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Abstract

Drug-resistant epilepsy remains to this day as a highly prevalent condition affect-
ing around one-third of patients with epilepsy, despite all the research and the
development of several new antiseizure medications (ASMSs) over the last dec-
ades. Epilepsies are multifactorial complex diseases, commonly associated with
psychiatric, neurological, and somatic comorbidities. Thus, to solve the puzzling
problem of pharmacoresistance, the diagnosis and modeling of epilepsy and co-
morbidities need to change toward a complex system approach. In this review,
we have summarized the sequence of events for the definition of epilepsies and
comorbidities, the search for mechanisms, and the major hypotheses of pharma-
coresistance, drawing attention to some of the many converging aspects between
the proposed mechanisms, their supporting evidence, and comorbidities-related
alterations. The use of systems biology applied to epileptology may lead to the
discovery of new targets and the development of new ASMs, as may advance our
understanding of the epilepsies and their comorbidities, providing much deeper
insight on multidrug pharmacoresistance.
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1 | DEFINITIONS AND
CHANGING CONCEPTS ON
EPILEPSY, COMORBIDITIES, AND
PHARMACORESISTANCE

Epilepsy is a highly prevalent chronic neurological dis-
order estimated to affect about 50 million people world-
wide.! From ancient cultures' recognition of the epilepsies
as brain-dependent phenomena to their contemporary
treatment, executed with rational, non-supernatural views
and tools, three generations of antiseizure medications
(ASMs) have been developed.>® However, despite the ex-
ponential increase of clinically available ASMs over the
past decades, an estimated 30% of the patients are still un-
able to achieve sustained seizure freedom through phar-
macological treatment.** Drug-resistant epilepsy (DRE) is
defined as the failure to achieve sustained seizure freedom
after the trials of two appropriately chosen and used an-
tiepileptic drug schedules.” Indeed, DREs are conditions
that severely affect the patient's quality of life and are cor-
related with an increased risk of premature death.®’

Because of the obvious consequences of DRE, research-
ers have invested their efforts in the elucidation of the un-
derlying mechanisms of pharmacoresistance in epilepsy,
which led to the proposal of several mechanistic hypoth-
eses (for comprehensive reviews, see Tang et al, 2017%;
Loscher et al, 20209; Janmohamed et al, 2020'°; and Pérez-
Pérez et al, 2019'"). These hypotheses offer varying degrees
of evidence and scientific plausibility, but, and this will be
the main point of our review, isolated, none of them ade-
quately explains the phenomena of multidrug resistance
in the epilepsies.® But of course, the nervous system did
not appear in a vacuum, it is the product of millions of
years of evolution, as are the dysfunctional mechanisms
which serve as the basis for the pathogenic mechanisms of
epilepsy and its comorbidities. So why should any of these
hypothesized mechanisms occur in isolation?

The absolute bottom line is that although we have
hundreds of years of the search, with enormous amounts
of strategies, for the causes of the epilepsies and their
associated comorbidities (for a comprehensive review
see Garcia-Cairasco et al, 20212), and also a great vari-
ety of attempts to diagnose and to treat those complex
neurological-neuropsychiatric entities, the number of
people with them are still too high.

No matter what has been the rationale used in the de-
velopment of every ASMs since the introduction of bro-
mide as an antiseizure medication in 1857, the concrete
situation is that their actual effectiveness continues to be
too low, only 45.7% of adult patients with newly diagnosed
epilepsy reach seizure freedom in the first ASM tried reg-
imen.'? The joint efforts of cell and molecular biologists,
with contemporary pharmacological and computational
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Key Points

« A complex systems approach on epilepsies,
drug resistance, and comorbidities are abso-
lutely required to advance research, diagnosis,
and therapy

« Comorbidities are an integral part of epilepsy

o Isolated, the hypothesized mechanisms of
pharmacoresistance offers only a partial view
of the issue

« There is a need for better, more complex, exper-
imental models of epilepsy and drug-resistant

epilepsy

tools, frequently used to make quite selective target predic-
tions, through the use of simulations or docking protocols,
among others, have not yet been enough to improve the
overall effectiveness of newly released ASMs.'* We think
that in addition to genuine needs, coming from disease,
patients, family, and science-medicine, undesirable com-
mercial pressure has been a relevant factor for a sequence
of problems in the path of developing new treatments.

