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Abstract

Genetic testing has yielded major advances in our understanding of the causes of epilepsy. Seizures remain resistant to treat-
ment in a significant proportion of cases, particularly in severe, childhood-onset epilepsy, the patient population in which an
underlying causative genetic variant is most likely to be identified. A genetic diagnosis can be explanatory as to etiology, and,
in some cases, might suggest a therapeutic approach; yet, a clear path from genetic diagnosis to treatment remains unclear in
most cases. Here, we discuss theoretical considerations behind the attempted use of small molecules for the treatment of genetic
epilepsies, which is but one among various approaches currently under development. We explore a few salient examples
and consider the future of the small molecule approach for genetic epilepsies. We conclude that significant additional work
is required to understand how genetic variation leads to dysfunction of epilepsy-associated protein targets, and how this
impacts the function of diverse subtypes of neurons embedded within distributed brain circuits to yield epilepsy and epilepsy-
associated comorbidities. A syndrome- or even variant-specific approach may be required to achieve progress. Advances
in the field will require improved methods for large-scale target validation, compound identification and optimization, and
the development of accurate model systems that reflect the core features of human epilepsy syndromes, as well as novel
approaches towards clinical trials of such compounds in small rare disease cohorts.
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Introduction

Advances in genetic testing have revealed that epilepsy in
many patients — including up to half or more of children [1]
— has a genetic basis, with a causative variant more likely
to be identified in severe, early-onset cases. This has driven
increasing efforts to leverage such information to drive the
development of “precision” treatments directed at or based on
these genetically defined targets. However, advances in ther-
apy have lagged behind achievements of diagnostic testing.
The concept of “precision” treatment for epilepsy using small
molecules is largely predicated upon the basic idea that vari-
ants causing “gain of function” (increased activity) could be
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approached using an antagonist of the protein product of the
gene in question (typically an ion channel or neurotransmitter
receptor), while “loss of function” (decreased activity) could
be approached using a small molecule activator. We call this
the “block gain/activate loss” approach, of which multiple
examples exist in the literature [2—7].

While new anti-seizure medications (ASM) continue to
enter clinical use, overall rates of pharmacoresistance in
epilepsy remain high, with only 70% of patients being seizure-
free even with prescription of appropriately selected
AMSs [8, 9]. Many of the ASMs prescribed today are
small molecules that have been in medical use for over
50 years. Valproate, synthesized in the late nineteenth
century, first prescribed in 1962 and FDA approved in
1978, and which is associated with significant toxic-
ity, is still the most commonly prescribed anti-seizure
medication today, and constitutes 20% or more of pre-
scriptions of anti-seizure medications in various cohorts
[10-14]. Approximately 15% of patients with epilepsy
in the USA — over 2 million patients — are prescribed
phenytoin [15], which has been used for the treatment of
epilepsy since its introduction by Merritt and Putnam in
1937 [16]. However, such ASMs were developed naive to
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their mechanism of action, and the biological activity of
such compounds is not directly related (at least so far as
is/was known at the time) to the cause of epilepsy. It is
interesting to note that phenytoin and other ASMs with a
prominent mechanism of action of sodium (Na+) channel
blockade are now being reintroduced as “precision” thera-
peutics in the context of Na+ channelopathies that act via
gain of function. The hope is that genomics can inform the
development of improved mechanistically oriented small
molecule therapeutics and other gene-driven treatments.

Small molecules are one major class of FDA-approved
prescription drugs, and generally refer to compounds
that are (a) chemically synthesized and (b) small, hav-
ing a molecular weight below 1 kDa. Most FDA-approved
ASMs are small molecules. This is in contrast to the other
major classes of drugs, the biologics, which includes
proteins (such as monoclonal antibodies, or insulin) and
living cells (e.g., CAR-T cells). A full discussion of this
distinction is beyond the scope of this review. Briefly, a rel-
ative advantage of the small molecules is their size, which
allows access to extracellular and intracellular targets for
modulation of discrete protein functions, such as ion chan-
nel gating. In addition, these compounds are more read-
ily synthesized and can be more easily produced in large
quantities at a lower cost.

