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Abstract: Epilepsy is the most common chronic neurologic disorder in the world, affecting 1-2%
of the population. Besides, 30% of epilepsy patients are drug-resistant. Genomic mutations seem to
play a key role in its etiology and knowledge of strong effect mutations in protein structures might
improve prediction and the development of efficacious drugs to treat epilepsy. Several genetic asso-
ciation studies have been undertaken to examine the effect of a range of candidate genes for resis-
tance. Although, few studies have explored the effect of the mutations into protein structure and
biophysics in the epilepsy field. Much work remains to be done, but the plans made for exciting de-
velopments will hold therapeutic potential for patients with drug-resistance. In summary, we pro-
vide a critical review of the perspectives for the development of individualized medicine for epilep-
sy based on genetic polymorphisms/mutations in light of core elements such as transcriptomics,
structural biology, disease model, pharmacogenomics and pharmacokinetics in a manner to im-
prove the success of trial designs of antiepileptic drugs.

Keywords: Genetic epilepsy, brain organoids, transcriptome, single-cell sequencing, pharmacogenomics, drug resistance, drug
development, antiepileptic drugs.

1. INTRODUCTION
Epilepsy is a disease that affects about 1-2% of the popu-

lation and is characterized by recurrent, unprovoked seizures
triggered by an imbalance between excitation and inhibition
in the neuronal circuits [1]. Once regarded as demonic pos-
session, it’s currently known to be caused by brain injuries,
infection diseases, genetic conditions and exposure to toxins
or drugs. Also, about 30 to 40% of the cases are idiopathic,
with the predominance of genetic underlying [2, 3]. One of
the first approaches in this direction was framed in a study
from 1990 that identified an A to G transition mutation at nu-
cleotide pair 8344 in human mitochondrial DNA as a cause
of Myoclonic Epilepsy and Ragged-Red Fiber Disease [4].
The first line of these approaches involved the investigation
of membrane proteins and intermediary metabolism in tis-
sues, but the research soon started to tackle mapped loci in
families  with  generalized  epilepsy  syndromes.  In  1995,  a
study recognized a missense mutation in the CHRNA4 gene,
encoding the  α4-subunit of a  neuronal nicotinic  acetylcho-
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line receptor, the first ion channel missense mutation in an
inherited form of epilepsy [5].

Nowadays, most of the epilepsy-associated genes are pre-
cisely related to ion channels, receptors, and other compo-
nents of neuronal signaling. This is conceivable once neuron-
al hyperexcitability is a main cellular mechanism underlying
seizures. The majority of these mutations affect voltage-gat-
ed ion channels (such as K+, Na+, and Ca2+) and ligand-gated
ion channels (nicotinic acetylcholine and GABAA receptors)
[6-8]. A preponderant mutation in this regard was found in
the SCN1A gene, which encodes one of the nine α subunits
of the voltage-gated sodium channel in mammals that was
shown to cause several subtypes of dominant idiopathic gen-
eralized epilepsy in humans [8]. Also, the major feature of
genetic epilepsy with febrile seizures plus (GEFS+) is a ge-
netic variant in the gene SCN2A, however, mutations in the
SCN1B gene (encoding the sodium channel β1 subunit) and
in GABAA receptor genes also seems to occur [9, 10].

The first epilepsy predisposition identified gene unrelat-
ed directly to ion channel structural proteins was LGI1, a 60-
kDa secreted neuronal protein involved in synaptic transmis-
sion [11]. The molecular mechanisms connecting the muta-
tions to the epileptic symptoms is not yet totally clear, but a
more recent study has evoked the LGI1–ADAM22 ligand-re-
ceptor complex, which regulates synaptic transmission and
has emerged as a determinant of brain excitability [6].
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In  the  last  decades,  since  the  first  mutation  related  to
epilepsy was identified, hundreds of genes have been recog-
nized. A 2017’s survey, cross-checking multiple databases
(OMIM,  HGMD,  and  EpilepsyGene)  and  publications,
found 977 genes that are associated with epilepsy [12]. Most
of  them  occur  under  the  action  of  multiple  genes  (poly-
genic), such as the most common subtype of epilepsy – the
idiopathic generalized epilepsies (IGEs) [13]. All the aspects
of neurotransmission are in play, and defects of synaptic in-
hibition are over-represented. The contributions of somatic
mutations and noncoding microRNAs are also being tackled
[14]. Even though none of the genes directly explains why,
in most cases, the pathogenic molecular mechanism is still
unclear. In this way, the application of precise genomic tech-
nologies (including genome editing) provides a tremendous
impact to prioritize hypothesis-driven discoveries and filling
the genetic “proto-map” of this disease. New approaches for
discovering genes and pathophysiological pathways may be
important  to  establish  novel  targets  for  pharmacotherapy,
and the overall development and application of cutting-edge
technologies open a new window of possibilities for person-
alized medicine. Considering that epilepsy treatment is high-
ly refractory and extremely important to compiling state-of-
the-art technologies that can improve the drug discovery and
treatment in the field of genetic epilepsies, in the next sec-
tions,  we  will  focus  on  how different  approaches  can  im-
prove the development of better drugs to treat genetic epilep-
sy.

2. GENOMICS AND TRANSCRIPTOMICS TO DRUG
DISCOVERY IN EPILEPSY

2.1. Screening the Genome to Better Diagnosis
It is known that pharmaceutical industries can expense a

billion of dollars and decades to deliver new drugs, which re-
cently have a rate of around 50% of failure [15]. An alterna-
tive to avoiding these high costs and time-consuming is the
optimization of the decision making in choosing the molecu-
lar  target  in  early-stages  of  the  drug  discovery  phase,
through cutting-edge technologies currently available to mea-
sure the biological effect of the target molecules [16, 17].

In the 20th century, the development of the expressed se-
quencing tags approach generated eminent expectations in
the  pharmaceutical  industry,  which  had  been  declining  in
terms of drug development. Despite the substantial invest-
ment made between genomic companies and the pharmaceu-
tical industries, little progress was fulfilled in the drug devel-
opment field due to the loss in elucidating the biological pro-
cesses of the drug targets, leading to a large number of false
positives  [18].  Human  genome  sequencing  has  enabled
genome-wide association study (GWAS), including whole-
genome sequencing and whole-exome sequencing. GWAS
is useful in determining individualized disease risks, but the
vast majority of GWAS findings alone have little relevance
to drug discovery. According to the omnigenic model expla-
nation from Pritchard and colleagues, the sum of these nu-
merous  small-effect  variants  disease-unrelated  (called  pe-
ripheral genes) could play a role in active regulatory variants

to  a  small  number  of  core  genes  related  to  the  disease,
through  a  highly  interconnected  network,  in  which  drug-
gable  targets  would  certainly  benefit  considerably  more
from the identification of the strong-effect core genes [18,
19].