Notably, there is no clear definition, right from the
beginning, of epilepsies as multifactorial entities [see
the more recent International League Against Epilepsy
(ILAE) classifications in Fisher et al (2017)'* and Scheffer
et al (2017)"], an aspect that hinders the need to examine
them through a complex systems approach. Although seen
as a general situation, our limited knowledge in science
and medicine makes the consequent definition of signs
and symptoms (semiology) and the associated diagnosis
much more challenging, with or without the aid of other
patient’s exams (eg, EEG, CT scan, MRI, fMRI, MEG). In
the cases in which the diagnosis of the seizures and epi-
lepsies are inappropriate, it is probable that so will be the
treatment. Even if we assume we had the ability, although
with the mentioned constraints, to correctly classify the
dozens of seizures and the so-called epileptic syndromes,
there would still be the unclassified types, with unknown
onset and etiology and often overlooked comorbidities.***
How much, indeed, of the recognition of seizure differ-
ences and types correspond with our advancement in the
production of new ASMs?

Furthermore, if we consider the multitude of factors
associated, causally or not, with the expression of epilepsy
in humans, there would be no reason to think that single,
specifically directed treatments, should be considered as
the best therapeutic strategy for the vast majority of pa-
tients. The presence of single-gene mutations, channelop-
athies, and other similar “narrow” genotypes, seems to be
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a plausible justification for the search for selective thera-
pies (pharmacological or not), which, in fact, is one of the
main principles of contemporary precision medicine.'®
Indeed, most epilepsies bear multifactorial etiologies,
being a result of both genetic (polygenic) and environ-
mental factors. As such, patients with epilepsy (PWE)
may be afflicted by a vast diversity of seizure patterns
and associated comorbid conditions. In clinical practice,
the apparent paradox between the reductionist approach
to drug discovery and the complex nature of the epilep-
sies is managed by using multiple or add-on medications,
with the additional issue of side effects, mostly because
of pharmacological interactions and effects on unknown
targets.17 Finally, we need to add to this picture, both in
the diagnosis and in the treatment of the epilepsies, the
notorious presence of neuropsychiatric (and other) co-
morbidities, appearing before, simultaneously, or after the
epileptic seizures.

This current halt of the progress in the development
of new therapies is not new in neurology/neuropsychi-
atry/neurosciences since similar cases can be found, for
instance, in other conditions, such as depression and
Alzheimer's disease. For the latter, there has been, over
several decades, huge investment and disappointment,
in the production of anti-Alzheimer’s therapies with a
failure rate of 99.6% in clinical trials, which could be at-
tributed to persistence in a single set of hypotheses.'® In
the case of antidepressants, the search for any association
between central'®* or peripheral* biomarkers of depres-
sion brought little improvement to patients’ quality of life.
Specifically, Insel (2017)* refers to the lack of improve-
ment in our ability to decrease the number of depressive
patients and suicidality, in spite of the high investment in
that kind of research, as reasons why he proposes “digital
phenotyping”® and the use of technology as a contem-
porary, more efficient alternative. What is important for
the current discussion, is that the above-mentioned con-
ditions, with their own challenges in diagnosis and treat-
ment, are often comorbid in PWE. As it will be discussed
further, most comorbidities share with epilepsy the same
biological substrate and intersecting cellular and molecu-
lar pathways, in manners that any attempt to exam them
isolated from each other would only provide a partial un-
derstanding of any of these conditions.

2 | DRUG SCREENING AND THE
MODELING OF EPILEPSY AND
DRUG RESISTANCE

Let's look for a moment to the strategies for the search for
brain networks, cellular and molecular mechanisms of
the epilepsies, and by consequence, of the expected ASMs.

