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1 	 | 	 INTRODUCTION

GABA	(γ-	aminobutyric	acid)	is	the	most	abundant	inhibi-
tory	 neurotransmitter,1	 and	 its	 receptor	 is	 an	 important	
pharmacological	target	of	many	antiseizure	medications.2,3	
Three	major	receptor	classes	are	activated	by	GABA:	 the	
abundant	 GABA	 type	 A	 receptors,	 which	 are	 ligand-	
dependent,	postsynaptic	anion	channels	that	exert	a	rapid	
inhibitory	 action	 when	 activated4;	 the	 metabotropic	 G	
protein–	coupled	 GABA	 type	 B	 presynaptic	 receptors5;	
and	the	less	widespread	GABA	type	C	receptors.6	GABAA-	
receptor	subunits	are	combined	as	heteropentamers	from	
various	combinations	of	proteins—	most	frequently	two	α,	
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Abstract
Objective: γ-	Aminobutyric	 acid	 (GABA)A-	receptor	 subunit	 variants	 have	 re-
cently	been	associated	with	neurodevelopmental	disorders	and/or	epilepsy.	The	
phenotype	linked	with	each	gene	is	becoming	better	known.	Because	of	the	com-
mon	molecular	structure	and	physiological	role	of	these	phenotypes,	it	seemed	
interesting	 to	 describe	 a	 putative	 phenotype	 associated	 with	 GABAA-	receptor–	
related	disorders	as	a	whole	and	seek	possible	genotype–	phenotype	correlations.
Methods: We	 collected	 clinical,	 electrophysiological,	 therapeutic,	 and	 molecu-
lar	data	from	patients	with	GABAA-	receptor	subunit	variants	(GABRA1, GABRB2, 
GABRB3,	and	GABRG2)	through	a	national	French	collaboration	using	the	EPIGENE	
network	and	compared	these	data	to	the	one	already	described	in	the	literature.
Results: We	gathered	the	reported	patients	in	three	epileptic	phenotypes:	15	pa-
tients	with	fever-	related	epilepsy	(40%),	11	with	early	developmental	epileptic	en-
cephalopathy	(30%),	10	with	generalized	epilepsy	spectrum	(27%),	and	1	patient	
without	seizures	(3%).	We	did	not	find	a	specific	phenotype	for	any	gene,	but	we	
showed	that	the	location	of	variants	on	the	transmembrane	(TM)	segment	was	as-
sociated	with	a	more	severe	phenotype,	irrespective	of	the	GABAA-	receptor	subu-
nit	gene,	whereas	N-	terminal	variants	seemed	to	be	related	to	milder	phenotypes.
Significance: GABAA-	receptor	subunit	variants	are	associated	with	highly	variable	
phenotypes	despite	their	molecular	and	physiological	proximity.	None	of	the	genes	
described	here	was	associated	with	a	specific	phenotype.	On	the	other	hand,	it	appears	
that	the	location	of	the	variant	on	the	protein	may	be	a	marker	of	severity.	Variant	lo-
cation	may	have	important	weight	in	the	development	of	targeted	therapeutics.

K E Y W O R D S

channelopathy,	developmental	and	epileptic	encephalopathy,	GABA	A	receptor,	genetic	
generalized	epilepsy

Key points
•	 γ-	Aminobutyric	 acid	 (GABA)A–	receptor	 subu-

nit	 variants	 lead	 to	 a	 fever-	related	 epilepsy,	 a	
generalized	 epilepsy,	 or	 a	 developmental	 and	
epileptic	encephalopathy

•	 Phenotype	was	not	associated	with	a	given	gene,	
but	with	the	location	of	variants	within	the	protein

•	 Variants	of	the	transmembrane	domain	are	sig-
nificantly	 more	 severe	 than	 other	 variants	 in	
our	cohort	and	in	402	published	cases.
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two	β,	 and	one	γ	 subunit.7	All	GABAA-	receptor	 subunits	
exhibit	a	similar	structure,	with	four	transmembrane	do-
mains	(TM1	to	TM4)	and	a	long	extracellular	N-	terminal	
domain	(NT).	The	ion	channel	pore	is	formed	by	the	sec-
ond	transmembrane	domain	(TM2)	of	each	subunit.	These	
receptors	include	several	binding	sites	for	ligands	(agonist,	
antagonist,	or	benzodiazepine	[BZD]8,9).

GABAA-	receptor	 subunit	 heterozygous	 variants	 have	
recently	 been	 identified	 as	 an	 important	 cause	 of	 child-
hood	 epilepsy	 with	 or	 without	 intellectual	 disability	
(ID).10	GABAA-	receptor	subunit	variants	were	first	identi-
fied	in	GABRG2	and	GABRA1	using	classical	linkage	anal-
ysis,	and	then	candidate	gene	sequencing	in	large	families	
with	autosomal	dominant	genetic	generalized	epilepsy.4,11	
With	the	availability	of	next-	generation	sequencing,	many	
different	epileptic	phenotypes	have	been	linked	to	GABAA-	
receptor	 subunit	 variants	 with	 or	 without	 neurodevel-
opmental	 disorder,2	 these	 genes	 being	 one	 of	 the	 most	
frequently	implicated	in	epilepsy	phenotypes.12	Given	the	
structural	 and	 functional	 proximity	 of	 GABAA-	receptor	
subunits,	it	seemed	relevant	to	leave	the	gene-	by-	gene	de-
scription	and	consider	as	a	coherent	whole	the	disorders	
associated	with	GABAA-	receptor	subunit	mutations.	This	
approach	 has	 been	 proposed	 recently	 and	 guided	 us	 for	
this	study	at	the	clinical,	electrophysiological,	and	devel-
opmental	levels.13–	16

Here,	 we	 report	 a	 series	 of	 37	 patients	 with	 patho-
genic	variants	 in	one	of	 the	GABAA-	receptor	subunits—	
GABRA1,	 GABRB2,	 GABRB3,	 and	 GABRG2— and	 we	
analyzed	402	cases	reported	in	the	literature,	 identifying	
the	 clinical,	 electrophysiological,	 and	 molecular	 charac-
teristics,	 with	 an	 emphasis	 on	 genotype–	phenotype	 cor-
relations	 and	 protein	 domain	 phenotype	 correlations	 to	
highlight	the	link	between	variant	localization	and	neuro-
developmental	impairment	severity.

2 	 | 	 MATERIAL AND METHODS

We	 collected	 clinical,	 electrophysiological,	 therapeutic,	
and	molecular	data	from	patients	affected	with	the	most	
frequent	 GABAA-	receptor	 subunit	 variants	 (GABRA1,	
GABRB2,	 GABRB3,	 and	 GABRG2)	 through	 a	 national	
French	 collaboration	 using	 the	 EPIGENE	 network.	 We	
used	 a	 standardized	 survey	 completed	 by	 the	 clinician	
following	these	patients.	Seizures	were	classified	accord-
ing	to	the	International	League	Against	Epilepsy	(ILAE)	
classification.17	This	study	has	been	declared	to	the	health	
data	 access	 portal	 of	 Assistance	 Publique-	Hôpitaux	 de	
Marseille	 under	 the	 reference	 YNRSXY	 and	 registered	
under	the	number	PADS22-	23.

We	gathered	epileptic	phenotypes	 in	 three	spectrums	
using	the	ILAE	diagnosis	criteria:

1.	 Epilepsy	 associated	 with	 fever	 sensibility:	 Genetic	
epilepsy	 with	 febrile	 seizures	 plus	 (GEFS+),	 Dravet	
syndrome	 (DS)	 spectrum,	 and	 epilepsies	 in	 which	
fever	 sensitivity	 is	 a	 preeminent	 sign.

2.	 Early	developmental	epileptic	encephalopathy	(EDEE)	
comprising	 epilepsy	 of	 infancy	 with	 migrating	 focal	
seizures	(EIMFS),	early	infantile	epileptic	encephalop-
athy	(EIEE),	and	early-	onset	epilepsies	that	did	not	fit	
with	any	epileptic	syndrome.

3.	 Genetic	generalized	epilepsy:	epilepsy	with	myoclonic-	
atonic	 seizure	 (MAE),	 juvenile	 myoclonic	 epilepsy	
(JME),	atypical	absences,	and	unclassified	generalized	
epilepsy	with	normal	background	activity	and	general-
ized	paroxysmal	activities.	MAE	epilepsy	was	retained	
if	 seizures	 with	 myoclonic-	atonic	 falls	 were	 present,	
whether	or	not	associated	with	other	types	of	seizures	
(atypical	 absences,	 generalized	 tonic-	clonic	 seizures,	
myoclonia,	and	so	on).	Electroencephalography	(EEG)	
could	show	focal	or	generalized	anomalies.

Cognitive	 development	 assessment	 was	 based	 pre-
dominantly	on	psychomotor	development	assessed	by	the	
referring	physicians,	with	occasional	formal	neuropsycho-
logical	testing.	Informed	consent	for	study	inclusion	was	
obtained	 from	patients	and	parents	or	 their	 legal	guard-
ians,	in	compliance	with	the	Declaration	of	Helsinki.