More than a decade ago, the acknowledgment about the
etiology  of  epileptic  disorders  was  narrow.  The  genomics
era has entered a new phase, the next generation sequencing
(NGS) technology has been favoring the availability of se-
quences generated in public databases together with the im-
provement of computational tools that allow the analysis of
a massive volume of data in record time. The advancement
in genomics has been increasing the correlation of genetic
variables to clinical symptoms in a robust manner. Thus, the
knowledge of genes that are candidates to epilepsy has ele-
vated the clinical diagnosis to a level where the genetic alter-
ation, in some cases, becomes more prevalent than the clini-
cal  syndrome itself  [20].  Clinical  testing with comprehen-
sive gene panels, exomes, and genomes are currently avail-
able and have led to plausible diagnostic rates. Although the
panel testing provides a diagnosis at a rate of around 15% to
25%, a vast majority of the patients tested will not receive a
molecular diagnostic [21]. A recent literature review pointed
to 2421 genes included in 107 panels testing for the diagno-
sis of epilepsy. According to this study, only 153 genes test-
ed across the panels could potentially indicate efficacy in di-
agnosis, then suggesting a more rational and precise selec-
tion  of  the  genes  considering  a  small  pool  of  genes,  and
more caution in the selection of the epilepsy patients to com-
pose a robust panel testing [22]. Recently, an investigation
aiming to analyze if alternative isoforms could be widely rel-
evant to clinical sequencing was performed and as a result, it
was  found  that  the  resequencing  incorporating  alternative
transcripts might be a useful approach in cases that the result
of the gene test is inconclusive [23]. The discovery of new
genes and molecular pathways associated with epilepsy play
an important role in the diagnosis and genetic counseling of
a disease that covers a vast spectrum of heterogeneity and
still opens up the opportunity for the development of target-
ed therapy [20].

Over  the  past  decade,  recent  advances  in  NGS  have
changed the clinical practice of the genetics epilepsy, accom-
plishing the identification of thousands of mutations associat-
ed with this disease. Many of these mutations have been im-
plicated, involving ion channels, and proteins needed for sy-
naptic,  regulatory,  and  developmental  functions  [24].  The
largest  whole-exome sequencing  study  published  in  2019,
identified  ultra-rare  deleterious  variants  associated  with
epilepsy  genes,  GABAergic  pathways  and,  cation-chan-
nel-encoding genes with at least a 5-fold increase in sample
size over previous exome-sequencing studies. This study re-
inforces that the clinical presentations of genetic generalized
epilepsy and non-acquired focal epilepsy with complex in-
heritance patterns have a combination of both common and
rare genetic risk variants [25].

High  rates  of  unrevealing  diagnosis  in  genes  testing
might be attributed to several causes.  As such, the incom-
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plete knowledge of disease architecture, the focus on exonic
variation, the challenges in variant pathogenicity interpreta-
tion  and,  technical  limitations  influencing  variant  calling.
The near  future  of  whole-genome sequencing pinpoints  to
the analyses of mosaicisms and variants within non-exomic
regulatory regions or even intronic variants with deep cover-
age and accuracy [21]. In this regard, the mechanisms under-
lying epilepsy will better characterize open paths to new pos-
sibilities  for  novel  therapies  based  on  individual  specific
genotypes [21].

2.2. Using Transcriptomics to Find Drug Targets
RNA-sequencing  (RNA-Seq)  is  the  current  method  of

choice to study gene expression and identify novel RNA spe-
cies, also known as deep sequencing or NGS [26, 27]. Be-
sides, several gene expression analyses have been done in pa-
tients with epilepsy and animal model, little is known regard-
ing common transcriptional drivers in the pathophysiology
of epilepsy or even drug discovery [28, 29]. Nevertheless,
the transcriptomics field using the NGS platform holds the
potential to reveal sequence identities that are crucial for the
analysis of unknown genes,  novel transcript isoforms, and
genetic variations [26].

Activity-dependent transcription plays a key role in pro-
cesses such as synaptic plasticity and its disruption may be
intrinsically  related  to  epilepsy.  A  recent  study  was  per-
formed combining RNA-Seq, chromatin immunoprecipita-
tion,  assay  for  transposase-accessible  chromatin  with  se-
quencing, and Hi-C to analyze the neuronal responsiveness
in status epilepticus [30]. The authors carried out the experi-
ments using mouse tagged nuclei and polysomes of hippo-
campal  excitatory  neurons  at  different  time  points  after
synchronous activation during the seizure. Enduring changes
were observed in the chromatin occupancy after neuronal ac-
tivation,  guided  by  the  transcription  factor  AP1.  Also,  a
strong  and  synchronous  activation  in  all  the  hippocampal
subfields  led  to  robust  but  transient  induction  of  immedi-
ate-early genes in status epilepticus.  Bringing together the
transcriptional start site and the transcriptional termination
site suggest the continuous reloading of the RNAPII com-
plex [30]. This data may underlie the changes in the neuron-
al  circuitry  responsiveness  in  the  status  epilepticus  condi-
tion.

A  GWAS  study  employing  RNA-Seq  platform  con-
joined with robust bioinformatic tools to analyze differential
RNA  editing  in  the  hippocampus  of  an  animal  model  for
epilepsy (a mouse model of temporal lobe epilepsy) aiming
to  identify  differential  RNA  editing  events  between  cases
and controls was addressed by the Johnson group [31]. The
authors  identified  256  RNA  sites  differentially  edited  be-
tween cases and controls belonging to 87 different genes. Th-
ese changes were intrinsically associated with pathways and
genes previously reported to play a role in this disease. Inter-
estingly, 7 out of 10 differentially RNA-edited sites in exon
regions were predicted as deleterious. Also, the degree of dif-
ferential  RNA editing  was  statistically  correlated  with  the

frequency of seizures. This result points to the potential role
of RNA differential editing events in epilepsy [32]. Studies
using NGS platforms have been providing better discrimina-
tion of the disease progression and clarifying epilepsy classi-
fications, by elucidating the molecular dysregulations in the
epileptic brain. Additionally, ongoing efforts to fully charac-
terize the transcriptome will help both the increase of the di-
agnosis  rates  and  ensuring  an  attained  genetic  evaluation
that can be useful for drug development.

RNA-Seq NGS technology can also be employed in the
drug  discovery  field,  which  ranges  from the  prediction  of
molecular mechanisms and the therapeutic potential of drugs
in pharmacodynamics to the identification of genes related
to sensitivity or resistance that indicate positive or side-ef-
fects to a given drug [16, 17]. The pharmaceutical industries
have been obtaining success in drug development using the
transcriptomic-based drug discovery to identify more regula-
tory points and the discrimination between desirable effects
and side-effects, providing a high quality of compounds can-
didates  for  clinical  trials  (Fig.  1A).  Large-scale  RNA-Seq
can improve the discovery of new functional genes that can
serve as a basis for further studies and the subsequent devel-
opment of new molecular signatures, all with greater speed,
data  robustness  and  lower  cost  [16,  33].  As  an  example,
RNA-Seq approaches can detect differences in the level of
expression between alleles in specific biological processes
revealing  new  molecular  mechanisms,  which  are  of  para-
mount importance for the development of new molecular tar-
gets [16].

Transcriptome analysis also may be a useful tool to in-
vestigate the effect of the disease modification status and by
the treatment with one or more combined antiepileptic drugs
(AEDs) at  the RNA levels,  providing clues on the disease
molecular mechanisms and that triggered by drugs, provid-
ing  further  directions  for  personalized  medicine  [34].  In
epilepsy, a drug repositioning study used the RNA-Seq ap-
proach in brain biopsy to analyze differences between seiz-
ing and non-seizing specimens. The data from the gene ex-
pression signatures generated by the RNA-Seq platform was
crossed  with  drug  screening  of  anti-epileptic  candidate
molecules already approved by the Food and Drug Adminis-
tration (FDA) for human use, with about 50% of them not
yet associated with the treatment of epilepsy. In the valida-
tion  step,  using  the  zebrafish  model,  three  compounds
showed potential anti-seizure efficacy [35]. In this way, one
of the major focuses of the pharmaceutical industries is to an-
alyze transcripts following molecular targets in several con-
ditions to uncover its mechanisms of action, biological pro-
cesses and molecular pathways that may predict the effec-
tiveness, toxicity and/or side-effects of the compound, open-
ing new roads for a new formulation or drug repurpose that
reduce side-effects  and increase  the  effectiveness  of  treat-
ment [16, 17, 36].

