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Phenotypic spectrum of GABRA1
From generalized epilepsies to severe epileptic encephalopathies

ABSTRACT

Objective: To delineate phenotypic heterogeneity, we describe the clinical features of a cohort of

patients with GABRA1 gene mutations.

Methods: Patients with GABRA1 mutations were ascertained through an international collabora-

tion. Clinical, EEG, and genetic data were collected. Functional analysis of 4 selected mutations

was performed using the Xenopus laevis oocyte expression system.

Results: The study included 16 novel probands and 3 additional family members with a disease-

causing mutation in the GABRA1 gene. The phenotypic spectrum varied from unspecified epi-

lepsy (1), juvenile myoclonic epilepsy (2), photosensitive idiopathic generalized epilepsy (1), and

generalized epilepsy with febrile seizures plus (1) to severe epileptic encephalopathies (11). In the

epileptic encephalopathy group, the patients had seizures beginning between the first day of life

and 15 months, with a mean of 7 months. Predominant seizure types in all patients were tonic-

clonic in 9 participants (56%) and myoclonic seizures in 5 (31%). EEG showed a generalized

photoparoxysmal response in 6 patients (37%). Four selected mutations studied functionally

revealed a loss of function, without a clear genotype–phenotype correlation.

Conclusions: GABRA1 mutations make a significant contribution to the genetic etiology of both

benign and severe epilepsy syndromes. Myoclonic and tonic-clonic seizures with pathologic

response to photic stimulation are common and shared features in both mild and severe

phenotypes. Neurology® 2016;87:1140–1151

GLOSSARY

cRNA5 complementary RNA; DS 5 Dravet syndrome; EE 5 epileptic encephalopathy; GABAA 5 g-aminobutyric acid type A
receptor; GEFS1 5 generalized epilepsy with febrile seizures plus; GSW 5 generalized spike-wave; IGE 5 idiopathic gen-
eralized epilepsy; JME 5 juvenile myoclonic epilepsy; MAE 5 myoclonic-astatic epilepsy; WT 5 wild type.

In the last 15 years, mutations in genes encoding the a1, b2, b3, g2, or d subunits (encoded by
GABRA1,GABRB2, GABRB3,GABRG2, andGABRD, respectively) of the g-aminobutyric acid
type A (GABAA) receptors have been associated with various forms of epilepsy, ranging from
mild genetic generalized epilepsies and febrile seizures1–5 (GABRA1 and GABRG2) to severe
epileptic encephalopathies (EEs) such as Dravet syndrome (DS), infantile spasms, and Lennox-
Gastaut syndrome (GABRA1, GABRB2, and GABRB3).6–8

Mutations in the GABRA1 gene were first identified in a large family with juvenile myoclonic
epilepsy (JME)9 and subsequently in a sporadic patient with childhood absence epilepsy who
had a de novo frameshift mutation4 (see the table). More recent studies have shown that
mutations in GABRA1 can also cause DS and other severe EEs.6,7

Functional studies indicate that mutations cause disease via haploinsufficiency and/or
through a dominant negative effect on wild-type (WT) partnering subunits. The observed
loss-of-function due to reduced protein stability and surface expression of GABAA receptors
comprising mutant subunits, as well as decreased sensitivity to GABA, can lead to a subsequent
reduction of inhibitory inputs in neurons and therefore increased excitability.4,9,10
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In this report, we describe the phenotypic
spectrum observed in 19 individuals (16 pro-
bands and 3 additional family members) har-
boring different disease-causing mutations of
the GABRA1 gene.

METHODS GABRA1 mutation–positive patients were identi-

fied from genetic screening in patients with different childhood

epilepsies, mainly EEs. Patients were collected through an inter-

national collaboration that included clinical epilepsy and genetics

centers in Europe and the United States. The probands and their

families underwent detailed clinical examinations including per-

sonal interviews, review of the patients’ charts, neuroimaging, and

EEG investigations. Seizures were classified according to the

International League Against Epilepsy Organization, and epilepsy

syndromes were established when possible.11 EEs were defined as

a condition in which seizures and or epileptiform EEG abnor-

malities are believed to contribute to a progressive disturbance in

cerebral function.11 This concept is evolving and has not been

fully established, which is why we classified some patients as mild

EEs, a term not included in the current definition, to indicate that

the clinical picture at onset was consistent with an EE yet the

outcome was less severe than in other well-known EEs, such us

Ohtahara syndrome or migrating malignant partial seizures of

infancy.

