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Abstract: GABA A receptors are ubiquitous in the central nervous system and there is 
a huge diversity of receptor subtypes in almost all regions of the brain. However, the 
expression of GABA A receptor subtypes is altered in both the gray and white matter of 
patients with focal epilepsy. Although there is a number of anticonvulsants with marketing 
authorization for the treatment of focal epilepsy which act through GABA A receptors, 
potentiating the inhibitory effects of GABA, it is necessary to develop more potent and more 
specific GABAergic anticonvulsants that are effective in drug-resistant patients with focal 
epilepsy. There are three orthosteric and at least seven allosteric agonist binding sites at the 
GABA A receptor. In experimental and clinical studies, full agonists of GABA A receptors 
showed a tendency to cause desensitization of the receptors, tolerance, and physical depen-
dence; therefore, partial orthosteric agonists and positive allosteric modulators of GABA 
A receptors were further developed. Preclinical studies demonstrated the anticonvulsant 
efficacy of positive allosteric modulators with selective action on GABA A receptors with 
α2/α3 subunits, but only a handful of them were further tested in clinical trials. The best 
results were obtained for clobazam (already marketed), ganaxolone (in phase III trials), 
CVL-865 (in phase II trials), and padsevonil (in phase III trials). Several compounds with 
more selective action on GABA A receptors, perhaps only in certain brain regions, have the 
potential to become effective drugs against specific subtypes of focal-onset epilepsy. 
However, their development needs time, and in the near future we can expect only one or 
two new GABA A agonists to obtain marketing authorization for focal epilepsy, an advance 
that would be of use for just a fraction of patients with drug-resistant epilepsy.
Keywords: GABA A receptors, positive allosteric modulators, focal-onset epilepsy

Introduction
Gamma-aminobutyric acid (GABA) is one of a few key amino acid neurotransmit-
ters in the brain, formed within the neurons from another amino acid, glutamate, by 
decarboxylation. After release from the endings of presynaptic nerve fibers, it binds 
to one of three types of membrane receptor: A, B, or C.1 The A and C receptors for 
GABA are ion channels, which therefore rapidly respond to binding with GABA, 
whereas the B receptor is a G-protein coupled receptor, reacting somewhat more 
slowly. GABA is transported from the synaptic cleft back to presynaptic neurons by 
specific transporters, of which four types are currently known, and then degraded to 
succinic semialdehyde by the enzyme GABA transaminase.2

Following recognition of the role of GABA A receptors in epileptogenesis, 
research has linked specific mutations of the α, β, γ, and δ subunits of these 
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pentameric receptors with decreased inhibition of neu-
rons and epilepsy.3 There is a number of anticonvulsants 
with marketing authorization which act through the 
GABA A receptor, potentiating the inhibitory effects of 
GABA: phenobarbital, valproic acid, benzodiazepines 
(clobazam, clonazepam), felbamate, topiramate, cannabi-
diol, and stiripentol; for some of these this is not the 
only mechanism of action. Two other anticonvulsants 
which have been approved for the treatment of epilepsy 
enhance transmission through GABA A receptors indir-
ectly, increasing the availability of GABA at the recep-
tors: vigabatrin inhibits GABA transaminase, and 
therefore degradation of GABA, and tiagabine inhibits 
the reuptake of GABA through presynaptic membranes.4

Despite the availability of quite a number of anticonvul-
sants acting through GABA A receptors, almost 22.5% of 
patients with epilepsy remain drug resistant.5 There is a large 
unmet need for more potent and more specific anticonvul-
sants that will be active in drug-resistant patients with focal 
epilepsy, which is more prevalent (46.2%) than the primarily 
generalized type, and some of them may act through GABA 
A receptors.6 The aim of this article was to give an overview 
of new substances with GABA A agonist properties, which 
showed promising activity in preclinical models of focal 
epilepsy and have or may become candidates for testing in 
clinical trials if their safety is confirmed.