RNA-Seq analysis was employed by Cui and collabora-
tors  to  check  the  gene  expression  profiles  of  the  cell  SC-
N1A-KO  model  based  on  clustered  regularly  interspaced
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Fig. (1). Drug discovery strategy based on NGS sequencing. A: Genomic and transcriptomic approaches can be applied to obtain molecu-
lar information from patients with epilepsy that may help to discover potential new drug target B: scRNA-Seq comparison between species
may help to advance in the choice of the disease model and understand the common and specific features of each model that move towards
drug targets. (A higher resolution / colour version of this figure is available in the electronic copy of the article).

short  palindrome  repeats-associated  endonuclease  Cas9
(CRISPR-Cas9) genome editing technology in order to re-

veal  changes  in  mRNA  levels  and  its  association  with
Dravet  Syndrome  (DS).  They  found  some  ion  channels,
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such as potassium, sodium, chloride, and calcium, disturbed
at gene expression level, suggesting that the poor effective-
ness of the AED in patients with DS could be due to the fact
that the majority of these drugs act on sodium channels [37].

Another meaningful study evaluated the transcriptional
profile of the genome through co-expression genes as candi-
dates for potential regulators of the disease state using the an-
alytical  tool  Causal  Reasoning  Analytical  Framework  for
Target  discovery  in  a  mouse  model  of  acquired  temporal
lobe epilepsy. This approach is based on co-expression mod-
ules  (analysis  of  regulatory  regions  between  genes)  com-
bined with a computational prediction tool for cell surface re-
ceptors (based on known interactions between membrane re-
ceptors and transcription factors and their target genes with
proof of experimental evidence) that influence the co-expres-
sion modules. In this study, a potential therapeutic target, Cs-
f1R, was pointed, once again, demonstrating the innovative
potential of these cutting-edge technologies combined with
advanced computational algorithms for predicting new tar-
gets  [31].  The  search  for  new  therapeutic  targets,  in  this
case, occurs through the inverse regulation of these co-ex-
pressed genes to keep the expression levels of these targets
normalized, bringing the possibility of restoring the individu-
al's health status [31].

More than half of human proteins are regulated by non--
coding  RNAs.  Since  the  last  decade,  when  the  first
manuscript related to the study of microRNA and epilepsy
was  published,  successive  studies  around  this  topic  have
been done [38, 39]. Additionally, a curated database-EpimiR-
Base  to  provide  complete  and  up-to-date  information  on
publications regarding microRNA and epilepsy was released
[40]. Considering that the chemically modified antisense oli-
gonucleotides could inhibit the function of mRNAs in an ef-
ficient and specific way, these molecules are potential tar-
gets for drug development [41]. There are several challenges
to surpass in order to better understand the functionality of
the microRNA in the regulation of epileptic processes, such
as its  pleiotropic functions demanding better  experimental
designs, analytical tools, and molecular validations [38, 39].

Genetic epilepsy has been urging for biomarkers applica-
tion for treatment, prediction, prognostic, and pharmacovigi-
lance. Technologies for brain imaging and large-scale clini-
cal  screening (such as genomics and transcriptomics) may
enhance the possibilities to find potential molecular signa-
tures in this disease.  The entire process of epileptogenesis
can be covered using these approaches, which can analyze
robustly  and  accurately  thousands  of  different  molecules
within a unique biological sample. To date, few studies have
identified  potential  signatures  in  epilepsy.  According  to
more recent reviews, potential biomarkers for epilepsy were
suggested,  such  as  in  inflammation  (IL1-B,  IL-6,  IL-8,
IL-1Ra,  IL-17A,  IL-6,  HMGB1,  EPO,  HS-CRP,  CCL2),
complement  system  (C3,  C4,  properdin,  FH,  C1Inh,  and
Clu)  blood-brain  barrier  dysfunction  (GLUT-1,  S100B,
NSE,  GFAP),  hypoxia  (HIF-1a,  COX-2)  redox  (8OHdG,
F2-IsoPs), hormone (ACTH, CRF), growth factor (IGF-1),
microRNAs  (miR-129,  miR-132,  miR-134,  miR-146a,

miR-301a-3p, miR-4521), membrane channels (AQP4), re-
ceptor (P2X7R) and NDMA-R antagonists. Despite great ad-
vances have been done in the understanding of epileptogene-
sis and ictiogenesis, no consensus has been achieved in the
development of reliable molecular biomarker [42-46].

3. DRUG DEVELOPMENT AT SINGLE-CELL RESO-
LUTION

Single-cell  RNA  sequencing  (scRNA-Seq)  allows  the
analysis of expression levels in all genes in a large number
of individual cells. Briefly, the major steps to perform scR-
NA-Seq starts with isolation and lysis of single cells or sin-
gle nuclei. Then, the cDNA is synthesized, amplified, and fi-
nally, the preparation of the sequencing library occurs [47].
While  traditional  transcriptional  profiling  and  proteomics
methods are based on estimating the behaviors in ensembles
of millions of cells by the signal average, generating bias re-
garding losses and gains of gene expression, scRNA-Seq is
more  precise.  This  technology allows the  identification  of
the cell-to-cell transcriptional variation from the same cell
population  enabling  the  analysis  of  physiology,  behavior,
phenotype, uncovering new genes and molecular pathways
and mechanisms of drug resistance/toxicity at the individual
cellular level [48-50].

The closer look at the cellular level of gene expression
increases the possibility to select new drug targets with high
specificity, empowering the design of drugs targeting specif-
ic cell types, thus minimizing undesirable off-target effects
[49]. Furthermore, it will be possible to distinguish between
molecular markers, which currently correspond to more than
one pathology in bulk RNA-Seq studies but may present dif-
ferences in a single cell expression profiling level never seen
before. Also, taking into account the cellular heterogeneity
present in tissues,  another advantage of scRNA-Seq is  the
distinction  between  response  mechanisms  and  drug  resis-
tance/toxicity.  Such  analysis  might  be  affected  by  several
sources of variance such as pre-existent rare resistant cells,
emerged resistant cells as an adaptive response to drugs, dy-
namics of cell status, circadian rhythm, response to stimulus
environmental and stress and that could, in turn, be obscured
in the analysis of bulk RNA-Seq due to the joint effect of th-
ese cells for the maintenance of tissue homeostasis [49, 51].