Standard protocol approvals, registrations, and patient

consents. Local ethical committees approved the study. All pro-

bands or, in case of minors, their parents or legal guardians, gave

written informed consent before inclusion.

Mutation analysis. Genomic DNA was extracted from blood

using standard methods. Mutations in 3 cases were identified

using a targeted next-generation sequencing panel containing

85 epilepsy genes. This panel included all exons and at least 5

base pairs of flanking intronic sequences of GABRA1 (RefSeq,

hg19 build, transcript ID NM_000806.5) and was used to screen

a cohort of 432 individuals with various forms of childhood-onset

epilepsies including EEs. Variants were assumed to be pathogenic

if they were nonsynonymous, splice-site altering, or frameshift

changes, not present in 6,500 control samples (Exome Variant

Server; see URLs/resources) or in the Exome Aggregation

Consortium database consisting of exome data from 60,706

individuals (see URLs/resources), and had arisen de novo in the

patient or were inherited from an affected parent. The remaining

13 GABRA1 mutations were identified by clinical or research

testing at 6 centers. Traditional Sanger sequencing was used to

confirm all mutations and perform segregation analysis.

Mutagenesis and RNA preparation. The a1 point mutations

Ser76Arg, Arg214His, Lys306Thr, and Phe104Cys were intro-

duced into the GABRA1 complementary DNA inserted in the

pcDNA3.1 vector (courtesy of Dr. P. Cossette), using the Quick-

Change site-directed mutagenesis kit (Stratagene, La Jolla, CA) and

verified using Sanger sequencing. Primers are available on request.

Complementary RNA (cRNA) of mutant and WT a1, as well as

b2 and g2short subunits, was prepared using the T7 mMessage

mMachine kit from Ambion (Austin, TX).

Oocyte preparation and injection. The use of animals and all

experimental procedures were approved by local authorities (Re-

gierungspräsidium Tübingen, Germany). Oocytes were obtained

from the Institute of Physiology I, Tübingen, or purchased from

EcoCyte Bioscience (Castrop-Rauxel, Germany) and prepared

using established protocols (e-Methods at Neurology.org). cRNA

concentrations were adjusted to 2mg/mL and mixed in a 1:1:2 ratio

(a1/b2/g2short), or 0.5:0.5:1:2 for a1(WT)/a1(MUT)/b2/g2short
in the coexpression experiments. Seventy nanoliters of the

corresponding cRNA mixtures was injected in the oocytes using

Robooinject (Multi Channel Systems, Reutlingen, Germany).

Automated oocyte 2-microelectrode voltage clamp. GABA-

evoked currents were recorded at room temperature (208C–228C)

using Roboocyte2 (Multi Channel Systems). The intracellular glass

microelectrodes had a resistance of 0.3–1MV when filled with 1M

KCl/1.5 M KAc. The bath solution was ND96 (in mM: 93.5

NaCl, 2 KCl, 1.8 CaCl2, 2 MgCl2, and 5 HEPES, pH 7.5).

The holding potential was270 mV. Increasing GABA concentra-

tions (in mM: 1, 3, 10, 30/40, 100, 300, and 1,000) were applied

for 15 seconds, followed by a 3-minute washout period.

Data analysis. Recordings were analyzed using Roboocyte21

(Multi Channel Systems), Clampfit (pClamp 8.2; Axon Instru-

ments, Union City, CA), Microsoft Excel (Microsoft, Redmond,

WA), Origin (OriginLab Corp., Northampton, MA), and Prism 6

software (GraphPad Software, La Jolla, CA) (e-Methods). Statistical

differences were obtained using unpaired t test or Mann–Whitney

test (Prism 6; GraphPad Software).