A basic methodology in modern drug discovery is to
identify a disease target, validate that target, identify a
compound(s) with therapeutic potential, develop and
optimize the compound, and then perform preclinical
and clinical trials, culminating in a clinical trial (ideally,
a large-scale double-blind placebo-controlled trial), to
prove safety and efficacy. Undertaking such an endeavor
is a time-consuming and costly process and success at out-
set is far from guaranteed. In the genetic epilepsies, iden-
tification of candidate compounds has also been based on
neurobiological insight and application of the “block gain/
activate loss” approach, rather than via rigorous compound
screening followed by drug optimization. Testing has
been undertaken in the form of N=1 observational case
reports, or is based on clinical experience in small patient
cohorts, in many cases with little or no functional valida-
tion of the approach, limited or no long-term follow-up,
and a narrow definition of success restricted to qualitative
measures or impressions such as patient/parent report of
seizure frequency.

There are many more reviews about precision medicine in
epilepsy than there are papers reporting its implementation,
let alone its success. As of May 30, 2021, a PubMed search
with key words of “Precision medicine” AND “Epilepsy”
in the Title/Abstract fields yielded 309 publications. In this
invited commentary, we attempt to briefly summarize the
state of the field and suggest a path forward.

What’s in a Name?

There is ongoing semantic debate as to the meaning of
various terms in the field. Attempts at practical defini-
tions are provided below, although these may not conform
to consensus opinion, for which the reader is referred to
expert reports and panels on the topic [17-19].

Gain/Loss of Function

This is an important concept for targeted/precision ther-
apy for epilepsy, as it forms the basis of an approach that
is often taken in the field (the “block gain/activate loss”
approach). Yet, what is meant by gain or loss of function
is not always clear. Such terms were initially developed
in the field of Drosophila genetics by the Nobel laureate
Hermann J. Muller [20]. Amorphic (complete loss of gene
function; “null”) or hypomorphic (partial loss) mutations
lead to absence of or decrease in protein function by disrupt-
ing transcriptional or translational processes. An example
of a human disease with a loss of function mechanism
might be glycogen storage disease type 5 (GSDV; McAr-
dle disease) due to loss of function variants in the gene
PYGM encoding muscle-associated glycogen phosphory-
lase (myophosphorylase) which breaks down glycogen in
muscle to gluose-1-phosphate. Patients with GSDV have
glycogen accumulation in muscle with exercise leading
to exercise intolerance, cramps, and muscle breakdown.
In this case, increasing levels of myophosphorylase, or
reducing its substrate, are rational, targeted approaches to
therapy. On the other hand, hypermorphic mutations lead
to gain of function via increases in normal gene activ-
ity, such as due to increased gene dosage, mutations that
confer constitutive activation, or via other mechanisms.
Examples in neurology include Huntington’s disease or the
various spinocerebellar ataxias due to CAG triplet repeat
expansion, which cause cellular toxicity due to gain-of-
function. In such cases, while the exact pathophysiology
may not be entirely understood, the path forward is more
clear, with efforts under development to decrease accumu-
lation of the toxic protein product. Hence, such disorders
are considered as potentially targetable diseases either
via small molecule or genetics-based approaches (gene
therapy or antisense oligonucleotide-based therapy).

The genetic epilepsies represent a different category of
disease. Consider a pathogenic variant in a voltage-gated
Na + channel gene associated with epilepsy. Na + channel
function is defined across various biophysical parameters,
such as single-channel conductance, the voltage depend-
ence and kinetics of channel gating, and other measures
that govern channel behavior, such that prediction of gain
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or loss of function based solely on knowledge of a par-
ticular missense variant is not possible. Determination of
gain/loss of function has classically been undertaken via
heterologous expression in Xenopus oocytes or a mam-
malian cell line such as CHO or HEK-293 cells. However,
voltage-gated Na + channels are macromolecular com-
plexes composed of a pore-forming () and accessory f
subunits, along with other interacting proteins including
14-3-3, ankyrin, fibroblast growth factors, and other
molecules, which cannot be accurately reconstituted in
heterologous systems. Expression, trafficking, and func-
tion of Na+ channels are regulated by phosphorylation
and other post-translational modifications. Furthermore,
such heterologous cell systems are of course not neu-
rons, and hence lack a polarized morphology with axon,
axon initial segment, soma, and dendrite, which normally
exhibit compartment-specific Na + channel localization
and regulation. Finally, there are of course many different
types of neurons, including excitatory and various defined
subsets of GABAergic inhibitory interneurons, each with
cell type—specific developmentally regulated Na + channel
expression profiles. Given this, it is perhaps not surprising
that our simplified model systems imperfectly reflect the
impact of a given genetic variant at other, more complex,
levels of analysis.