GABA A Receptor
Structure
GABA A receptors are pentameric proteins with five subunits, 
and are considered to be a member of the Cys loop ligand- 
gated ion channel superfamily, sharing a common sequence in 
the amino acid chain where two cysteines are separated by 13 
other amino acids.7 The human GABA A receptor is very 
complex, since there are 19 different types of subunit, each 
coded by a separate gene: six α, three β, three γ, and three ρ 
subunits, and one each of ϵ, δ, θ, and π subunits. Each of the 
subunits is composed of about 450 amino acids; the 
N-terminal hydrophilic segment of a subunit is placed extra-
cellularly, and then continues in four transmembrane α-helical 
segments (designated M1–M4), which end with an extracel-
lular C-terminal segment. Between the M3 and M4 segments, 
there is a large intracellular loop.8

It is believed that more than 500 different subtypes of 
GABA A receptor exist in the human brain, each with 
a different combination of the five subunits, but clear 
experimental proof of activity is only available for 26 

subtypes. However, the most prevalent subtypes have α, 
β, and γ subunits; within the less prevalent subtypes, ϵ, δ, 
and π subunits replace the γ, and θ may replace the β 
subunit.9 Receptor subtypes with α, β, and γ subunits are 
usually composed of two α and two β subunits, and one γ 
subunit, which connects the other four subunits. All sub-
types of GABA A receptor are chloride ion channels that 
open after binding to GABA.10 GABA A receptors are 
found at both synaptic and extrasynaptic locations.

Function
There are three types of orthosteric GABA binding site on 
the GABA A receptor, which are well characterized by 
specific ligands: muscimol, 4,5,6,7-tetrahydroisoxazolo 
(5,4-c)pyridin-3-ol (THIP), and bicuculline.11 The orthos-
teric GABA binding sites are located on the extracellular 
domain of the GABA A receptor, at the interface of the α 
and β subunits (two per receptor).12

Allosteric binding sites are also present on GABA 
A receptors, and were named according to the main 
ligands that were first discovered to bind to them: benzo-
diazepine binding site, picrotoxinin binding site, binding 
site for anesthetics, alcohol (ethanol) binding site, canna-
binoid binding site, neurosteroid binding site, avermectin 
B1a binding site, and binding sites of ions (Table 1).13 

After GABA binds to an orthosteric site, an ion channel 
within the GABA A receptor opens, chloride anions enter 
inside the cell through the ion channel, and the membrane 
is then hyperpolarized. Two types of transmembrane cur-
rent are produced after the opening of GABA A receptors: 
synaptic (phasic) and tonic.14 Benzodiazepine and ethanol 
binding sites are located on the extracellular domains of 

Table 1 Agonists and Their Binding Sites at GABA A Receptors

Binding Site Agonists

Orthosteric ● Muscimol
● THIP
● Bicuculline

External allosteric ● Benzodiazepines
● Ethanol

Transmembrane allosteric ● Anesthetics
● Neurosteroids
● Cannabinoids

Channel pore allosteric ● Picrotoxinin
● Avermectin B1a
● Ions

Abbreviation: THIP, 4,5,6,7-tetrahydroisoxazolo(5,4-c)pyridin-3-ol.
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the GABA A receptor, while the other allosteric binding 
sites are located within the transmembrane domains (the 
picrotoxinin binding site is located within the chloride 
channel itself, sopicrotoxinin causes closure of the chlor-
ide channel, producing convulsions in experimental 
animals).15 After binding their ligands, allosteric binding 
sites undergo conformational change, which further causes 
blooming and twisting of peptide chains, thus reorganizing 
the interfaces between the GABA A receptor subunits; 
since orthosteric binding sites are located at these inter-
faces, they are also conformationally changed, and their 
affinity for orthosteric ligands becomes different, as well 
as their capability to induce intracellular activity, leading 
to a cellular response. Allosteric ligands that enhance the 
effects of GABA and other orthosteric ligands after bind-
ing are called positive allosteric modulators (PAMs), 
whereas negative allosteric ligands reduce the effects of 
GABA.16

