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Abstract: Epilepsies are a complex and heterogeneous group of disorders mainly
characterized by the presence of recurrent, spontaneous, and unpredictable sei-
zures. Epilepsy affects 1-2% of the global population and its incidence varies
according to age, gender, race, type of epilepsy syndrome and socioeconomic
conditions. The International League Against Epilepsy (ILAE) proposed a new
classification framework in 2017 which included six etiologic categories of sei-
zures and epilepsies. This chapter focuses on the proposed etiologies of epilepsy
and some of the basic pathophysiological mechanisms that underlie them. Some
aspects of current epilepsy treatments, and future directions related to therapeu-
tics are discussed.
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INTRODUCTION

Epilepsy is one of the most common neurological conditions, affecting over 70
million people worldwide (1). Its prevalence in high-income countries is esti-
mated to be 6.4 cases per 1,000 persons, and the annual incidence is 67.8 cases
per 100,000 person-years (2). These numbers are almost quadrupled in low-
income and middle-income countries (LMICs) (3). The disease is caused by many
genetic and acquired factors, some of which are reviewed here. According to the
International League Against Epilepsy (ILAE), epilepsy is diagnosed when some-
one has two unprovoked seizures occurring more than 24 h apart; or when some-
one has a single unprovoked seizure (if recurrence risk is high); or when a
diagnosis of an epilepsy syndrome is done (4). An epileptic seizure is defined as a
transient behavioral change that might present objective signs or subjective symp-
toms (such as loss of awareness, stiffening, a sensation that rises from the abdo-
men to the chest, an odd smell, etc.), caused by abnormal excessive or synchronous
neuronal activity in the brain (5).

The cornerstone of the diagnosis of epilepsy is a detailed clinical history and a
reliable eyewitness account of the seizure episode. Before attempting to classify a
seizure, the clinician must rule out a myriad of differential diagnoses that include
convulsive syncope, parasomnias, movement disorders, and other nonepileptic
events. Once the above is done, the next steps comprise the classification of the
seizure type, then the epilepsy type, and finally an Epilepsy Syndrome diagnosis.
At each step, causes and comorbidities should be identified (Figure 1). Seizures
are first classified by onset as either focal, generalized, or unknown. Epilepsy
types are divided into four categories: focal, generalized, combined generalized
and focal, and unknown. The highest level of precision is obtained when the phy-
sician can put together a cluster of clinical features including age of onset, seizure
types, comorbidities, abnormal electroencephalogram (EEG) findings, and imag-
ing features to identify an epileptic syndrome (6).

ETIOLOGY OF EPILEPSY AND PATHOPHYSIOLOGICAL
MECHANISMS

Seizures and epilepsy are the consequence of an imbalance between excitation
and inhibition within certain regions of the central nervous system (CNS). Given
the numerous mechanisms that control neuronal electrical function, there are
many different ways to perturb this balance, and therefore many different causes
of both seizures and epilepsy. The ILAE Task Force (6) has defined six etiologic
categories for epilepsy: genetic, structural, metabolic, infectious, immune, and
unknown. These are not hierarchical, and a patient’s epilepsy may be classified
into more than one etiologic category.

Structural etiology

A structural etiology refers to an abnormal finding on neuroimaging reasonably
inferred to cause the patients seizures with concordant electroclinical assessments
and/or clinical findings (7, 8). Structural etiologies may be acquired or genetic.
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Figure 1. 2017 ILAE classification of the epilepsies. From reference (7).

Acquired structural causes include hypoxic-ischemic encephalopathy, stroke,
trauma, and infection. Genetic origins belong to a broad range of disorders rang-
ing from single-nucleotide mutations such as missense, {rameshift and nonsense
mutations, copy number variations by de novo or inherited DNA deletion or dupli-
cation, to chromosomal copy number abnormalities (9).