At	 the	 molecular	 level,	 we	 considered	 variants	 as	
pathogenic	based	on	a	combination	of	the	following	cri-
teria	as	suggested	by	Richards	et	al.	(2015)18:	(1)	the	pres-
ence	of	nonsense,	missense,	nonsynonymous,	frameshift,	
and	 splicing	 modifier	 variants;	 (2)	 the	 absence	 of	 vari-
ants	from	human	polymorphism	databases	(such	as	gno-
mAD19);	(3)	predicted	as	pathogenic	by	in	silico	prediction	
software	(SIFT,20	PolyPhen,21	MutationTaster,22	and	UMD	
Predictor23);	 (4)	 the	 results	 of	 segregation	 analyses	 with	
the	 presence	 of	 a	   variant	 in	 the	 affected	 individual	 or	
transmission	by	an	affected	parent.	All	variants	are	hetero-
zygous	except	in	three	siblings	with	a	homozygous	variant	
in	a	consanguineous	pedigree.	All	variants	were	identified	
using	 high-	throughput	 targeted	 gene-	sequencing	 panels	
designed	 for	neurodevelopmental	disorders	 (ID	and	epi-
lepsy	panels)	except	for	patient	4,	for	whom	whole-	exome	
sequencing	 was	 performed.	 All	 variants	 were	 confirmed	
by	Sanger	sequencing,	as	was	familial	segregation.

2.1	 |	 Literature review

We	analyzed	all	cases	reported	to	date	(March	2022)	with	
a	 pathogenic	 mutation	 of	 one	 of	 the	 following	 GABAA-	
receptor	 subunits:	 GABRA1,	 GABRB2,	 GABRB3,	 and	
GABRG2	 using	 the	 HGMD	 Pro	 database24	 and	 PubMed	
website.	English-	language	articles	were	selected.
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For	each	case,	we	noted	the	clinical	phenotype	accord-
ing	to	the	classification	previously	described:	(1)	epilepsy	
associated	 with	 fever	 sensibility,	 (2)	 early	 developmen-
tal	epileptic	encephalopathy,	and	(3)	genetic	generalized	
epilepsy.	 The	 cases	 for	 which	 the	 classification	 was	 not	
possible	 due	 to	 missing	 data	 or	 for	 which	 the	 epileptic	
phenotype	did	not	fit	with	any	of	these	three	phenotypes	
have	nevertheless	been	reported.	We	also	collected	the	age	
at	the	first	seizure	and	the	severity	of	ID,	when	available.

2.2	 |	 Statistical analysis

Descriptive	statistics	are	reported	as	frequencies	(sample	
size	and	percentages)	and	means	for	categorical	and	con-
tinuous	variables,	respectively.	The	groups	were	compared	
using	χ2	or	Fisher	exact	tests	as	appropriate.	All	analyses	
were	performed	using	IBM	SPSS	Statistics	20.0	(IBM	Inc.).	
For	all	two-	tailed	tests	used,	a	significance	level	of	p < .05	
was	considered	statistically	significant.

3 	 | 	 RESULTS

We	report	34	unpublished	patients	with	a	pathogenic	vari-
ant	in	GABAA-	receptor	subunits	(3	of	them	have	already	
been	reported	in	Johannesen	et	al.25):	6	in	GABRA1,	5	in	
GABRB2,	16	in	GABRB3,	and	10	in	GABRG2,	representing	
16	 male	 and	 21	 female	 patients	 with	 an	 age	 at	 epilepsy	
onset	from	birth	to	16	years.	Thirty-	four	index	cases	with	
heterozygous	variants	and	three	sibling	cases	with	a	ho-
mozygous	variant	are	presented.	All	clinical	and	molecu-
lar	results	are	summarized	in	Table 1.

3.1	 |	 Clinical results

3.1.1	 |	 Developmental	and	
electroclinical	phenotypes

The	 analysis	 of	 the	 electroclinical	 phenotype	 of	 the	 pa-
tients	led	us	to	describe	three	groups:

3.1.1.1	 |	 Group 1: Fever- related epilepsy (40%— 
n = 15)
This	group	includes	six	patients	with	a	GABRG2	variant,	
four	with	a	GABRB3	variant,	three	with	a	GABRA1	vari-
ant,	and	two	with	a	GABRB2	variant.	The	epilepsy	began	
on	average	at	10.9 months	(range	3–	26	months)	with	fever-	
related	generalized	tonic-	clonic	seizures	(n = 12)	and/or	
focal	seizures	(n = 7).	Some	patients	also	had	other	types	
of	 seizures	 at	 first	 evaluation:	 absence	 seizures	 (n  =  6),	
atonic	seizures	 (n = 5),	myoclonic	seizures	 (n = 3),	and	

clonic	seizures	(n = 2).	One	patient	also	had	an	alternat-
ing	hemiplegia	(Patient	25,	Figure 1A).	Initial	EEG	abnor-
malities	were	generalized	(n = 4);	two	patients	had	focal	
anomalies	and	three	have	multifocal	anomalies.	Seven	of	
these	patients	had	a	normal	EEG	at	first	evaluation.	Most	
of	 the	patients	 from	this	group	had	a	moderate	 intellec-
tual	disability	(or	ID)	(n = 7),	three	with	mild	ID	and	two	
with	severe	ID;	it	should	be	noted	that	three	patients	had	
no	ID	(Figure 1B).	The	most	effective	antiseizure	medica-
tions	(ASMs)	were	valproic	acid	(n = 10),	clobazam	and	
other	 benzodiazepines	 alone	 or	 in	 association	 (n  =  6),	
and	lamotrigine	(n = 4).	One	patient	became	seizure-	free	
under	a	ketogenic	diet.	All	the	patients	of	this	group	had	
good	control	of	 their	epilepsy	under	ASMs	at	 the	end	of	
the	follow-	up.	Five	patients	had	electroclinical	features	of	
Dravet	syndrome	(Table 1).

3.1.1.2	 |	 Group 2: Early developmental epileptic 
encephalopathy (EDEE) (29%— n = 11)
Six	 patients	 had	 a	 variant	 in	 GABRB3,	 including	 three	
siblings;	two	had	a	variant	in	GABRB2,	two	had	a	variant	
in	GABRA1,	and	one	had	a	variant	in	GABRG2.	The	epi-
lepsy	began	before	6 months	of	age,	with	motor	symptoms	
in	 all	 cases:	 clonic	 and	 tonic	 seizures	 (n  =  8)	 or	 clonic/
myoclonic	seizures	(n = 4).	One	patient	had	focal	migrat-
ing	 clonic	 seizures	 (Patient	 21),	 and	 two	 patients	 also	
had	 infantile	 spasms	 (Patients	 28	 and	 29)	 (Table  1	 and	
Figure 1A).	Of	interest,	we	found	a	recurrent	EEG	pattern	
in	those	patients;	most	of	them	(6/11)	had	a	suppression	
burst	on	the	initial	EEG,	2	of	11	patients	had	hypsarrhyth-
mia,	1	had	generalized	spike	waves,	and	1	had	migrating	
polyspike	waves.	One	patient	had	a	normal	 initial	EEG.	
Ongoing	EEGs	showed	asymptomatic	burst	of	slow	waves,	
predominantly	anterior	(Figure 2).	This	abnormal	activity	
was	not	symptomatic,	 lasted	for	5	to	20	seconds,	and	oc-
curred	preferentially	in	the	quiet	vigil	and	sleep	states.	All	
the	patients	had	a	severe	ID	(four	patients	died	between	
2 months	and	18	years)	(Figure 1B).	Development	was	ab-
normal	before	or	at	epilepsy	onset	in	all	cases.	The	most	
effective	ASMs	were	phenobarbital	 (n = 4)	and	valproic	
acid	 (n =  3),	 but	 most	 of	 the	 patients	 in	 this	 group	 had	
drug-	resistant	epilepsy.

3.1.1.3	 |	 Group 3: Generalized epilepsy spectrum 
(27%— n = 10)
Six	patients	had	a	GABRB3	variant,	two	had	a	GABRB2	var-
iant,	and	two	had	a	GABRG2	variant	(Figure 1A).	Epilepsy	
began	 at	 a	 mean	 age	 of	 37	months	 (range	 2  months	 to	
16	years)	with	generalized	seizures,	 including	generalized	
tonic–	clonic	seizures	(n = 7),	absences	(n = 6),	myoclonic	
(n = 4),	atonic	(n = 4),	and	spasms	(n = 2).	One	patient	had	
infantile	spasms	and	then	generalized	tonic–	clonic	seizures	
(patient	9).	In	this	group,	the	patients	endured	various	types	



   | 2523MAILLARD et al.