Regarding the mechanisms of drug resistance and drug
discovery,  the  scRNA-Seq  conjoined  with  parallel  CRIS-
PR-based systems, also known as Perturb-seq, CRISP-Seq
and CROP-seq, can leverage the field of drug development
[52, 53]. This approach provides the screening for genes in-
volved in drug resistance or specific cellular target, combin-
ing the resolution of massively parallel scRNA-Seq with the
genome editing scale of pooled CRISPR screens resulting in
functional information about the influence of specific genet-
ic perturbation on the phenotype measured [52, 54, 55]. To
date, the general idea of this technology is to generate bar-
coded/modified (selectable or fluorescent) RNA Pol II-driv-
en sgRNAs inserted into vectors, allowing the identification
of the sequences by amplicon deep sequencing to infer bio-
logical  interpretation  from  the  genotype  quantitative  data
[56].
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Pooled CRISPR-screenings are typically assays based on
cellular viability that is designed to a positive or negative se-
lection of essential sgRNAs. The characterization of drug re-
sistance-related molecules can be achieved in the analysis of
the variable abundance of genotypes of the positively select-
ed CRISPR-Cas-9 library from differently treated samples.
On the other hand, the CRISPR-Cas-9 negative selection li-
brary allows the observation of cell death or slow-growing
and even if the combination of genes can predict loss of cell
viability by synthetic lethality interactions, shedding light on
promising candidates or the combination of them for target-
ed drugs [55]. ScRNA-Seq based on CRISPR-induced per-
turbations  is  a  cornerstone to  obtain  high complex pheno-
type readouts making it possible to expand our knowledge
about gene functions and interactions, cell positive or nega-
tive feedback mechanisms, transcriptional effects influenced
by cellular dynamics and its surrounding environment and fi-
nally to uncover complicated survival signals and the drug-
resistant mechanisms.

However, the brain is characterized by remarkable cellu-
lar diversity and intricate interplays,  is  an extremely com-
plex organ with high heterogeneity and in epilepsy condi-
tion, the use of scRNA-Seq can improve our understanding
of pathophysiology at unprecedented resolution and conse-
quently lead to better treatment. For example, a single-cell
DNA sequencing study using human brain tissue from the
epileptogenic cortical neurodevelopmental malformation pa-
tients  -  focal  cortical  dysplasia  and  hemimegalencephaly,
found that mutations in excitatory neurons lineage in some
cases might be enough to promote these phenotypes, suggest-
ing that abnormal activation of the mTOR pathway in neu-
rons  is  the  main  key  factor  for  the  development  of  focal
epileptogenic  malformations  of  cortical  development.  In
mouse model analysis, it was observed that the mTOR path-
way was not activated by interneuron lineage but in the dor-
sal telencephalic progenitors. This depth of coverage in nex-
t-generation sequencing experiments was responsible for the
detection of pathogenic somatic mutations as few as 2% of
brain  cells;  these  mutations  might  be  potential  targets  for
mTOR inhibitors drugs in patients with focal cortical dyspla-
sia and hemimegalencephaly [57].

Moreover, it is known that inhibitory interneurons have
a fundamental role in epileptic processes and that there are
numerous classes of interneurons with characterization, loca-
tion, and/or function still unknown [58, 59]. As an example,
the GABAergic neurons can express neuropeptide Y (NPY)
and corticotropin-releasing factor, which consequently will
inhibit the epileptiform activity or stimulate seizures, respec-
tively [60]. The study of Harris and collaborators, in addi-
tion to the discovery of novel cell classes of inhibitory in-
terneuron from CA1 area of the mouse hippocampus by scR-
NA-Seq, allowed the observation that  cells  with targets in
proximal or distal dendrites are related to fast and low firing,
respectively, and they are driven by a common genetic cont-
inuum  of  gene  expression  that  exists  between  and  within
classes.  In  this  vein,  this  method  may  be  used  in  further
studies to understand how changes in these cell populations
and the circuit  affect  its  function in  epilepsy.  In  the sense

that instead of examining what is the effect activation of in-
hibitory interneurons has on seizures, it might start determin-
ing the role of a lot more specific and homogenous neuronal
populations [58].

Although  a  lot  of  AEDs  are  available  in  the  market,
30-40% of epilepsy patients continue to have seizures. The
AEDs appear to work well in the widely used animal mod-
els,  however,  it  faces  low efficacy in  humans.  This  diver-
gence in efficacy may be related to the brain differences be-
tween species (Fig. 1B). The characterization of cell types
through scRNA-Seq is useful to show similarities and differ-
ences between the human brain and that  of  other  animals,
which are often used as models to mimic human epilepsy.
Dissimilarities of human and mouse brain at cellular and cir-
cuit levels can provide clues related to the current frustrating
failure in translating propitious rodent results to deliver effi-
cacious drug treatment against human brain disorder, such
as epilepsy [61].

ScRNA-Seq datasets from the human cortex in compari-
son to similar mouse cortex have been showing an outstand-
ing well-conserved cellular  configuration  enabling for  ho-
mologous  types  the  prediction  of  features  of  human  cell
types. However, it was also observed large differences in cel-
l-type homology between human and mouse, such as differ-
ent morphology, proportions, laminar distributions, and gene
expression  [62].  For  example,  interlaminar  astrocytes  and
the inhibitory rosehip neurons present in superficial cortical
layers in the human brain have specific features not seen in
mice  [62].  These  observations  are  essential  to  establish
whether,  despite  some  conserved  cellular  architecture
among  humans  and  mice,  there  are  specialized  cell  types
and system features that cannot be modeled in rodents, in a
way to assist in choosing a better model for studying diseas-
es [62]. Another study, combining transcriptomics, morphol-
ogy, and physiology identified GABAergic interneuron sub-
types  and  described  a  novel  group  of  human  cortical  in-
terneurons never observed in the rodent cortex. These cells
play a role in local control of distal dendritic computation in
cortical pyramidal neurons [61].

The progress achieved in sequencing technologies is en-
abling the identification of new mutations, functional disrup-
tion in molecular pathways, and their role in brain physiolo-
gy, shedding light on the discovery of better targets for drug
delivery in epilepsy. Simultaneously, outstanding advances
in characterizing the 3D structures of proteins both experi-
mentally and computationally has been achieved recently. In
this  way,  the  integration  of  genetic  variation  and  protein
structure data will  build an infrastructure for both large-s-
cale systems that can be extremely helpful to succeed in de-
signing effective drugs for epilepsy.

4. SOLVING THE STRUCTURE OF THE PROBLEM
The three-dimensional structures of biological molecules

allow scientists to understand cell biology at the atomic lev-
el  and answer many important  biological  questions.  X-ray
crystallography is  a  powerful  technology to  determine the
positions of each atom and their interactions in a molecule.
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The biomolecule of interest is purified, crystallized, and ex-
posed to a beam of x-rays. The diffracted data is used to ob-
tain  a  3D  image  of  the  atoms  within  the  crystal  and  their
chemical bond interactions. It is a technique widely used for
understanding protein structures, and consequently, their bio-
logical  function  [63].  As  technological  methods  have  im-
proved, it has become almost usual to deduce crystal struc-
tures for macromolecules at subatomic levels. This is demon-
strated by the rise in high-resolution structures deposited to
the protein data bank (PDB) [64]. X-ray crystallography is
the  main  source  of  experimental  structural  biology  data.
However, there are more structural biology techniques avail-
able  that  can  offer  complementary  information  and  over-
come the main limitation of x-ray crystallography, acquisi-
tion of high-quality protein crystals.

Cryogenic  Electron  Microscopy  (Cryo-EM)  is  a  tech-
nique used to unravel the 3D structures of macromolecules
that  work by pointing a  beam of  electrons at  proteins  that
have been frozen in solution [65]. After that, the lens system
converts the scattered signal into a magnified image record-
ed on the detector, and signal processing is performed to ob-
tain the 3D structure of the sample [66]. Some of the advan-
tages are the need for a small amount of sample and resolu-
tion at the atomic level [67].

Specific 3D protein structures and their interactions al-
low deep comprehension of its role in the body; in this way,
it is possible to understand how pathogenic mutations affect
protein functions by compromising these structures and inter-
actions. These mutations often change protein structures and
affect their binding sites to interact with molecules [68, 69].

