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Abstract
γ-Aminobutyric acid (GABA) is the most prevalent inhibitory neurotransmitter in the mammalian brain and has been found 
to play an important role in the pathogenesis or the expression of many neurological diseases, including epilepsy. Although 
GABA can act on different receptor subtypes, the component of the GABA system that is most critical to modulation of 
seizure activity is the  GABAA-receptor-chloride  (Cl−) channel complex, which controls the movement of  Cl− ions across the 
neuronal membrane. In the mature brain, binding of GABA to  GABAA receptors evokes a hyperpolarising (anticonvulsant) 
response, which is mediated by influx of  Cl− into the cell driven by its concentration gradient between extracellular and 
intracellular fluid. However, in the immature brain and under certain pathological conditions, GABA can exert a paradoxical 
depolarising (proconvulsant) effect as a result of an efflux of chloride from high intracellular to lower extracellular  Cl− lev-
els. Extensive preclinical and clinical evidence indicates that alterations in GABAergic inhibition caused by drugs, toxins, 
gene defects or other disease states (including seizures themselves) play a causative or contributing role in facilitating or 
maintaning seizure activity. Conversely, enhancement of GABAergic transmission through pharmacological modulation of 
the GABA system is a major mechanism by which different antiseizure medications exert their therapeutic effect. In this 
article, we review the pharmacology and function of the GABA system and its perturbation in seizure disorders, and highlight 
how improved understanding of this system offers opportunities to develop more efficacious and better tolerated antiseizure 
medications. We also review the available data for the two most recently approved antiseizure medications that act, at least 
in part, through GABAergic mechanisms, namely cenobamate and ganaxolone. Differences in the mode of drug discovery, 
pharmacological profile, pharmacokinetic properties, drug–drug interaction potential, and clinical efficacy and tolerability 
of these agents are discussed.
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1 Introduction

Within the mature mammalian central nervous system 
(CNS), the amino acids γ-aminobutyric acid (GABA) and 
glutamate serve as the major inhibitory and excitatory neu-
rotransmitters, respectively [1]. An imbalance in their activ-
ity has been associated with abnormal neuronal firing and 
can under certain conditions contribute to the pathogenesis 
of several CNS disorders, including epilepsy. Drugs that 
enhance GABAergic inhibition or decrease glutamatergic 
excitation have been found to exert an antiseizure effect in 
animal models of seizures and epilepsy [1, 2]. Similarly to 
treatments that inhibit excessive excitatory neurotransmis-
sion, pharmacological interventions that potentiate GABA-
mediated transmission have proved to be an effective tool 
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Key Points 

The inhibitory neurotransmitter γ-aminobutyric acid 
(GABA) has an important role in the control of neu-
ronal excitability in the mammalian brain. Disruption 
of GABAergic neurotransmission exerts a causative or 
contributory effect in the pathogenesis or expression of 
many neurological diseases, including epilepsy.

The component of the GABA system most critical to 
modulation of seizure activity is the  GABAA receptor, 
which in the mature brain, evokes a hyperpolarising 
 Cl− current. In contrast, in the immature brain and in 
some neonatal pathological conditions, GABA can be 
depolarising (proconvulsant), owing to the presence of 
high intraneuronal  Cl− levels (relative to the extracellular 
milieu) in these conditions.

GABA has been for many years, and continues to be, a 
major target for research into the design and develop-
ment of newer antiseizure medications. Cenobamate and 
ganaxolone are the latest antiseizure medications acting 
on GABA that have entered the market.

Cenobamate acts by a dual mechanism (blockade of 
persistent sodium currents and  GABAA receptor modula-
tion) and has shown robust efficacy against refractory 
focal seizures. It is approved in Europe and the USA for 
the treatment of focal seizures in adults. The European 
indication is limited to adjunctive use in patients whose 
seizures are not adequately controlled despite a history 
of treatment with at least two other antiseizure medica-
tions.

Ganaxolone, an orally active neurosteroid, is a  GABAA 
allosteric modulator that has been assessed in differ-
ent types of epilepsy, and was approved in the USA in 
March 2022 for the treatment of seizures associated with 
cyclin-dependent kinase-like 5 deficiency disorder. In 
May 2023, the European Medicines Agency issued a 
positive opinion recommending its approval for the same 
indication.

GABAergic transmission (e.g. barbiturates, valproic acid, 
benzodiazepines, felbamate, topiramate and stiripentol) were 
not developed by rational target-based strategies, but were 
rather discovered by chance or by phenotypic screening in 
animal models of seizures and epilepsy [6].

In recent years, there has been an intense discovery effort 
to find more efficacious and better tolerated drugs that tar-
get GABA-mediated inhibition. In this review, we focus on 
the important role of GABA in the modulation of neuronal 
excitability and seizure activity and control, and we review 
preclinical and clinical data on recently approved drugs that 
target GABA-mediated neurotransmission. Drugs in devel-
opment that act via the GABA system are discussed in an 
accompanying article [2].

2  Literature Search

For Sect. 3, we conducted a literature search on PubMed 
for studies published in English since 1 January, 2005 until 
30 June, 2023, using as search terms ‘GABA AND seizures 
OR epilepsy’. The authors’ files and the reference lists of 
retrieved relevant articles were also reviewed. For Sects. 4 
and 5, we searched PubMed for articles published until 30 
June, 2023, using as search terms ‘cenobamate’ and ‘ganax-
olone’, without language or time limitations. We selected 
articles that focused on the use of these medications as 
treatments for seizures or epilepsy. For both cenobamate 
and ganaxolone, we also reviewed US and European pre-
scribing information databases and clinical trials registered 
in ClinicalTrials.gov targeting ‘seizures’ or ‘epilepsy’ as 
indications.

3  The GABAergic System and Its Role 
in the Pathogenesis of Seizures 
and Epilepsy

3.1  Evidence on the Role of GABA as a Modulator 
of Seizure Susceptibility

As described in greater detail below, the inhibitory action 
of GABA on neuronal excitability in the mature brain 
is primarily mediated by its binding to  GABAA recep-
tors, leading to the influx of chloride ions  (Cl−) and cell 
hyperpolarisation, though actions on other GABA recep-
tor subtypes may also contribute [1]. Multiple lines of 
experimental and clinical evidence over the course of 
three plus decades have demonstrated that disruption of 
GABA-mediated inhibition contributes to seizure ini-
tiation and propagation [7]. Particularly relevant in this 
regard is the demonstration of a reduction in GABAergic 

by which seizure activity can be prevented or suppressed in 
the clinical setting.

Over time, an improved understanding of the mecha-
nisms involved in GABAergic inhibition has provided the 
basis for the rational design of a number of antiseizure 
medications (ASMs) targeting different components of the 
GABA system, the most notable examples being progabide 
[3], vigabatrin [4] and tiagabine [5]. However, many other 
ASMs that are known to act at least in part by potentiating 
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neurotransmission in multiple animal models of acquired 
and genetic epilepsies. For example, loss of inhibitory 
interneurons results in reduced release of GABA, reduced 
inhibition of excitatory principal cells, and facilitation 
of seizures and epilepsy [8]. A number of studies have 
shown that glutamate levels rise during a seizure, whereas 
GABA levels remain relatively constant [9]. This shift in 
the glutamate-to-GABA ratio results in an imbalance in 
excitation and inhibition and can contribute to the initia-
tion and propagation of seizure activity.

Experimental research has enhanced our understanding 
of the GABA system and led to the development of ASMs 
designed to increase GABA-mediated inhibition through 
a variety of mechanisms, including inhibition of GABA 
metabolism by vigabatrin, inhibition of synaptic GABA 
reuptake by tiagabine and allosteric modulation of  GABAA 
receptors by ganaxolone [10–12]. Several other ASMs, 
including barbiturates, benzodiazepines, cenobamate, fel-
bamate, stiripentol, topiramate and possibly also gabapentin, 
pregabalin and valproic acid, act at least in part by potentiat-
ing GABAergic transmission (Fig. 1) [8]. As discussed in the 
accompanying article [2], there are also many innovative and 
repurposed treatments in clinical development that target the 
GABA system. The degree to which these newer therapies 

will improve seizure control over existing ASMs has yet to 
be determined.

Other evidence in support of the important role of GABA 
in controlling neuronal excitation comes from animal models 
wherein drugs (e.g. l-allylglycine) that block the GABA-
synthesising enzyme glutamate decarboxylase or drugs that 
block  GABAA receptors (pentylenetetrazole) or GABA-acti-
vated  Cl− channels (picrotoxin) are proconvulsant [12, 13]. 
Finally, a number of mutations in genes encoding GABA 
receptor subunits have been identified and found to play a 
pathogenic role in various epileptic syndromes, which range 
from generalised epilepsies to epileptic encephalopathies 
[14–23].

As important as GABA is in mediating inhibition, it 
should also be understood that an increase in GABAergic 
transmission can also facilitate seizure activity depending on 
the brain area or circuitry affected. For example, in a series 
of elegant studies, Iadarola and Gale [24] identified the sub-
stantia nigra as a critical midbrain site for GABA-mediated 
antiseizure activity. They found that activation of  GABAA 
receptors in the midbrain but not the forebrain and hindbrain 
was able to block tonic extension seizures induced by maxi-
mal electroshock and tonic-clonic seizures induced by pen-
tylenetetrazole and bicuculline [24]. In contrast, antagonism 