RESULTS Mutation analysis. Through an interna-
tional collaboration including clinical epilepsy and
genetic centers in Europe and the United States, we
identified 16 patients with pathogenic heterozygous
mutations in GABRA1 including an additional 3 pro-
bands from multiplex families (figure 1). The pheno-
typic spectrum varied from JME, photosensitive
idiopathic generalized epilepsy (IGE), and generalized
epilepsy with febrile seizures plus (GEFS1) to
myoclonic-astatic epilepsy (MAE) and severe EE.
Segregation analysis was performed in 12 of 16
probands. Eleven mutations occurred de novo; the
phenotypes of these patients were EE, MAE, and
early infantile EE. Of the 4 cases with a positive
family history, 3 were available for genetic testing,
which showed maternal or paternal inheritance in
concordance with the family history (figure 1).
Familial cases were consistent with an autosomal
dominant inheritance featuring additional family
members with seizures and a phenotype concordant
with the proband. Fourteen of the 16 mutations were
missense whereas the other 2 disrupted a predicted
splice-site. All mutations were in accord with the
criteria mentioned above and were found at a highly
conserved nucleotide across species (figure e-1); amino
acid changes were predicted to be damaging by one or
more of the prediction tools used (PolyPhen2 and
SIFT; see URLs) (table). None of the mutations
were present in the Exome Variant Server or the
Exome Aggregation Consortium set of approximately
61,000 exomes (see URLs).

Phenotypic analysis. The table summarizes the clinical
features of the 19 affected individuals (16 probands1
3 affected relatives) included in this study, as well as
previously published cases. Age at inclusion ranged
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from 1.5 to 48 years, with a mean of 18 years. Two
patients are deceased.

Analysis of electroclinical and neuroimaging data led
us to classify 7 of the 19 patients as having IGE, specif-
ically: JME (patients 1 and 6), IGE with generalized
tonic-clonic seizures (2 relatives of patient 6), GEFS1
(patient 3), and photosensitive IGE (patient 26, and his
brother). Of the remaining 12 patients, 3 had a more
severe phenotype resemblingMAE (MAE-like) (patient
23) and a mild, undefined EE (2 probands: 11 and 17)
in whom early-onset seizures were associated with mild
to moderate developmental delay and behavioral prob-
lems. One proband (10) experienced only a few seizures
and is currently seizure free with normal development
(at the age of 2). The last 8 probands were the most
severely affected ones, with a phenotype resembling
DS-like (4 probands: 4, 7, 12, and 13) and early-
onset EE (4 probands: 5, 14, 20, and 21). These 8
individuals had intractable seizures, variably associated
with severe developmental delay, behavioral problems,
hand stereotypies, and autistic features (see the table
and figure 2).

In the 11 patients of the EE group with available
clinical information, seizure onset ranged from the first
day of life to 15 months, with a mean of 7 months.

Seizure types included febrile seizures, focal, sec-
ondary generalized tonic-clonic, absences, tonic, atonic
and myoclonic-atonic, and tonic-clonic seizures and
convulsive status epilepticus. Myoclonic seizures,
occurring in 6 patients, were the most common seizure
type both in the benign and severe epilepsies. None of
the patients had infantile spasms.

EEG recordings showed epileptiform discharges in
14 of 16 probands with available data, including gener-
alized spike-wave (GSW) and generalized polyspike-wave
complexes in 10 patients and a generalized photoparox-
ysmal response to intermittent photic stimulation (IPS)
in 7 of the 16 patients (figure 3). In 2 patients, repeated
EEGs could not capture epileptiform activity.

Seven of 15 probands with available information on
treatment response were seizure free. Three patients
with JME (1 and 6) and GEFS1 (3) were on valproic
acid monotherapy, one patient with IGE (26), one
patient (10) with unspecified epilepsy, and one patient
with Dravet-like phenotype (7) were on levetiracetam
monotherapy, and one patient with mild EE (17) was
on valproic acid and levetiracetam combination ther-
apy. Nine patients were drug-refractory after having
tried multiple antiepileptic drugs in combination.
Two patients were lost to follow-up. One patient with
JME died of suspected suicide at the age of 37. The
other patient, a girl with early infantile EE, died of
pneumonia at the age of 2.