Consequently, protein structures are very informative in de-
scribing the results of pathogenic mutations and understand-
ing  the  underlying  mechanisms  of  genetic  epilepsies.  It  is
known  that  epilepsy-related  mutations  usually  occur  in
genes of ion channels regulating neuronal excitability, neuro-
transmitter receptors, and some genes beyond the channelo-
pathy hypothesis, such as genes that regulate synaptic vesi-
cle trafficking, mTOR signaling, chromatin remodeling and
transcriptional  regulation  [70-72].  However,  it  is  still  un-
known how these mutations affect protein activity and neuro-
nal function in the body, thus in this sense, X-ray crystallog-
raphy and Cryo-EM offer new insights into disease-causing
mechanisms  and  discovery  of  potential  new  drugs  targets
(Fig. 2) [73].

Much of the work in genetic epilepsies has been done in
the channelopathies, for example, mutations in genes encod-
ing voltage-gated sodium (Nav) channels subunits such as
SNC1A/SNC2A are related to a wide range of epilepsy syn-
dromes, including DS and GEFS+ [74, 75]. X-ray crystallog-
raphy has revealed the crystal structure of bacterial sodium
channels that provided the first insights on the role of those
channels in the electrical signaling of neurons [76, 77]. They
have shown that the wild type sodium channels structure dif-
fers substantially from mutant channels, the substitution of
the Leu 170 equivalent or the Ile 202 equivalent in NaV1.4
radically changes its slow inactivation [77]. A percentage of
the  Na  channels  keep  activated,  causing  late  sodium  cur-
rents. Thus, the threshold for depolarization is decreased and
more easily reached by a following depolarizing stimulus is
more likely to activate sodium channels [78].

Fig. (2). Protein structure determination to infer novel drug targets. Genetic epilepsy generates proteins encoded by mutated genes that
lead to structural proteins alterations. Analytical tools can be applied to understand differences in protein structures and lead to an improve-
ment in the prediction of binding sites that potentially deliver novel and repurposed drugs. Protein crystal structure was obtained from [73].
(A higher resolution / colour version of this figure is available in the electronic copy of the article).



820   Current Neuropharmacology, 2021, Vol. 19, No. 6 Garcia-Rosa et al.

Despite the meaningful improvement in the understand-
ing of Nav channel functions and their relevance to diseases
using prokaryote models,  a  structural  description of mam-
malian Nav channels has been challenging. Using the Cry-
o-EM,  the  structure  of  the  rabbit  voltage-gated  calcium
(Cav) channel Cav1.1 has been revealed, which was used as
a model for studying the structure and function of the mam-
malian Nav channels [79, 80]. More recently, Pan and collab-
orators  determined  the  structure  of  the  human  Nav1.4-b1
complex, also using Cryo-EM technology. Their structural
analysis  of  functional  residues  and  disease  mutations  pro-
vides strong support  for  an allosteric  blocking mechanism
for fast inactivation [81]. The rapid recovery from fast inacti-
vation occurs because more channels are available to be acti-
vated upon subsequent depolarization during action poten-
tials, thus contributing to neuronal hyper-excitability [78].

Mutations in other genes encoding voltage ion channels,
like potassium (Kv) channels subunits, have also been impli-
cated in epilepsy since mutations in genes such as KCNQ2
and  KCNQ3  are  related  to  the  benign  familial  neonatal
epilepsy and epileptic encephalopathy (EE) [82, 83]. It is the
largest group of ion channels controlling the electrical activi-
ty of different cells types in the body, including neurons, Kv
channels play an important role in neuronal excitability, con-
trolling  the  frequency  of  action  potentials,  setting  the  in-
ward-negative resting membrane potential, facilitating mem-
brane repolarization and hyperpolarization. Besides, they al-
so are modulators of neurotransmitter release, regulators of
Ca2+ homeostasis, cell proliferation and apoptosis [84, 85].
These  channels  have  been  the  subject  of  many  diverse
studies combining structural biology, genetics, and electro-
physiology to understand mechanisms of ion permeation, se-
lectivity,  voltage-gating,  and  more.  X-ray  crystallography
provided the  crystal  structure  of  bacterial  and mammalian
voltage-dependent Kv channels that offered a representation
of how membrane voltage influences the open probability of
the channel, usually in the body [86-89].

However,  mutations  lead  to  diverse  structural  conse-
quences on the Kv channel affecting membrane hyperexcita-
bility in a way to increase the susceptibility to seizures [90].
For example, a mutation in KCND3 ends in a duplication mo-
tif in the S4 segment of the Kv channel and induce voltage
domain more positively charged, which leads to a strong de-
polarizing shift in the voltage dependence in the channel acti-
vation and inactivation, causing a severe channel dysfunc-
tion in a patient with complex early-onset cerebellar ataxia,
intellectual  disability,  oral  apraxia  and  epilepsy  [91].  The
crescent number of available Kv channel crystal structures is
helping with the follow-up mutagenesis  studies to explore
the open channel mechanisms and understand drug-channel
interaction. Recently, Zhang and collaborators, using compu-
tational  in-silico  algorithms  based  on  structural  models  to
predict  the  pathogenicity  of  mutation  hotspots  in  the  KC-
NQ2 gene, have shown defects in voltage and phosphatidyli-
nositol 4,5-bisphosphate (PIP2) dependent activation and ax-
onal expression of Kv7.2 channels. These defects lead to the
current decrease and inhibition of neuronal excitability re-
sulting in hyperexcitability and spontaneous seizures of EE

pathology  [82].  Another  study,  using  Cryo-EM-derived
structures of the KNa1.1 channel and computational meth-
ods, identified six compounds capable of KNa1.1 channel in-
hibition better than quinidine, currently used to epileptic en-
cephalopathies  of  infancy  associated  with  KCNT1  muta-
tions, which demonstrates the potential of Cryo-EM in ion
channel drug discovery [92].

Genetic  epilepsies  can  also  be  caused  by  mutations  in
proteins such as TBC1D24 (TBC1 Domain Family Member
24) that are usually related to deafness, onychodystrophy, os-
teodystrophy, intellectual disability and seizures syndrome.
The  crystal  structure  of  the  N-terminal  domain  of  the
TBC1D24 ortholog skywalker of Drosophila melanogaster
was used to understand how pathogenic mutations affect the
protein function [93]. The structure uncovers that the muta-
tions  affect  a  specific  bind  site  to  PIP2,  reducing  binding
and causing defects in presynaptic-vesicle trafficking, which
leads to dysfunctional  presynaptic protein sorting and dis-
ease.

Besides ions channels, epilepsy-linked mutations may al-
so affect neurotransmitter receptors genes such as CHRNA4,
encoding  a  subunit  of  the  nicotinic  acetylcholine  receptor
(nAChRs) that cause autosomal dominant nocturnal frontal
lobe  epilepsy  [94].  X-ray  crystallographic  and  Cryo-EM
analyses  of  nAChRs  proteins  facilitated  the  knowledge  of
how structures impact biological function. Such studies led
to the detailed characterization of the structure of the Torpe-
do  marmarota  nAChR  by  Cryo-EM  [95].  Also,  another
study characterized the extracellular domain of the human
neuronal α2 nAChR subunit ligated to the agonist epibati-
dine, which may play as a model for a structure-based drug
design approach [96]. Moreover, mutations in several genes
encoding  for  subunits  of  the  γ-aminobutyric  acid-A
(GABAA)  receptor  such  as  GABRA1,  GABRB3,  and
GABRG2 are related to EE [97]. These mutations are associ-
ated with a variety of phenotypes; however, they all cause
GABA receptor dysfunction through (e.g., reduction of Cl−
current), which leads to hyperexcitability in EE [98]. Cry-
o-EM technology provides a GABAA receptor structure ca-
pable of elucidating the underlying principles of receptor as-
sembly  and  agonist  binding,  such  as  benzodiazepine  [99].
Benzodiazepines  like  diazepam  increase  the  action  of
GABAA receptors at a specific binding site [100]. Some mu-
tations markedly impair the modulation by diazepam, thus
understanding the exact location of the binding site to have a
better notion of the impact of the mutations on the binding
affinity [101].