For example, a given SCNXA (i.e., SCNIA, 2A, etc.)
variant when co-expressed in a heterologous system with
f subunits may yield a complex or mixed pattern of effects
that cannot be easily defined as gain or loss of function,
because its impact on the parameters listed above suggests
competing or opposite effects on the overall activity of
the channel (such as decreased current density with a left/
hyperpolarized shift in voltage dependence of activation).
Things become even more complicated as we attempt to under-
stand the impact of ion channel variants on neuronal func-
tion. A given Na+ channel variant might cause apparent loss
of function at the gene or ion channel level via decreased
protein production through disruption of translation (such
as a variant that introduces a premature termination codon
in SCNIA), yet this variant produces hyperexcitability in
the network and epilepsy presumably due to the fact that
SCNIA is selectively or preferentially expressed in GABAe-
rgic inhibitory interneurons. Some variants in SCNIA, 8A,
and 9A have been shown to produce gain of function at the
ion channel level in heterologous systems through a variety
of mechanisms [21-24] including hyperpolarizing/left shifts
in the voltage dependence of activation and increased slowly
inactivating/persistent current, which might paradoxically
lead to loss of neuron function by accelerating entrance into
depolarization block. Hence, a pathogenic variant could be
a gain of function at the level of gene or ion channel but /oss
of function at the level of an individual neuron. A pathogenic
variant could be a loss of function at the level of gene or
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ion channel yet lead to gain of function at the level of the
circuit/network.

It is important to note that, in general, it is easier to
address gain-of-function disorders with a small molecule
approach than it is to address loss of function. Of all rare
Mendelian genetic disorders (including neurological disor-
ders), only an estimated 6% have a currently FDA-approved
orphan drug; however, this figure is 12% of the total (i.e.,
twice as many) when considering those with a known or
predicted gain-of-function mechanism [25]. Only a small
number of Mendelian genetic disorders with presumptive
loss-of-function mechanisms have known activators. Why
this is the case likely relates to how drug discovery and repur-
posing pipelines operate as well as the fact that it is simply
more difficult to compensate for the absence of a protein via
pharmacologic means than to block its excess using a small
molecule approach. With regard to genetic epilepsies, this
probably also relates to the basic biology of the targets in
question and the requirements that, for example, a specific
channel isoform might need to be targeted while avoiding its
highly paralogous family or subfamily members (for example,
making an Nav1.2- or Nav1.6-specific antagonist).

Precision Medicine

This term best refers to a medical treatment or preventative
measure directed towards individual patients classified based
on data reflecting some discrete feature of their underlying
biology (such as, in the present context, a pathogenic vari-
ant in a specific disease-associated gene). A goal of preci-
sion medicine is to leverage data (often genetic) to select the
most or develop a more efficacious treatment and/or avoid
potential complications of a treatment. Such a treatment
is then directed at the biology suggested or informed by a
biomarker: in this case, the use of a small molecule with a
known mechanism of action directed at a molecular target
encoded by an epilepsy-associated gene for the purposes of
treating seizures or non-seizure comorbidities caused by the
pathogenic variant.