Among structural etiologies, it is noteworthy the relatively frequent finding of
hippocampal sclerosis (HS) in mesial temporal lobe seizures (6). The characteris-
tic pathological findings of HS consist of loss of pyramidal neurons and gliosis
occurring primarily in the dentate hilus (CA4 subregion) and CA1 subregion with
less change in the CA3 subregion (Figure 2). The resulting loss of inhibitory
gamma-aminobutyric acid neurons (GABA-ergic) and neuropeptidergic hilar
interneurons and the degeneration of excitatory mossy cells induces a synaptic
reorganization primarily consistent in mossy fiber sprouting (granule cell axon
sprouting) which predominantly projects into the inner molecular layer and hilar
region and might establish excitatory feedback loops with the soma and dendrites
of normal and ectopic granule cells (10). Mossy fiber sprouting is also linked to
granule cell neurogenesis which is acutely accelerated shortly after the epilepto-
genic insult partly due to a loss of reelin expression by injured hippocampal inter-
neurons (11, 12).

Finally, reactive gliosis induces the downregulation of gap junction connex-
ins, glutamate transporters, potassium channels and aquaporin 4 channels, and
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Figure 2. Hippocampal sclerosis as detected by MRI. Note the volume loss (red arrow and red
oval) in the left hippocampus compared to the right hippocampus (blue oval). Credit:
Uhomachinky, CC BY-SA 4.0 <https://creativecommons.org/licenses/by-sa/4.0>, via Wikimedia
Commons.

also promotes the altered neuronal expression of cation-chloride co-transporters,
all of which can promote neuronal network hyperexcitability (13). Activated
astrocytes also release gliotransmitters and cytokines, which increase neuronal
network synchronization (14).

Genetic etiology

An epilepsy is considered of genetic origin if there is a known, or presumed,
specific disease-causing variant in a gene or copy number variant, in which
seizures are a common phenotype (6). A study by Wang et al (15) found that
977 genes were associated with epilepsy. The authors classified these genes into
4 categories according to the manifestation of epilepsy in phenotypes. These genes
include epilepsy genes (genes that cause epilepsies or syndromes with epilepsy as
the core symptom), neurodevelopment-associated epilepsy genes (genes associ-
ated with both brain-development malformations and epilepsy), epilepsy-related
genes (genes associated with both physical or other systemic abnormalities and
epilepsy or seizures) and putatively associated with epilepsy (genes which require
further verification) (15). Accordingly, epilepsies can be broadly grouped into
three classes defined as genetic generalized epilepsy (GGE), focal epilepsy (FE),
and epileptic encephalopathy, with specific syndromes within each class defined
by differences in specific seizure types, EEG patterns, age of onset, and disease
progression (16).

The GGE syndromes tend to start in childhood or adolescence and are
characterized by generalized seizures that involve both sides of the brain (16).
They include, among others, juvenile myoclonic epilepsy, and childhood absence
epilepsy, in which large recurrent deletions at chromosomes 15q13.3, 16p13.11,
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and 15q11.2 have been identified (17,18). With these three deletions, an associa-
tion with autism and schizophrenia has also been found.