Fig. 1  Schematic representation of an inhibitory synapse in the cen-
tral nervous system and putative major sites of action of established 
and investigational antiseizure medications that target the  GABAA 
receptor. Plus (+) or minus (−) signs denote activation/potentiation 
or inhibition, respectively. Among positive allosteric modulators of 
the  GABAA receptors, benzodiazepines and α2/α3/α5-selective com-
pounds act at binding sites that differ from the binding sites of the 
neurosteroid ganaxolone, or from the binding sites of other allos-
teric modulators (see also Fig. 2). Current efforts to develop subunit-

selective allosteric modulators that preferentially activate  GABAA 
receptors devoid of the α1 subunit are based on the hypothesis that 
these compounds will be less sedating and less liable to develop tol-
erance. For more information on investigational γ-aminobutyric acid 
(GABA)-targeting antiseizure medications, see the accompanying 
article by Perucca et al. [2]. GABA-T GABA transaminase, GAD glu-
tamic acid decarboxylase, *evidence of activation of GAD by gabap-
entin, pregabalin and valproic acid is inconclusive. Modified from 
White and Rho [11], with permission
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of  GABAA receptors in some brain regions actually exerted 
an anticonvulsant rather than a proconvulsant effect, an 
observation that clearly demonstrates the importance of the 
anatomical location of  GABAA receptors within the sei-
zure network [25]. Interestingly, drugs that act by increas-
ing the availability of GABA in the synaptic space tend to 
promote seizure activity in animal models of absence and 
myoclonic seizures, and to aggravate these seizure types in 
patients with generalised epilepsies. For example, inhibition 
of GABA-transaminase (GABA-T) by vigabatrin has been 
associated with increased seizure activity in the photosensi-
tive baboon, the lethargic mouse, the Genetic Epilepsy Prone 
rat and the Genetic Absence Epilepsy Rat of Strasbourg, 
and in patients with absence or juvenile myoclonic epilepsy 
[26–28], an action that is presumed to result from increased 
GABAergic tone in the thalamo-cortical circuit that modu-
lates spike-wave discharges. Similarly, the aggravation of 
absence and myoclonic seizures seen with carbamazepine 
and oxcarbazepine in the Genetic Absence Epilepsy Rat 
of Strasbourg and in patients with idiopathic generalised 
epilepsies is probably owing to the ability of these drugs 
to enhance GABA currents in the ventral basal thalamus 
[29, 30]. The precipitation or aggravation of absence sei-
zures by ASMs that enhance GABA levels, i.e. vigaba-
trin and tiagabine, may be also due in part to activation of 
presynaptically located metabotropic  GABAB receptors by 
synaptically released GABA [31–34]. Activation of presyn-
aptic  GABAB receptors results in reduced neurotransmitter 
release. Depending on whether these receptors reside on glu-
tamatergic principal cells or inhibitory neurons, their activa-
tion by the  GABAB receptor agonist baclofen can result in 
an antiseizure or a seizure-facilitating action, respectively. 
The effect of baclofen on seizure susceptibility is also partly 
dependent on age [31–34].

3.2  GABA Synthesis, Release and Metabolism

Within the CNS, the synthesis of GABA is integrally linked 
to the metabolism of glutamine and glutamate [7, 9, 35]. 
Once released from the presynaptic terminal, GABA inter-
acts with both synaptic and extrasynaptic receptors and is 
then removed from the synaptic space into surrounding 
GABAergic neurons by the active transporter GAT1 and 
repackaged into vesicles by the vesicular GABA transporter 
vGAT for later release.

GABA is also taken up into surrounding astrocytes by 
GAT1 and then metabolised to succinic semialdehyde by 
GABA-T [35]. In turn, succinic semialdehyde is metabo-
lised by succinic acid semialdehyde dehydrogenase to suc-
cinic acid, which then enters the tricarboxylic acid cycle. 
The glutamine that is synthesised from succinic acid via 
the tricarboxylic acid cycle is released back to the extracel-
lular space where it can be taken up by both glutamatergic 

and GABAergic neurons [9, 35]. In glutamatergic neurons, 
glutamine is deaminated by glutaminase to glutamate, which 
is then packaged into vesicles by vesicular glutamate trans-
porters for future release. GABAergic neurons also convert 
glutamine back to glutamate, which is decarboxylated by 
glutamate decarboxylase to GABA, that is then repackaged 
into vesicles by vGAT for subsequent release. Glutamate 
released from excitatory neurons can serve as another impor-
tant source of GABA [9, 35]. For example, glutamate taken 
up by astrocytes by excitatory aminoacid transporters on the 
astrocytic membrane can be converted back to glutamine 
by glutamine synthetase. As described above, glutamine 
can then be recycled by both glutamatergic and GABAergic 
neurons and converted to glutamate and GABA, respectively 
[35].

3.3  GABA Receptors

Upon release from the presynaptic terminal, GABA exerts 
its effects through multiple receptors, including  GABAA, 
 GABAB and  GABAC receptors [36]. Of these, the  GABAA 
receptor is an important target for several drug classes 
including benzodiazepines, barbiturates, neurosteroids, alco-
hol and general anaesthetics.  GABAA receptor modulators, 
in particular, have played an important therapeutic role as 
ASMs, sedative hypnotics, anxiolytics and muscle relaxants 
for many years [37].

GABAA receptors are pentameric ligand-gated ion 
channels comprising five distinct subunits that conduct a 
hyperpolarising  Cl− current upon activation. So far, there 
have been 20 different  GABAA receptor subunits identified, 
including six α (α1 to α6), four β (β1 to β4), three γ (γ1 to 
γ3), one δ, three ρ (ρ1 to ρ3), and one each of ε, θ and π 
subunits [37–40]. Importantly, these 20 subunits can come 
together to form a multitude of different subunit combina-
tions that play an important role in the localisation, traf-
ficking, kinetics and pharmacology of the  GABAA receptor.

As noted above, GABA can also act on  GABAB recep-
tors, which are G protein-coupled ion channels that activate 
the G protein-coupled inward rectifier potassium channel 
(GIRK) to induce a potassium efflux from the cell [41]. Pre-
synaptic  GABAB receptors can serve as autoreceptors and 
their activation can result in a reduced release of GABA or 
other neurotransmitters, including glutamate, norepineph-
rine, 5-hydroxytryptamine and dopamine [41]. It is through 
these actions that  GABAB receptors modulate neuronal 
excitability.

GABAC receptors are also ligand-gated ionotropic chan-
nels that are largely found in the retina. When activated by 
GABA, they evoke a  Cl− current [42]. In contrast to  GABAA 
receptors,  GABAC receptors, defined by the presence of a ρ 
subunit, are insensitive to the convulsant bicuculline [42]. 
Unlike  GABAA and  GABAB receptors,  GABAC receptors 
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are not a target for any of the established ASMs or investi-
gational ASMs in development.

3.4  GABAA Receptor Subunit Conformation 
and Pharmacological Response

GABAA receptor subunit heterogeneity has an important 
function in determining the response to  GABAA receptor 
modulators, an observation that led to an intense effort to 
develop subunit-selective ligands with potentially improved 
efficacy and tolerability [40, 43]. Each functional  GABAA 
receptor usually includes two α, two β, and one γ or δ 
subunit.  GABAA receptors can be further categorised as 
γ-subunit-containing synaptic receptors or δ-subunit-
containing extrasynaptic receptors [37]. When activated by 
GABA, synaptic  GABAA receptors largely modulate rapid 
phasic inhibition. In contrast, extrasynaptic  GABAA recep-
tors largely contribute to tonic inhibition (Fig. 2) [44].

Benzodiazepines and barbiturates are both positive allos-
teric modulators of the  GABAA receptor.  GABAA receptors 
with a high sensitivity to benzodiazepines typically comprise 
two α (α1 to 3, or α5), two β (β1 to β3) and one γ2 subunit 
[45].  GABAA receptors containing α4 and α6 subunits and/
or lacking γ2 subunits are benzodiazepine insensitive. The 
classical benzodiazepine binding site resides at the α and γ 
interface and many of the side effects associated with the 
classical benzodiazepines can be explained at least in part by 
their nonselective binding to  GABAA receptors containing 
α1, α2, α3, α5 and γ2 subunits. Of the various α subunits, the 
α1 subunits are widely distributed in the brain and modula-
tion of α1 subunit-containing  GABAA receptors by benzo-
diazepines is largely associated with sedative effects [37, 
43, 46–48]. The α2 and α3 subunits are not considered to be 
involved to a major extent in sedative effects. Modulation of 
 GABAA receptors containing α2 and α3 subunits plays an 
important role in the antiseizure, anxiolytic and analgesic 
effects of benzodiazepines [43, 49], even though actions at 
the α1 subunit also seem to contribute to antiseizure effects 
in some experimental models [50].  GABAA receptors con-
taining α5 subunits are thought to contribute to anxiolytic 
effects [37, 51]. The nonbenzodiazepine Z-drugs that are 
used as sleep aids have high selectivity for α1-containing 
 GABAA receptors, which as stated above are widely distrib-
uted throughout the brain [48].

Thus, the specific α subunit within a given benzodi-
azepine-sensitive  GABAA receptor determines whether 
allosteric modulation results predominantly in antiseizure, 
sedative or anxiolytic activity. Although these findings are 
largely based on behavioural studies in animal models and 
their applicability to the clinical setting requires further 
study [37],  GABAA receptor subunit heterogeneity has pro-
vided the medicinal chemist with an opportunity to design 
and develop novel ASMs with unique subunit selectivity 

and potentially improved efficacy and tolerability. Several 
of the new GABA-targeting ASMs in development and dis-
cussed in the accompanying article [2] were designed with 
this concept in mind.

The usefulness of benzodiazepines during long-term 
treatment is limited in part by the development of tolerance, 
which can occur as a result of decreased surface availability 
of  GABAA receptors following prolonged drug exposure 
[40, 52]. Factors involved in the decreased availability and 
sensitivity of  GABAA receptors to benzodiazepines include 
increased lysosomal degradation of the γ2 subunit, phos-
phorylation of the receptors by specific protein kinase C 

Fig. 2  Localisation and function of  GABAA receptors on postsynap-
tic neurons, including actions of established antiseizure medications. 
Although the figure also shows the synthetic pathway of endog-
enous neurosteroids within astrocytes, some neurosteroids are also 
synthesised and released by neuronal cells. There are two forms of 
γ-aminobutyric acid (GABA)-mediated inhibition via  GABAA recep-
tors: phasic and tonic. Phasic inhibition is triggered by synaptically 
released GABA acting on receptors clustered at the postsynaptic sites. 
These receptors contain γ2 subunits (in association with α1 to α6 
subunits) and are positively modulated by benzodiazepines, barbitu-
rates and a number of other antiseizure medications. γ2 Subunits are 
critical for benzodiazepine sensitivity. Tonic inhibition is mediated by 
“ambient” levels of extracellular GABA that have escaped presynap-
tic reuptake via the GABA transporter (GAT-1, or GAT in the figure) 
and acts primarily on receptors located extrasynaptically. These tonic 
inhibitory receptors contain δ subunits and are insensitive to ben-
zodiazepines but are sensitive to modulation by cenobamate and by 
endogenously synthesised neurosteroids or the exogenous neuroster-
oid ganaxolone. Extrasynaptic receptors are also sensitive to general 
anaesthetics and alcohol. Modified from White and Rho [11], with 
permission
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isoforms and activation of calcineurin-dependent dephos-
phorylation by diazepam leading to  GABAA receptor endo-
cytosis [40]. In addition, it has been suggested that the α1 
subunit modulates tolerance to the benzodiazepines, even 
though the precise mechanism by which α1 subunit expres-
sion contributes to benzodiazepine-mediated tolerance has 
yet to be defined [40, 43]. What is clear is that drugs devoid 
of activity at the α1 subunit are less likely to develop toler-
ance [43]. Overall, these findings have stimulated efforts 
to develop subunit-selective allosteric modulators that lack 
activity at  GABAA receptors containing α1 subunits, in the 
anticipation that these modulators would be less sedating 
and less likely to develop tolerance [43].