Since 1936, when the first preclinical models of epilepsy
started being used in drug screening, thousands of sub-
stances have been assessed for their potential as ASMs.***
In fact, from 1975 to 2017 over 32 000 potential ASMs have
been tested as part of The Epilepsy Therapy Screening
Program (ETSP) of the National Institute of Neurological
Disorders and Stroke (NINDS).?® This program proposes
the use of a select number of rodent models of epilepsy
with sufficient screening power and high throughput
such as maximal electroshock (MES), 6 Hz electrical
stimulation, corneal kindling, amygdala kindling, Status
Epilepticus (SE) models with spontaneous recurrent sei-
zures, among others.?® The current ETSP was reformu-
lated from what used to be known as the Anticonvulsant
Screening Program (ASP). The renaming and the revision
from the original ASP reflect the new emphasis of the pro-
gram on the identification of novel antiseizure agents for
the treatment of patients with DREs, as well as disease-
modifying substances that could “ameliorate or even
cure established epilepsy and its comorbidities.”*® These
are commendable steps in the right direction; the cur-
rent approach, however, still focuses mainly into models
of temporal lobe epilepsy and do not reflect our current
understanding of the epilepsies and their complexity.>*’
Therefore, it will be interesting to see if the number of
models of the ETSP can be increased over time to include
not only new rodent models (or less frequently used, such
as the genetic ones) but also new in vitro and in silico mod-
els, as well as non-rodent models such as Caenorhabditis
elegans and zebrafish.

Regarding the experimental protocols used to study
pharmacoresistance, preclinical models of DRE can be
broadly categorized into two groups: models with the se-
lection of “responder” and “nonresponder” subgroups of
animals and per se drug-resistant models, where inherent
resistance can be observed (for comprehensive reviews,
see Loscher et al, 2020%; Campos et al, 201828). The first
of these approaches is built upon the paradigm proposed
by Loscher et al (1993),” that standard ASMs such as phe-
nobarbital and phenytoin can be used to treat amygdala-
kindled or post-SE epileptic rats, which can, thereafter,
be categorized into subgroups based on their treatment
responsiveness.

Part of the “differentiation phase” of the ETSP work-
ﬂow,26 the lamotrigine-resistant kindling rat model, a
per se drug-resistant model, was originally described by
Postma et al (2000).*° This model is based on the finding
that exposure to lamotrigine in the electrical amygdala
kindling model, produces poor drug responsiveness to
lamotrigine, as well as other ASMs.*° Similar effects also
have been demonstrated to occur with carbamazepine.*! A
lamotrigine-resistant corneal kindling (60 Hz) mice model
has recently been developed by Koneval et al (2018).** In
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this protocol, mice exposed to lamotrigine during the kin-
dling process became insensitive to lamotrigine, as well as
carbamazepine, retigabine, and valproic acid.??

It is interesting to notice that despite their extensive
use, genetic models of epilepsy are less frequently used in
ASM screening programs and pharmacoresistance studies.
In favor of them, we present here a couple of cases: first,
the one of levetiracetam, one of the most important ASM of
the second generation, which would not be released if the
acute PTZ and MES models were the only tested. Indeed,
levetiracetam was discovered in a test made in audiogenic
susceptible mice.*® Additional effects of levetiracetam were
observed in two genetic rat models of epilepsy: GAERs (ab-
sence seizures) and WAG/Rij (audiogenic and absence sei-
zures).34 Furthermore, pioneer assays were made in Brazil
with cannabidiol (CBD), with audiogenic seizures induced
after barbiturates abstinence.*® Further, CBD behavior as a
potent ASM and antiepileptic drug has been confirmed inter-
nationally in genetic models, such as the Wistar Audiogenic
Rat (WAR) strain, in our and other laboratories.>*~*

It is unfortunate for the patients and families, but also
for the clinicians/surgeons and the basic scientists that
we still depend on a tunnel view that has plagued the last
decades of epileptology, with separate concerns and selec-
tive solutions, ignoring the fact that we are dealing with
phenomena that as mentioned above, if seen as complex
challenges, therefore, they will also need complex solu-
tions.*>*° This is particularly the case when on top of the
epilepsies’ networks, we find overlapped the neuropsychi-
atric entities networks, among others, as comorbidities.>
The solution to these “networks of networks” problem
needs strongly non linear metrics, connectedness, compu-
tational neuroscience algorithms, among others, as tools.