5. PRECLINICAL MODELS
For epilepsy, the animal models were the main tool to ex-

plore pathophysiology and to identify the majority of agents
used for the treatment of epilepsy [102, 103]. These models
have tremendous value about the current knowledge of the
disease. They offered a robust preclinical system to recapitu-
late epilepsy phenotypes and understand the in vivo patho-
physiological  outcome  of  specific  disease-associated
variants.
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More than 20 AEDs have been brought to the clinic on
the basis of efficacy in rodent acute and chronic seizure mod-
els [104]. Preclinical screening for new AED was first intro-
duced by Putnam and Merritt  in  1937,  when they tested a
number  of  compounds  from Parke  Davis  against  maximal
electroshock  seizures  in  cats,  leading  to  the  discovery  of
phenytoin  [105].  However,  in  1944  Everett  and  Richards
found that phenytoin was ineffective in a pentylenetetrazol
mice model, showing that different experimental models of
epilepsy  may  be  differentially  affected  by  the  same  treat-
ment [106].

The use of transgenic animals, especially rodent models,
has a great meaning to unravel the specific molecular mech-
anisms  and  to  identify  which  genes  are  implicated  with
seizure  phenotypes.  These mutants  present  disruption of  a
specific  gene  (usually  a  ‘knockout’),  which  results  in  the
loss of protein function leading to mice that display seizures
or non-convulsive phenotypes [107]. Gene alterations can be
generated by random transgene integration or by gene target-
ing, using the CRISPR-Cas9 gene-editing tool, for instance,
which makes possible generating either null or point muta-
tion  strains.  Many  transgenic  mice  examples  present  loss
and gain-of-function mutations in voltage-gated channel sub-
units genes such as SCN2a, KCNQ2, in transcription factors
such as Dlx1 and even in genes related to mTOR pathway

such as DEPDC5, which was generated using CRISPR-Cas9
technology [108-114]. However, animal models can be im-
practical  when  it  comes  to  high-throughput  screening  ap-
proaches,  besides  having  a  genomic  background  different
from humans, which might be a problem to analyze process-
es thought to be uniquely regulated in humans.

The  new  technology  of  induced  pluripotent  stem  cells
(iPSCs) used to generate human-derived neuronal cultures
and cerebral organoids associate to CRISPR-Cas9 gene edit-
ing is a very promising models to investigate the pathophysi-
ology of a diverse number of neurological diseases, such as
epilepsy, mostly because it has facilitated the understanding
of molecular mechanisms which contribute to unravel gaps
in  knowledge  left  by  conventional  models  (Fig.  3)
[115-119]. Besides, it represents a new system for preclini-
cal drug screening, and have potential in cell therapy and per-
sonalized medicine.

The value of these technologies in epilepsy was shown
in 2013 when researchers generated neurons from iPSC de-
rived from patients with DS [120, 121]. DS, the mutation in
patient-derived neurons revealed a rise of sodium currents
compared with cells from healthy patients and hyperexcita-
bility in excitatory and inhibitory forebrain neurons, an oppo-
site result  from findings using mouse models [122]. Other
publications  have  shown a  decrease in  sodium  currents in

Fig. (3). Preclinical models for genetic epilepsy. A: General overview of the preclinical models used in epilepsy. B: iPSC-derived brain
cells conjoined with gene editing and functional analyses provide clues on molecular pathways of the pathophysiology of epilepsy and can
help to identify drug resistance, toxicity, and novel targets compounds. (A higher resolution / colour version of this figure is available in the
electronic copy of the article).
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iPCS-derived inhibitory neurons with SCN1A mutations in
agreement  with  the  mouse  model  [123,  124].  The  mech-
anism  responsible  for  a  dysfunctional  SCN1A  gene  in  DS
has not yet been determined, and these results illustrate that
the findings from animal models should be carefully inter-
preted as well as demonstrate the importance of using iPSCs
models with a human genetic background to the study of ge-
netic epilepsy. Mutations in SNC1A were also explored com-
bining  CRISPR-Cas9  gene-editing  technology  with  iPSC
models, using this method is possible to isolate the physio-
logical impacts caused by the mutation by itself [125]. They
have endorsed that the mutations cause inactivation of Nav
channels, which lead to enhance the thresholds of the action
potential in the GABAergic neurons triggering less inhibito-
ry postsynaptic currents. Thus, these models answer in many
aspects  the  molecular  basis  underlying  epileptogenesis  in
DS. Moreover, scientists used iPSC-derived inhibitory neu-
rons  to  test  cannabidiol  drug  efficacy  on  the  treatment  of
DS, demonstrating that iPSC is a good model also for drug
discovery [126].

Another epilepsy disease called malignant migrating par-
tial seizures of infancy, which is an early-onset epileptic en-
cephalopathy associated with mutations in the KCNT1 gene
that encode a Na+-dependent K+ channel was modeled by Qu-
raishi  et  al.  through  the  generation  of  an  iPSC  line  with
P924L gain of function variant by gene-editing. They differ-
entiated  the  iPSC  into  forebrain  neurons  which  have  dis-
closed an increase in the activity of  the Na+-dependent K+

channel  along  with  what  was  observed  in  animal  models
[127,  128].  Mutations  in  the  PCDH19  gene  also  lead  to  a
childhood EE associated with a range of neurological marks
such  as  epilepsy,  autism  and  intellectual  disability  [129].
This  gene  encodes  a  cell  adhesion  molecule  greatly  ex-
pressed  throughout  development  and  its  loss  of  function
causes early neurogenesis of neural stem cells, as shown by
researchers  who  generated  iPSC-derived  neurons  from
PDCH19  mutant  patients  [130].

iPSC can generate cerebral  organoids,  which represent
the most promising way to model genetic epilepsy. The cere-
bral organoids are three-dimensional (3D) cell cultures that
mimic the main features of the microanatomy, architecture
and cell-type composition of a part or parts of the brain itself
[131].  Mostly,  3D  cell  cultures  mimic  in  vivo  conditions
more precisely than 2D. Besides, they can model various as-
pects of human neurogenesis, neuronal migration, and even
early neuronal maturation and connectivity,  processes that
cannot be perceived in 2D human neurons culture. 3D cell
culture presents the potential to study such aspects of the ge-
netic epileptic diseases. In addition, some features of genetic
epilepsy disease signs such as the effects of irregular connec-
tivity formation, interneuron migration and spatiotemporal
neuronal organization might be more efficiently modeled in
a 3D culture system [132].