lllustrative Examples

Quinidine for KCNT1-Related Epilepsy

This is the infamous example in the field and has been
discussed extensively in the literature. KCNTI encodes
the sodium-activated potassium (K +) channel subunit
Kynal-1/K,4.1/S8102.2, also known as Slack. This subunit
forms heterotetrameric high conductance delayed rectifier
K+ channels that are weakly voltage dependent and acti-
vated by intracellular sodium [26]. Pathogenic variants in
KCNT1I have been identified as a cause of a range of epilepsy
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syndromes including epilepsy of infancy with migrating
focal seizures (EIMFS; previously malignant migrating
partial seizures of infancy), a form of autosomal dominant
nocturnal frontal lobe epilepsy (ADNFLE), Ohtahara syn-
drome, and others [27-29]. EIMFS is a developmental and
epileptic encephalopathy [30] with a clear genetic basis yet
is associated with genetic heterogeneity, although KCNTI
is the gene most frequently implicated [31]. Such variants
had been shown to act via the so-called gain of function
at the ion channel level [32, 33], with increased conduct-
ance via cooperative gating, enhanced open probability,
and/or enhanced sensitivity to sodium [34, 35]. Based on
the “block gain/activate loss” paradigm described above,
our group piloted the use of quinidine for the treatment of
EIMFS due to a de novo heterozygous pathogenic variant
in KCNTI:c.1283G > A (p.Arg428Gln) identified via trio
whole exome sequencing analysis [2]. Based on this genetic
diagnosis and the existing literature on the subject at the
time, we considered available compounds with activity
against Slack channels. This search revealed quinidine as
an FDA-approved compound with known activity as a Slack
antagonist [36, 37]. However, quinidine in healthy individu-
als is thought to lower seizure threshold [38] rather than
exerting anticonvulsant action, and can also be associated
with toxicity including prolonged QTc with cases of sud-
den cardiac death reported in adults, particularly if delivered
intravenously. In this case, administration of quinidine was
undertaken while the patient was admitted to the hospital
under telemetry monitoring. Up-titration of quinidine to over
40 mg/kg/day achieved serum quinidine levels between 1.5
and 4 pg/mL, which led to a complete cessation of seizures
for a period of many months [2].

It should be noted that quinidine of course is a nonspe-
cific pharmacologic agent used as a class I antiarrhyth-
mic and anti-malarial. It blocks a range of ion channels
including Nav1.5 and various K+ channels including its
action as a pore blocker of the voltage-gated K + chan-
nel subunits Kv1.4 [39] and ERG [40] as well as other
actions including inhibition of the drug transport protein
P-glycoprotein [41]. In this sense, it is less specific for
Slack than for example phenytoin is for Nav1.6, but the
rationale overall was similar to other approaches that have
been attempted subsequently in the field. Furthermore, it
is known that quinidine traverses the blood—brain bar-
rier, albeit with relatively poor CNS penetration (with a
CSF-to-serum ratio of on average 16% in a small cohort
of healthy human control subjects [42]). So, if the reduc-
tion in seizures in this case was due to quinidine at all,
this may or may not have been due to activity of quinidine
against Slack. Subsequent reports showed a less dramatic
or little to no clinical efficacy of quinidine [43, 44]. An
observational study of 43 patients from an international
collaborative patient registry suggested that adjunctive

quinidine produced significant (50%) seizure reduction in
only a subset of patients, with a small number of patients
exhibiting seizure freedom [45]. In an observational study
involving 27 patients, nearly half of patients displayed a
marked (>50%) or some (25-50%) improvement in seizure
frequency with quinidine [46]. A separate report suggested
that response to quinidine might be age-dependent: among
patients with EIMFS due to gain-of-function pathogenic
variants in KCNT1, 4/4 (100%) of those younger than age
4 years responded to quinidine, while none (0/4) of the
patients older than age 4 responded [47], an interesting
observation also made by others [48]. It should again be
noted that it is difficult to evaluate such heterogeneous
data systematically, given the various ages of the patients
involved, different dosing regimens, variable protocols
for monitoring of serum drug concentrations, and other
considerations, including the fact that patients were all
concurrently taking one or more conventional anti-seizure
medications at the time that quinidine was introduced.

So is quinidine a precision medicine for epilepsy? At
the time, we were careful to not use that term, opting
instead to use “Targeted.” First of all, it remains unclear
if quinidine has anti-seizure effects in KCNTI-associated
epilepsy at all (or in any epilepsy). Second, quinidine is
not specific for Slack and there is no evidence that any effi-
cacy in KCNT1-associated epilepsy — if real — is due to
block of Slack channels. A further requirement for a ther-
apy to qualify as precision medicine might be that it actu-
ally works, and that it works because of successful action
on a proposed and rational target. Nevertheless, despite
its limitations, this initial effort contributed to a wave
of excitement that drove additional efforts in this field,
including generation of induced pluripotent stem (iPS)
cells [49] and mouse models [50, 51], creation of an Inter-
national Patient Registry with currently over 100 patients
that is the basis of a natural history study that could sup-
port future clinical trials, the formation of active patient/
family organizations (such as KCNT1 Epilepsy; www.
kentlepilepsy.org), efforts to develop ASO-based thera-
pies in experimental systems [52], and attempts to develop
a “better quinidine” (Jenkins, Gribkoff, Kaczmarek.
Soc Neurosci Abstr 375.01).