Functional analysis. Functional consequences of 4
selected mutations, associated with either severe
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Figure 1 The GABRA1 gene and pedigrees

(A) Mutations from both the literature and the present study are plotted in the gene, splice-site mutations excepted. (B) The

pedigrees of the families with inherited mutations. EE5 epileptic encephalopathy; GEFS5 generalized epilepsy with febrile

seizures; GTCS 5 generalized tonic-clonic seizures; IGE 5 idiopathic generalized epilepsy; JME 5 juvenile myoclonic

epilepsy; MAE 5 myoclonic atonic epilepsy; TMRs 5 transmembrane regions.
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phenotype (Ser76Arg, Arg214His, and Lys306Thr)
or IGE (Phe104Cys) were assessed using the Xenopus
laevis oocyte expression system and automated
2-microelectrode voltage clamping. Three analyzed
mutations are predicted to localize at the N-terminus
and one in the extracellular M2-M3 loop of the

GABAA receptor a1 subunit (figure 4A). Coinjection
with cRNA encoding b2 and g2s subunits led to ionic
currents, elicited by applying different concentrations
of GABA (figure 4B). Current amplitudes evoked by a
high GABA concentration (1 mM) revealed loss-of-
function effects for all analyzed mutations (figure 4,

Figure 3 EEG from GABRA1 patients

(A) Patient 1: Woman affected by juvenile myoclonic epilepsy. Interictal EEG showed focal spikes bilaterally in the frontal

regions and brief irregular bursts of 2- to 2.5-Hz generalized spike-wave. (B) Patient 3: Boy with Dravet-like syndrome and

an interictal EEG showing spontaneous focal spike and waves bilaterally in the posterior regions together with a generalized

photoparoxysmal response during intermittent photic stimulation (IPS) (MR1 MR2: time scale and marker for IPS).

Figure 2 Distribution of phenotypes

Diagram showing the distribution of the phenotypes throughout the gene. DS 5 Dravet syndrome; EE 5 epileptic enceph-

alopathy; GEFS1 5 generalized epilepsy with febrile seizures plus; IGE-TCS 5 idiopathic generalized epilepsy–tonic-clonic

seizures; JME 5 juvenile myoclonic epilepsy; MAE 5 myoclonic-astatic epilepsy.
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Figure 4 Functional analyses

Functional properties of selected GABRA1 mutations Ser76Arg (S76R), Arg214His (R214H), Lys306Arg (K306T), and

Phe104Cys (F104C) analyzed in Xenopus laevis oocytes. (A) Schematic representation of the a1 subunit of the GABAA

receptor, including the predicted positions of the 3 mutated amino acids at the N-terminus and in the M2-M3 linker. (B)

Continued
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C–F). This is the expected concentration of GABA in
physiologic conditions, on its release into the synaptic
cleft.12 Currents recorded for Ser76Arg mutant
subunits reached 32% 6 4%, for Arg214His 59%
6 7%, for Lys306Thr 39% 6 5%, and for
Phe104Cys 24% 6 3% of those recorded for the
WT on the same day (figure 4, C–F). We further
coexpressed each of the mutants with the WT in
a 1:1 ratio by substituting half of the amount of WT
cRNA with the cRNA encoding mutant subunits, as
expected in a heterozygous mutation carrier. The
obtained currents were in the range of 60% to
80% of the WT, reaching significant difference
only for the Ser67Arg coexpression (63% 6 9%,
p, 0.05, data not shown), and thus, corresponding
to the sum of the expected amplitudes for the WT
and mutant channels, with no indication of a dominant
negative effect. Decreased GABA sensitivity, revealed
by a rightward shift of the dose-response curves, was
found for all 4 mutations (figure 4, C–F). Hence, in
Xenopus laevis oocytes, all analyzed mutated receptor
subunits showed a clear loss-of-function compared
to the WT.

DISCUSSION Our cohort shows a wide range of epi-
lepsy subtypes spanning from the benign forms of
unspecified epilepsy, JME, IGE with generalized tonic-
clonic seizures, and GEFS1 to moderately severe
phenotypes such as MAE and mild EE and at the end
of the spectrum DS and other severe EEs. JME,
a subtype of IGE was the first epilepsy phenotype
linked to a GABRA1 mutation more than a decade
ago.9 Since then, only 4 additional patients with IGE
are on record13,14 (see the table).