Brain organoids faithfully recapitulate the disease from
progression  and  development,  and  this  methodology  will
help  to  optimize  therapy  strategies  and  drug  development

for each patient.  Besides, the cerebral organoids express a
great  potential  to  increase  our  understanding of  molecular
mechanisms and genetics of epilepsy networks. However, it
was  not  yet  possible  to  observe  a  seizure  in  an  organoid,
which represents a disadvantage in this model. That’s why it
might be interesting to pair conventional models with new
technologies;  some  groups  have  already  used  combined
mouse-human iPSC models by injecting patient-derived neu-
rons into the neonatal mouse brain and into the adult mouse
brain  [133,  134].  This  approach could  also  be  used  to  ex-
pand our knowledge about genetic epilepsy. However, proba-
bly the best strategy for drug screening on epilepsy or any
other neurological disease will be consequent of a combina-
tion of models that offers safeguards against the oversimplifi-
cation related to a single model.

6.  PHARMACOKINETICS  &  PHARMACOGENOM-
ICS

Inherited  genetic  variants  can  significantly  influence
drug activity and/or metabolism. The individual genetic pro-
file influences key pharmacokinetic aspects, such as drug ab-
sorption, distribution, metabolism and excretion. Therefore,
the  development  of  new  molecules  for  epilepsy  treatment
must consider the role of single nucleotide polymorphisms
and even frequent variants within the target population. Tra-
ditional drug development pipelines do not consider minori-
ty  genetic  profiles  due  to  statistical  and cost-effectiveness
limitations in clinical testing setups [135]. Usually, rare ge-
netic-derived  toxicity  and/or  performance  failure  are  as-
sessed in the pharmacovigilance phase when approved drugs
are tested in the consumer population. The challenge for per-
sonalized medicine implementation in the drug development
pipeline can be mitigated with currently available methodolo-
gy and technology.

Patients' individual pharmacokinetics profiles can be sub-
divided  according  to  their  drug-specific  metabolic  ability.
Slow  metabolizers  showed  increased  and  prolonged  drug
plasma concentration and slow clearance rate, which, if not
adjusted,  drug  concentration  can  reach  toxic  levels  (Fig.
4A).  Fast  metabolizers,  on  the  other  hand,  show  reduced
plasma concentration and rapid clearance, which can make
the therapy ineffective at all or even create gaps in the thera-
peutic window, increasing the risk of seizures (Fig. 4A). Ex-
treme metabolizers (slow and fast) are a rare subset of indivi-
duals.  Identification  of  these  individuals  is  highly  recom-
mended due to the high risk of severe toxicity, complete inef-
fective therapy and improving their therapy outcome (Fig.
4B).  In  this  section,  we  will  discuss  how  genetic  variants
can influence epilepsy drug metabolism. For the purpose of
this topic, we will briefly point out the pharmacogenetics of
classic  AED,  such  as  phenytoin,  phenobarbital  carba-
mazepine,  valproic  acid  and lamotrigine as  an example of
how single nucleotide polymorphisms can influence the ther-
apeutic outcome. However, the recent review by Bozina et
al.,  has  covered  many  genetic  variants  in  most  used  anti-
seizure treatment [136].
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Fig. (4). Individual pharmacokinetic profile of patients. A: Different types of drug metabolizers and its consequences in drug response. B:
Investigating how gene variants can affect the pharmacokinetic profiles is a crucial step in drug development to improve the treatment out-
come in personalized medicine. (A higher resolution / colour version of this figure is available in the electronic copy of the article).

Phenytoin is a widely used drug for epilepsy treatment.
Genetic  polymorphisms  of  phase  I  biotransformation  en-
zymes,  CYP450  enzymes,  specially  CYP2C9,  CYP2C19
and CYP3A4/3A5, alongside with Phase II genetic polymor-
phisms of UDP-UGTs can significantly influence clearance
rate. Phenytoin is metabolized majorly by CYP2C9, but also
by CYP2C19 [137]. Loss of function variants in such criti-
cal enzymes results in reduced phenytoin clearance, which
leads to potentially neurotoxicity increased plasma concen-
trations. CYP2C9 gene is highly polymorphic. More than 50
variant alleles have been identified in CYP2C9. Phenobarbi-
tal  metabolism  is  influenced  mostly  through  variants  in
CYP2C19.  To  this  day,  more  than  25  variant  alleles  are
known in the CYP2C19 gene, of which the most studied are
alleles associated with reduced activity, although some show
enhanced activity. Phenobarbital clearance can be reduced

up  to  50%,  depending  on  the  genotype  [138].  Carba-
mazepine has a  complex multi-stage metabolism, with the
participation of several enzymes (e.g., CYP3A4, CYP3A5,
CYP2C8, EPHX1 and UGT2B7) [139]. Two variants in the
EPHX1  gene  are  known  to  influence  carbamazepine
metabolism (c.337T>C and c.416A>G) [140]. Valproic acid
metabolism is influenced by UGT2B7 variants, like 211G>T
and 161C>T polymorphisms [141].  Hepatotoxicity  of  val-
proic  acid  is  associated  with  liver  biotransformation  by
CYP2C9 and the generation of toxic metabolites [142]. Lam-
otrigine is eliminated through glucuronidation in the liver,
which  is  majorly  performed  by  UGT1A4.  UGT1A4*3
variants may affect the bioavailability and efficacy of lamot-
rigine [143].

In the context of the development of new drugs, not only
pharmacokinetics enzyme variants must be considered, but
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also variants that affect the pharmacodynamics as well (i.e.,
variants in receptors and transporters). Ultimately, such criti-
cal and complex structural polymorphisms and biotransfor-
mation processes can be modeled using rational drug design
strategies associated with recently improved machine learn-
ing,  artificial  intelligence  and  population-based  genomic
databases  curated  and  focused  on  drug  metabolism
[144-149]. Such data integration can significantly improve
the success rate in drug development pipelines. Finally, it is
worth noting that new therapeutic molecules can be classi-
fied as new molecular entities or structural derivatives from
previously approved classes of molecules; the last one can
be easier to predict the metabolic route. Although there are
available tools for prediction, empirical evaluation is still ul-
timately necessary.

7. HIGH-THROUGHPUT SCREENING
In the 70s, the National Institute of Neurological Disor-

ders and Stroke sponsored the Anticonvulsant Screening Pro-
gram (now known as Epilepsy Therapy Screening Program),
and it is estimated that this drug development program has
screened over 32.000 compounds. Despite the remarkable ef-
fort  done  by  the  Anticonvulsant  Screening  Program  and
pharmaceutical industry during the past decades to release
new AED, there is a sense that the old paradigm of drug dis-
covery  has  not  improved  the  therapeutic  efficacy  [150].
Over the last two decades, significant technological progress
has been achieved in high throughput medicinal chemistry,
cell-based  assays  and  High-Throughput  Screening  (HTS).
These advances have opened a new era in drug discovery.

HTS  is  referred  as  a  massive  parallel  screening  and  it
was  first  introduced  in  the  early  1990s,  it  is  a  technology
where in the best case, it can provide an efficient way to ob-
tain useful data of large number of test samples along with
high sensitives miniaturized assays to provide information
on test compounds selectivity, specificity and pharmacoki-
netic  characteristics,  resulting  in  the  hit  identification  and
lead discovery [151].