3 | RECOGNITION THAT
EPILEPSY AND COMORBIDITIES
RESEARCH NEED COMPLEX
SYSTEMS APPROACHES

The definition of complex systems and their consequent
emergent properties can be applied to several issues in the
fields of mathematics, physics, computer sciences, sociol-
ogy, economy, and biology, as well as in medicine and neu-
roscience.*'*? Indeed, in the particular case of the brain, we
are dealing with a system with a large number of interact-
ing components with nonlinear dynamics, self-organized to
give emergence to different scales of complexity. Thus, as a
complex system, brain function and stability are susceptible
to chaotic effects, which entails that even minor alterations
may ripple through different levels of its constitution (eg,
molecular, cellular, tissue, organ, system, and organism)
and may, therefore, result in unpredictable effects over
time.**

Open Access

In that scenario, there are also several reasons to exam-
ine epilepsy through the scope of a complex system prob-
lem. Epilepsies share properties of complex systems, such
as the emergence of patterns that cannot be easily predicted
by the description of their constituting elements.* These
elements function at different scales of resolution and are
structured in a hierarchical manner (Figure 1). Gene ex-
pression and regulation are required for protein synthesis
and cellular processes, elements fundamental for the struc-
turing of tissues, synaptic signaling and neuronal plas-
ticity, conditions which, in turn, give rise to small and large
networks and circuits of cells, interacting with each other,
making possible the emergence of behaviors, and in the
case of epilepsies and comorbid conditions, the emergence
of dysfunction. This hierarchy, however, does not mean
that any of these elements has higher importance than
the others since none of them can naturally occur in iso-
lation. The existence of feedback mechanisms also means
that the association between these different hierarchies is
often nonlinear in nature.*’ In effect, the complex patterns
of interactions inside and between layers are responsible
for many phenomena in epilepsy. A notable example is the
lack of correspondence, and therefore, the consequent lack
of predictability between etiology and the pattern of sei-
zure expression. In fact, none of the numerous etiologies
can predict with certainty the resulting seizure types.*

In our own experience, we began to discuss these issues
when challenged by the need to make paradigm shifts, as
a result of the attempt to remove the traditional view of
the epilepsies as self-contained events in the so-called ep-
ileptic focus* and, more recently, with the recognition of
connectedness between not only near but distant areas,
the epileptogenic zone™ or the epileptogenic network.**4’

We first demonstrated, for example, the behavioral
sequences of epileptic seizures in acute and chronic pre-
clinical models®® and applied this methodology to the eval-
uation of seizures of patients with temporal and frontal
lobe epilepsy. This quantitative semiology approach can be
described through complex entities or behavioral clusters,
built by probabilities of occurrence.”®*° Briefly, the next fol-
lowing step, more than 12 years ago was to propose, based
upon Kuhn's “The Structures of Scientific Revolutions,”!
that a paradigm shift was needed, in the case of the epilep-
sies, first of all, using a “puzzle-solving strategy,” to identify
semiology and next, epileptogenic networks.>**>

Naturally, if the nervous system itself is a multiscale en-
tity and is organized into different spatiotemporal and to-
pological scales,” likewise, are brain networks. Neuronal
networks are capable of generating complex patterns of
synchronized activity, which are, in fact, essential for the
normal functioning of the brain. In the case of patholo-
gies, however, these patterns deviate from normality. In
this sense, Default Mode Network (DMN) and other intrin-
sic connectivity network studies provide not only highly
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Intra-Layer
Connections