Modern technologies, including high-throughput
and targeted next-generation sequencing using panels
of genes and whole-exome sequencing, have increased
the number of patients undergoing genetic analyses.
This process has recently led to the identification of sev-
eral novel GABRA1 mutations with a more severe phe-
notype including DS and other less well-defined EEs,
yet, only a few additional patients are on record6,7 (table).

The current study increases the number of pro-
bands with GABRA1 causative mutations and

emphasizes the concept that they are associated with
a large spectrum of phenotypes. Within the EE sub-
group, some patients have a mild EE, whereas some
have a severe early-onset epilepsy with severe develop-
mental delay and EEG suppression burst pattern. The
proportions observed in our study, 69% EE and 25%
IGE, might suggest that GABRA1 mutations more
frequently manifest with a severe phenotype, although
these figures are likely overestimated because of an
ascertainment bias toward more severe probands.

Considering IGE phenotypes, we report an addi-
tional patient with JME after the initial description by
Cossette et al.,9 corroborating that GABRA1 mutations
are an uncommon cause of JME.

Detailed phenotypic analysis, especially regarding
seizure types, suggests that tonic-clonic and myoclonic
seizures are common clinical manifestations both in
mild and severe GABRA1-related epilepsies. Similarly,
EEG recordings show that GSWs are frequently
observed in 90% of patients; 50% of patients have
a generalized photoparoxysmal response during inter-
mittent photic stimulation. Thus, tonic-clonic and
myoclonic seizures with predominant GSWs and
a photoparoxysmal response might represent shared
and specific electroclinical features of GABRA1 muta-
tions and might be a hallmark of the underlying
impaired functioning of GABA inhibition in the brain.
The epilepsy severity and clinical heterogeneity could
be explained by the genetic background or modifying
genes also having a role in the epileptogenesis of other
genetic epilepsy syndromes.

Similar to previously published studies, the majority
of the identified GABRA1 mutations are missense and
arise de novo whereas only about one-third follows an
autosomal dominant inheritance. Of note, there seems
to be phenotypic concordance among the mutation
carriers within the families, in contrast to the
SCN1A mutations, which can cause different phe-
notypes within the same family.15

Five mutations were observed to be recurrent in
this study and the literature: Ser76Arg, Arg112Gln,
Arg214His, Gly251Ser/Asp, Thr289Pro/Arg, and
Lys306Thr. Two patients (3 and 4) from this study
had a de novomutation at position Ser76Arg and shared

Figure 4 legend, continued:

Example of current responses to application of increasing concentrations of GABA (in mM: 1, 3, 10, 40, 100, and 1,000)

recorded from Xenopus oocytes expressing a1b2g2s WT receptors. (C–F) Left: Current amplitudes of WT and mutant

channels recorded on the same day in response to 1 mM GABA application were normalized to the mean value of the WT

response for that day. Normalized current responses to 1mMGABA application are shown in (C) forWT (n5 21) and S76R (n5

17), (D) forWT (n549) and R214H (n532), (E) forWT (n517) andK306T (n510), and (F) forWT (n525) and F104C (n518).

Right: The dose-response curves for a1b2g2s WT and mutant receptors were obtained on application of different GABA

concentrations, inmM: 1, 3, 10, 30 (R214H) or 40, 100, 300 (R214H,WT) and 1,000, and normalized to themaximal response

(1,000 mM) for each cell. EC50 values were determined for each oocyte. The averaged EC50 values (in mM), shown as mean 6

SEM,were: for theWT496 2 (n5 109), for S76R1746 10 (n5 13, p, 0.0001), for R214H2226 13 (n520, p, 0.0001),

for K306T 200 6 12 (n 5 9, p , 0.0001), and for F104C 75 6 4 (n 5 18, p , 0.0001). Statistical significance: *p , 0.05,