Quinidine for KCNT1 epilepsy captured the imagination
of many in the field yet led to significant controversy. As of
2021, the story is far from over. The field could be driven
forward by the generation of improved and more accurate
models of KCNTI epilepsy; a greater ion channel, cellu-
lar, and circuit understanding of how pathogenic variants
in KCNT1 lead to disease; development of small molecules
that might be a “better”” quinidine (more potent; more selec-
tive; better CNS penetration; etc.); and support for clinical
investigation that leverages the energy and involvement of
patient and family groups.
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SCNB8A Epilepsy

The use of Na+ channel blocking ASMs for treatment of
SCN8A-related epilepsy has already been mentioned above
and has been reviewed previously [53-56]. This example is
an implementation of the “block gain/activate loss” paradigm
in which heterozygous pathogenic variants in SCNSA were
identified as a cause of epilepsy [57], the impact of this
variant on the function of Navl.6-containing Na + chan-
nels was determined to act via gain of function, and com-
pounds were identified that act on or partially normal-
ized this presumed pathology in various model systems
including heterologous cells, transfected primary neurons
in culture, iPS cell-derived neurons from patients with
SCNS8A encephalopathy, and in experimental animal mod-
els [24, 58-61]. Phenytoin and other Na+ channel blocking
ASMs have been shown to reduce seizures in patients with
SCN8A-related epilepsy [5, 59].

We performed a study on a small cohort of patients
with SCN8A-related epilepsy at our institution and found
that a patient with a dramatic response to high-dose oxcar-
bazepine harbored a de novo pathogenic variant that also
exhibited strong response to this drug in a heterologous
cell system in vitro, with oxcarbazepine producing a
near-complete normalization of the slowly inactivating/
persistent current component [59]. However, patients with
treatment-resistant epilepsy including lack of response to
Na + channel blockers held what we called “complex”
variants exhibiting increased persistent current as well
as abnormal gating that could not be normalized by the
Na + channel blocking agents tested, which included phe-
nytoin, oxcarbazepine, lacosamide, and GS-967. This
result highlights that the response to a particular targeted
therapeutic may be variant- or patient-specific.

Phenytoin is an FDA-approved anti-seizure medication
with a prominent mechanism of action as pore blocker
of voltage-gated sodium (Na+) channels [62-64], yet
acts on Na+ channels composed of any/all voltage-gated
Na + channel subunits [65, 66] and is not specific for
Nav1.6-containing Na+ channels. Further improvements
on a small molecule approach to SCNSA epilepsy have
been made. The novel Na + channel modulator GS-458967
(GS-967/Prax330), which acts preferentially on slowly
inactivating/persistent current over transient current, was
shown to reduce persistent and resurgent Na + current and
normalize cellular hyperexcitability in neurons in a mouse
model of SCN8A encephalopathy (Scn8a-N1768D mice)
and to be an effective treatment for epilepsy in the mouse
model in vivo [58, 67, 68]. The compound NBI-921352
(formerly XEN901, developed by Xenon Pharmaceuticals),
an Navl.6-selective blocker, is currently undergoing plan-
ning for a phase II clinical trial in patients with SCNSA
encephalopathy.
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Dravet Syndrome

Dravet syndrome is due to heterozygous pathogenic loss of
function variants in SCN/A encoding the neuronal voltage-
gated Na+ channel o subunit Nav1.1. The dominant hypoth-
esis as to Dravet syndrome pathogenesis is the “interneuron
hypothesis” whereby haploinsufficiency for Navl.1 prefer-
entially impacts GABAergic inhibitory interneurons of cer-
ebral cortex, leading to a relative impairment of interneurons,
impaired synaptic inhibition, altered excitatory:inhibitory bal-
ance in cerebral cortex circuits, and hyperexcitability leading
to epilepsy. This model, combined with prior clinical experi-
ence in the field suggesting that lamotrigine aggravated sei-
zures [69], has led to the dogma that Na+ channel blocking
ASMs should be avoided in Dravet syndrome.

