5 years (mean 6
years) (table). All patients presented with neonatal/
infantile onset encephalopathy, hypotonia, and
hypersomnolence. Median age at onset was 3
months (range 0—7 months) with 4 having neonatal
presentations.

Patient 1, age 8 years, was born to first cousin pa-
rents of Mexican descent and presented at 5 months
of age with decreased developmental progress, hypo-
tonia, hypersomnolence, focal seizures, and virtually
Generalized

clonic seizures occurred at 2 years, and absence seiz-

continuous  choreoathetosis. tonic-
ures developed at age 6 years. Generalized convulsive
status epilepticus occurred at age 6 years. EEGs have
shown multifocal spikes and diffuse background
slowing. MRI demonstrated progressive atrophy, par-
ticularly involving the sylvian fissures and pontome-

sencephalic cisterns (figure 1). Genetic studies were

Figure 1

MRI in y-aminobutyric acid
transaminase deficiency

Axial MRI, fluid-attenuated inversion recovery sequence
(patient 1, age 4 years), with prominent enlargement of syl-
vian fissures and pontomesencephalic cisterns.

obtained starting with chromosomal microarray with
single nucleotide polymorphism genotyping that
demonstrated extensive regions of homozygosity,
consistent with known parental consanguinity. These
regions of homozygosity were specifically analyzed on
exome sequencing. Clinical whole exome sequencing
revealed a novel homozygous variant ABAT
NM_000663.4 ¢.1129C>T; p.R377W. Sanger
sequencing confirmed each parent as a heterozygous
carrier of the mutation and provided orthogonal val-
idation of the presence of the variant in the proband.
The variant has not been previously reported in
a patient with ABAT deficiency, but is predicted to
be pathogenic by CADD, PolyPhen-2, SIFT, and
MetaSVM, and is not present in the ExAC database
of 121,000 chromosomes sequenced at this position
in the genome.

Patient 2 presented at 6 months of age with feed-
ing problems, developmental impairment, failure to
thrive, hypersomnolence, decreased visual fixation,
oculomotor apraxia, profound hypotonia, and hyper-
reflexia. Laboratory testing for routine chemistries as
well as plasma ammonia, lactate, amino acids, crea-
tine kinase, and urine organic acids was normal.
Comparative genomic hybridization microarray was
normal, and CSF amino acids and neurotransmitters
were normal. A plasma metabolomics panel showed
an increase in the GABA lactone 2-pyrrolidinone.
Subsequent clinical whole exome sequencing showed
compound heterozygosity for the ABAT variants
c.454C>T; p.P152S and ¢.1393G>C; p.G465R.
Sanger sequencing confirmed parental segregation
and both variants were predicted to be pathogenic
by SIFT, PolyPhen-2, LRT, and Mutation Taster.
This patient’s genotype was recently reported along
with utlization of cellular models demonstrating
impaired enzymatic activity and mtDNA copy num-
ber.” CSF was then measured for GABA with eleva-
tions in the free (247 nmol/L, reference range 17-67)
and total (33.4 wmol/L, reference range 4.2-13.4)
levels. EEG at age 21 months showed high-voltage
polymorphic delta and multifocal and generalized
spike-wave consistent with modified hypsarrhythmia
(figure 2A). The patient demonstrated virtually con-
tinuous choreoathetosis and myoclonus (video). The
patient was initiated on a flumazenil infusion utilizing
initial IV boluses of 0.01 mg/kg and reaching an
infusion of 0.05 mg/kg/h, maintained on a regimen
of 1.7 mg/kg/d of flumazenil. The EEG background
improved after the first infusion and a follow-up
EEG showed continued improvement in organiza-
tion and background, although with some persistent
generalized epileptiform activity (figure 2B). Clinical
improvement was noted with improved alertness and
interactions and less excessive adventitious move-
ments, which has been sustained over 11 months.
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[ Figure 2 Pre and post-flumazenil EEG
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EEG of patient 2 at (A) 21 months of age, with high-voltage polymorphic delta and multifocal and generalized spike-wave;
and (B) 26 months, with improved background organization but some persistence of generalized epileptiform activity (set-
tings in all figures: HFF 70 Hz, LFF 1 Hz, sensitivity 10 pV/mm).

In addition, the patient continues to progress with an
increase in purposeful movements, consistent
response to verbal cues and commands, as well as
ability to control a motorized wheelchair.

Patient 3 was previously reported at age 28
months."" Follow-up of this patient, now age 9 years
and 6 months, indicates she is nonverbal, nonambu-
latory with spastic quadriparesis and dystonia, and
dependent on gastrostomy tube feedings, but is rela-
tively stable with rare convulsive seizures. EEG back-
ground is slow spike-wave and her medications are
phenobarbital, clonazepam, diazepam, dantrolene,
baclofen, and haloperidol.