GABA A Receptor Agonists, 
Antagonists, and Allosteric 
Modulators
Orthosteric Agonists and Antagonists
The orthosteric GABA binding site at the GABA 
A receptor is structurally complex, and therefore few 
compounds besides GABA itself can be recognized and 
cause activation of the receptor.17 Two compounds (mus-
cimol and THIP) behaving as GABA A receptor agonists 
were discovered early on, and then modified in a number 
of ways to produce other activators of the receptor with 
different characteristics. Muscimol, naturally produced by 
the Amanita muscaria mushroom, was the first substance 
with proven full agonistic action on GABA A receptors, 
and has been widely tested in experimental studies. It was 
used as a lead for further synthesis of a number of other 
full agonists, which are more or less potent, as well as of 
other substances which may affect GABAergic transmis-
sion in various ways. Some of the derived full agonists are 
listed here in decreasing order of potency: dihydromusci-
mol, thiomuscimol, isoguvacine, and isonipecotic acid.18

In experimental and clinical studies, full agonists of 
GABA A receptors showed a tendency to cause desensiti-
zation of the receptors, which was translated into tolerance 
and physical dependence, with withdrawal symptoms in 
the case of abrupt cessation of therapy. This was one 
reason why partial agonists of GABA A receptors began 
to be sought. Piperidine-4-sulfonic acid (P4S) is a partial 

agonist that shows between 15% and 75% of full agonist 
activity, depending on the subtype of the GABA 
A receptor.19 THIP (synonym: gaboxadol), thio-THIP, 
and 1,2,3,6-tetrahydropyridine-4-sulfonic acid (DH-P4S) 
are also partial agonists.

The naturally occurring plant alkaloid bicuculline is 
a competitive antagonist at the orthosteric GABA binding 
site of the GABA A receptor.20 Bicuculline is a highly 
unstable compound which, in solution, is slowly converted 
to bicucine, a much less active GABA antagonist. 
Bicuculline is equally potent at all subtypes of GABA 
A receptor, which is a characteristic of all GABA 
A-binding antagonists in general. Besides bicuculline, sev-
eral other GABA antagonists have been discovered in experi-
mental studies (mostly in vitro), with high affinity for 
orthosteric binding sites at the GABA A receptor: gabazine, 
RU5135 (a steroid derivative with convulsant properties), 
and 4-(3-biphenyl)-5-(4-piperidyl)-3-isoxazolol.20

Allosteric Modulators
Benzodiazepines bind with at least three allosteric sites; 
the most abundant sites, site 1 and site 2, are located on the 
extracellular domain of the GABA A receptor, while site 3 
is located on the transmembrane domain. There is sub-
stantial heterogeneity in the activity of benzodiazepines at 
these sites; for example, some of the sites 1 (having α4/α6 

subunits) and sites 2 and 3 are insensitive to diazepam and 
alprazolam, but react with ethyl alcohol.12 On the other 
hand, bretazenil and flumazenil bind with all sites 1, 
regardless of the subunit composition.21

Picrotoxinin binds with another allosteric site at the 
GABA A receptor, which is located on the transmembrane 
part of the chloride channel itself. It could also be con-
sidered as a chloride channel blocker; there is a plethora of 
various substances, some of which are poisonous to mam-
mals, that bind to the picrotoxinin binding site, block 
chloride channels, and cause excitation or even convul-
sions: t-butyl bicyclophosphorothionate (TBPS), thujone, 
organochlorine insecticides (lindane, dieldrin, and fipro-
nil), pitrazepin, and tetramethylenedisulfotetramine 
(TETS). Some substances with general anesthetic proper-
ties (eg, propanidid) also bind to the picrotoxinin binding 
site, but behave as agonists, as they increase the flux of 
chloride ions.22

The antiparasitic compounds avermectin B1a and iver-
mectin bind to yet another site within the chloride channel 
of the GABA A receptor, acting as channel openers; that 
is, facilitating the action of GABA.23
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Barbiturates, intravenous anesthetics (propofol, etomi-
date), neuroactive steroids (allopregnanolone and tetrahy-
drodeoxycorticosterone), volatile anesthetics, and ethanol 
in high doses bind to a variety of sites at the transmem-
brane interfaces of GABA A receptor subunits, facilitating 
the opening of chloride channels. These sites can be 
grouped into three distinct entities, called “sites”, accord-
ing to the preferential binding of some substances with 
general anesthetic properties: etomidate binding (site 1), 
R-mTFD-MPAB (mephobarbital derivative) binding 
(site 2), and neurosteroid binding (site 3).24