The perception of HTS technology has changed dramati-
cally since its concept and is now recognized as a multidisci-
plinary science, encompassing biological science, engineer-
ing, chemistry, biophysics, genomics and information tech-
nology. The main goal of HTS assays is the fast and reliable
identification of compounds from chemical libraries and its
format  assays  typically  fall  into  two  categories,  biochem-
istry and cell-based [152]. Biochemical assays involve the
use of cell-free in vitro systems to model the biochemistry
of a subset of cellular processes, such as enzyme/substrate re-
actions, receptor binding, or protein-protein interactions, to
more complex models. On the order hand, cell-based assays
mimic more closely the in vivo system and can be adapted
for targets that are unsuitable for screening in biochemical
assays,  such  as  those  involving  signal  transduction  path-
ways,  membrane  transport,  cell  division  or  cytotoxicity
[153].

Both assays are fundamental for drug development; the
text that follows will focus on the cell-based assay since it

has technical advantages that seem to be extremely signifi-
cant for the development of drugs for genetic epilepsies. The
main advantages of cell-based are the capability to measure
parameters  such  as  change  in  membrane  potential  for  ion
channels, be able to distinguish between receptor antagon-
ists,  agonists,  inverse  agonists  and  allosteric  modulators,
which play an important role in epilepsy treatment since ion
channels provide the basis for the regulation of excitability
on epilepsy [151].

The most reliable cell assay model to evaluate the effica-
cy of candidate drugs in epilepsy must be one that mimics
the cellular complexity of the nervous system. The evalua-
tion of candidate drugs in brain cells or whole organisms is
imperative to obtain more accurate results with increased bi-
ological and clinical relevance. The measure of multiple pa-
rameters in parallel, such as phenotype, neurotoxic, kinetics
and electrophysiologic, will increase considerably the num-
ber of significant successes of candidate drugs to treat epilep-
sy. Over the last years, some groups have made a great ef-
fort to improve this technology to impact the discovery of a
better treatment for neurological diseases.

Sridharan et al. developed a process resulting in a robust
freezer-ready, highly scalable high content screening assay
to identify compounds that cause neurotoxicity or regulate
neurite outgrowth, which promises a path forward for investi-
gators  interested  in  identifying  targets  for  neuron  disease
models [154]. The pilot protocol produced acceptable assay
statistics and demonstrated that  neuronal  cells  can be pro-
duced and screened in high throughput settings. Moreover,
Durens and collaborators described a novel method for multi-
plexing  high  content  screening,  Multi-electrode  Array
(MEA) recording and Ca2+ imaging to examine neuronal ac-
tivity and cellular composition. The combination of these as-
says permitted a more efficient interrogation of various prop-
erties of samples at both the network and single-cell levels.
They developed a staged screening program in organotypic
hippocampal culture in vitro models of epilepsy [155]. This
model was used in the first stage along with biomarkers of
seizures, cell death and electrographic screening. Using this
methodology,  the  authors  were  able  to  screen  140  com-
pounds  and  combinations  of  compounds,  in  over  400  se-
parate drug concentration experiments, and identified over
40 hits.

While cell/tissue-based in vitro screening assays can effi-
ciently  identify  compounds  that  bind  specific  targets,  this
new type of screening is more likely to reliably predict thera-
peutic outcomes as they maintain the complex neural circuit-
ry involved in the underlying disease process. Dinday and
Baraban, developed an alternative whole-organism-based in
vivo drug-screening strategy [156]. Using SCN1A mutant ze-
brafish larvae with a gene homologous to humans, an alterna-
tive whole-organism-based model  for  in  vivo  drug screen-
ing.  The authors  screened in  a  two-stage phenotype-based
blinded  manner,  a  repurposed  library  of  more  than  1000
compounds for drugs that inhibit unprovoked seizure events.
During the first stage, they tracked the behavior of the larvae
to monitor seizures in freely swimming larval zebrafish. Dur-



Drug Discovery Strategies for Genetic Epilepsy Current Neuropharmacology, 2021, Vol. 19, No. 6   825

ing the second stage, extracellular recording electrodes were
used to monitor electroencephalographic activity in agar-im-
mobilized larval zebrafish. Using this two-stage methodolo-
gy, they were able to identify one compound with potential
clinic interest. Ibhazehiebo et al.,  used a similar screening
approach and after conducting a screen of 870 compounds,
they  identified  vorinostat  as  a  potent  AED  and  further
showed that selective HDAC1 and HDAC3 inhibition might
represent efficacious targets for future drug discovery [157].

Liu and collaborators developed a microfluidic device in-
corporated with MEA into a miniaturized platform for AED
drug  discovery,  which  they  named  as  epilepsy-on-a-chip
[158].  They  performed  a  two-stage  screening  platform,  in
stage  I,  lactate  and  lactate  dehydrogenase  biomarker  were
performed to identify potential drug candidates. In stage II,
candidate compounds were retested with μflow-MEA to pro-
vide electrophysiological confirmation of biomarker results.
The authors identified 12 receptors tyrosine kinases inhibi-
tors, and EGFR/ErbB-2 inhibitor and colony-stimulating fac-
tor-1 receptor (cFMS) as novel AED compounds, showing
the promise and higher-throughput of this new approach.

The use of electrophysiology assays in the drug discov-
ery program on epilepsy is decisive since it is the most reli-
able data to monitor the effectivity of compounds in epilep-
sy models. Thus, higher-throughput methodologies that use
cell-based assays with membrane potential must become in-
tegral components of drug discovery programs in epilepsy.
Several  groups  have developed and introduced in  the  past
years automated platforms for performing electrophysiologi-
cal  studies  in  mammalian cells  (for  more information,  see
[159]). These include both single-channel and multichannel
systems for conventional and perforated patch-clamp electro-
physiology to allow compatibility with a plate or chip-based
formats [159].

The rise of technologies that could be used in HTS that
better mimic the in vivo microenvironment could considerab-
ly increase the success of drug discovery on epilepsy. The
design of organs-on-chip, in particular when used with iPSC
technology,  has  the  potential  to  improve  the  in  vitro  drug
screening accuracy and in turn, reduce the drug failing rate
through  clinical  trials.  The  implementation  of  multiplex
screening technologies promises to dramatically impact the
delivery of new targeted therapeutics in genetic epilepsy. In
addition, the recent advances in computational biology inte-
grated with largely available genomic databases, more accu-
rate cellular and tissue modeling, additional data of cytotox-
ic  assays  like  the  toxicity  tests  in  human  liver  organoids
holds the potential for integration of precision and personal-
ized medicine into drug design pipeline and preclinical eval-
uation. Turning the new generation of smart-drugs safer and
efficient to epilepsy patients [160, 161].

CONCLUSION
The knowledge of  gene variants  and their  influence in

the context of molecular changes that trigger genetic epilep-
sy  using  non-integrated  technologies  turns  into  inaccurate
drug therapies. The multifaceted feature of this disease and

its subcellular heterogeneity play a crucial role in drug effec-
tiveness,  resistance,  and  toxicity.  The  employment  of
organoids as a preclinical model conjoined with analytical
tools discussed in this review may help to map the cell sub-
population and subcellular differences in health and disease
conditions, providing unprecedented data of new pathways
and  better  understanding  those  already  described.  Also,  it
may  support  the  uncovering  of  new  molecular  targets  for
therapy and even giving clues of molecules related to drug
resistance and toxicity. Moreover, these technologies, in ad-
dition to reducing costs and time of data acquisition and anal-
ysis, may assist in drug discovery and development by map-
ping  the  disease  phenotype.  Their  feasibility  to  measure
molecules that can change across time opens new roads to
provide an effective picture of the dynamic functional pheno-
type  from  a  single  cell  to  the  entire  complex  tissue,  the
brain. Then, being more accurate and robust in order to infer
treatment responsiveness.
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