T
A

B
L

E
 1

	
C

lin
ic

al
	c

ha
ra

ct
er

is
tic

s	o
f	G

A
BR

A
1,

	G
A

BR
B2

,	G
A

BR
B3

,	a
nd

	G
A

BR
G

3	
pa

tie
nt

s	f
ro

m
	o

ur
	n

at
io

na
l	c

oh
or

t

Pa
ti

en
t 

(g
en

de
r)

G
en

e
M

ut
at

io
n 

in
he

ri
ta

nc
e

A
ge

 a
t 

on
se

t
Se

iz
ur

e 
ty

pe
s

E
pi

le
pt

ic
 

ph
en

ot
yp

e
D

ia
gn

os
is

 
sp

ec
tr

um
ID

C
lin

ic
al

 fe
at

ur
es

Fi
rs

t E
E

G
B

ra
in

 M
R

I
E

ff
ec

ti
ve

 d
ru

gs

N
-	te

rm
in

al
	d

om
ai

n

1	
(F

)
G

A
BR

A
1

c.
27

4	T
	>

	C
p.

Ph
e9

2L
eu

	d
e	

no
vo

N
P

G
TC

S
G

EF
S+

Fe
ve

r-
	re

la
te

d	
ep

ile
ps

y
M

od
er

at
e

Li
m

b	
tr

em
or

N
or

m
al

	rh
yt

hm
	

ac
tiv

ity
	w

ith
	

lo
ca

liz
ed

	fa
st

	
rh

yt
hm

ic
	

ac
tiv

ity
	a

nd
	

G
SW

N
or

m
al

LE
V

,	L
TG

,	P
M

P

2	
(F

)
c.

33
5G

	>
	A

p.
A

rg
11

2G
ln

	d
e	

no
vo

26
m

A
ty

pi
ca

l	a
bs

en
ce

,	
G

TC
S

G
EF

S+
Fe

ve
r-

	re
la

te
d	

ep
ile

ps
y

M
od

er
at

e
A

SD
,	r

eg
re

ss
io

n
Ph

ot
o	

S,
	n

or
m

al
	

rh
yt

hm
	a

ct
iv

ity
	

(3
4	m

)

V
en

tr
ic

ul
om

eg
al

y,
	th

in
	

C
C

V
PA

,	T
PM

,	L
TG

3	
(M

)
c.

33
5G

	>
	A

p.
A

rg
11

2G
ln

	d
e	

no
vo

7m
G

TC
S

G
EF

S+
Fe

ve
r-

	re
la

te
d	

ep
ile

ps
y

N
o

M
ac

ro
ce

ph
al

y,
	m

ac
ro

so
m

ia
N

or
m

al
	(2

y)
N

or
m

al
V

PA
,	T

PM
,	C

LB

4	
(F

)
G

A
BR

B3
c.

22
9G

	>
	A

p.
G

lu
77

Ly
s	d

e	
no

vo
16

y
G

TC
S,

	m
yo

cl
on

ia
M

JE
G

en
er

al
iz

ed
	

ep
ile

ps
y	

sp
ec

tr
um

M
od

er
at

e
Tr

un
k	

dy
st

on
ia

,	s
pa

st
ic

ity
,	

ce
re

be
lla

r	s
yn

dr
om

e,
	b

ila
te

ra
l	

op
tic

	a
tr

op
hy

G
en

er
al

iz
ed

	S
W

	
(1

6y
)

N
or

m
al

LT
G

,	Z
N

S

5	
(M

)
c.

23
8A

	>
	G

p.
M

et
80

V
al

	d
e	

no
vo

8m
Fo

ca
l,	

m
yo

cl
on

ic
M

A
E

G
en

er
al

iz
ed

	
ep

ile
ps

y	
sp

ec
tr

um

M
od

er
at

e
A

ta
xi

a,
	st

er
eo

ty
pi

es
,	o

gi
va

l	p
al

at
e	

an
d	

dy
sm

or
ph

is
m

A
ng

el
m

an
	li

ke
	tr

ac
e	

(4
y)

N
or

m
al

TP
M

,	L
TG

,	P
IR

6	
(M

)
c.

34
3C

	>
	T

p.
G

ln
11

5*
In

he
ri

te
d 

fa
th

er

36
m

A
ty

pi
ca

l	a
bs

en
ce

s
un

cl
as

si
fie

d
G

en
er

al
iz

ed
	

ep
ile

ps
y	

sp
ec

tr
um

M
ild

A
SD

,	m
ac

ro
so

m
ia

R
eg

ul
ar

	g
en

er
al

iz
ed

	
SW

	3
 H

z
N

P
V

PA
,	L

TG

7	
(F

)
c.

35
8G

	>
	A

	p
.A

sp
12

0A
sn

	
de

	n
ov

o
11

m
A

ty
pi

ca
l	a

bs
en

ce
,	

G
TC

S	
an

d	
at

on
ic

M
A

E
G

en
er

al
iz

ed
	

ep
ile

ps
y	

sp
ec

tr
um

N
o

C
on

ge
ni

ta
l	m

ac
ro

ce
ph

al
y

Sl
ow

	b
ila

te
ra

l	S
W

	
(1

5	m
)

N
or

m
al

LT
G

,	L
EV

8	
(F

)
c.

67
4	T

	>
	C

,	p
.P

he
22

5S
er

	
de

	n
ov

o
13

m
N

ig
ht

tim
e	

fo
ca

l	
se

co
nd

ar
ily

	
ge

ne
ra

liz
ed

G
EF

S+
Fe

ve
r-

	re
la

te
d	

ep
ile

ps
y

M
od

er
at

e
St

er
eo

ty
pi

es
,	s

tr
ab

is
m

us
,	s

ev
er

e	
G

O
R

N
or

m
al

	(<
2y

)
A

ra
ch

no
id

	c
ys

t
TP

M

9	
(F

)
c.

67
4	T

	>
	G

	p
.P

he
22

5C
ys

	
de

	n
ov

o
2m

Sp
as

m
s,	

G
TC

S
U

nc
la

ss
ifi

ed
G

en
er

al
iz

ed
	

ep
ile

ps
y	

sp
ec

tr
um

M
ild

A
ta

xi
a,

	tr
em

or
,	n

ys
ta

gm
us

,	
au

to
-	a

gg
re

ss
iv

ity
,	d

ys
pr

ax
ia

,	
ne

ur
o	

vi
su

al
	im

pa
ir

m
en

t,	
m

ic
ro

ce
ph

al
y

R
ig

ht
	o

cc
ip

ita
l	s

lo
w

	
w

av
es

;
A

ng
el

m
an

	li
ke

N
or

m
al

LT
G

,	C
LB

10
	(M

)
c.

69
5G

	>
	A

	p
.A

rg
23

2G
ln

	
de

	n
ov

o
9m

G
TC

S,
	m

yo
cl

on
ic

	
at

on
ic

In
co

m
pl

et
e	

D
ra

ve
t

Fe
ve

r-
	re

la
te

d	
ep

ile
ps

y
M

od
er

at
e

A
D

H
D

G
SW

	(5
y)

N
or

m
al

V
PA

,	Z
N

S

11
	(F

)
c.

69
5G

	>
	A

	p
.A

rg
23

2G
ln

In
he

ri
te

d 
(m

os
ai

ci
sm

)
18

m
Fo

ca
l,	

G
TC

S
In

co
m

pl
et

e	
D

ra
ve

t
Fe

ve
r-

	re
la

te
d	

ep
ile

ps
y

M
od

er
at

e
Be

ha
vi

or
	p

ro
bl

em
s,	

A
D

H
D

,	m
or

bi
d	

ob
es

ity
Bi

fr
on

ta
l	S

W
	

as
ym

pt
om

at
ic

H
yp

er
si

gn
al

	W
M

	ri
gh

t	
te

m
po

ra
l

V
PA

,	C
BZ

,	C
LB

12
	(M

)
18

m
Fo

ca
l,	

G
TC

S,
	a

ty
pi

ca
l	

ab
se

nc
es

,	a
to

ni
c

G
EF

S+
Fe

ve
r-

	re
la

te
d	

ep
ile

ps
y

M
od

er
at

e
Le

ft	
fo

ot
	a

nd
	a

nk
le

	d
ef

or
m

at
io

n,
	

m
ac

ro
ce

ph
al

y
A

sy
m

pt
om

at
ic

	G
SW

	
(2

y)
N

or
m

al
LV

T

13
	(F

)
G

A
BR

G
2

c.
28

2_
30

6d
up

,
p.

	P
ro

10
3A

rg
fs

*6
	In

he
ri

te
d

12
m

FS
,	G

TC
S

G
EF

S+
Fe

ve
r-

	re
la

te
d	

ep
ile

ps
y

N
o

N
P

N
or

m
al

	(a
ge

	N
P)

N
or

m
al

LT
G

(C
on

tin
ue

s)



2524 |   MAILLARD et al.