Some cannabinoid CB1 inverse agonists (rimonabant 
and AM251) also bind to specific allosteric sites in GABA 
A receptors, potentiating the inhibitory action of GABA.25 

The endocannabinoid 2-arachidonoyl glycerol (2-AG) also 
binds to the same site, which is located on the transmem-
brane segment of the GABA A receptor, having two β 
subunits out of the five subunits.26

As already mentioned, ethanol in high concentrations 
binds to allosteric sites on GABA A receptors specific for 
general anesthetics, but there is also a high-affinity site for 
binding ethanol located on the extracellular part of the 
receptor.15 The high-affinity site is present on both synap-
tic and extrasynaptic GABA A receptors, and is responsi-
ble for the majority of the signs and symptoms of ethanol 
intoxication.

Pathophysiology of Focal Epilepsy
Focal epilepsy is characterized by a range of seizure types, 
limited to one part of the brain, or in one hemisphere at 
most, the origin of which could be unifocal or 
multifocal.27 A variety of pathophysiological mechanisms 
could be behind focal seizures, leading to the abnormal 
discharge and spread of electrical activity. Details on the 
pathophysiology of mesial temporal lobe epilepsy, one of 
the most frequent forms of focal epilepsy in adults, were 
reviewed by Avoli et al,28 giving insights into the role of 
certain brain structures and neurotransmitter systems. The 
entorhinal cortex plays a primary role in the generation of 
seizures in this specific type of focal epilepsy, and gluta-
matergic neurotransmission through ionotropic NMDA 
receptors is a key factor in maintaining the ictal dis-
charges. Although GABA A receptors normally 
mediate inhibition, under special circumstances their acti-
vation may lead to the depolarization of some neuronal 
groups in the entorhinal cortex, and thus contribute to the 
initiation of seizures. Dysfunction of hippocampal CA3 
neurons is a necessary further element that enables the 

development and maintenance of seizures initiated in the 
entorhinal cortex, because their inhibitory action on CA1 
and subiculum is lost.28

Morphological studies have shown that hippocampal 
sclerosis is a characteristic finding in patients with mesial 
temporal lobe epilepsy. Within the framework of sclerosis, 
neurons are lost in the hilus of the dentate gyrus and the 
cornu ammonis (CA), and replaced by glia. There is abun-
dant experimental evidence that several factors in the 
damaged hippocampus contribute to the maintenance of 
seizures initiated in the entorhinal cortex: loss of both 
principal neurons and interneurons, neurogenesis with 
sprouting of nerve fibers, activation of microglia and 
astrocytes, neuroinflammation, and loss of the blood– 
brain barrier.29

Role of GABA A Receptors in 
Control of Focal Epilepsy
The main mechanism of action of GABA in the human 
brain is the induction of inhibitory postsynaptic potentials 
(IPSPs), predominantly at presynaptic nerve fibers. GABA 
A receptors (being rapid-acting chloride ion channels) are 
responsible for the early phase of the IPSP, and GABA 
B receptors (G-protein coupled) for the late phase. There 
are numerous studies on animal and human material show-
ing reduced numbers of GABA A receptors in brain areas 
that were the origin of focal epilepsies with or without 
secondary generalization.30 Mesial temporal lobe epilepsy 
(the most frequent form among resistant focal epilepsies) 
has been linked to a significant loss of benzodiazepine 
binding sites,31 and the activation of GABA A receptors 
by various allosteric ligands is crucial for the prevention of 
complex focal seizures.32 Several substances that either 
increase the activity of GABA A receptors through bind-
ing to allosteric sites (benzodiazepines, barbiturates, can-
nabidiol) or raise the concentration of GABA in the 
proximity of its receptors (vigabatrin, which blocks 
GABA catabolism, and tiagabine, which blocks reuptake) 
are already established anticonvulsants in clinical practice 
with marketing authorization for focal epilepsy, among 
other types. However, owing to the diversity of allosteric 
sites at GABA A receptors and the great variety of subunit 
composition, with regional specificities, there are great 
opportunities to find and develop drugs with even higher 
efficacy against focal seizuresand a lower incidence of 
adverse effects.
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GABA A Receptor Agonists and 
Allosteric Modulators in Preclinical 
Stages of Development
A number of substances may act as GABA A receptor 
agonists and have the potential to become effective (and 
safe) antiepileptic drugs if appropriately tested in preclini-
cal and clinical trials. An in silico study using structure- 
guided virtual screening found 19 compounds capable of 
activating GABA A receptors and having beneficial 
ADMET (absorption, distribution, metabolism, elimina-
tion, and toxicity) properties similar to already approved 
antiepileptic drugs.33 However, the screened compounds 
have not yet been synthesized, or tested in vitro or in 
animal experiments, so the destiny of these substances is 
not known.