Neurosteroids differ from benzodiazepines in a couple of 
important ways [40]. First, they bind within the transmem-
brane domain between the α and β subunits, whereas the 
benzodiazepine binding site resides at the α and γ interface. 
Second, they display preferential affinity for extrasynaptic 
δ-containing  GABAA receptors. That said, neurosteroids 
can also bind and modulate isoforms of synaptic  GABAA 
receptors containing benzodiazepine-insensitive α4 and 
α6 subunits, and those that lack the γ2 subunit required for 
benzodiazepine binding. Therefore, neurosteroids might be 
anticipated to enhance GABAergic neurotransmission in net-
works wherein benzodiazepines are inactive [53].

In addition to subunit composition, location and expres-
sion patterns of  GABAA receptors can influence the  GABAA 
receptor response to modulation by GABA, drugs and dis-
ease processes [38]. One example of subunit heterogeneity 
within the same brain structure is provided by the hippocam-
pus. The primary subunit conformation of phasic synaptic 
 GABAA receptors in the dentate gyrus is α2βγ2, whereas the 
subunit conformation of slow tonic extrasynaptic  GABAA 
receptors in the dentate gyrus are more likely to be α4βγ, 
which would be expected to be benzodiazepine insensitive 
[45]. Interestingly, in contrast to the dentate gyrus, extra-
synaptic  GABAA receptors in the hippocampal CA1 region 
are primarly α5βγ2 [54]. As such, a benzodiazepine with a 
higher affinity for α5-containing  GABAA receptors is more 
likely to increase tonic inhibition over phasic inhibition in 
the CA1 region, whereas a benzodiazepine with a preference 
for an α2 subunit is more likely to increase phasic inhibition 
in the dentate gyrus.

When it comes to the kinetics of GABA-evoked  Cl− chan-
nels, benzodiazepines, barbiturates and neurosteroids all 
display markedly different effects. In particular, benzodi-
azepines increase the frequency of channel opening [55], 
whereas phenobarbital and other barbiturates increase the 
duration of the channel opening [56–58]. The neurosteroids 
are interesting because they increase the frequency of single 
channel openings much like the benzodiazepines, but they 
also increase the duration of the channel opening much like 
the barbiturates [59, 60].

3.5  The Effect of Development and Disease States 
on  GABAA Receptor Responses

In the mature brain, the binding of GABA to  GABAA recep-
tors evokes a hyperpolarising influx of  Cl− driven by its 
concentration gradient from high extracellular levels to 
low intracellular  Cl− levels. In contrast to the mature brain, 
activation of  GABAA receptors in the immature brain is 
largely depolarising and potentially proconvulsant as a 
result of an outward flux of chloride from high intracellu-
lar to lower extracellular  Cl− levels [61]. The direction of 
 GABAA-mediated neurotransmission (hyperpolarising or 
depolarising) depends on the intracellular  Cl− level, which 
in turn is maintained by the activity of two cotransporters. 
The sodium  (Na+)-potassium  (K+)-Cl−-cotransporter iso-
form 1 (NKCC1) transports  Cl− into the cell, whereas the 
 K+-Cl−-cotransporter isoform 2 (KCC2) extrudes  Cl− out of 
the cell. The precise time during brain maturation at which 
GABA switches from being depolarising to hyperpolarising 
is not known, but it has been suggested to occur before or 
soon after birth [62, 63].

In both rodents and humans, the shift from a depolarising 
to a hyperpolarising current results from a developmentally 
dependent regulation of the intracellular  Cl− level in post-
synaptic neurons, controlled by the relative expression of 
NKCC1, which is high in the neonatal and early postnatal 
days but decreases rapidly with development. In contrast, 
the expression of the  Cl− extruding cotransporter KCC2 is 
low in early postnatal days but increases rapidly within the 
first few days after birth [62]. Dzhala et al. [62] reported that 
in the human cortex, NKCC1 expression was significantly 
higher at 31–41 postconceptional weeks (peaking at 35 post-
conceptional weeks) than it was 1 year later (92 postconcep-
tional weeks). NKCC1 expression decreased rapidly to adult 
levels during the first year of life. In contrast, the expression 
of KCC2 was substantially lower than that of the adult dur-
ing the fetal and neonatal period (20–41 postconceptional 
weeks) and was only a fraction (2–25%) of adult levels at 
the time of peak NKCC1 expression. KCC2 levels rose 
quickly over the first year of life to adult levels. These find-
ings suggest that at the time of birth, the  GABAA receptor 
of the human neonate is potentially in an immature state and 
therefore rather than being hyperpolarising, GABA could be 
depolarising. Of note, there can be differences in the degree 
of brain maturation across brain regions and networks [64]. 
There is also evidence that neonatal hypoxia-ischemia, as 
well as a number of other pathological conditions associ-
ated with susceptibility to seizures and epilepsy, can increase 
NKCC1 and decrease KCC2 expression, thereby shifting 
 Cl− homeosthasis towards the more immature state and lead-
ing to a higher probability of GABA being depolarising, at 
least in some brain areas [65–67]. Overall, these findings 
could explain why phenobarbital, the standard of care for 
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neonatal seizures, appears to be less effective in the early 
neonatal period, particularly in the presence of hypoxia-
asphyxia [68].

In both rodents and humans, prolonged seizure activity 
associated with status epilepticus has been found to result 
in a rapid reduction in benzodiazepine sensitivity [69, 70]. 
This is likely to be related to the internalisation and transient 
inactivation of synaptic  GABAA receptors that mediate the 
effects of benzodiazepines and barbiturates, while the extra-
synaptic δ subunit-containing  GABAA receptor that medi-
ates tonic GABA-mediated inhibition remains unaffected by 
this process [71]. Consistent with the latter finding, there is 
suggestive evidence that the efficacy of neurosteroids that 
bind to both synaptic and extrasynaptic  GABAA receptors, 
unlike that of the benzodiazepines, which bind to synaptic 
 GABAA receptors, is not reduced by status epilepticus [53]. 
This is most likely because extrasynaptic, unlike synaptic 
 GABAA receptors, do not internalise [53].

3.6  The GABAergic System as a Target for ASMs

Given the critical role of GABA in modulating neuronal 
excitability, the GABAergic system has been, and contin-
ues to be, an important target for efforts to identify new 
therapies for epilepsy, convulsive status epilepticus and 
other CNS disorders, including anxiety, sleep and depres-
sion. As discussed above, there are three main mechanisms 
by which drugs can increase GABA-mediated inhibition. 
These include: (1) positive allosteric modulation of  GABAA 
receptors, an action shared by benzodiazepines, barbiturates, 
neurosteroids and several other ASMs [2]; (2) inhibition of 
GABA metabolism in neuronal and glial cells, e.g. by inhi-
bition of GABA-T, as in the case of vigabatrin [4]; and (3) 
inhibition of high-affinity synaptic re-uptake by the GABA 
tranporter GAT1, as in the case of tiagabine [5]. While these 
drugs provide adequate seizure control in some patients, 
their utility in the treatment of seizures has been limited by 
a number of factors, including the development of tolerance 
and dependence (benzodiazepines) [72] and dose-limiting 
adverse effects including somnolence with most of these 
agents [73], visual field impairment in the case of vigabatrin 
[74] and precipitation of nonconvulsive status epilepticus 
with tiagabine [75]. Hopefully, some of the GABA-targeting 
drugs currently in development will overcome at least some 
of these limitations [2].

In addition to GABA, there are a number of endogenous 
neurosteroids in the brain, including allopregnanolone, 
allotetrahydro-deoxycorticosterone and androstanediol, that 
have been shown to interact with synaptic and extrasynaptic 
 GABAA receptors. These positive allosteric modulators of 
 GABAA receptors have been shown to possess antiseizure, 
anxiolytic, antidepressant and neuroprotectant activity, 
and drug discovery efforts in recent years have identified a 

number of candidate neurosteroids that have demonstrated 
potential utility for the treatment of epilepsy and postpartum 
depression [76]. One of these candidates, ganaxolone, has 
recently been approved for the treatment of seizures asso-
ciated with cyclin-dependent kinase-like 5 (CDKL5) defi-
ciency disorder, and is discussed below in greater detail.

4  Recently Approved ASMs Acting Via 
the GABAergic System

4.1  Cenobamate

Cenobamate is a carbamate derivative that was approved 
in 2019 by the US Food and Drug Administration for the 
treatment of focal seizures in adults [77] and in 2021 by the 
European Medicines Agency for the adjunctive treatment 
of focal seizures (with or without progression to bilateral 
tonic-clonic seizures) in adults with epilepsy not adequately 
controlled despite a history of treatment with at least two 
other ASMs [78]. Early data on the pharmacological and 
clinical profile of cenobamate have been reviewed in previ-
ous issues of this journal [79, 80].

4.1.1  Pharmacology

Cenobamate displays broad activity in a variety of models of 
seizures and epilepsy, including the maximal electroshock 
seizure test in mice and rats, seizures induced by subcuta-
neous pentylenetetrazole and picrotoxin in mice, focal sei-
zures in the hippocampal kindled rat, and the 6-Hz (22-mA, 
32-mA and 44-mA) mouse model of drug-resistant seizures 
[81]. In many of these models, cenobamate did not cause 
overt behavioural toxicity, with a protective index (median 
toxic dose/median effective dose) that compared favourably 
with that reported for other ASMs [81]. The antiseizure 
effects of cenobamate are presumed to result from a dual 
action. In particular, cenobamate has been shown to enhance 
GABA-induced phasic and tonic chloride currents through 
positive allosteric modulation of synaptic and extrasynaptic 
 GABAA receptors, regardless of the α subunit composition 
evaluated (e.g. α1β2γ2 or α2-6β3γ2). This effect of cenobamate 
was not blocked by flumazenil, suggesting that it involves 
an interaction with a modulatory site independent of the 
benzodiazepine binding site [82, 83]. In addition to its abil-
ity to enhance GABA-mediated phasic and tonic inhibition, 
cenobamate has also been shown to block voltage-gated 
sodium channels through preferential inhibition of the per-
sistent sodium current [81, 84]. Cenobamate interactions 
with both  GABAA receptors and voltage-gated sodium 
channels differ from those reported for other ASMs, which 
might explain its broad-spectrum activity in animal models 
of focal and generalised seizures as well as its robust efficacy 
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in the clinical trials conducted to date [81, 85]. Whether 
other properties also contribute to the antiseizure effects of 
cenobamate remains to be established. Of note, cenobamate 
was not designed using a target-based strategy to interact 
with the GABAergic system or with sodium channels, but its 
discovery was made possible by a screening approach using 
well-established animal models of seizures and epilepsy. 
Like most of the ASMs identified through a similar screen-
ing approach, the presumed mechanisms of action of ceno-
bamate were not identified until later in its development [6].