***p, 0.0001, using unpaired t test for the current amplitudes, or Mann–Whitney test for the EC50. GABA5 g-aminobutyric

acid; GABAA 5 GABA receptor type A. EC50 5 half maximal effective concentration; WT 5 wild type.
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a similar phenotype with hemiclonic/hemiclonic-tonic
seizures at onset, subsequent intractable myoclonic seiz-
ures, and severe developmental delay with autistic fea-
tures. The Arg112Gln mutation detected in one of
our patients (7) caused severe EE similar to previously
published phenotypes (87); however, it was also found
in a girl presenting with only a few seizures and a normal
psychomotor development (10). Two patients from
this study (13 and 14) with EE and a Dravet-like
phenotype harbored a de novo mutation, Arg214His.
Furthermore, mutation Gly251Asp was detected in
one of our patients with a mild EE phenotype (17),
affecting the same position as in a previously reported
patient with Gly251Ser exchange.7 The difference in
amino acid change could underline the slightly differ-
ent phenotype. The same may be said about the
Thr289Pro vs Thr289Arg, with the latter mutation
leading to a milder phenotype. Finally, we found
a de novo Lys306Thr mutation in a young man with
an MAE-like phenotype (patient 23), sharing some
clinical features with a previously published patient
carrying the same mutation.7 These isolated observa-
tions suggest some degree of genotype–phenotype
correlation.

We selected 4 mutations for functional analysis, 3
recurrently occurring and found in patients with EE
(Ser76Arg, Arg214His, Lys306Thr) and one from
the family with JME (Phe104Cys). All of them caused
a significant loss-of-function in Xenopus laevis oocytes.
The coexpression with the WT yielded intermediate
current responses underlining that in oocytes, the pres-
ence of mutant did not impair the function of the
available WT subunits. Similarly to the reported
JME-causing mutation,4,9 the Phe104Cys change
decreased current amplitudes and GABA sensitivity,
and both effects were found for the 3 EE mutations.
The dose-response shift for the Phe104Cys was
observed only at GABA concentrations lower than
100 mM, whereas the dose-response curves for Ser76-
Arg, Arg214His, and Lys306Thr indicated substan-
tially reduced response to GABA in the whole range
of tested concentrations. Thus, a combination of the
diminished current amplitude and a dramatic loss of
GABA sensitivity may present a functional hallmark of
EE-associated GABRA1 mutations.

The majority of GABRA1 missense mutations iden-
tified thus far (12/18) localize at the N-terminus of the
a1 subunit, which contains the putative signaling peptide
and is responsible for binding GABA and its agonists.16

Other affected regions are the transmembrane seg-
ments M1 (1/18), the pore-forming M2 (3/18), and
M3 (1/18) as well as the extracellular M2-M3 linker
(1/18) involved in the coupling of agonist binding with
gating.17 Thus, the described GABRA1 mutations
affect regions critical for the proper function of GABAA
receptors. Even though the oocyte expression system

enabled us to analyze the biophysical properties of
a pure population of heterologously expressed receptor
proteins, we are aware of its limitations in determining
the exact molecular mechanisms and thereby the path-
ophysiologic consequences of mutated receptors in
neurons, neuronal networks, and the brain. However,
this first functional screening tool has corroborated the
presumed effect of the detected mutations in these
patients.

The impaired inhibitory function of mutatedGABAA
receptors is expected to increase the excitatory activity
and this disinhibition mechanism can lead to generation
of seizures. Accordingly, a knockout Gabra1 mouse
model showed shorter viability and absence seizures in
certain strain and sex backgrounds.18 Furthermore,
increased anxiety behavior was observed in these
models,19 which might be correlated to some comor-
bidities found in our patients.

The present study confirms GABRA1 mutations as
significant contributors to the genetic etiology of both
mild and severe epilepsy syndromes. GABRA1 muta-
tions, through a possible mechanism of haploinsuffi-
ciency, cause an impairment of the GABA inhibitory
function leading to a wide spectrum of epilepsy phe-
notypes. JME and other IGE phenotypes represent
a minority of cases, with the majority of patients ex-
hibiting infantile-onset severe epilepsies with associated
cognitive and behavioral deficits. In some patients, the
epilepsy phenotype, including age at onset, seizure
types, and fever sensitivity, suggests a diagnosis of
DS. Some previously published patients7 and some of
those included in this study have indeed been identified
from a cohort of SCN1A-negative patients with DS.

Mutations in the GABRA1 gene should be consid-
ered in patients with EE, especially those with infantile-
onset, prominent tonic-clonic and myoclonic seizures,
and GSWs and a photoparoxysmal response on the
EEG. Genetic background and modifying genes might
contribute to phenotypic heterogeneity.
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