The amino acid taurine is a weak agonist of GABA 
A receptors, but its internal activity depends on the subtype 
of GABA A receptor; that is, on the subunit composition of 
the receptor. Knowing that there is great regional variability 
in GABA A receptor subtypes in both animal and human 
brains, the activity of taurine could be quite specific; this 
creates an opportunity to use taurine or some of its analo-
gues for the treatment of focal or other types of epilepsy.34 

Effective anticonvulsant doses of taurine ranged from 20 to 
80 mg/kg when administered intraperitoneally in rats.35 The 
equivalent human dose would be more than 5 g for an adult 
person, which may produce toxic effects (decreased blood 
glucose, somnolence); however, the lethal dose that kills 
50% of experimental rodents is as high as 7 g/kg.36 Taurine 
is present in many energy drinks (about 1 g per serving), but 
it is unlikely that such a dose could counteract the procon-
vulsive effects of caffeine (up to 320 mg per serving).37 

Whether taurine could become an anticonvulsant is just 
a hypothesis for now, and elaborate experimental studies 
are necessary to either confirm or reject it.

It has been confirmed in a number of experimental 
studies that GABA A receptors that have α1 subunits 
mediate sedative/ataxic effects of substances, while those 
that have α2/α3 subunits mediate anticonvulsant effects, 
primarily owing to the slower decay of inhibitory postsy-
naptic currents. Following on from this knowledge, many 
substances with relatively selective modulatory action on 
GABA A receptors with α2/α3 subunits were synthesized 
and tested in vitro or in animal studies. The substance 
designated as HZ-166 was found to be an α2/α3-selective 
GABA A agonist in vitro, but its low bioavailability after 
oral or intraperitoneal administration precluded testing of 

its activity in vivo. However, replacement of the ester 
radical at the imidazole ring with bioisosteres led to ana-
logues with good bioavailability and unchanged selectivity 
for receptors with α2/α3 subunits. The analogue KRM-II 
-81 showed excellent anticonvulsant activity in several 
animal models of epilepsy (electroshock-induced convul-
sions in mice, 6 Hz seizure model in mice, pentylenete-
trazole (PTZ)-induced seizures in rats, and basolateral 
amygdala kindling in rats), while its motor-impairing 
effect was less than that of benzodiazepines.38

Other substances with positive allosteric modulatory action 
selective for GABA A receptors with α2/α3 subunits that 
showed anticonvulsant effects in animal models of epilepsy 
are: AZD7325 (4-amino-8-(2-fluoro-6-methoxy-phenyl) 
-N-propyl-cinnoline-3-carboxamide), which increased the 
threshold for hyperthermia-induced seizures in Scn1a+/− 

mice,39 and PF-06372865 (7-ethyl-4-[3-(4-ethylsulfonyl- 
2-methoxyphenyl)-4-fluorophenyl]imidazo[4,5-c]pyridazine), 
which efficiently suppressed spike-and-wave discharges in rats 
genetically prone to absence seizures (Genetic Absence 
Epilepsy Rats from Strasbourg [GAERS] strain).40 However, 
only the latter found its way into clinical trials, and is now 
known under the name CVL-865.