Patient 4 is a recently published case from an unre-
lated family from the South Indian state of Kerala.”
This patient presented similarly with choreoathetosis
and hypersomnolence. Initial EEG at 5 months was

Neurology 88 May 16, 2017

normal, and follow-up at 18 months revealed multi-
focal epileptiform discharges.

Patients 5-7 are siblings. The sole surviving
affected child, patient 5, is 8 years of age with little
to no developmental progress following onset at 3
months of age with epileptic encephalopathy. The
oldest sibling, patient 6, presented similarly and died
at 8 years of age, and the youngest affected sibling,
patient 7, died at 12 months of age.”'® Based on the
therapeutic trial in patient 2, patient 5 underwent
a trial of flumazenil 1.7 mg/kg/d at the age of 7 years.
After 2 months, this was discontinued due to
increased wakefulness with agitation and no observed
clinical benefit.

Patients 8 and 9 are the index sibpair associated
with the original report of the disorder with mortality
at 12 and 25 months of age, respectively.® Patient 10

© 2017 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



was published as a postmortem diagnosis using whole
exome sequencing with fatality at 12 months of age.®

DISCUSSION We describe a series of 10 cases of
GABA-T deficiency and a therapeutic flumazenil
trial in 2 patients. All patients presented with pro-
found neurodevelopmental impairment and were
unable to consistently visually track. A prominent
movement disorder characterized by virtually con-
tinuous choreoathetosis while awake was observed in
patients 1, 2, and 4. CSF values demonstrated a 2- to
40-fold increase in free GABA concentration. Serum
growth hormone levels were elevated in the patients
in whom it was measured (table), consistent with
GABAergic stimulation of growth hormone secre-
tion,'? and correlated with accelerated linear growth
in those patients. EEG patterns were burst-
suppression, modified hypsarrhythmia, multifocal
spikes, slow spike-wave, and diffuse background
slowing. MRI showed dysmyelination and cerebral
atrophy.

The differential diagnosis of GABA-T deficiency
includes the early-onset epileptic encephalopathies
presenting in the neonatal and infantile periods.
Demonstration of elevated CSF GABA levels, GABA
peak on magnetic resonance spectroscopy, or pres-
ence of 2-pyrrolidinone on metabolomic screening
would suggest the presence of this disorder, which
can be confirmed by gene sequencing. SSADH defi-
ciency is more common and the other known in-
herited disorder of GABA catabolism. While the
clinical onset is usually later and less severe than
GABA-T deficiency, acute infantile encephalopathy
with choreoathetosis and myoclonus has been re-
ported in a minority of patients.”” In the latter, evi-
dence of excessive 4-OH-butyric acid is expected in
physiologic fluids. While sleep disorders are prevalent
in SSADH deficiency, characterized by polysomno-
graphic demonstration of reduced stage REM and
prolonged REM latency,'® the hypersomnolence
of GABA-T deficiency is a distinguishing feature.
This may be related to higher CSF GABA levels in
GABA-T deficiency compared to the 1- to 8-fold
increase reported in SSADH deficiency."

Flumazenil intervention was implemented as tar-
geted therapy in an attempt to decrease GABAergic
innervation as the antagonist of the benzodiazepine
binding site of the GABA(A) receptor. The interven-
tion appears to be associated with clinical and electro-
physiologic improvement in patient 2, who has been
maintained on this for 20 months without adverse ef-
fects. The treatment did not show efficacy in patient
5, initiated at age 7 years. A milder phenotype and
earlier intervention may be associated with enhanced
treatment efficacy. The explanation for a broadening
phenotypic spectrum may be less severe effects from

certain mutations, although genotype—phenotype
correlation is unclear at this time. Intrauterine and
catly developmental effects of deficiency of GABA
degradative enzymes are likely based on the ontogeny
of GABA concentrations, as well as glutamate and
glutamine, including regional effects of distribu-
tion.'®"” Developmental characteristics of GABA are
particularly dynamic, with prenatal/early postnatal
depolarizing effects that transition to inhibitory re-
sponses in the postnatal period. The GABAergic
system continues to evolve during childhood and
even adolescence, with evidence of increasingly pre-
cise and rapid synaptic actions via alteration of
interneuron properties, synchronization of GABA
release, and selected receptor subunits.'® Inhibitory
GABAergic systems control the size and propagation
of neuronal assemblies within neural networks.” In
addition, GABA-mediated depolarization induces the
differentiation of dendrites, development of excit-
atory synaptic mechanisms, and patterning of oscilla-
tory activities.*

We present an updated series of 10 patients with
GABA-T deficiency including a previously unre-
ported case and a targeted therapeutic trial in 2 cases.
This includes 4 patients surviving past age 7 years—
the oldest at 9.5 years—in contrast to mortality pre-
viously reported in the first 2 years of life. More
diagnosed cases are anticipated with the increasing
utilization of comprehensive gene panels that include
ABAT and whole exome sequencing for evaluation of
children with unexplained early-onset epileptic ence-
phalopathies and movement disorders.
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