4.1.2  Biopharmaceutics and Clinical Pharmacokinetics

Based on its water solubility (1.7 g/L) and lipophilicity, 
as indicated by a partition coefficient between octanol and 
water (logP) of 1.6 [86, 87], cenobamate can be classified 
as Biopharmaceutics Classification System Class 1, namely 
as a highly water-soluble and highly permeable compound 
[88], as well as Biopharmaceutics Drug Disposition Clas-
sification System Class 1, namely, as a highly water-soluble 
compoound that is eliminated by metabolism in humans [87, 
89].

After oral administration of single (5–750 mg) or mul-
tiple doses (50–600 mg once daily for 14–35 days, includ-
ing titration) of cenobamate in healthy subjects, maximum 
plasma drug concentrations (Cmax) were found to occur 
generally at 0.8–4.0 h after dosing [90, 91]. The area 
under the plasma drug concentration–time curve (AUC) 
of cenobamate increased more than dose proportionally 
after single doses, but was linearly related to dose dur-
ing multiple once-daily dosing from 50 to 500 mg/day. 
Consistently with the classification of cenobamate as a 
Biopharmaceutics Classification System/Biopharmaceu-
tics Drug Disposition Classification System Class 1 drug, 
gastrointestinal absorption of cenobamate is not affected 
by food intake or by efflux or uptake transporters in the 
gut [77, 92]. In a study that investigated urinary recovery 
after oral intake of a radiolabelled dose, ≥ 88% of the 
administered radioactivity was recovered in urine, mostly 
as metabolites, which indicates virtually complete gastro-
intestinal absorption [92]. Unchanged cenobamate, how-
ever, was the main entity found in the systemic circulation, 
representing > 98% of the total radioactivity in plasma.

The apparent volume of distribution of cenobamate 
has been reported to be approximately 40–50 L, and its 
oral clearance to be in the range of 0.4–1.4 L/h after sin-
gle doses (5–750 mg) and between 0.4 and 0.5 L/h after 
multiple dosing (50–500 mg once daily) for 14–17 days 
[90]. The fraction bound to plasma proteins of cenoba-
mate is about 60% [77, 78, 90]. Within the 100–400 mg/
day dose range, the mean terminal half-life of cenobamate 
is approximately 50–60 h, implying that fluctuations in 
plasma drug concentrations during a 24-h dosing interval 

are quite modest [90]. Consistently with the long half-
life, steady-state plasma concentrations are attained after 
11–13 days of constant daily dosing [90].

Only 6% of an oral dose of cenobamate is excreted 
unchanged in urine. Cenobamate is metabolised exten-
sively, primarily by glucuronidation via UGT2B7 and to a 
lesser extent UGT2B4, and by oxidation via cytochrome 
P450 (CYP) 2E1, CYP2A6, and CYP2B6 and to a lesser 
extent CYP2C19 and CYP3A4/5 [77, 92].

Data on the pharmacokinetic profile of cenobamate in 
patients receiving concurrent ASMs are limited. Accord-
ing to prescribing information, the pharmacokinetics of 
cenobamate in patients with epilepsy is similar when 
the drug is used as monotherapy or as adjunctive ther-
apy, except that plasma cenobamate concentrations are 
decreased by an average 27–28% when it is co-adminis-
tered with phenytoin [77].

Cenobamate plasma exposure (AUC) after a single 
dose is increased by 40–50% in patients with mild-to-
moderate renal impairment (creatinine clearance 30 to 
< 90 mL/min) compared with healthy controls, but no 
differences in plama exposure compared with controls 
was found in patients with creatinine clearance < 30 mL/
min [77]. In a similar study, cenobamate AUC was found 
to be 2.1-fold and 2.3-fold higher in patients with mild 
(Child-Pugh score 5–6) and moderate (Child-Pugh score 
7–9) hepatic impairment compared with matched healthy 
controls [77]. No data are currently available on ceno-
bamate pharmacokinetics in patients with severe hepatic 
impairment, but a pharmacokinetic and safety study in this 
population has been planned (ClinicalTrials.gov Identifier: 
NCT04791553).

4.1.3  Drug Interactions

Information on the influence of other ASMs on the phar-
macokinetics of cenobamate is limited. Co-administration 
of phenytoin has been reported to decrease plasma ceno-
bamate concentrations by 27–28% [77].

Extensive evidence, however, indicates that cenobamate 
can affect the pharmacokinetics of several concomitantly 
administered medications by acting as an inhibitor or 
an inducer of a number of CYP enzymes [80, 93]. Spe-
cifically, cenobamate has been found to inhibit in vitro 
CYP2B6, CYP2C19 and CYP3A (but not CYP1A2, 
CYP2C8, CYP2C9 or CYP2D6) and to induce CYP2B6, 
CYP2C8 and CYP3A4 (but not not CYP1A2, CYP2C9 
or CYP2C19) [75]. In a study in healthy subjects using 
different CYP probe substrates, a cenobamate dose of 
200 mg/day administered for 25 days after completion 
of titration was associated with clear evidence of inhibi-
tion of CYP2C19, and induction of CYP3A and CYP2B6 
(Table 1) [94].
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Interactions with concomitantly administered ASMs 
require special consideration (Table  1). By inhibiting 
CYP2C19, cenobamate increases the plasma concentration 
of phenytoin, phenobarbital and N-desmethylclobazam, the 
active metabolite of clobazam [77, 95, 96]. These interac-
tions are clinically relevant and often require a reduction 
of the dose of the affected ASMs [95–98]. Preliminary evi-
dence suggests that the interaction between cenobamate 
and clobazam might also have a pharmacodynamic compo-
nent, leading to improved seizure control when cenobamate 
is combined with low-dose clobazam [96]. By inducing 
CYP3A4 and, probably, enzymes involved in glucuronide 
conjugation, cenobamate can cause a modest-to-moderate 
reduction in the plasma concentration of carbamazepine and 
lamotrigine, whereas the plasma concentrations of valproic 
acid, levetiracetam or lacosamide are generally unaffected 
[77, 99].

In addition to interactions involving pharmacokinetic 
changes, a pharmacodynamic interaction has been reported 
between cenobamate and sodium channel-blocking ASMs. 
Patients receiving sodium channel blockers such as lacosa-
mide, carbamazepine, oxcarbazepine, lamotrigine and phe-
nytoin have been reported to exhibit a reduced therapeutic 
response to cenobamate, owing to the early appearance of 
dose-limiting adverse effects, especially dizziness [98, 100]. 
Accordingly, as discussed in a recent expert opinion paper, 
a reduction in the dose of sodium channel blockers may be 
required to improve tolerability and fully exploit the thera-
peutic potential of cenobamate [98]. Although the clobazam 
dose also often needs to be reduced after adding cenoba-
mate to compensate for the pharmacokinetic interaction 
leading to increased N-desmethylclobazam levels [95, 96], 
a recent report has suggested that cenobamate and low-dose 
clobazam may also exhibit a pharmacodynamic interaction, 
resulting in therapeutic synergism [98].

Interactions with other medications that are substrates 
of CYP enzymes affected by cenobamate also need to be 
considered. Although no formal interaction study with ster-
oid contraceptives has been reported, induction of steroid 
metabolism by cenobamate can be expected. Accordingly, 
prescribing information recommends that women taking oral 
contraceptives use additional or alternative non-hormonal 
birth control while taking cenobamate [77].

4.1.4  Clinical Efficacy

The efficacy of cenobamate in the treatment of focal sei-
zures has been established in two randomised, double-blind, 
parallel-group, placebo-controlled, adjunctive-therapy trials. 
In the first of these trials, 222 patients with uncontrolled 
focal seizures aged 18–61 years were allocated to treatment 
with cenobamate (200 mg once daily, n = 113) or placebo 
(n = 109) added-on to their pre-existing therapy with one to 

three ASMs [101]. The double-blind period lasted 12 weeks 
and comprised a 6-week titration phase and a 6-week main-
tenance phase. The median percent reduction in seizure fre-
quency from baseline (primary endpoint) was significantly 
greater for the cenobamate group compared with the pla-
cebo group (55.6% vs 21.5%; p < 0.0001). The proportion 
of patients attaining a ≥ 50% reduction in seizure frequency 
from baseline (responder rate) was 50.4% for the cenoba-
mate group compared with 22.2% for the placebo group (p 
< 0.0001).