To avoid some key adverse effects of classic benzodia-
zepines, such as tolerance and dependence, several partial 
agonists of benzodiazepine binding sites at GABA 
A receptors were designed, one of which was successfully 
developed throughout the preclinical studies for the treatment 
of focal epilepsy: imepitoin (ELB138). However, when the 
pharmacokinetics of the drug was tested in phase I studies on 
humans, the interindividual variability of elimination para-
meters was unacceptably high, especially when compared 
between smokers and non-smokers; the company that devel-
oped imepitoin decided to proceed with its clinical develop-
ment in veterinary medicine, for the treatment of canine 
epilepsy.41 Imepitoin proved to be effective in both newly 
diagnosed canine epilepsy, as monotherapy, and in chronic 
canine epilepsy, as add-on therapy.42

Steroid hormones from the circulation easily penetrate the 
blood–brain barrier and are transformed in the brain to meta-
bolites with positive allosteric activity on GABA A receptors. 
Allopregnanolone (5α-pregnan-3α-ol-20-one) is derived 
from progesterone, allotetrahydrodeoxycorticosterone (5α- 
pregnane-3α,21-diol-20-one) comes from deoxycorticoster-
one, and androstanediol (5α-androstan-3α,17β-diol) is derived 
from testosterone; since these substances are synthesized in 
the brain, they are called “neurosteroids”. Neurosteroids bind 
preferentially to GABA A receptors that contain the δ subunit, 

Journal of Experimental Pharmacology 2021:13                                                                          submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                         
239

Dovepress                                                                                                                                                         Janković et al
 

Jo
ur

na
l o

f E
xp

er
im

en
ta

l P
ha

rm
ac

ol
og

y 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/ b
y 

14
7.

91
.2

09
.1

75
 o

n 
14

-A
pr

-2
02

1
F

or
 p

er
so

na
l u

se
 o

nl
y.

Powered by TCPDF (www.tcpdf.org)

                               1 / 1

http://www.dovepress.com
http://www.dovepress.com


and enhance the action of GABA, behaving as positive allos-
teric modulators. The anticonvulsant activity of neurosteroids 
has been demonstrated in a number of animal models of 
epilepsy: androstanediol protects against seizures elicited by 
the hippocampus kindling model of epilepsy in mice,43 while 
allopregnanolone and allotetrahydrodeoxycorticosterone inhi-
bit convulsions induced in animal models by pentylenetetra-
zol, pilocarpine, bicuculline, or electroshock.44 Lucchi 
et alshowed that allopregnanolone and pregnanolone levels 
are reduced in the hippocampus of epileptic rats, but only 
levels of allopregnanolone correlated significantly with the 
frequency of seizures.45 After reviewing the role of neuroster-
oids in epilepsy, Lévesque et al46 concluded that they can 
modulate both the emergence of seizures and the interictal 
activity of epileptic foci (frequency of spikes and oscillations); 
specifically, the onset of spontaneous seizures in mesial tem-
poral lobe epilepsy is delayed after the administration of 
neurosteroids, as shown in animal models.

There is also clinical evidence of the anticonvulsant 
action of neurosteroids. Pugnaghi et al reported the case 
of a woman with temporal lobe epilepsy, who lost control 
over her seizures after starting therapy for concomitant 
hirsutism with finasteride, a well-known inhibitor of neuro-
steroid synthesis; after stopping finasteride, the patient 
regained seizure control with the original anticonvulsant 
therapy.47 A case series of 12 patients with protocadherin 
19 (PCDH19)-female limited epilepsy (PCDH19-FE) con-
firmed significantly decreased blood levels of the neuroster-
oids allopregnanolone, pregnanolone, and pregnenolone 
sulfate.48 In a controlled study with 41 patients and 41 
controls, either non-detectable or significantly decreased 
allopregnanolone levels were found in cerebrospinal fluid 
obtained from patients with status epilepticus.49 However, 
a synthetic neurosteroid derivative, ganaxolone, was more 
effective than naturally occurring neurosteroids in animal 
models of epilepsy and had superior pharmacokinetic prop-
erties (minor biotransformation); these features have helped 
its transition to the clinical development phase.