Epilepsies and Comorbidities

discriminative power in the identification of patients suf-
fering from neurological and psychiatric disorders, such as
major depression,”* Alzheimer's disease,” and migraine>®
but also contribute to a better understanding of the under-
lying pathological mechanisms and neural circuits activity
of these conditions. Notably, in epilepsy, during the occur-
rence of seizures, the physiologically dynamics of networks
collapse into more synchronized oscillatory modes of activ-
ity with lower dimensions.” In this state, the synchronized
patterns of activity may share some resemblance to the
normal brain rhythms that would otherwise be present, at
physiological states, in the structures that participate in the
epileptogenic network (eg, hippocampal sharp-wave rip-
ples, corticothalamic spindles, and cortical delta waves).”®

4 | COMPLEXITY ABOUT
DIAGNOSIS AND TREATMENT
OF EPILEPSY AND ASSOCIATED
COMORBIDITIES

Over the past decades, great effort has been made toward
understanding epilepsy as a condition whose effects might
be considered beyond the recurrence of seizures, therefore
including its neurobiological, cognitive, psychological, and
social aspects as part of its definition.>® Epilepsies and neu-
rological, psychiatric, and somatic disorders present diverse
mechanisms of association (Figure 2A).% For example, the
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incidence of many comorbidities, such as cerebrovascular
accidents, meningiomas, and brain neoplasms, is much
higher in PWE when compared with the overall popula-
tion, and present causative association, promoting mo-
lecular, structural, and functional alterations related to the
onset of epilepsy (ie, epileptogenesis).**** Conversely, epi-
lepsies may serve as etiological factors leading to the devel-
opment of comorbidities, either directly, through seizures
(eg, aspiration pneumonia and seizure-related injuries),
or indirectly as a side effect of the antiseizure treatment.®
Other comorbidities share more complex patterns of as-
sociation with shared risk factors (eg, single- nucleotide
polymorphisms in pleiotropic genes) linking epilepsies and
neurological and psychiatric disorders.*®

Finally, there are strong bidirectional causal interac-
tions between epilepsies and comorbidities.*® Indeed,
conditions such as migraine and depression are examples
of bidirectionally associated comorbidities that can both
precede or be preceded by the onset of epilepsy and are
also associated with a poor response to pharmacological
treatment and epilepsy surgery outcome.®® Depression is
one of the most common neuropsychiatric comorbidities
to affect PWE, with a lifelong prevalence estimated to be
somewhere between 10% to 24.9% in a population-based
study but may reach a much higher prevalence at special-
ized epilepsy centers, where difficult-to-control epilepsy
patients are more common.** Pathogenic mechanisms
of depression have been previously proposed as being
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FIGURE 2

(A) Possible modes of association between epilepsy and comorbidities. Each arrow's color represents a different mechanism

in which epilepsy and comorbidities might be associated. Grey dashed arrow represents artifactual comorbidities, in which there is no causal

association between conditions. (B) Association between different comorbidities (neurological, neuropsychiatric, somatic), drug-resistant

epilepsies (DREs) and the mechanisms of pharmacoresistance. The current hypotheses of pharmacoresistance share several converging

aspects and linking evidence that when placed together, create a much more complete framework of ideas than any of them isolated.

Although several links between DREs and some comorbidities have already been established, it remains unclear how these comorbidities

could be interfering with the mechanisms of pharmacoresistance. The end-result, however, is clear: Patients with DREs and comorbidities

suffer with reduced quality of life, cognitive problems, and several social consequences (eg, educational, professional, romantic). Arrows

with a solid line represents known association between connecting nodes. Arrows with dashed line represents unestablished or inexistent