The efficacy of cenobamate was subsequently confirmed 
in a pivotal trial conducted in a total of 437 adults with 
uncontrolled focal seizures despite treatment with one to 
three ASMs [102]. After a prospective 8-week baseline, 
patients were assigned to receive add-on treatment with 
cenobamate 100 mg/day (n = 108), 200 mg/day (n = 110), 
400 mg/day (n = 111) or placebo (n = 108) according to 
a dosing schedule that comprised a 6-week titration phase 
and a 12-week maintenance phase. For both co-primary 
efficacy endpoints (median percent reduction in seizure 
frequency from baseline over the entire treatment period 
and responder rate over the maintenance dose period), there 
was a clear dose–response relationship with a statistically 
significant superiority of cenobamate over placebo at each 
of the doses tested (Fig. 3). The proportion of patients free 
from seizures during the maintenance phase (calculated as 
a percentage of those with any maintenance phase seizure 
data) was 1% for the placebo group and 4% (not signifi-
cantly different from placebo), 11% (p < 0.01) and 21% (p 
< 0.001) for the cenobamate 100-mg/day, 200-mg/day and 
400-mg/day dose groups. Seizure freedom rates were also 
assessed by counting those patients who were free from sei-
zures during the maintenance phase and completed the study 
(i.e. by excluding participants who discontinued the study 
treatment prematurely) as the numerator and the number 
of treated patients who had any post-baseline seizure data 
as the denominator. By using this more conservative and 
more clinically meaningful assessment, seizure fredom rates 
were 1% for the placebo group compared with 3%, 9% and 
14% for the cenobamate 100-mg/day, 200-mg/day and 400 
mg/day dose groups. For the 200-mg/day and 400-mg/day 
doses, these seizure freedom rates are considerably higher 
than those reported in similarly designed trials of other 
second-generation ASMs [103]. All seizure types assessed, 
namely focal aware motor seizures, focal impaired awareness 
seizures and focal to bilateral tonic-clonic seizures are sig-
nificantly reduced by cenobamate [101, 102]. Cenobamate 
was found to be efficacious regardless of baseline seizure 
frequency, disease duration and the number of concomi-
tant ASMs [104, 105], as well as the number of previously 
failed treatments [106]. Favourable responses have also been 
reported in patients whose epilepsy surgery was not success-
ful [106, 107].
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In open-label studies, the reduction in seizure frequency 
attained with cenobamate was generally found to be sus-
tained during a long-term follow-up [108–110]. Improve-
ment in seizure frequency has also been reported to be 
associated with an improved quality of life [111]. In a 
recent open-label follow-study of 354 patients who par-
ticipated in the pivotal double-blind trial, 86 individuals 
(24.3%) achieved a ≥ 90% seizure reduction and 36 (10%) 
were seizure free during > 36 to 48 months [112]. A fol-
low-up study of 1844 patients enrolled in cenobamate tri-
als found that retention on treatment, a combined measure 
of efficacy and tolerability, was 71% after 2 years, which 
compares favourably with retention rates reported for other 
ASMs [113]. A recent analysis of data from the cenoba-
mate clinical development programme found that the 
all-cause mortality rate among 2132 cenobamate-treated 
adults (4.0 per 1000 person-years) did not differ signifi-
cantly from that expected in the general population [114]. 
The unaltered mortality rate was considered to be probably 
owing to improved seizure control and, consequently, a 
reduced risk of sudden unexpected death in epilepsy. The 
analysis, however, did not include a concurrently assessed 
control group, and the findings require confirmation by 
larger studies using an improved design. Given that ceno-
bamate possesses at least two known molecular activities, 

namely, inhibition of voltage-gated sodium (both phasic 
and persistent current) and activation of  GABAA receptors 
(both synaptic and extrasynaptic), it is not clear which of 
these is primarily responsible for the antiseizure efficacy 
seen in pivotal trials, or whether the combination of effects 
on both excitatory and inhibitory mechanisms is crucial 
for clinical efficacy [81].

4.1.5  Adverse Effects

The most commonly reported treatment-emergent adverse 
events (TEAEs) reported in cenobamate placebo-controlled 
trials include somnolence, dizziness, fatigue and coordi-
nation disorders, all of which are dose related [101, 102] 
(Table 2). Gastrointestinal adverse events also occurred with 
a higher frequency among cenobamate-treated patients than 
among those receiving placebo. The rates of discontinua-
tion because of adverse events were 11%, 9% and 21% for 
patients randomised to cenobamate 100 mg/day, 200 mg/day 
and 400 mg/day, respectively, compared with 4% for those 
randomised to placebo [77]. The most common events lead-
ing to discontinuation were ataxia, dizziness, somnolence, 
diplopia, nystagmus and vertigo. Adverse events reported 
in open-label long-term trials were consistent with those 
recorded in double-blind trials [109, 110, 113]. Central 

Fig. 3  Efficacy outcomes for the two co-primary efficacy endpoints 
of the pivotal, placebo-controlled, adjunctive-therapy trial of ceno-
bamate in adults with uncontrolled focal seizures. The median per-
cent change in seizure frequency from the baseline endpoint was 
calculated in the modified intent-to-treat population (randomised 
patients who took at least one dose of the study medication and had 
any post-baseline seizure data), which included 106 patients for the 
placebo group and 108, 109 and 111 patients for the cenobamate 100-
mg, 200-mg, and 400-mg dose groups, respectively. The responder 

rate endpoint (proportion of patients with at least a 50% reduction 
in seizure frequency from baseline) was calculated in the modified 
intent-to-treat maintenance phase population (randomised patients 
who took at least one dose of study medication in the maintenance 
phase and had any maintenance phase seizure data), which included 
102 patients for the placebo group and 102, 98 and 95 patients for the 
cenobamate 100-mg, 200-mg, and 400-mg dose groups, respectively. 
Redrawn based on data from Krauss et al. [102]
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nervous system-related adverse events, particularly those 
appearing during titration or early during maintenance, 
can often be managed by reducing the dose of concomitant 
ASMs [113, 115]. In a small adjunctive-therapy study in 
patients with drug-refractory epilepsy, cenobamate mainte-
nance doses between 50 and 250 mg/day were not found to 
be associated with impaired cognitive performance [116], 
but these findings require confirmation in controlled studies 
and assessment of higher doses.

Three confirmed cases of drug rash with eosinophilia and 
systemic symptoms, including one fatality, were reported 
during the early phases of cenobamate development, fol-
lowing exposure to titration rate faster than currently recom-
mended [97]. To mitigate the risk of serious idiosyncratic 
reactions, initiation of treatment with a very low dose (12.5 
mg/day) followed by a slow dose escalation is currently rec-
ommended. To facilitate titration, cenobamate tablets are 
available in six different dose strengths, namely 12.5, 25, 
50, 100, 150 and 200 mg [77, 78]. No cases of drug rash 
with eosinophilia and systemic symptoms were observed 
when the recommended titration schedule was applied in a 
prospective adjunctive-therapy open-label trial in a total of 
1399 adults with focal seizures [97].

4.1.6  Mode of Use, Current Therapeutic Role and Future 
Perspectives

Cenobamate is currently approved only for use in adults 
with focal seizures [77, 78]. Treatment should be started 
at a dose of 12.5 mg/day and increased every other week 
over 12 weeks to 25 mg/day (weeks 3 and 4), 50 mg/day 
(weeks 5 and 6), 100 mg/day (weeks 7 and 8) and 150 mg/

day (weeks 9 and 10) up to the recommended initial target 
dose of 200 mg/day (weeks 11 and 12, and onwards). The 
maximum recommended daily dose is 400 mg/day [77, 78]. 
Cenobamate is administered once daily.

If cenobamate is used in patients with renal impairment, 
caution should be exercised and dose adjustment should be 
taken into consideration [77, 78]. According to European 
prescribing information, the maximum recommended dose 
in patients with mild, moderate or severe renal impairment 
is 300 mg/day [78]. Use of cenobamate in patients with end-
stage renal disease or patients undergoing dialysis is not rec-
ommended [77, 78]. Caution is recommended in patients 
with mild-to-moderate hepatic impairment, in whom the 
cenobamate dose should not exceed 200 mg/day, and a fur-
ther dose reduction should be considered [77, 78]. Use of 
cenobamate in patients with severe hepatic impairment is 
currently not recommended. Finally, special caution is rec-
ommended in patients aged older than 65 years because of 
a greater frequency in these patients of renal, hepatic and 
cardiac dysfunction, as well as potentially interacting come-
dications [77, 78].

At present, cenobamate is generally used as adjunctive 
therapy for patients with focal epilepsy whose seizures have 
not been controlled by adequate doses of other ASMs. Euro-
pean prescribing information limits the utilisation of cenoba-
mate to individuals who have not been adequately controlled 
despite a history of treatment with at least two ASMs [78]. 
A number of expert panel-based publications provide sug-
gestions on the most appropriate candidates for cenobamate 
therapy, and its optimal use in specific populations [98, 117, 
118]. It has been emphasised that an adjustment in the dose 
of concomitant ASMs may be needed to minimise potential 

Table 2  Frequency of the most commonly reported adverse reactions 
associated with cenobamate based on a pooled analysis of tolerabil-
ity data from two randomised, double-blind, placebo-controlled trials 

[101, 102] as reported in the prescribing information [77]. The Table 
includes reactions reported for any cenobamate arm with a frequency 
≥5% over placebo

Adverse reaction Placebo (n = 216) (%) Cenobamate 100 mg/day  
(n = 108) (%)

Cenobamate 200 mg/day  
(n = 223) (%)

Cenobamate 400 mg/day  
(n = 111) (%)

Somnolence 11 19 22 37
Dizziness 15 18 22 33
Fatigue 7 12 14 24
Diplopia 2 6 7 15
Balance disorder 1 3 5 9
Nausea 3 6 6 9
Constipation 0 2 4 8
Gait disturbance 1 1 3 8
Nystagmus 0 3 7 6
Dysarthria 0 2 1 7
Vertigo 1 1 1 6
Vomiting 0 2 4 5
Diarrhoea 0 1 3 5
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adverse effects resulting from pharmacokinetic and pharma-
codynamic drug interactions [98].

In general, cenobamate may not be the most appropriate 
choice for individuals who have a history of drug rash with 
eosinophilia and systemic symptoms or severe hypersensi-
tivity reactions to other drugs [117]. Cenobamate shortens 
the QT interval, and should not be used in patients with 
familial short QT syndrome because of the risk of precipitat-
ing life-threatening arrhythmias [77, 119]. Caution is also 
required when using cenobamate adjunctively to other drugs 
that shorten the QT interval, such as digitalis, primidone and 
rufinamide [119].

Because of the need for slow titration, cenobamate is 
not an appropriate choice when a rapid onset of action is 
required [117]. The need for slow titration, however, is not 
a significant problem in patients with long-standing drug-
resistant epilepsy, and cenobamate may be a preferred choice 
in these individuals because the probability of achieving sei-
zure freedom appears to be higher with cenobamate than 
with other available ASMs [93, 117, 118, 120]. Of note, an 
improvement in seizure control during cenobamate treatment 
can be expected before completion of the titration phase 
because a significant reduction in seizure frequency can 
occur at doses as low as 50 mg/day [118, 121]. In a recent 
study from the UK, cenobamate was reported to have supe-
rior cost effectiveness to other recently introduced ASMs 
based on indirect estimates of comparative efficacy [122]. 
Yet, its utilisation to date appears to have been surprisingly 
limited, as indicated by the fact that 2 years after its intro-
duction in the US market less than 5% of adults with drug-
resistant focal epilepsy were found to be receiving the drug 
[123]. Lack of awareness about the therapeutic potential of 
cenobamate and restrictions to access created by healthcare 
payors, hospitals and regulatory agencies were considered 
to have contribute to its low utilisation.