GABA A Receptor Agonists in the 
Clinical Stage of Development
The benzodiazepine clobazam was first approved for the 
treatment of severe anxiety, and then repurposed for the 
adjunctive treatment of resistant focal epilepsy.50 

However, only recently have several clinical trials been 
conducted, aiming to investigate the efficacy and safety of 
clobazam when used as monotherapy in patients with focal 

epilepsy. The active metabolite of clobazam, N-desmethyl 
clobazam, shows partial selectivity for GABA A receptors 
that contain α2/α3 subunits,39 thus acting as a positive 
allosteric modulator. A Cochrane review analyzed its 
effectiveness and safety when used as monotherapy for 
focal or generalized seizures.51 Only three clinical trials 
with 206 patients in total fulfilled the minimum require-
ments for methodological quality to be included in the 
review. The available evidence failed to show 
advantages of clobazam over carbamazepine, but it was 
slightly more effective and safer than phenytoin: the reten-
tion rate after 12 months of therapy was higher (relative 
risk 1.43 [95% CI 1.08–1.90]) and the discontinuation rate 
due to adverse effects lower (relative risk 0.1 [95% CI 
0.01–1.65]).52 The most frequent adverse effects of cloba-
zam are dose-dependent sedation, dizziness, and ataxia; 
however, it is less sedating than other benzodiazepines, 
including clonazepam. Serious adverse effects of clonaze-
pam are extremely rare, below 1 per 100,000 patient- 
years.53

When clobazam was tried as monotherapy in a study 
with 45 children with Rolandic epilepsy, and compared 
with carbamazepine, it led to freedom from seizures in 
94.1% of patients, while carbamazepine was effective in 
all investigated patients.54 Clobazam achieved freedom 
from seizures earlier than carbamazepine (after 33.3 days 
on average versus 48.2 days with carbamazepine) and had 
fewer side effects. However, two of the children treated 
with clobazam experienced worsening of their seizures, 
and the drug caused disturbances of cognition and 
behavior.

Ganaxolone is a derivative of the endogenous neuro-
steroid allopregnanolone, created by methylation of its 
A-ring at position 3. The methylation prevents biotrans-
formation of the drug and avoids the induction of toler-
ance, which is a characteristic feature of the parent 
compound.55 It is an agonist of allosteric neurosteroid 
binding sites on GABA A receptors (both synaptic and 
extrasynaptic receptors), which facilitates the inhibitory 
action of GABA (positive allosteric modulator of 
GABA). Ganaxolone was the most efficient drug in clin-
ical trials as add-on therapy against partial seizures with or 
without secondary generalization in adult patients,56 as 
well as for the treatment of refractory status 
epilepticus.57 Although it was tested in children with 
infantile spasms, its beneficial effects were modest and 
did not reach clinical significance. However, ganaxolone 
is a remarkably safe drug: the most prominent adverse 
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effect is somnolence, and the vast majority of recorded 
adverse effects are mild (dizziness, fatigue, headache, 
impaired coordination), followed by full recovery after 
discontinuation of ganaxolone; arthralgia and convulsions 
were recorded very rarely as serious adverse effects in 
clinical trials and postmarketing studies.58,59

CVL-865 (previously PF-06372865) is a positive allos-
teric modulator of GABA A receptors, which binds selec-
tively to the receptor subtypes that contain α2, α3, and α5 

subunits, while the subtypes with α1 subunits remain com-
pletely unaffected.60 Based on its mechanism of action, 
which is more selective than that of marketed benzodiaze-
pines, CVL-865 is expected to have strong anticonvulsive 
action with less pronounced sedation and cognitive impair-
ment. It was first tried in adult patients with generalized 
anxiety disorder (GAD), but its effect in a phase II clinical 
trial was not differentiated sufficiently from that of pla-
cebo, and the trial was ended prematurely.61 The strong 
anticonvulsant action of CVL-865 is strongly believed in 
by its developers, especially following the completion of 
a phase II trial in patients with photosensitive epilepsy. In 
this small pilot trial, with only seven participants, CVL- 
865 strongly inhibited the photoparoxysmal response to 
intermittent photic stimulation (complete inhibition in six 
out of seven patients), without significant adverse 
effects.62 However, whether CVL-865 will be of use in 
patients with focal epilepsy, and what its true safety profile 
is, are questions that can be answered only after future 
clinical trials. In a study investigating the analgesic poten-
tial of CVL-865, lower doses caused dizziness (39%), 
fatigue (33%), and bradyphrenia (28%), and higher doses 
dizziness (53%), somnolence (32%), bradyphrenia (32%), 
fatigue (26%), balance disorder (26%), and feeling abnor-
mal (26%).63