Pa
ti

en
t 

(g
en

de
r)

G
en

e
M

ut
at

io
n 

in
he

ri
ta

nc
e

A
ge

 a
t 

on
se

t
Se

iz
ur

e 
ty

pe
s

E
pi

le
pt

ic
 

ph
en

ot
yp

e
D

ia
gn

os
is

 
sp

ec
tr

um
ID

C
lin

ic
al

 fe
at

ur
es

Fi
rs

t E
E

G
B

ra
in

 M
R

I
E

ff
ec

ti
ve

 d
ru

gs

Tr
an

sm
em

br
an

e	
lo

ca
liz

at
io

n

14
	(M

)
G

A
BR

A
1

c.
78

7A
	>

	G
p.

M
et

26
3V

al
de

	n
ov

o

1m
M

yo
cl

on
ic

,	t
on

ic
,	

at
on

ic
,	G

TC
S

EI
EE

ED
EE

Se
ve

re
Po

st
na

ta
l	m

ic
ro

ce
ph

al
y,

	h
yp

ot
on

ia
,	

ch
or

eo
at

he
to

id
	m

ov
em

en
t,	

ny
st

ag
m

us

Su
pp

re
ss

io
n	

bu
rs

t	
(5

m
)

N
or

m
al

C
BZ

,	P
M

P

15
	(F

)
c.

85
1	T

	>
	C

	p
.V

al
28

4A
la

	
de

	n
ov

o
0.

5m
To

ni
c,

	c
lo

ni
c

EI
EE

ED
EE

Se
ve

re
	(d

ie
d	

at
	

8m
)

M
ic

ro
ce

ph
al

y,
	a

xi
al

	h
yp

ot
on

ia
,	

gr
ow

th
	d

el
ay

H
yp

sa
rr

hy
th

m
ia

	
(7

m
)

C
or

tic
al

	a
nd

	C
C

	a
tr

op
hi

a
V

G
B

16
	(M

)
c.

88
8G

	>
	T

p.
Le

u2
96

Ph
e

de
	n

ov
o

N
o

N
o

N
P

N
o

M
ild

D
ro

ol
in

g,
	b

ru
xi

sm
,	a

nx
ie

ty
,	g

ro
w

th
	

de
la

y
N

or
m

al
	(2

y)
N

or
m

al
N

o

17
	(M

)
G

A
BR

B2
c.

81
5C

	>
	G

	p
.A

la
27

2G
ly

	
de

	n
ov

o
4.

5y
N

ig
ht

	to
ni

c	
cl

on
ic

G
TC

A
G

en
er

al
iz

ed
	

ep
ile

ps
y	

sp
ec

tr
um

M
od

er
at

e
N

or
m

al
Br

ie
f	f

la
sh

es
	o

f	
te

m
po

ra
l	a

m
pl

e	
bi

la
te

ra
l	s

pi
ke

s	
du

ri
ng

	sl
ee

p	
(4

.5
y)

N
P

C
LB

,	O
X

C

18
	(M

)
c.

84
7C

	>
	A

	p
.L

eu
28

3I
le

I	
de

	n
ov

o
3d

C
lo

ni
c,

	a
ut

om
at

is
m

	
(c

he
w

in
g)

,	
m

ig
ra

tin
g

EI
EE

ED
EE

Se
ve

re
	(d

ie
d	

at
	

2m
)

A
xi

al
	h

yp
ot

on
ia

,	p
er

ip
he

ra
l	

hy
pe

rt
on

ia
,	n

o	
oc

ul
ar

	
in

te
ra

ct
io

n

Su
pp

re
ss

io
n	

bu
rs

t
D

iff
us

e	
hy

pe
rs

ig
na

l	o
f	

th
e	

W
M

Ph
ar

m
ac

or
es

is
ta

nt

19
	(F

)
G

A
BR

B3
c.

85
1	T

	>
	C

	p
.L

eu
28

4P
ro

	
de

	n
ov

o
7m

A
rm

	tw
itc

hi
ng

,	
m

yo
cl

on
ic

,	
ab

se
nc

e

M
A

E
G

en
er

al
iz

ed
	

ep
ile

ps
y	

sp
ec

tr
um

Se
ve

re
M

ic
ro

ce
ph

al
y	

(N
P)

;	H
yp

ot
on

ia
;	

sp
as

tic
ity

,	r
eg

re
ss

io
n	

(9
y)

G
SW

	(N
P)

N
or

m
al

Ph
ar

m
ac

or
es

is
ta

nt

20
	(M

)
c.

	8
51

	T
	>

	C
p.

Le
u2

84
Pr

o	
de

	n
ov

o
6m

A
bs

en
ce

,	G
TC

S
EI

EE
ED

EE
Se

ve
re

N
or

m
al

,	p
ro

gn
at

hi
sm

G
SW

	(6
m

)
N

or
m

al
ET

X

21
	(F

)
c.

91
3G

	>
	A

	p
.A

la
30

5T
hr

	
de

	n
ov

o
N

P
A

ty
pi

ca
l	f

oc
al

,	
m

ig
ra

tin
g;

	G
TC

S
EI

EE
ED

EE
Se

ve
re

C
on

ge
ni

ta
l	m

ic
ro

ce
ph

al
y;

	
hy

po
to

ni
a,

	re
gr

es
si

on
	a

fte
r	3

m
M

ig
ra

tin
g	

PS
W

	(3
m

)
N

or
m

al
	th

en
	a

tr
op

hi
a

TP
M

,	V
PA

,	L
EV

22
	(M

)
G

A
BR

G
2

c.8
44

C 
>

 G
	p

.P
ro

28
2A

la
	

de
	n

ov
o

Bi
rt

h
Tr

em
bl

in
g,

	fo
ca

l,	
m

yo
cl

on
ic

EI
EE

ED
EE

Se
ve

re
	(d

ie
d	

at
	

18
y)

H
yp

ot
on

ia
,	d

ys
to

ni
a,

	st
ra

bi
sm

us
,	

ny
st

ag
m

us
,	d

ys
m

or
ph

is
m

su
pp

re
ss

io
n	

bu
rs

t	
(2

m
)

A
tr

op
hi

a,
	W

M
	

ab
no

rm
al

ity
Ph

ar
m

ac
or

es
is

ta
nt

Lo
op

	lo
ca

liz
at

io
n

23
	(F

)
G

A
BR

B2
c.

89
2A

	>
	G

p.
Ly

s2
98

G
lu

de
	n

ov
o

3m
A

to
ni

c,
	G

TC
S,

	
ab

se
nc

e,
	

al
te

rn
at

in
g	

he
m

ip
le

gi
a

G
EF

S+
Fe

ve
r-

	re
la

te
d	

ep
ile

ps
y

M
ild

A
ta

xi
a

Fo
ca

l	S
W

,	n
on

-	
cl

in
ic

al
	fr

on
ta

l	
SW

	sl
ee

pi
ng

N
or

m
al

BZ
D

,	V
PA

,	Z
N

S

24
	(F

)
c.

90
2A

	>
	G

	p
.T

yr
30

1C
ys

de
	n

ov
o

9m
M

yo
cl

on
ic

,	a
to

ni
c,

	
G

TC
S,

	a
ty

pi
ca

l	
ab

se
nc

e,
	

ph
ot

o	
S	

an
d	

so
no

se
ns

ib
ili

ty

M
A

E
G

en
er

al
iz

ed
	

ep
ile

ps
y	

sp
ec

tr
um

M
od

er
at

e
A

ta
xi

a,
	h

yp
ot

on
ia

,	m
ac

ro
so

m
ia

G
en

er
al

iz
ed

	a
m

pl
e	

PS
W

N
or

m
al

LE
V

25
	(M

)
c.

90
8A

	>
	G

p.
Ly

s3
03

A
rg

de
	n

ov
o

3d
M

yo
cl

on
ic

,	G
TC

S,
	

to
ni

c
EI

EE
ED

EE
Se

ve
re

Po
st

na
ta

l	m
ic

ro
ce

ph
al

y,
	a

xi
al

	
hy

po
to

ni
a,

	sp
as

tic
ity

,	
st

ra
bi

sm
us

,	g
lo

ba
l	g

ro
w

th
	

de
la

y	
at

	7
m

Su
pp

re
ss

io
n	

bu
rs

t	
(3

d)
W

M
	h

yp
er

si
gn

al
,	c

or
tic

al
	

an
d	

C
C

	a
tr

op
hi

a
V

it.
	B

6,
	P

H
B,

	T
PM

,	
ZN

S,
	V

PA

T
A

B
L

E
 1

	(C
on

tin
ue

d)



   | 2525MAILLARD et al.

Pa
ti

en
t 

(g
en

de
r)

G
en

e
M

ut
at

io
n 

in
he

ri
ta

nc
e

A
ge

 a
t 

on
se

t
Se

iz
ur

e 
ty

pe
s

E
pi

le
pt

ic
 

ph
en

ot
yp

e
D

ia
gn

os
is

 
sp

ec
tr

um
ID

C
lin

ic
al

 fe
at

ur
es

Fi
rs

t E
E

G
B

ra
in

 M
R

I
E

ff
ec

ti
ve

 d
ru

gs

26
	(F

)
G

A
BR

B3
c.