Despite promising preliminary results from small studies 
in patients aged 10–18 years [124, 125], there is at present 
insufficient information to make recommendations for use 
in paediatric populations. A dose-escalation study to evalu-
ate the pharmacokinetics and safety profile of cenobamate 
in children aged 2–18 years with focal seizures is ongoing 
(NCT04903314), together with a paediatric safety and effi-
cacy open-label study (NCT05067634). Based on results 
from animal studies suggesting broad-spectrum antiseizure 
activity [80], there is also considerable interest in assess-
ing potential effectiveness against seizure types other than 
focal. A randomised, double-blind, placebo-controlled trial 
to assess the efficacy of cenobamate in the treatment of 
generalised tonic-clonic seizures in patients aged 12 years 
and above with idiopathic generalised epilepsy is in pro-
gress (NCT03678753). Participants in the latter studies are 
offered the opportunity to continue treatment in an open-
label extension trial (NCT03961568). There have also been 

preliminary case reports suggestive of potential usefulness 
in the management of adults with Dravet syndrome [126, 
127], Lennox–Gastaut syndrome [127, 128], other forms of 
combined and generalised epilepsy [127], and generalised 
tonic-clonic seizures associated with idiopathic generalised 
epilepsy [127]. Cenobamate has been reportedly effective 
in controlling super-refractory status epilepticus in two 
patients [129]. Although a slow titration was used, the dose 
was increased at a faster rate than recommended, and related 
safety concerns should be carefully considered before using 
cenobamate in this situation.

4.2  Ganaxolone

Over the years, extensive evidence has accrued on the role 
of endogenous neurosteroids such as allopregnanolone in 
modulating neurotransmission, and the possibility of using 
these compounds or various synthetic derivatives for the 
treatment of various CNS disorders [43, 130]. Although 
several properties can contribute to the actions of neuro-
steroids [43, 131, 132], positive allosteric modulation of 
synaptic and extrasynaptic  GABAA receptors appears to be 
the major mechanism underlying their antiseizure effects 
[43, 133–135]. Allopregnanolone itself has anticonvulsant 
and possibly antiepileptogenic activity in animal models of 
seizures and epilepsy [53, 136–138], but its use in the long-
term oral treatment of epilepsy has been prevented by its low 
oral bioavailability, owing to its high presystemic metabolic 
clearance. An intravenous formulation of allopregnanolone 
(brexanolone, SAGE-547) underwent clinical studies as a 
potential treatment for super-refractory status epilepticus 
[138–140] but this indication was not pursued after the 
compound failed to meet the primary efficacy endpoint in 
a phase III trial [141]. Brexanolone was eventually devel-
oped and marketed as a treatment for postpartum depression 
[142]. Different approaches to circumvent the oral bioavail-
ability limitations of allopregnanolone include the use of 
prodrugs, such as LIT-300, or synthetic derivatives with 
improved pharmacokinetic properties, such as ganaxolone, 
zuranolone (SAGE-217) and ETX-155 [43, 140]. Among 
these compounds, ganaxolone has been the most extensively 
characterised preclinically and clinically in the treatment of 
seizure disorders.

Ganaxolone (3α-hydroxy-3β-methyl-5α-pregnan-20-one) 
is a methyl analogue of allopregnanolone. The addition of 
a methyl moiety at position 3β of the steroid skeleton trans-
forms the endogenous compound allopregnanolone into the 
exogenous compound ganaxolone, a switch that has pharma-
cokinetic and biopharmaceutic implications, including the 
feasibility of oral administration. Ganaxolone is currently 
approved in the USA for the treatment of seizures associated 
with CDKL5 deficiency disorder in patients 2 years of age 
and older [143].
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4.2.1  Pharmacology

Ganaxolone and allopregnanolone belong to the group of 
neurosteroids that lack hormonal activity and act as positive 
allosteric modulators at  GABAA receptors [6, 138]. While 
benzodiazepines bind only to synaptic  GABAA receptors, 
ganaxolone acts at both synaptic and extrasynaptic sites 
[138, 144]. Synaptic  GABAA receptors are internalised dur-
ing prolonged seizures, becoming functionally inactive and 
resistant to benzodiazepines as seizure duration increases. 
Ganaxolone-responsive extrasynaptic  GABAA receptors, 
containing α and δ subunits, do not internalise, and do not 
become functionally inactive during prolonged seizure 
activity, which makes ganaxolone an attractive candidate 
for the treatment of status epilepticus [145]. Ganaxolone is 
not known to possess any other molecular activities and its 
antiseizure properties are thought to reside primarily in its 
ability to potentiate the actions of GABA at synaptic and 
extrasynaptic  GABAA receptors.

Early studies on the pharmacological profile of ganaxo-
lone demonstrated its effectiveness against pentylenetet-
razole-induced clonic convulsions in mice and rats with 
median effective dose  (ED50) values of 4.3 and 7.8 mg/kg 
intraperitoneally (i.p.), respectively, and against seizures 
induced by bicuculline  (ED50 = 4.6 mg/kg, i.p.), tert-butyl-
bicyclophosphorothionate  (ED50 = 11.7 mg/kg, i.p.) and 
aminophylline  (ED50 = 11.5 mg/kg, i.p.) in mice [146]. In 
the maximal electroshock model in mice, ganaxolone  ED50 
(29.7 mg/kg, i.p.) was similar to its median neurotoxic dose 
 (TD50) in the rotarod test (33.4 mg/kg, i.p.) [146].

Further experiments have confirmed the protective activ-
ity of ganaxolone in a wide range of models of seizures 
and epilepsy [147], including the amygdala/hippocampal 
kindling [148, 149], the pentylenetetrazole kindling [150] 
and cocaine kindling [151] models in mice, the corneal 
kindling model in rats [146], cocaine-induced convul-
sions in mice [152] flurothyl-induced seizures in rats [153], 
N-methyl-D-aspartate-induced seizures in a rat model of 
cryptogenic, infantile, epileptic infantile spasms syndrome 
[154], seizures induced by ethanol withdrawal in mice [155] 
and seizures induced by 6-Hz stimulation in mice [156]. 
Ganaxolone has also been found to be effective in counter-
acting the reduction in the seizure threshold induced by neu-
rosteroid withdrawal in a rat model of catamenial epilepsy 
[157], and in protecting against seizures induced by perinatal 
asphyxia in neonatal lambs [158]. In some models, ganaxo-
lone interacts synergistically with the GABAergic agents 
tiagabine and midazolam and with cannabidiol in protecting 
against seizures [149, 159, 160]. However, exacerbation of 
absence-like seizures by ganaxolone has been reported in 
the low-dose pentylenetetrazole and the gamma-hydroxy-
butyric acid models of absence seizures in rats [161]. In 
another animal model of absence seizures, the WAG/Rij rat, 

ganaxolone caused seizure aggravation or seizure protection 
depending on the dose and the site of the brain into which 
it was injected [162].

The potential value of ganaxolone in the treatment of sta-
tus epilepticus has been evaluated in several animal models. 
Specifically, ganaxolone has been found to be active against 
status epilepticus induced by tetramethylenedisulfotetramine 
in mice [163], diazepam-resistant lithium-pilocarpine-
induced status epilepticus in rats [164], pilocarpine-induced 
status epilepticus in mice [145], and status epilepticus 
induced by the organophosphate compounds soman and 
diisopropylfluorophosphate in rats [165]. Interestingly, the 
potency of ganaxolone in the pilocarpine-induced status 
epilepticus model, the kindling model and the 6-Hz model 
in mice was greater in female animals than in male animals 
[145]. This finding was ascribed to a greater abundance in 
female animals of extrasynaptic  GABAA receptors contain-
ing the δ subunit (δGABA receptors), consistent with the 
observation that no sex differences in seizure protection 
were recorded in animals lacking extrasynaptic δ-containing 
 GABAA receptors.

There is suggestive evidence for ganaxolone having anti-
apoptotic and neuroprotective activity [158, 166, 167] and 
antiepileptogenic effects [150] in some models. Ganaxolone 
has also been reported to protect against audiogenic seizures 
and improve behavioural deficits in a mouse model of Angel-
man syndrome [168] and to ameliorate neurobehavioural 
outcomes in male guinea pigs born preterm [169].

4.2.2  Biopharmaceutics and Clinical Pharmacokinetics

Because ganaxolone has very low estimated water solubil-
ity of 0.71 mg/L [170] and a high lipophilicity (logP = 4.0) 
[87], it classifies by both Biopharmaceutics Classification 
System and Biopharmaceutics Drug Disposition Classifica-
tion System criteria as a Class 2 drug, namely as a poorly 
water-soluble, highly-permeable drug eliminated by metabo-
lism in humans [10, 87–89].

In single-dose pharmacokinetic studies in healthy adults, 
a linear and approximately dose-proportional increase in 
AUC and Cmax values of ganaxolone have been reported over 
the 50–600 mg dose range [171]. At doses between 900 and 
1500 mg, AUC also increased linearly with dose, whereas 
the increase in Cmax was less than dose proportional. In these 
studies, Cmax was generally reached within 1–3 h after dos-
ing. Thereafter, plasma ganaxolone concentrations declined 
biexponentially, with an early-phase half-life of about 7–11 
h and a late-phase terminal half-life of 35–40 h [172, 173]. 
Pharmacokinetic parameters during multiple dosing using 
a variety of dosing paradigms were consistent with those 
reported after intake of single doses [171, 172].

In general, the oral bioavailability of Biopharmaceu-
tics Drug Disposition Classification System Class 2 drugs 
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increases after co-administration with a high-fat meal, 
owing to inhibition of efflux transporters in the intestine 
and facilitated solubilisation of the drug in the intestinal 
lumen [89]. In the early studies discussed above, ganaxo-
lone was formulated as a β-cyclodextrin complex and exhib-
ited a very prominent food effect, with increases in AUC 
of five-fold to 15-fold when the product was given with 
food compared with the fasting state [172]. Since then, 
the manufacturer has developed a variety of formulations, 
including the currently marketed suspension form and a 
capsule form, which do not contain β-cyclodextrin [138, 
172]. These formulations show improved bioavailability 
when taken in the fasting state, and a reduced food effect 
when taken with a meal [172]. When the currently mar-
keted oral suspension was co-administered with a high-fat 
meal, Cmax and AUC values increased by three-fold and 
two-fold, respectively, compared with administration under 
fasted conditions [143]. These findings indicate that the oral 
bioavailability of ganaxolone is incomplete, at least when 
the drug is taken in the fasting state. The absolute oral bio-
availability of ganaxolone has not been established because 
no pharmacokinetic studies following intravenous and oral 
doses appear to have been performed.