Padsevonil is a new antiepileptic drug with two 
mechanisms of action: it binds with high affinity to synap-
tic vesicle 2 (SV2) proteins and behaves as a partial ago-
nist at the benzodiazepine binding site on GABA 
A receptors, where it is bound with low to moderate 
affinity.64 Padsevonil has been tested as add-on therapy 
in a clinical trial on adult patients with drug-resistant focal 
epilepsy (four or more focal seizures/week, unresponsive 
to at least four different antiepileptic drugs). The patients 
received padsevonil or placebo for 3 weeks in hospital, 
followed by an 8-week open-label study period when all 
patients received padsevonil. At discharge from the hospi-
tal, 30.8% of patients taking padsevonil were ≥75% 
responders (the frequency of seizures was reduced by 

53.7%), compared to 11.1% taking placebo (the frequency 
of seizures was reduced by 12.5%). After the treatment 
outside the hospital ended, 31.4% of patients were ≥75% 
responders and the frequency of seizures was decreased by 
55.2%. This remarkable efficacy was associated with mild 
adverse effects: somnolence, headache, and dizziness.65 

Thanks to the beneficial ratio of efficacy and safety in 
a subpopulation of difficult-to-treat patients with epilepsy, 
padsevonil is currently one of the few promising positive 
allosteric modulators of GABA A receptors that are enter-
ing phase III clinical trials, which should reveal its true 
place in the treatment of focal epilepsy.66

Market Projections
Having been repurposed for the treatment of epilepsy, 
clobazam was the first among new GABA A agonists to 
reach the market. It currently has marketing authorization 
in the UK for add-on treatment of all types of epilepsy 
(both focal and generalized) in children over 2 years of age 
and adults.67 Clobazam is also approved in the USA “for 
the adjunctive treatment of seizures associated with 
Lennox–Gastaut syndrome (LGS) in patients 2 years of 
age or older”.68 In the near future, clobazam could be 
expected to receive marketing authorization for the treat-
ment of epilepsy in the European Union and other large 
markets, owing to its wide spectrum of action and excel-
lent safety profile.

Ganaxolone is currently in phase III clinical trials for 
the treatment of early infantile epileptic encephalopathy 2 
and status epilepticus, and the developer plans to apply for 
marketing authorization from the Food and Drug 
Administration (FDA) and European Medicines Agency 
(EMA) in the first half of 2021.69 It is also being tested in 
a phase II trial on protocadherin-19-related childhood epi-
lepsy, where a much better response rate was achieved in 
patients with decreased plasma allopregnanolone sulfate 
levels, which may serve as a biomarker if confirmed 
when the study is completed.70 On the other hand, CVL- 
865 is still in phase II of clinical development, as phase II 
clinical trials in patients with focal-onset epilepsy started 
only in 2020;71 therefore, its marketing authorization can-
not be expected within the next 2–3 years.

A phase III clinical trial with padsevonil in adult 
patients with focal-onset epilepsy was completed in late 
2020, but the results are still awaited.72 The developer of 
padsevonil is not planning to apply for marketing author-
ization in 2021,73 and further actions in that direction have 
not yet been announced.
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Conclusions
The GABA A receptor is ubiquitous in the central 
nervous system and there is a huge diversity of receptor 
subtypes in almost all regions of the brain. Some of 
newer GABA A receptor agonists are more or less 
selective for receptor subtypes that contain α2/α3 sub-
units, which makes them more effective as anticonvul-
sants and less disadvantageous in regard to sedation and 
motor impairment. There are several compounds with 
more selective action on GABA A receptors, perhaps 
only in certain brain regions, that have the potential to 
become effective drugs against specific subtypes of 
focal-onset epilepsy. However, their development needs 
time, and in the near future we can expect only one or 
two new GABA A agonists with marketing authoriza-
tion for focal epilepsy, an advance that would be of use 
for just a fraction of patients with drug-resistant 
epilepsy.
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