However, recent work in experimental animal models of
Dravet syndrome (Scnla+/- mice) showed that the impaired
excitability of parvalbumin-immunoreactive fast-spiking
basket cell interneurons seen previously in developing
Scnla+/-mice [70-72] is in fact transient and limited to early
developmental time points; these same interneurons largely
recover intrinsic excitability by young adulthood [73].
Other preclinical work demonstrated efficacy of GS-967
in a mouse model of Dravet syndrome [74], and reduction
of Scn8a transcript using an antisense oligonucleotide also
extended survival in Scnla+/- mice [75] demonstrating that
inhibiting Na + channel activity may be efficacious in the
treatment of Dravet syndrome in the chronic phase. The
basis for these results is unclear but suggests the poten-
tial opportunity for the development of small molecule
Na + channel modulators for the treatment of Dravet syn-
drome. Interestingly, lamotrigine has been shown to have
efficacy in some cases of Dravet syndrome if prescribed in
older patients [76, 77].

At 1 in 15,000 individuals [78], Dravet syndrome is
the most common epileptic encephalopathy and can be
viewed as the canonical genetic epilepsy. Yet, much is
still left to be learned about the pathogenesis of this syn-
drome and the challenges of linking from human genetic
variant (SCNIA) to impact on ion channel function (Nav1.1-
containing Na + channels), to Navl.1-expressing neurons
(parvalbumin-positive GABAergic interneurons and other
cells), to cerebral cortex microcircuits and intact experimen-
tal animals, to understand epilepsy and non-seizure comor-
bidities in human patients.

The Scnla+/-mouse model of Dravet syndrome recapitulates
core features of the human disease including temperature-
sensitive seizures, epilepsy, status epilepticus, sudden death, as
well as various behavioral deficits that represent endophenotypes
of autism spectrum disorder [70, 79, 80]. This mouse model
has been critical to the development of the precision therapeutic
STK-001 (an antisense oligonucleotide-based approach) by
Stoke Therapeutics, which increases expression of Scn/a and
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reduces seizures and SUDEP in Scnla+/-mice [81] and is under-
going a Phase 1/2a open-label study in children with Dravet
syndrome due to pathogenic variants in SCN/A. Drug screen-
ing in a zebrafish Nav1.1 mutant (scnlLab) led to identifica-
tion of clemizole, which inhibits seizures in this model [82,
83]. EpyGenix Therapeutics is currently enrolling in a Phase
II, multicenter, randomized, double-blind placebo-controlled
trial of EPX-100 (clemizole hydrochloride) for the treatment
of Dravet syndrome. These developments reinforce the impor-
tance of basic neuroscience, experimental model systems, and
target validation, in the development of potential new therapies
for genetic epilepsies. Other biologics are in the planning stages
including ETX-101 from Encoded Therapeutics, which is an
AAV-based therapy targeting SCNIA expression in GABAergic
interneurons.

Key Questions in the Field

There are many challenges in the field of small molecule
therapeutics for genetic epilepsies. One obvious barrier is
the complexity of the human brain. Therapeutic targets are
expressed dynamically across development in discrete sub-
cellular compartments of various neuronal cell types; this
expression pattern itself might be altered by the genetic
lesion, with pathology interacting with ongoing development
and compensatory plasticity in poorly understood ways.
What was or may have initially been a gain/loss of function
at the level of an ion channel or neuron may not manifest as
such later in development, due to compensatory reorganiza-
tion or plasticity, such that we are chasing a “moving target.”

An obvious question is whether rare or ultrarare genetic
epilepsy syndromes can be successfully prevented, treated,
and/or cured. To answer this, we need to define benchmarks
for what success might look like. For a developmental and
epileptic encephalopathy, does this mean a 50% decrease
in seizures? 90% decrease? complete cessation of seizures?
cessation of seizures with successful discontinuation of
other ASMs? Slowing further developmental regression?
Accelerating or recovering neurocognitive development?
Complete cessation of seizures and normalization of neuro-
cognitive development with amelioration and elimination of
all syndrome-associated comorbidities? When might treat-
ment need to be initiated to achieve such outcomes?

Are there common themes such as pathways that can
be targeted, or a basic logic to solving the genetic epilep-
sies (a “new logic” beyond our “block gain/activate loss”
approach)? Or will each epilepsy syndrome (each variant?
each individual patient?) need to be approached indepen-
dently? Candidate compounds may have variant- or even
patient-specific effects.