In the efficacy studies that led to regulatory approval, 
ganaxolone was taken with food to maximise its oral bio-
availability. Accordingly, as per prescribing information, 
ganaxolone should be taken with food because its efficacy 
‘when administered in the fasting state is unknown’ [143]. 
Steady-state plasma ganaxolone concentrations were reached 
within 48–72 hours when dosed with food [138].

The fraction of ganaxolone bound to plasma protein 
is approximately 99%. Ganaxolone undergoes a highly 
complex metabolism [174]. No less than 59 different pri-
mary and secondary metabolites have been identified. 
The inducible enzyme CYP3A4/5 appears to be the main 
enzyme responsible for ganaxolone metabolism [172]. 
Other enzymes involved in ganaxolone metabolism include 
CYP2B6, CYP2C19 and CYP2D6 [143] as well as phase II 
enzymes [174]. Following a single oral dose of 300 mg of 
 [14C]-ganaxolone to healthy male subjects, 55% and 18% of 
the total radioactivity was recovered in faeces and in urine, 
respectively, almost exclusively in the form of metabolites 
[143, 174, 175].

Details of the pharmacokinetics of ganaxolone in special 
populations have not been published. According to pre-
scribing information, after accounting for body weight, 
pharmacokinetic exposures among patients included in 
the safety and efficacy trial of ganaxolone in CDKL5 defi-
ciency disorder ‘were comparable across the age groups 
2 to less than 6 years of age (n = 45), 6 to less than 12 
years of age (n = 28), and 12 to less than 18 years of age 
(n = 16)’ [143].

4.2.3  Drug Interactions

In in vitro studies, ganaxolone was not found to be an inhibi-
tor of CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, 
CYP2D6 or CYP3A4/5 or an inducer of CYP1A2, CYP2B6 
or CYP3A4/5 at clinically relevant concentrations [143]. In 
line with these findings, co-administration of ganaxolone at 
steady state (400 mg twice daily) with midazolam, a sensi-
tive CYP3A4 substrate, in healthy subjects did not result in 
clinically relevant changes in plasma midazolam exposure 
[138, 143]. Ganaxolone is not a substrate of breast cancer 
resistance protein, P-glycoprotein, organic cation transporter 
1, organic cation transporter 2, organic anion transporter 
polypeptide B1, or organic anion transporter polypeptide B3 
and does not inhibit these transporters nor the multidrug and 
toxic compound extrusion 1 transporter, multidrug and toxic 
compound extrusion 2K transporter or the bile salt export 
pump at clinically relevant concentrations [143].

In healthy subjects, co-administration of ganaxolone with 
rifampicin (a strong inducer of CYP2C19 and CYP3A4, and 
a moderate inducer of CYP2B6) decreased ganaxolone Cmax 
and AUC by 57% and 68%, respectively, an interaction that 
is likely to be clinically significant. Co-administration of 
ganaxolone with the strong CYP3A4 inhibitor itracona-
zole in healthy subjects increased ganaxolone AUC by 
17% but did not change its Cmax. Changes in ganaxolone 
exposure when co-administered with strong, moderate or 
weak CYP3A4 inhibitors are not expected to be clinically 
significant [143]. Clinical studies assessing the interaction 
between ganaxolone and other ASMs have not been reported 
to date, although serum drug measurements in a controlled 
trial conducted in patients with focal seizures found that 
plasma ganaxolone concentrations were approximately 40% 
lower in patients taking enzyme-inducing ASMs compared 
with patients not taking enzyme inducers [176].

4.2.4  Clinical Efficacy

4.2.4.1 CDKL5 Deficiency Disorder CDKL5 deficiency 
disorder is a severe developmental and epileptic encepha-
lopathy caused by pathogenic variants of the CDKL5 gene 
located on the X-chromosome [177]. It is an ultra-rare con-
dition, with an estimated incidence of 2.36 per 100,000 live-
births [178]. Clinical manifestations generally appear in the 
first 3 months of life, may affect the function of a wide a 
variety of organs and systems, and typically include promi-
nent hypotonia, severe intellectual disability, cortical visual 
impairment, and clusters of infantile spasms and tonic sei-
zures, though other seizure types may also occur [177–179]. 
Seizures are typically drug resistant.

Following encouraging findings from an open-label 
exploratory trial of ganoxolone in a small group of chil-
dren with CDKL5 deficiency disorder [180], a randomised, 
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double-blind, placebo-controlled, adjunctive-therapy trial 
was successfully completed [181]. The MARIGOLD trial 
enrolled 101 patients with a pathogenic or probably patho-
genic CDKL5 variant and uncontrolled seizures despite 
treatment with up to four concomitant ASMs. The mean age 
of participants was 6.8 years (range 2–19 years) and approxi-
mately 78% were female [143]. After a 6-week prospective 
baseline, patients were randomised 1:1 to receive ganaxolone 
(up to a maximum dose 63 mg/kg/day for patients weighing 
≤ 28 kg, or 1800 mg/day for patients weighing > 28 kg) or 
placebo for a 6-week titration period, which was followed 
by a 13-week maintenance phase. Study medications were 
administered as a suspension, dosed three times daily with 
food. The median percentage change from baseline in the 
28-day frequency of major motor seizures (bilateral tonic, 
generalised tonic-clonic, bilateral clonic, atonic, or focal to 
bilateral tonic-clonic seizures) over the 17-week treatment 
period (primary endpoint) was − 30.7% for the ganaxolone 
group compared with − 6.9% for the placebo group (p = 
0.004) (Fig. 4). The responder rate for major motor seizure 
frequency was 24% in the ganaxolone group versus 10% in 
the placebo group (p = 0.064). Preliminary data from an 
open-label extension study suggest that seizure reduction 
during ganaxolone treatment is maintained over a longer 
term follow-up [182].

4.2.4.2 Drug‑Resistant Focal Epilepsy In an early double-
blind, placebo-controlled, proof-of-concept study that 

used a presurgical design, ganaxolone (1500 mg/day on 
day 1 followed by 1875 mg/day on days 2–8) failed to 
reach the primary efficacy endpoint, even though other 
endpoints provided signals suggestive of an antiseizure 
effect [183]. A subsequent phase II, double-blind, adjunc-
tive-therapy trial randomised 147 adults with uncon-
trolled focal seizures to receive either ganaxolone (n = 
98) or placebo (n = 49) over a 10-week period, which 
included a 2-week titration phase (up 1500 mg/day) and 
an 8-week maintenance phase [176]. The mean percent 
change in seizure frequency from baseline was − 17.6% in 
the ganaxolone group, compared with 2.0% in the placebo 
group (p = 0.014). The responder rate (24% ganaxolone, 
15% placebo) did not differ significantly between the two 
groups (p = 0.19). Although the effect size in this study 
was modest, the results were considered to support con-
tinued development of ganaxolone for this indication. In 
an open-label extension of the same trial, 24% of patients 
were reported to have experienced a 50% reduction in sei-
zure frequency compared with baseline after treatment for 
a mean of 274 days and doses that ranged between 900 and 
1500 mg/day [138].

A phase III, placebo-controlled, double-blind, adjunctive-
therapy trial has been completed, but results have been pub-
lished only in abstract form [184]. In this study, adults with 
drug-resistant focal epilepsy were randomised to receive 
ganaxolone (1800 mg/day, n = 179) or placebo (n = 180). 
The double-blind phase consisted of a 2-week titration 

Fig. 4  Efficacy outcomes of the pivotal, placebo-controlled, adjunc-
tive-therapy trial of ganaxolone in patients with cyclin-dependent 
kinase-like 5 deficiency disorder. The median percent change in 
major motor seizure frequency from baseline (primary efficacy end-
point) was calculated in a modified intent-to-treat population (ran-
domised patients who took at least one dose of the study medication 

and had evaluable baseline seizure data), which included 51 patients 
for the placebo group and 49 patients for the ganaxolone group. The 
same population was included in the calculation of the responder rate 
(proportion of patients with at least a 50% reduction in seizure fre-
quency from baseline), which was was a key secondary efficacy end-
point. Drawn based on data from Knight et al. [181]



771New GABA-Targeting Therapies for the Treatment of Seizures and Epilepsy

period and a 12-week maintenance period. The median per-
cent reduction in seizure frequency from baseline (primary 
endpoint) was 21.3% for the ganaxolone group compared 
with 10.2% for the placebo group, a non-statistically sig-
nificant difference (p = 0.15). Responder rates also did not 
differ significantly between groups (ganaxolone 28.7% vs 
placebo 22.7%, p = 0.21).

4.2.4.3 Protocadherin 19 (PCDH19)‑Clustering Epi‑
lepsy PCDH19-clustering epilepsy is an X-linked devel-
opmental and epileptic encephalopathy affecting predomi-
nantly female individuals, with the onset of symptoms 
generally in the first 3 years of life [177]. The syndrome 
is characterised by the occurrence of focal seizures (often 
associated with typical fearful screaming) and, in some 
cases, also tonic-clonic seizures and atypical absences. Sei-
zures often occur in clusters, which may be precipitated by 
fever. Associated manifestations may include intellectual 
disability and behavioural and psychiatric disorders [177].

Based on evidence that impaired steroidogenesis may 
play a pathogenic role in PCDH19-clustering epilepsy [185], 
ganaxolone has been tested in a double-blind, randomised, 
adjunctive-therapy trial in 21 girls with this rare condition 
[186, 187]. The trial consisted of a 12-week prospective 
baseline followed by a 17-week double-blind phase, that 
included a 4-week titration phase and a 13-week mainte-
nance phase. Ganaxolone was titrated up to a dose of 63 
mg/kg/day (maximum 1800 mg/day), given in three divided 
administrations with food. The median percent reduction on 
seizure frequency from baseline was 61.5% in the ganaxo-
lone group (n = 10) and 24.0% in the placebo group (n = 
11), a difference that failed to reach statistical significance 
probably owing to the wide variation in intervals between 
seizure clusters [186, 187]. Results did not change after a 
re-assessment of seizure outcomes according to pre-treat-
ment blood levels of allopregnanolone sulphate, which was 
included as a potential responsiveness biomarker based on 
results from an earlier exploratory study [147, 173].