91
1A

	>
	G

	p
.L

ys
30

4A
rg

de
	n

ov
o

21
d

Sp
as

m
,	c

lo
ni

c,
EI

EE
ED

EE
Se

ve
re

	(d
ie

d	
at

	
2m

)
M

ac
ro

ce
ph

al
y,

	a
xi

al
	h

yp
ot

on
ia

,	
ch

or
eo

at
he

to
id

	m
ov

em
en

t,	
m

ic
ro

	re
tr

og
na

th
is

m

H
yp

sa
rr

hy
th

m
ia

	
(2

1d
)

N
or

m
al

Ph
ar

m
ac

or
es

is
ta

nt

27
	(F

)
c.

13
47

_1
35

0	
de

lC
A

G
A

	
p.

A
rg

45
0G

ly
fs

*1
5

ho
m

oz
yg

ou
s	i

nh
er

ite
d

6d
G

TC
S,

	sp
as

m
s

EI
EE

ED
EE

Se
ve

re
A

xi
al

	h
yp

ot
on

ia
,	a

gg
re

ss
iv

el
y,

	
st

er
eo

ty
pi

es
Su

pp
re

ss
io

n	
bu

st
	

(6
d)

H
yp

er
si

gn
al

	W
M

C
LB

,	P
H

B,
	V

PA

28
	(F

)
1d

G
TC

S,
	a

bs
en

ce
EI

EE
ED

EE
Se

ve
re

A
xi

al
	h

yp
ot

on
ia

,	p
os

tn
at

al
	

m
ic

ro
ce

ph
al

y,
	c

le
ft	

pa
la

te
Su

pp
re

ss
io

n	
bu

st
	

(2
d)

N
P

V
G

B,
	P

H
B

29
	(F

)
2d

M
yo

cl
on

ic
,	G

TC
S

EI
EE

ED
EE

Se
ve

re
Po

st
na

ta
l	m

ic
ro

ce
ph

al
y,

	m
ic

ro
	

re
tr

og
na

th
is

m
N

or
m

al
	(2

d)
H

yp
er

si
gn

al
	W

M
PH

B

30
	(M

)
G

A
BR

G
2

c.
96

7C
	>

	T
p.

A
rg

32
3T

rp
de

	n
ov

o

15
m

To
ni

c	
cl

on
ic

,	a
to

ni
c,

	
at

yp
ic

al
	a

bs
en

ce
M

A
E

G
en

er
al

iz
ed

	
ep

ile
ps

y	
sp

ec
tr

um

M
od

er
at

e
H

yp
er

ac
tiv

ity
,	a

gg
re

ss
iv

ity
,	

at
te

nt
io

n	
di

so
rd

er
M

ul
tif

oc
al

	S
W

	
(a

nt
er

io
r	a

nd
	

te
m

po
ra

l)	
as

ym
pt

om
at

ic

N
or

m
al

LT
G

,	E
TX

31
	(M

)
c.9

86
G

 >
 A

p.
A

rg
32

3G
ln

In
he

ri
te

d

9m
Fo

ca
l	h

em
ic

or
po

ra
l,	

G
TC

S
D

ra
ve

t	
sy

nd
ro

m
e

Fe
ve

r-
	re

la
te

d	
ep

ile
ps

y
Se

ve
re

N
o	

so
ci

al
	in

te
ra

ct
io

n,
	st

er
eo

ty
pi

es
,	

A
SD

N
or

m
al

	(9
m

)
N

or
m

al
C

LB
,	V

PA

32
	(F

)
8m

A
to

ni
c,

	a
bs

en
ce

,	
m

yo
cl

on
ic

;	f
oc

al
D

ra
ve

t	
sy

nd
ro

m
e

Fe
ve

r-
	re

la
te

d	
ep

ile
ps

y
Se

ve
re

Po
st

na
ta

l	m
ac

ro
ce

ph
al

y,
	

st
er

eo
ty

pi
es

,	A
SD

,	
dy

sm
or

ph
is

m
,	s

le
ep

	tr
ou

bl
e

N
or

m
al

	(8
m

)
H

yd
ro

ce
ph

al
us

C
LB

,	L
TG

33
	(M

)
c.

96
8G

	>
	A

p.
A

rg
32

3G
ln

de
	n

ov
o

10
m

Fo
ca

l,	
G

TC
S	

cl
on

ic
,	

m
yo

cl
on

ic
-	a

to
ni

c
In

co
m

pl
et

e	
D

ra
ve

t
Fe

ve
r-

	re
la

te
d	

ep
ile

ps
y

M
ild

C
om

po
rt

m
en

t	d
is

or
de

rs
,	a

tte
nt

io
n	

di
so

rd
er

s
Fo

ca
l	S

W
	ri

gh
t	

pa
ri

et
al

H
yp

er
si

gn
al

	W
M

V
PA

,	C
LB

K
D

34
	(F

)
c.

99
2A

	>
	G

	p
.T

yr
33

1C
ys

de
	n

ov
o

12
m

G
TC

S
G

EF
S+

Fe
ve

r-
	re

la
te

d	
ep

ile
ps

y
M

od
er

at
e

Po
st

na
ta

l	m
ac

ro
ce

ph
al

y,
	

at
ax

ia
,	v

is
uo

m
ot

or
	a

pr
ax

ia
,	

ch
or

eo
at

he
to

id
	m

ov
em

en
t,	

ob
es

ity

N
or

m
al

	(1
y)

N
or

m
al

V
PA

35
	(F

)
c.

11
28

	+
	2 

T	
>

	C
In

he
ri

te
d

10
m

A
bs

en
ce

s	+
/−

	c
lo

ni
c,

	
oc

ul
ar

	re
vu

ls
io

ns
G

EF
S+

Fe
ve

r-
	re

la
te

d	
ep

ile
ps

y
N

o
C

om
po

rt
m

en
t	d

is
or

de
r

M
ul

tif
oc

al
	S

W
	(N

P)
N

or
m

al
V

PA
,	L

EV

36
	(M

)
3y

In
fa

nt
ile

	sp
as

m
s,	

to
ni

c	
cl

on
ic

,	
at

on
ic

,	a
ty

pi
ca

l	
ab

se
nc

es

M
A

E
G

en
er

al
iz

ed
	

ep
ile

ps
y	

sp
ec

tr
um

M
ild

	to
	

m
od

er
at

e
C

on
ce

nt
ra

tio
n	

di
ffi

cu
lti

es
,	A

D
H

D
M

ul
tif

oc
al

	S
W

,	
as

ym
pt

om
at

ic
	

ge
ne

ra
liz

ed
	

PS
W

	d
ur

in
g	

sl
ee

p,
	n

or
m

al
	

(1
1y

)

N
or

m
al

V
PA

,	E
TX

,	L
TG

,	
C

LB
,	L

EV

37
	(M

)
12

m
A

bs
en

ce
s,	

G
TC

S
G

EF
S+

Fe
ve

r-
	re

la
te

d	
ep

ile
ps

y
M

ild
W

ri
tin

g	
di

ffi
cu

lti
es

,	a
gg

re
ss

iv
en

es
s

G
SW

G
SW

(8
y)

	n
or

m
al

	a
fte

r
V

PA

N
ot

e:
	c

.D
N

A
	n

ew
ly

	re
po

rt
ed

	m
ut

at
io

n	
hi

gh
lig

ht
ed

	in
	g

ra
y.

	G
A

BR
A

1:
	N

M
_0

00
80

6.
5;

	G
A

BR
G

2:
	N

M
_0

00
81

6.
3;

	G
A

BR
B3

:	N
M

_0
00

81
4.

4;
	G

A
BR

B2
:	N

M
_0

21
91

1.
2.