association between connecting nodes

implicated in the epileptogenic process through several
mechanisms, which can be categorized as endocrine
abnormalities, structural and functional abnormalities
of cortical and subcortical structures, neurotransmitter
abnormalities, and immunological abnormalities (for re-
view, see Kanner (2012)*). Likewise, migraine is a highly
prevalent neurological comorbidity in PWE, affecting
around 26% of patients.®® The co-occurrence of epilepsy
and migraine has important prognostic implications,
being associated with treatment failure and should in-
fluence drug choice, as some ASMs, such as topiramate
and valproic acid, have for example, analgesic value.?’
Common genetic alterations, neurotransmitter distur-
bances, ion channel dysfunctions, and increased cortical
excitability are some of the proposed pathogenic mecha-
nisms responsible for the interaction of both conditions.*®

Adding further complexity to the subject, both psycho-
tropic drugs and ASMs are known for interfering in epilepsy
and comorbid neuropsychiatric disorders, respectively.®’
Selective serotonin reuptake inhibitors and serotonin-
norepinephrine reuptake inhibitors, drugs used as first-
line therapy for primary depression and anxiety disorders,

respectively, are associated with reduced seizure frequency
among PWE affected by these comorbidities.®®* Conversely,
the anxiolytic alprazolam and the antidepressant bupropion
(immediate-release form) were associated with an increase
in seizure incidence. The antipsychotics clozapine, olanzap-
ine, and clomipramine, the latter an antidepressant also in-
dicated for the treatment of obsessive-compulsive disorder,
were also associated with a higher seizure incidence.*

5 | DEFINITIONS

OF INTRACTABLE OR
PHARMACORESISTANT
EPILEPSIES AND COMORBIDITIES:
PLAYING WITH MULTIPLE
HYPOTHESES IN COMPLEX
SYSTEMS AND EMERGENT
PROPERTIES SCENARIO

After presenting the clear complexity associated to the
origin, diagnosis, and search for mechanisms of the epi-
lepsies and associated comorbidities, let us now take a
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look at pharmacoresistance issues, naturally a conse-
quence to the previous collection of entities, in fact a
challenging puzzle.

The consensus definition of DRE determined by ILAE
is derived from the observation that a majority of adult
patients will achieve seizure freedom after the first or sec-
ond ASMs tried regimes, with a pronounced decrease in
the probability of achieving seizure freedom in succes-
sive trials.>? This definition was created, therefore, not
to be used as an unequivocal diagnosis, but as a testable
hypothesis, allowing the early identification of difficult-
to-control epilepsy patients by medical practitioners at all
health care levels, prompting the referral of these patients
to specialized centers for evaluation.’

According to the definition, to identify DRE, it is re-
quired to ensure that the ASM schedules were appro-
priately chosen and appropriately used.” Confounding
factors such as poor adherence to the treatment, mis-
diagnosis of seizure type and etiology, psychogenic
nonepileptic seizures, incorrect ASMs dosing, drug-
drug interaction, and lifestyle problems (eg, tobacco
and alcohol consumption, sleep deprivation, stress, and
drug abuse) may lead to the incorrect diagnosis of drug-
resistance.”””’* While pseudorefractory epilepsy is itself
a problem, the misdiagnosis in those cases may lead to
tragic implications. When pharmacotherapy fails, alter-
native or complementary therapeutic approaches, with
potential risks and side effects, should be employed in
order to maximize the patient's quality of life. Some of
these approaches include invasive procedures, such as
resective and disconnective surgeries, which involve the
removal or functional disconnection of non-eloquent re-
gions of the brain, regions implicated in generating sei-
zures (ie, the epileptic focus/epileptic zone) but that also
may serve important functions outside of seizures.’’!
These are the reasons why the evaluation and discern-
ment between actual and apparent drug-resistance has
to be performed by specialized multidisciplinary teams
in epilepsy centers.”’