The Path Forward

The development of small molecules for precision medi-
cine in epilepsy has perhaps not proceeded at the pace we
had hoped. Further progress requires a redoubling of our
efforts fueled by better models, improved screening tools,
novel clinical trial methodologies, and enhanced partnership
and interaction with industry, as well as an influx of new
ideas from the next generation of neuroscience and epilepsy
researchers. We need a greater understanding of how genetic
variation leads to epilepsy, which involves the hard work
of linking from human genetic variation, to the impact of
genetic variation on protein function, to how altered func-
tion at the level of a given protein target impacts the activity
of diverse subtypes of neurons to influence brain networks
to produce epilepsy and epilepsy-associated comorbidities
including developmental delay/intellectual disability, autism
spectrum disorder, and SUDEDP risk. This hard work will
need to be done for each and every epilepsy syndrome and
perhaps for specific variants.

Model Systems

From the discussion above, it is clear that robust preclinical
models can drive forward the development of novel candi-
date therapies in the genetic epilepsies. However, among the
top 10 most frequently identified epilepsy genes on NextGen
sequencing panels [84], we only have highly robust mouse
models for perhaps three: Dravet syndrome, GABRG2-
related epilepsy [85], and SCNSA encephalopathy [58, 86].

The field requires improved high-throughput screening
tools to determine the impact of genetic variation on pro-
tein target function and the effects of candidate compounds.
High-throughput electrophysiological assays [87] and
imaging-based approaches [88] allow for the recording of
hundreds of cells or neurons simultaneously and facilitate
larger-scale screening of candidate compounds against many
variants. We need improved models to accurately predict the
cellular impact of genetic variants and how altered ion chan-
nel and neurotransmitter receptor function manifests at the
level of neurons [24, 89, 90].

We require more and improved experimental animal
models, including Drosophila, zebrafish, mice, and other
organisms, that recapitulate core features of human epilepsy
syndromes, including epilepsy, epilepsy-associated cognitive
comorbidities, and SUDEP, to validate and optimize the com-
pounds identified via screening platforms. Further advances
in mouse genetics will make it faster, easier, and cheaper
to generate transgenic mice harboring conditional (e.g., Cre-
dependent) missense variants which allows for the control of
variant expression in space and time [58, 91], and facilitates
the investigation of cell type—specific roles in pathology.
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We require a greater understanding of the developmen-
tal trajectory of the expression of epilepsy-associated genes
and therapeutic targets. Advances in single-cell biology have
provided novel insights into cell type—specific transcriptomic
profiles. It will be critical to develop a single-cell transcrip-
tomic atlas of the developing human brain [92] and under-
stand how this profile changes in epilepsy.

Clinical Trials

There are many limitations of N=1 trials, including dif-
ficulty in the selection and validation of the reliability of
outcome measures, difficulty in or inability to apply ran-
domization, lack of statistical analysis, lack of internal
validity (a measure of the degree to which the intervention
is actually responsible for the outcome), and the scope of
inference (applicability of findings to other patients). There
may be value in the further development of methodologies
to turn N=1 case reports into N=1 trials, despite the chal-
lenges; such trials retain importance particularly in the field
of rare or ultrarare neurodevelopmental disorders [93, 94].
But we need to pick the right small molecules to pilot in
such trials. And we need to develop new methods and the
infrastructure and support to bridge from N=1 or small
clinical trials to larger, more powerful trials, informed by
natural history studies that better define the trajectory of
rare epilepsy syndromes. Yet, there have been very few true
double-blind randomized control trials in pediatric epilepsy
in general, and most are for adjunctive treatment of the more
common epilepsy syndromes, such as recent clinical trials
of small molecules fenfluramine and cannabidiol for treat-
ment of Dravet syndrome [95-97]. Other genetic epilepsies
may simply be too rare for the types of studies that require
hundreds of patients.

Conclusion

Genetics provides a proximate mechanism as to the cause of
disease that could, in theory, be leveraged towards the devel-
opment of novel, targeted therapies for genetic epilepsies.
In practice, this has been and will continue to be no easy
task. Novel advances in model systems, compound screen-
ing, and clinical trial methodologies in neurodevelopmental
disorders offer promise for clinicians and researchers as well
as patients and their families living with what are in many
cases completely untreatable and incurable diseases.
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