A
bb

re
vi

at
io

ns
:	D

ia
gn

os
is 

an
d 

cl
in

ic
al

 fe
at

ur
es

:	A
D

H
D

:	a
tte

nt
io

n-
	de

fic
it/

hy
pe

ra
ct

iv
ity

	d
is

or
de

r,	
A

SD
:	a

ut
is

m
	sp

ec
tr

um
	d

is
or

de
r,	

C
C

:	c
or

pu
s	c

al
lo

su
m

,	d
:	d

ay
s,	

D
S:

	D
ra

ve
t	s

yn
dr

om
e,

	E
:	e

pi
le

ps
y,

	E
D

EE
:	e

ar
ly

	
de

ve
lo

pm
en

ta
l	e

pi
le

pt
ic

	e
nc

ep
ha

lo
pa

th
y,

	E
O

EE
:	e

ar
ly

-	o
ns

et
	e

pi
le

pt
ic

	e
nc

ep
ha

lo
pa

th
y,

	E
EG

:	e
le

ct
ro

en
ce

ph
al

og
ra

ph
y,

	E
O

EE
:	e

ar
ly

-	o
ns

et
	e

pi
le

pt
ic

	e
nc

ep
ha

lo
pa

th
y,

	F
eS

:	f
eb

ri
le

	se
iz

ur
e,

	F
:	f

em
al

e,
	F

S:
	fo

ca
l	s

ei
zu

re
,	G

E:
	

ge
ne

ra
liz

ed
	e

pi
le

ps
y,

	G
EF

S+
:	g

en
er

al
iz

ed
	e

pi
le

ps
y	

w
ith

	fe
br

ile
	se

iz
ur

e	
pl

us
,	G

O
R

:	g
as

tr
oe

so
ph

ag
ea

l	r
ef

lu
x,

	G
SW

:	g
en

er
al

	sp
ik

e	
w

av
es

,	G
TC

S:
	g

en
er

al
iz

ed
	to

ni
c-

	cl
on

ic
	se

iz
ur

e,
	G

TC
A

:	g
en

er
al

iz
ed

	to
ni

c-
	cl

on
ic

	se
iz

ur
e	

al
on

e,
	H

C
:	h

ea
d	

ci
rc

um
fe

re
nc

e,
	ID

:	i
nt

el
le

ct
ua

l	d
is

ab
ili

ty
,	m

:	m
on

th
s,	

M
:	m

al
e,

	M
A

E:
	m

yo
cl

on
ic

-	a
to

ni
c	

ep
ile

ps
y,

	N
P:

	n
ot

	p
re

ci
se

,	P
SW

:	p
ol

ys
pi

ke
	w

av
es

,	p
ho

to
	S

:	p
ho

to
se

ns
ib

ili
ty

,	s
en

s.:
	se

ns
iti

ve
,	S

z:
	se

iz
ur

e,
	S

D
:	

st
an

da
rd

	d
ev

ia
tio

n,
	S

W
:	s

pi
ke

	w
av

es
,	T

M
:	t

ra
ns

m
em

br
an

e	
do

m
ai

n,
	y

:	y
ea

rs
,	W

M
:	w

hi
te

	m
at

te
r.T

re
at

m
en

t:	
BZ

D
:	b

en
zo

di
az

ep
in

e,
	C

BZ
:	c

ar
ba

m
az

ep
in

e,
	C

LB
:	c

lo
ba

za
m

,	E
TX

:	e
th

os
ux

im
id

e,
	K

D
:	k

et
og

en
ic

	d
ie

t,	
LE

V
:	

le
ve

tir
ac

et
am

,	L
TG

:	l
am

ot
ri

gi
ne

,	O
X

C
:	o

xc
ar

ba
ze

pi
ne

,	P
H

B:
	p

he
no

ba
rb

ita
l,	

PI
R

:	p
ir

ac
et

am
,	P

M
P:

	p
er

am
pa

ne
l,	

TP
M

:	t
op

ir
am

at
e,

	V
G

B:
	v

ig
ab

at
ri

n,
	V

it.
	B

6:
	v

ita
m

in
	B

6,
	V

PA
:	v

al
pr

oi
c	

ac
id

,	Z
N

S:
	z

on
is

am
id

e.

T
A

B
L

E
 1

	(C
on

tin
ue

d)

info:refseq/NM_000806.5
info:refseq/NM_000816.3
info:refseq/NM_000814.4
info:refseq/NM_021911.2


2526 |   MAILLARD et al.

F I G U R E  1  (A)	Epileptic	phenotype	
and	(B)	cognitive	status	related	to	the	
γ-	aminobutyric	acid	(GABA)	gene	variant.	
EDEE:	early	developmental	epileptic	
encephalopathy,	ID:	Intellectual	disability

F I G U R E  2  Interictal	electroencephalography	(EEG)	recordings	of	patients	with	GABRB3	variants.	(A)	Patient	12,	wakefulness.	
Asymptomatic	episode	of	theta	rhythmic	pattern.	(B)	Patient	9,	sleep.	(C)	Patient	11,	wakefulness,	asymptomatic.	(D)	Patient	10,	
wakefulness,	asymptomatic	bursts	of	slow	wave,	predominantly	anterior
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of	 epilepsy,	 including	 myoclonic-	atonic	 epilepsy	 (n  =  6),	
myoclonic	juvenile	epilepsy	(n = 1),	and	generalized	tonic–	
clonic	seizure	alone	(n = 1).	Two	patients	had	an	unclassi-
fied	epilepsy	(n = 2).	Most	patients	(n = 6)	presented	with	
generalized	anomalies	on	the	EEG,	and	two	patients	had	
an	 Angelman-	like	 pattern	 on	 the	 EEG	 (Patients	 5	 and	 9,	
Table  1).	 Five	 patients	 had	 moderate	 ID,	 three	 had	 mild	
ID,	one	had	severe	ID,	and	one	had	standard	intelligence	
(Figure  1B).	 Lamotrigine	 was	 the	 most	 effective	 drug	 in	
seven	patients	and	levetiracetam	in	three	patients.	Valproic	
acid	and	ethosuximide	were	rarely	effective.

Patient	16	was	not	epileptic,	had	mild	ID,	and	behav-
ioral	disorders,	such	as	drooling,	bruxism,	and	anxiety.	At	
2	years	 of	 age,	 the	 EEG	 was	 normal,	 whereas	 at	 5	years,	
it	was	diffuse,	high,	and	slow,	with	rhythmic	spikes	and	
waves.	 No	 correlation	 was	 observed	 between	 genetic	
pathogenic	variants	and	the	phenotype	of	the	patient.

3.1.2	 |	 Imaging	characteristics

Thirty	 four	 of	 the	 37	 patients	 had	 brain	 magnetic	 reso-
nance	imaging	(MRI).	The	majority	(21/34)	were	reported	
as	normal.	The	other	displayed	nonspecific	abnormalities,	
including	white	matter	hypersignal	(n = 7),	cortical	atrophy	
(n = 4),	corpus	callosum	anomalies	(n = 3),	ventriculomeg-
aly	(n = 2),	and	unilateral	temporal	arachnoid	cyst	(n = 1).

3.1.3	 |	 Other	neurological	features

Seven	patients	had	movement	disorders,	with	stereotyp-
ies	 (n  =  5),	 choreoathetosis	 movements	 (n  =  3),	 tremor	
(n = 2),	and	dystonia	(n = 2).	Five	patients	had	ataxic	gait	
and	 three	 had	 spastic	 diplegia.	 No	 genotype–	phenotype	
correlation	was	 found	in	terms	of	motor	or	nonepileptic	
abnormalities.

Eleven	patients	had	head	circumference	abnormalities:	
microcephaly	 (n  =  7)	 and	 macrocephaly	 (n  =  4).	These	
abnormalities	were	observed	particularly	in	patients	car-
rying	a	mutation	in	GABRB3	(8/16	patients:	5	with	micro-
cephaly	and	3	with	macrocephaly).

3.1.4	 |	 Ophthalmological	features

Two	 patients	 with	 variants	 in	 GABRB3	 had	 visual	 im-
pairment.	Patient	4	had	a	nystagmus	with	bilateral	optic	
atrophy	 (confirmed	 with	 optic	 coherence	 tomography).	
Patient	 9	 had	 GEFS+	 and	 mild	 ID,	 a	 nystagmus,	 bilat-
eral	hyperopia,	reduced	corrected	visual	acuity	(4/10	for	
the	 right	 eye	 and	 2.5/10	 for	 the	 left),	 and	 a	 heterogene-
ous	aspect	of	the	peripheral	retina.	Two	patients	with	the	

GABRG2	variant	had	a	visuospatial	apraxia.	In	addition,	
three	 had	 nystagmus	 and	 three	 had	 strabismus;	 no	 spe-
cific	gene	variant	association	was	found.

3.1.5	 |	 Dysmorphism

Eight	patients	were	described	with	particular	morphologi-
cal	facial	features,	particularly	patients	carrying	a	variant	
in	GABRB3	(four	patients).	These	morphological	features	
affected	 the	 lower	 and	 middle	 parts	 of	 the	 face	 and	 in-
cluded	high-	arched	palate,	chin	anomalies	(microretrog-
nathism,	prognathism),	and	cleft	palate.

3.2	 |	 Molecular results

3.2.1	 |	 Type	of	variants

In	our	cohort	of	37	unreported	patients,	27	different	patho-
genic	GABAA-	receptor	subunits	were	noted:	5	in	GABRA1,	
5	in	GABRB2,	11	in	GABRB3,	and	6	in	GABRG2;	17	vari-
ants	were	unpublished	(4	in	GABRA1,	4	in	GABRB2,	5	in	
GABRB3,	 and	 4	 in	 GABRG2).	 Variant	 types	 included	 23	
missense,	2	frameshifts,	1	nonsense,	and	1	intronic	vari-
ant.	Variants	were	heterozygous	in	34	cases	and	homozy-
gous	in	3	siblings	in	a	consanguineous	pedigree.