As aforementioned, there are several hypothesized
mechanisms of pharmacoresistance already proposed.
In Table 1, we have summarized the main concepts of
some of the most prominent hypotheses, their support-
ing evidence, and some converging aspects that link
these different hypotheses. But despite the existence
of supporting evidence, there are controversies and an
overall lack of translation of these findings into clinical
practice.”’® A growing consensus is that these hypothe-
ses have limitations, and the mechanisms proposed are
not always adequate to explain multidrug pharmacore-
sistance, if not considered as part of larger integrated
phenomena.® !

While the mechanisms proposed in the trans-
porter,g_n’m"83 phalrma.cokinetic,g‘l1’84_89 ta.rget,s_u’go"97
neural networks,®'**%71%% and intrinsic severity hypoth-
eses® 118186104 may offer a more direct association between
alterations and drug resistance, mechanisms proposed in
the gene variant® 1738296105108 41y 4 neuroinflammatory®
1L78109-111 hynotheses offer a more integrative view, that
could serve as the basis for the emergence of the other
mechanisms (Table 1; Figure 2B).>*° Epigenetic changes
associated with DRE have been previously identified and
are likely another important regulatory component in-
volved in the control of other mechanisms associated with
drug resistance, but currently, there is not much evidence
to support this hypothesis, the reason why it was omitted
in Table 1.>'"''> The combination of those hypotheses
makes it possible to build a much better and more cohe-
sive framework of ideas, which may allow a new approach
to the problem of DRE. Although it is fair to expect that
not every aspect has equal contribution to the condition of
every patient, it is, however, important to understand that
all factors are associated in a way, even if not directly.**>

As mentioned in the preceding topic, the presence of sev-
eral comorbidities in PWE has been previously identified as
relevant prognostic factors, associated with a poor long-term
epileptological outcome. Psychiatric comorbidities have
been identified as important predictors of pharmacoresis-
tance.'”® A cohort study with data obtained from the Calgary
Comprehensive Epilepsy Program database (Canadian pop-
ulation) has found that epilepsy patients with depression
have a significantly higher chance of failing to achieve 1-year
seizure freedom.'* Nogueira et al (2017)""° found that me-
dial temporal lobe epilepsy patients with concurrent mood
and anxiety disorder were about four times more likely to
have pharmacoresistant epilepsy than psychiatric asymp-
tomatic PWE. A prospective study (5-10-year follow-up) re-
ported that comorbid migraine had a negative effect on the
prognosis of epilepsy, in which patients that were diagnosed
with both epilepsy and migraine had a higher incidence of
intractable epilepsy and a significantly lower probability of
being seizure-free over 10 years when compared with the
epilepsy without migraine group.'’® A cohort study per-
formed in 13 Italian epilepsy centers reported an inverse
association between the degree of seizure control and psy-
chiatric comorbidities, as well as endocrine/metabolic, and
respiratory disorders.'’” Taken together, these reports pres-
ent a strong association between comorbidities and DRE
(Figure 2B). Although some mechanisms linking DRE and
comorbidities, notably depression and migraine,**®> have
already been proposed, further research in the field is yet re-
quired in order to elucidate the pathological mechanisms of
association of comorbidities and the actual phenomena of
pharmacoresistance in epilepsy.
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To finish our discussion, we would like to stress, as
commented in at the beginning of this review, that our
proposals for an integrative view, with complex systems
approach®*° of pharmacoresistance hypotheses, cannot
be separated from the search for mechanisms, the defi-
nition and detailed diagnosis of the epilepsies and as-
sociated comorbidities, as well as their treatment. This
is in absolute agreement, with the report of the work-
shop “Accelerating the Development of Therapies for
Antiepileptogenesis (AEG) and Disease Modification
(DM)” (Galanopoulou et al, 2021)18 sponsored by the
National Institute of Neurological Disease and Stroke
(NINDS) “with the additional goal of informing the
National Institute of Neurological Disorders and Stroke
(NINDS) Epilepsy Therapy Screening Program as it de-
velops new preclinical workflows to identify potential
AEG and DM therapies.” The workshop was organ-
ized into subgroups and the Preclinical Science sub-
group “recognized several opportunities to advance the
field forward, including the diversity of animal mod-
els, new tools to probe targets and biomarkers, and in-
creasing knowledge about the mechanisms underlying
epileptogenesis and comorbidities” and additionally
highlighted:

..A significant gap is the difficulty in trans-
lating and validating preclinical discoveries
to the clinic as well as the need to de-risk
AEG/DM research. Looking forward, the
Working Group proposed as high priority
areas of research the development and val-
idation of clinically relevant tools to iden-
tify, monitor, and regulate in vivo targets,
processes, and networks involved in icto-
genesis, epileptogenesis, and comorbidities,
as well as develop infrastructure and strat-
egies to validate and translate preclinical
findings into the clinic. The engagement
of the broader research community, as well
as of other stakeholders, including expert
patients, caregivers, or consumer organi-
zations, into refining of research strategies
and tools, data and expertise sharing, and
enabling big data analyses was deemed es-
sential in these efforts...

Finally,118 still in the complex systems arena, the con-
cepts of systems biology and systems pharmacology, as ap-
plied to epileptology,'”**® particularly to ASM design, will
be an avenue to shed light into the more efficient treatment

of the epilepsies. It is, however, important to note that, even
though rapidly evolving, the field of systems biology is still
young and much of its methodologies and techniques are
still in development. Its implementation will therefore
require substantial investment in the research and de-
velopment of new computational tools, but also in the qual-
ification of individuals to work with such computational
resources. Fortunately, several existing methods in systems
biology and machine learning such as functional gene-gene
interaction and weighted gene co-expression network anal-
ysis, principal component analysis, multidimensional scal-
ing, and hierarchical cluster analysis, are already being used
in epilepsy and other fields.'*® Exactly revealing a promising
scenario, a recent study by Mirza et al (2021),121 in fact, the
product of the ILAE Consortium on Complex Epilepsies,
is a notable example of such an approach. Using Genome-
Wide Association Study (GWAS) summary statistics data
and drugs’ activity data on the function and abundance of
proteins, they have developed a method to predict the anti-
seizure efficacy of drugs already used to treat other condi-
tions, and have identified promising candidate molecules.'?!
It is noteworthy that the authors validated the antiseizure
effect of four out of five top candidate molecules, using the
DBA/2 mouse model of audiogenic seizures,'*>'** a genetic
model of epileptic seizures (see two recent comprehensive
reviews on our experience in this field with the WAR strain
in Garcia-Cairasco et al (2017)*® and Lazarini et al (2021)".
It is important to highlight here that the WAR strain has
been accepted recently by the Rat Resource and Research
Center (RRRC) after a Material Transfer Agreement with
the University of Sdo Paulo and offered as the #697 donated
strain to be available internationally to interested scientists.
The RRRC is located at the University of Missouri and is
supported by funding from the National Institutes of Health
(P40 OD011062).

The results of the study by Mirza et al (2021)'*' demon-
strate the efficacy of this approach and support our pro-
posal of the inclusion of genetic models in ASM screening
protocols. The use of the above-mentioned tools, applied
to the study of the networks of interactions between the
mechanisms of pharmacoresistance and comorbidities-
related alterations may lead to the discovery of new targets
and the development of new ASMs as well as advance our
understanding of the epilepsies and their comorbidities.

For a comprehensive view on historical aspects, with
old and new challenges, conflicts, and convergences for
the research in both epilepsies and neuropsychiatric co-
morbidities, see Garcia-Cairasco et al, (2021).2 Moreover,
the concepts of precision medicine, as applied to psychia-
try and of digital phenotyping,? initially and strongly pro-
posed for a new psychiatry,'** defined by Nesse (2019)'*
as evolutionary Medicine/Psychiatry, would be welcomed
avenues of technological gain to the search not only for
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mechanisms, for particularly for better diagnosis, fol-
low-up and treatment of neuropsychiatric comorbidities
associated with the epilepsies, with clear impact in the res-
olution of the still challenging pharmacoresistance issues.
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