4.2.4.4 Drug‑Resistant Status Epilepticus Because of the 
efficacy of ganaxolone in animal models of drug-resistant 
status epilepticus [145, 163–165] and retained effectiveness 
when tolerance develops to benzodiazepines [188], there 
has been considerable interest in assessing its potential clin-
ical effectiveness in the treatment of refractory status epi-
lepticus. As ganaxolone has low water solubility, an ad hoc 
intravenous formulation had to be developed utilising as an 
excipient  Captisol®, a sulfobutylether-β-cyclodextrin [175, 
189]. Preliminary studies with this formulation in patients 
with refractory convulsive and nonconvulsive status epi-
lepticus yielded promising results [189, 190]. Of note, in a 
phase II dose-finding study in 17 patients aged 12 years and 
older, no patient required escalation to intravenous anaes-

thetic treatment within 24 hours of ganaxolone initiation, 
which was the study’s primary endpoint [190]. The median 
time to seizure cessation was 5 minutes after ganaxolone 
initiation. A randomised, double-blind, placebo-controlled 
trial (NCT04391569) in patients aged 12 years and older 
with refractory status epilepticus is currently ongoing.

4.2.4.5 Other Seizure Disorders Because of evidence relat-
ing GABAergic dysfunction to seizure activity in epilepsy 
associated with tuberous sclerosis complex [191], a formal 
phase II, exploratory, adjunctive-therapy open-label study 
of ganaxolone (up to 63 mg/kg/day, with a maximum of 
1800 mg/day) has been conducted in 23 patients with tuber-
ous sclerosis complex aged 2–32 years. The median per-
cent reduction in seizure frequency during the 12 weeks of 
ganaxolone treatment compared with baseline was 16.6% 
[192]. A phase III, double-blind, randomised, placebo-con-
trolled, adjunctive-therapy trial (NCT05323734) to assess 
the efficacy of ganaxolone in children and adults with tuber-
ous sclerosis complex-related epilepsy is ongoing, with the 
opportunity for participants to be enrolled in an open-label 
extension study (NCT05604170).

Open-label exploratory studies in paediatric patients with 
focal and generalised epilepsies [172, 193, 194], includ-
ing patients with epileptic spasms [172, 195], reported an 
improvement in seizure frequency with ganaxolone, but 
these findings are difficult to interpret because of the lack 
of a control group. A randomised, double-blind, placebo-
controlled, crossover, adjunctive-therapy trial in 56 patients 
aged 4–24 months with drug-resistant infantile epileptic 
spasms syndrome has been completed. The primary outcome 
was the epileptic spasm frequency assessed by a 24-hour 
video electroencephalogram at day 9. The results have not 
been published in detail, but ganaxolone treatment report-
edly did not result in a significant reduction in epileptic 
spasm frequency in this study [147].

4.2.4.6 Studies in  Non‑Epilepsy Indications In small, ran-
domised, double-controlled trials, ganaxolone could not 
be differentiated from placebo in the treatment of anxiety, 
hyperactivity and attention deficits in children and adoles-
cents with Fragile X syndrome [196], and in the treatment 
of symptoms of post-traumatic stress-disorder in veteran or 
civilian adult outpatients [197]. In a recent open-label pilot 
study in ten postmenopausal women with persistent depres-
sion despite adequate antidepressant therapy, treatment with 
ganaxolone (up to 450 mg twice daily if tolerated) was asso-
ciated with an improvement in depression scores [198], but 
the uncontrolled design complicates the interpretation of 
these results. Ganaxolone on a twice-daily dosing regimen 
was not well tolerated in this study, with sleepiness, fatigue 
and dizziness being commonly reported.
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4.2.5  Adverse Effects

In the MARIGOLD trial in CDKL5 deficiency disorder, 
ganaxolone was generally well tolerated, the most common 
TEAEs being somnolence, pyrexia and upper-respiratory 
tract infection (Table 3). Treatment-emergent adverse events 
leading to a dose reduction or temporary discontinuation of 
the study medication were reported in 22% of patients in the 
ganaxolone group and in 16% of patients in the placebo group 
[181]. Overall, 48 of 50 patients randomised to ganaxolone 
(96%) and 47 of 51 randomised to placebo (92%) completed 
the double-blind phase. In the large phase III trial in adults 
with drug-resistant focal seizures, the most common adverse 
events reported in the ganaxolone group (n = 179) and pla-
cebo group (n = 180) were somnolence (23.5% vs 4.5%), 
dizziness (19.6% vs 4.5%) and fatigue (11.7% vs 6.8%) [184].

The safety profile of ganaxolone was further evaluated 
in a pooled analysis of data from placebo-controlled trials 
in epilepsy and other neuropsychiatric disorders, including 
1101 participants allocated to ganaxolone and 743 allocated 
to placebo [199]. The most common TEAEs reported with 
a higher frequency in ganaxolone-treated subjects were 
somnolence (ganaxolone 22.4%, placebo 8.1%), dizziness 
(ganaxolone 12.6%, placebo 3.9%) and fatigue (ganaxolone 
9.3%, placebo 4.8%). Central nervous system-related TEAEs 
appeared to be dose related. No significant changes were 
recorded in body weight and there were no clinically signifi-
cant trends for electrocardiogram parameters or vital signs. 
The frequency of serious TEAS was 2.8% in the ganaxolone-
treated group and 3.8% in the placebo-treated group.

4.2.6  Mode of Use, Current Therapeutic Role and Future 
Perspectives

Ganaxolone oral suspension (50 mg/mL) is currently 
approved in the USA for the treatment of seizures associated 

with CDKL5 deficiency disorder in patients 2 years of age 
and older. The recommended titration schedule and mainte-
nance dosage are based on body weight, and the maximum 
total daily dose after titration is 63 mg/kg/day for patients 
weighing ≤ 28 kg, and 1800 mg/day for those weighing > 28 
kg [143]. Ganaxolone should be taken three times daily with 
food. The same product should become commercially avail-
able in Europe in the near future because on 25 May, 2023, 
the European Medicines Agency’s Committee for Medicinal 
Products for Human Use adopted a positive opinion recom-
mending its approval for the treatment of seizures associated 
with CDKL5 deficiency disorder in patients 2–17 years of 
age, with the opportunity to continue treatment in patients 
18 years of age and older [200].

The treatment of CDKL5 deficiency disorder is challeng-
ing because seizures are usually resistant to ASMs. Man-
agement usually involves polypharmacy with a variety of 
ASMs, and any improvement in seizure control after treat-
ment changes is often short-lived [178, 201]. Ganaxolone is 
the first medication approved specifically for this condition, 
and it represents a welcome addition to the existing arma-
mentarium. Further data from postmarketing experience are 
required to establish its place in the treatment algorithm. At 
least in some settings, utilisation of this newer medication 
is likely to be limited by cost considerations. According to 
US prescribing information, concomitant use of enzyme-
inducing ASMs (e.g. carbamazepine, phenytoin, phenobar-
bital and primidone) should be preferably avoided in patients 
taking ganaxolone because the reduction in plasma ganaxo-
lone concentrations caused by these agents may decrease 
its therapeutic efficacy. If enzyme-inducing ASMs are com-
bined, the ganaxolone dose may need to be increased, with-
out however exceeding the maximum recommended dose 
[143]. Because ganaxolone undergoes hepatic metabolism, 
its dose may need to be reduced in patients with hepatic 
impairment [143].

Ganaxolone is currently undergoing further investigations 
for potential additional indications. Randomised controlled 
trials are scheduled or ongoing in patients with CDLK5 
deficiency disorder aged 6 months to less than 2 years 
(NCT05249556), in patients with seizures associated with 
TSC-related epilepsy (NCT05323734) and in patients with 
refractory status epilepticus (NCT04391569).

5  Conclusions

The latest additions to the list of ASMs that act on the GABA 
system illustrate different approaches to drug discovery in 
epilepsy. Cenobamate originated from the structural modifi-
cation of compounds known to possess antiseizure activity, 
and was selected ultimately for clinical development based 
on its pharmacological profile in rodent models of seizures 

Table 3  Frequency of most commonly reported adverse reactions 
associated with ganaxolone in the randomised, double-blind, placebo-
controlled trial in patients with cyclin-dependent kinase-like 5 defi-
ciency disorder [181] as reported in the US prescribing information 
[143]. The Table includes reactions reported for the ganaxolone arm 
with a frequency ≥ 4% over placebo

Adverse reaction Placebo  
(n = 51) (%)

Ganaxolone 
(n = 50) (%)

Somnolence 20 38
Pyrexia 8 18
Upper respiratory tract infection 6 10
Seasonal allergy 0 6
Salivary hypersecretion 2 6
Bronchitis 0 4
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and epilepsy. Its ability to enhance GABA-mediated inhibi-
tion was discovered at a later time, when development was 
already advanced [6]. Ganaxolone, in contrast, was selected 
for development as a potential treatment for epilepsy with 
the precise objective of targeting the GABA system through 
positive allosteric modulation of  GABAA receptors, consist-
ent with its known properties as an orally active neurosteroid 
[156].

Cenobamate and ganaxolone show important differences 
in their mechanisms of action. Cenobamate exerts it antisei-
zure activity by at least two distinct primary mechanisms, 
namely the blockade of voltage-gated sodium channels and 
the potentiation of GABAergic responses at benzodiazepine-
insensitive synaptic and extrasynaptic  GABAA receptor 
sites. The antiseizure effects of ganaxolone, however, are 
primarily ascribed to allosteric modulation of synaptic and 
extrasynaptic  GABAA receptors. These differential phar-
macological profiles translate into differences in antiseizure 
activity in the clinical setting. Although comparisons of 
results across trials should be interpreted cautiously, the effi-
cacy of cenobamate against focal seizures [101, 102] appears 
to be far more robust than that of ganaxolone [176, 184]. 
Accordingly, only cenobamate is currently approved for the 
treatment of focal seizures, and current regulatory approval 
for ganaxolone is limited to the treatment for CCDKL5 
deficiency disorder, an orphan indication. Both drugs are 
currently under investigation for additional epilepsy-related 
indications, and their ultimate role in the management of 
seizure disorders will be defined after completion of fur-
ther studies and the accumulation of broader postmarketing 
experience.

After decades of preclinical and clinical studies, extensive 
evidence has emerged that drugs acting on the GABA system 
and used in the treatment of epilepsy are not a homogene-
ous therapeutic class. In fact, there are profound differences 
among many of these agents in their activity against different 
seizure types, and tolerability profiles [6]. These differences 
can be explained not only by interactions with other targets and 
pharmacokinetic factors, but also by their specific modalities 
of interaction with different components of the GABAergic 
system. An improved understanding of these interactions pro-
vides opportunities for the design of novel therapeutic agents 
with potentially improved efficacy and adverse effect profiles. 
As discussed in an accompanying article [2], the pipeline of 
investigational treatments for seizures and epilepsy target-
ing GABAergic neurotransmission is vast and diverse, and 
includes highly innovative approaches that could lead to 
important therapeutic breakthroughs.
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