3.2.2	 |	 Inheritance

The	mutations	observed	were	heterozygous	de	novo	in	25	
patients	and	inherited	in	12	patients	(Figure S1).	Three	pa-
tients	from	the	same	family	(Patients	27,	28,	and	29)	had	a	
homozygous	GABRB3	pathogenic	variant	associated	with	
a	particularly	severe	phenotype	of	EDEE,	with	seizures	be-
ginning	from	1	to	6	days	of	age.	In	this	consanguineous	ped-
igree,	 mutations	 were	 inherited	 from	 their	 heterozygous	
parents	 with	 milder	 phenotypes.	 Both	 parents	 displayed	
mild	 ID,	 and	 the	 mother	 exhibited	 medication-	sensitive	
epilepsy	during	childhood.	Although	this	variant	has	never	
been	 reported,	 it	 has	 been	 considered	 pathogenic.	 The	
other	inherited	cases	are	detailed	in	the	supplemental	data.

3.2.3	 |	 Variant	location

We	analyzed	the	identified	variants	based	on	their	localiza-
tion	within	the	GABA	receptor	protein:	NT	as	N-	terminus,	
TM	as	transmembrane	domain,	and	the	loop	domain.	Ten	
variants	were	located	in	the	extracellular	NT	of	the	protein,	
eight	in	TM	domains	(two	in	TM1,	five	in	TM2,	and	one	in	
TM3),	and	nine	in	loops	(seven	in	loop	TM2-	3	and	two	in	
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loop	TM3-	4)	(Figure 3).	The	variants	in	the	intracellular	do-
main	(C-	term)	were	rare	in	our	cohort,	as	in	the	literature.

3.3	 |	 Literature review and  
phenotype– genotype correlation

We	 reviewed	 402	 previously	 published	 cases:	 71	 pa-
tients	with	a	mutation	in	GABRA1,	28	in	GABRB2,	133	in	
GABRB3,	and	170	in	GABRG2.	The	distribution	according	

to	 the	 phenotype	 was	 as	 follows:	 68	 reported	 mutations	
had	 an	 undetailed	 clinical	 description,	 and	 77	 reported	
mutations	 had	 a	 phenotype	 that	 did	 not	 fit	 into	 any	 of	
the	groups	we	described	(20%).	Some	mutations	were	re-
ported	 without	 clinical	 description.	 Finally,	 the	 clinical	
and	genetic	data	were	available	in	334	cases,	and	257	pa-
tients	were	analyzed.

Most	of	 the	patients	were	epileptic,	but	eight	had	 ID	
without	epilepsy	(except	for	one	patient	without	ID	or	ep-
ilepsy,	the	mother	of	three	affected	children).

F I G U R E  3  Location	of	pathogenic	variants	identified	in	GABRA1, GABRB2, GABRB3,	and	GABRG2	protein	classified	by	the	intellectual	
disability	severity	of	the	reported	associated	phenotype.	Variants	for	which	no	information	is	available	in	the	literature	regarding	the	
phenotype	are	not	noted
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Fifty-	two	mutations	were	recurrent	(15	in	GABRA1,	5	
in	GABRB2,	10	in	GABRG2,	and	22	in	GABRB3)	concern-
ing	185	patients	and	129	families	(25	localized	in	the	NT	
domain	and	27	in	TM	or	loop	domains;	Figure S2).	Among	
these	recurrent	mutations,	18	were	reported	in	more	than	
three	families	(Figure S2);	c.968G	>	A	in	GABRG2	was	re-
ported	 mostly	 in	 13	 different	 families	 associated	 with	 a	
milder	phenotype.

We	 observed	 an	 overrepresentation	 of	 severe	 cogni-
tive	impairment	in	patients	with	variants	located	in	the	
TM	region.	To	analyze	the	potential	genotype–	phenotype	
correlation	according	to	protein	 location,	we	compared	
the	 clinical	 characteristics	 of	 patients	 in	 the	 cohort	
(n = 37)	and	those	reported	in	the	literature	(n = 402),	
depending	 on	 the	 location	 of	 variants	 (Table  S1	 and	
Appendix	S1).	We	selected	 three	relevant	and	available	
clinical	data:	age	at	epilepsy	onset,	epilepsy	severity,	and	
ID	severity.

Severe	ID	was	noted	in	39%	of	patients	 in	our	cohort	
and	 38%	 of	 cases	 in	 the	 literature	 (Table  S1).	 The	 pro-
portion	 of	 patients	 with	 severe	 ID	 was	 enriched	 among	
patients	with	variants	in	TM	(87%),	higher	than	in	cases	
with	variants	localized	to	the	loop	(38%)	or	NT	(22%)	(χ2	
(2)=16.9,	p	<	.001,	in	our	cohort	and	χ2	(2)=42.6,	p	<	.001	
in	the	literature)	(Figures 4–	5).

In	 our	 cohort,	 more	 than	 half	 of	 patients	 with	
EDEE  had	 TM	 variants	 (55%).	 Indeed,	 the	 TM	 vari-
ants	were	more	often	associated	with	EDEE;	30%	in	our	

cohort	 (χ2	 (2)=10.2,	 p  =	.006)	 and	 25%	 in	 the	 literature		
(χ2	(2)=27.8,	p <	.001)	(Figures 4–	5).

However,	no	correlation	was	observed	between	variant	
location	and	abnormal	movements,	behavioral	disorders,	
or	abnormalities	on	brain	MRI.

4 	 | 	 DISCUSSION

Here,	we	have	described	a	cohort	of	37	patients	with	epi-
lepsy	 and/or	 ID,	 carrying	 pathogenic	 variants	 in	 several	
genes	(GABRA1, GABRB2, GABRB3,	and	GABRG2)	encod-
ing	most	common	GABAA-	receptor	subunits.

We	reported	three	main	epilepsy	phenotypes	of	almost	
equal	 quantitative	 importance:	 a	 fever-	relative	 epilepsy	
spectrum	(GEFS+	and	DS),	an	early-	onset	DEE	spectrum,	
and	a	genetic	generalized	epilepsy	spectrum,	represented	
primarily	 by	 myoclonic-	astatic	 epilepsy.	 None	 of	 these	
phenotypes	 was	 associated	 with	 a	 given	 gene	 (i.e.,	 a	 se-
lective	 subunit	 dysfunction),	 and	 in	 contrast,	 our	 study	
emphasizes	the	overlapping	phenotypes	of	patients	with	
GABAA-	receptor	 subunit	 variants	 with	 regard	 to	 epi-
lepsy	 subtypes,	 ID	 severity,	 neurological	 findings,	 and	
brain	 imaging.	 Studies	 of	 recurrent	 variants	 highlight	
the	 complexity	 of	 a	 genotype–	phenotype	 correlation	 ap-
proach,	 particularly	 regarding	 genes	 encoding	 receptors	
and	channels.27	Indeed,	for	example,	patients	carrying	the	
mutation	c.968G>A;	p.Arg323Gln	of	GABRG2	had	either	

F I G U R E  4  Correlation	between	phenotype	(A.	severe	ID,	B.	EDEE)	and	location	of	mutated	GABA-	R	protein	domains	in	our	cohort	
(n = 37).	ID:	intellectual	disability,	EDEE:	early	developmental	epileptic	encephalopathy,	pathogenic	variant	location:	N-	term,	loop,	and	TM	
(transmembrane).
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DS	 (Patients	 31	 and	 32),	 a	 GEFS+	 with	 mild	 cognitive	
impairment	 (Patients	 33	 and	 31–	32’s	 mother),	 a	 GEFS+	
with	 normal	 cognitive	 status,28	 childhood	 epilepsy	 with	
centrotemporal	 spikes,29	or	early-	onset	epileptic	enceph-
alopathy	with	severe	ID.15	This	mutation	is	highly	recur-
rent	and	has	been	found	in	13	different	families	from	the	
literature	 (Figure  S2).	 Other	 recurrent	 mutations	 were	
associated	with	a	more	homogeneous	phenotype;	for	ex-
ample,	 the	 p.Lys303Arg	 in	 GABRB2	 was	 always	 associ-
ated	with	EDEE.30	Most	of	the	inherited	variants	reported	
here	led	to	a	homogeneous	epileptic	phenotype	in	a	given	
family	when	they	were	heterozygous.	This	was	not	always	
the	case	regarding	the	degree	of	ID	within	a	given	family	
(Figure  S1).	 Finally,	 we	 did	 not	 find	 any	 correlation	 be-
tween	 antiseizure	 medication	 effectiveness	 and	 a	 given	
gene	or	a	specific	subunit	localization.

We	found	a	homozygous	frameshift	variant	of	GABRB3	
in	 three	 consanguineous	 siblings	 with	 an	 EDEE	 and	 a	
suppression-	burst	 EEG	 pattern.	 These	 patients	 had	 a	
highly	severe	phenotype,	and	their	heterozygous	parents	
had	 a	 mild	 one.	 In	 the	 present	 case,	 the	 variant	 was	 lo-
cated	 in	 the	 last	exon	of	 the	gene	and	was	probably	not	
subject	to	nonsense-	mediated	decay.	It	is	then	likely	that	
a	transcript	still	exists	 in	the	patients'	cells	that	is	differ-
ent	from	the	normal	transcript	in	the	C-	terminal	region.	A	
functional	study	would	be	particularly	interesting	in	this	

case.	It	is	likely	that	biallelic	mutations	of	GABA	receptor	
subunits	 will	 be	 further	 described	 in	 the	 future	 because	
many	 mutations	 are	 not	 associated	 with	 a	 highly	 severe	
phenotype	 at	 the	 heterozygous	 state.	 Genes	 coding	 for	
the	GABA	receptor	subunits	join	the	long	list	of	genes	in-
volved	in	both	recessive	and	dominant	diseases.

Disease-	causing	variants	were	located	in	critical	func-
tional	protein	domains,	including	the	extracellular	NT	do-
main	(12	cases);	the	extracellular	loop	between	TM2	and	
TM3	(9	cases);	and	TM2,	which	forms	the	GABAA	chan-
nel	pore	(6	cases)	 (Figure 3,	Table S1	and	(Ref.	10)).	We	
observed	a	significant	correlation	between	ID	degree,	epi-
lepsy	severity,	and	variant	localization	through	this	cohort	
but	also	among	the	patients	published	to	date	(402	cases).	
Patients	with	NT	variants	presented	with	milder	epilepsy	
and	 ID	 than	 patients	 with	 variants	 in	 other	 regions	 of	
the	 protein,	 regardless	 of	 the	 mutated	 subunit,	 whereas	
variants	 in	TM	domains	had	 the	most	 severe	phenotype	
in	terms	of	epilepsy	and	ID.	This	correlation	has	been	re-
ported	recently	for	GABRB213	and	GABRB3	cohorts.25	In	
this	recent	report,	milder	phenotypes	(generalized	epilepsy	
associated	with	mild	to	moderate	ID)	were	associated	with	
a	mutation	in	the	extracellular	domain,	whereas	patients	
with	early-	onset	epilepsy	and	severe	ID	had	a	mutation	in	
TM	or	the	extracellular	domain.	Our	findings	expand	this	
correlation	to	three	other	GABAA-	receptor	subunit	genes.

F I G U R E  5  Correlation	between	phenotype	(A.	severe	ID	and	B.	EDEE)	and	location	of	mutated	GABA-	R	protein	domains	in	our	cohort	
and	literature	cases.	ID:	Intellectual	disability,	EDEE:	Early	developmental	epileptic	encephalopathy,	pathogenic	variant	location:	N-	term,	
loop,	and	TM	(transmembrane)
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We	found	missense	variants	in	29	patients	and	protein	
truncation	variants	in	7	patients.	Protein	truncation	most	
likely	leads	to	a	loss	of	function	and	may	reduce	inhib-
itory	 phasic	 GABAergic	 transmission.13,14,31,32	 Missense	
variants	may	either	be	a	 loss	or	a	gain	of	 function.26	In	
GABRB3,	gain-	of-	function	variants	were	associated	with	
early-	onset	 epilepsy,	 more	 severe	 intellectual	 disability,	
hypotonia,	 and	 more	 pharmacoresistance,	 whereas	 loss	
of	function	mutations	were	most	frequently	related	to	a	
milder	phenotype	and	febrile	seizures.26	Gain-	of-	function	
variants	were	mostly	localized	in	the	TM	domain	and	as-
sociated	with	the	most	severe	phenotype.	It	is	then	pos-
sible	that	the	variants	localized	in	the	TM	domain	could	
be	 linked	 with	 gain	 of	 function,	 whatever	 the	 subunit.	
This	finding	also	suggests	that	within	the	GABAA	recep-
tor	gene,	the	location	of	the	mutation	is	more	important	
than	the	time	of	expression	of	the	gene	during	develop-
ment	in	terms	of	predicting	the	phenotype.	Although	it	is	
relatively	easy	to	make	the	link	between	loss	of	function	
of	GABAergic	receptors	and	epilepsy,	 the	association	 is	
less	 clear	 for	 gain-	of-	function	 mutations.	 It	 is	 possible	
that	epilepsy	is	not	the	direct	consequence	of	the	muta-
tion	at	the	time	of	onset	but	the	result	of	abnormal	early	
developmental	 brain	 activities	 (due	 to	 the	 mutation).	
As	 suspected	 for	 KCNQ2-	related	 DEEs,	 epilepsy	 and	
ID	would	be	the	 late	consequence	of	alterations	 in	net-
work	 activities	 induced	 earlier	 (and	 transiently)	 by	 the	
mutation.33

Among	DEE	patients,	we	often	found	an	EEG	pattern	
similar	 to	 that	 observed	 in	 Angelman	 syndrome,	 made	
of	irregular	bursts	of	ample	slow/acute	activity	in	frontal	
regions	 (Figure  2).	 This	 pattern	 has	 also	 been	 found	 in	
Gabrb3	+/−	and	Gabrb3	−/−	mice34	and	may	be	a	poten-
tial	biomarker	of	a	GABAergic	dysfunction.16

A	 number	 of	 ASMs	 (vigabatrin,	 topiramate,	 valproic	
acid,	 cenobamate)	 are	 known	 to	 affect	 GABA	 receptors	
via	different	mechanisms	(GABA	receptor	activation,	re-
uptake	 inhibition,	 neurotransmitter	 breakdown	 inhibi-
tion,	and	so	on).35	The	effect	of	these	molecules	has	already	
been	reported,	with	inconsistent	consequences.15,36–	39	The	
existence	 of	 gain-	of-	function	 mutations	 may	 explain	 the	
lack	of	efficacy	or	the	worsening	effect	of	these	ASMs	and	
the	potential	efficacy	of	sodium	channel	blockers	in	some	
cases.40–	42	Although	interpreted	with	substantial	caution,	
the	most	effective	ASMs	were	different	within	 the	 three	
groups	 in	our	cohort:	valproic	acid	 in	 the	 fever-	sensitive	
group,	phenobarbital	in	the	DEE	group,	and	lamotrigine	
in	the	GGE	group.	It	is	important	to	note	that	these	treat-
ments	 were	 not	 chosen	 according	 to	 the	 mutation	 and	
were	 not	 modified	 after	 the	 molecular	 results	 had	 been	
obtained.	It	would	be	of	significant	interest	to	test	the	po-
tential	relationship	between	functional	consequences	and	
the	effect	of	a	given	ASM.

Here,	 we	 reported	 variants	 in	 the	 most	 common	
GABAA-	receptor	subunits	in	the	human	brain:	~60%	of	all	
GABAA-	receptor	subunits	have	 the	combination	α1β2γ2,	
and	 15%–	20%	 have	 the	 combination	 α2β3γ2.	 However,	
several	other	genes	code	for	other	rare	subunits	of	this	re-
ceptor	(19	in	total).	Mutations	in	some	of	these	genes	have	
been	identified	in	patients	with	similar	phenotypes,	with	
epilepsy	(including	EDEE)	and	ID.	However,	the	conclu-
sions	drawn	here	cannot	yet	be	generalized	for	all	GABAA-	
receptor	subunits,	and	further	work	is	still	required.

5 	 | 	 CONCLUSION

We	have	described	 the	phenotypes	associated	with	vari-
ants	 in	 the	 four	 most	 common	 subunits	 of	 GABAA	 re-
ceptors	 in	 humans—	GABRA1, GABRB2, GABRB3,	 and	
GABRG2—	so	 that	we	could	determine	 the	epileptic	and	
developmental	features	and	identify	genotype–	phenotype	
associations.	 From	 our	 observations,	 no	 genotype–	
phenotype	 associations	 could	 be	 evidenced	 among	
GABAA-	receptor	 subunits	 regarding	 epilepsy,	 response	
to	treatment,	ID	severity,	neurological	findings,	and	brain	
imaging.	 However,	 a	 significant	 genotype–	phenotype	
correlation	 was	 found	 regarding	 the	 variant	 localization	
within	 the	 GABAA-	receptor	 subunit	 protein	 domains.	
Patients	 with	 an	 NT	 pathogenic	 variant	 showed	 signifi-
cantly	milder	phenotype	 (milder	 ID	and	 less	 severe	epi-
lepsy)	compared	to	variants	in	TM	domains	(more	severe)	
or	other	locations	(intermediate).	These	results	have	also	
been	confirmed	by	a	comprehensive	literature	analysis	of	
402	reported	cases.	Then,	in	the	case	of	finding	a	mutation	
of	a	GABAA-	receptor	subunit	in	a	patient,	a	rapid	assess-
ment	of	the	mutation's	location	may	be	helpful	to	better	
anticipate	the	disease	burden.
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