FE originate in one hemisphere of the brain. A few examples of FE syndromes
are familial mesial temporal lobe epilepsy (FMTLE), autosomal dominant lateral
temporal epilepsy (ADLTE) and autosomal dominant nocturnal frontal lobe epi-
lepsy (ADNFLE). FMTLE was first described as a benign syndrome with promi-
nent psychic and autonomic seizures and no association with HS or febrile seizures
(FS), and as other types of inherited epilepsies, FMTLE is likely to be genetically
heterogeneous. Genetic analysis in a four-generation kindred with several affected
members from FMTLE detected a group of markers with lod score >3 on chromo-
some 4q13.2-q21.3 spanning a 7 cM region (19). ADLTE is a form of heritable
temporal lobe epilepsy with auditory ictal manifestations. A linkage analysis in a
three-generation family with 11 patients identified mutations of the leucine-rich
glioma-inactivated 1 (LGII1) gene at the 10q24 locus (20). ADNFLE has a child-
hood onset, and it is characterized by brief nocturnal motor seizures with origins
in the frontal lobe. This was the first inherited epilepsy syndrome in which a spe-
cific mutation has been identified. The gene for this FE, CHRNA4, maps to chro-
mosome 20q13 and it encodes the a-4 subunit of the neuronal nicotinic
acetylcholine receptor (nAChR), which is a pentameric ligand-gated ion channel
consisting of a and B subunits. In ADNFLE patients, a missense mutation occurs
in this gene causing serine to be replaced with phenylalanine at position 247, a
strongly conserved amino acid residue in the second transmembrane domain
(21). To better understand the functional significance of this mutation, Kuryatov
et al (22) characterized the properties of mutant and wild-type human a4b2
AChRs expressed in Xenopus oocytes. The authors found that mutant AChR
responses showed faster desensitization, slower recovery from desensitization,
less inward rectification, and virtually no Ca®* permeability as compared with
wild type a4b2 AChRs. They concluded that the net effect of the mutation is to
reduce AChR function (Figure 3).

Epileptic encephalopathies are severe, early onset conditions characterized by
refractory seizures, developmental delay or regression associated with ongoing
epileptic activity, and generally poor prognosis (16). To this class of epilepsies
belong a group of disorders resulting from mutations in genes encoding ion
channels, such as KCNQ2 in benign familial neonatal seizures (23), SCN2A in
benign familial infantile epilepsy (24) and SCNIA in Dravet syndrome (25).
KCNQ?2 gene encodes voltage-gated potassium channels that produce the M cur-
rent which, under normal conditions, induce a hyperpolarizing shift in mem-
brane voltage. Loss of its function can increase neuronal hyperexcitability, leading
to spontaneous seizure activities as reported in KCNQ2 knockout mice (26).
SCNIA gene encodes the NaV1.1 (one of nine o subtypes of voltage-gated sodium
channels preferentially expressed in GABA-ergic neurons), and this is one of the
most important causative genes in epilepsy with more than 1,257 epilepsy-
related mutations being reported (27). Dysfunction of Navl.1 channels lead to
reduced excitability of GABA-ergic neurons resulting in brain hyperexcitability in
patients with Dravet syndrome (28). The identification of these monogenic epi-
lepsy-causing genes gave rise to the “channelopathy” hypothesis of epilepsy ori-
gin, postulating that dysfunction or dysregulation of ion channels is a common
mechanism underlying epilepsy syndromes. As an example of a Nav based chan-
nelopathy, in Figure 4 it can be appreciated how a F1449V mutation in Nav1.7
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Figure 3. Functional differences between wild-type and mutant a4b2 AChRs expressed in
Xenopus oocytes. Use-dependent functional upregulation of the responses mediated by
mutant a4b2 AChRs. Left, Currents induced by the first and fifth application of 3 mM ACh are
shown for oocytes expressing wild-type and mutant a4b2 AChRs. Oocytes that did not have
previous exposure to the agonists were held at 250 mV. ACh was applied at 2 min intervals.
Right, Plot of the response peak amplitude on the initial five consecutive applications of

3 mM ACh on the oocytes expressing wild-type (open circles) or mutant a4b2 AChRs

(filled circles). Currents were normalized to the peak amplitude of the first response.

From reference (22) “Copyright 1997 Society for Neuroscience”.

F1449V

Figure 4. Nav1.7 channel structure and contour of the pore. A, Snapshot of the NavAb channel
structure embedded in a lipid bilayer with a solution containing sodium and chloride ions in the
extracellular and intracellular milieu. The voltage sensors are purple and the channel domains
green. B and C, Model of the hydrophobic gate in Nav1.7 with the WT F1449 (B) and the mutant
F1449V (C), causing an increased channel diameter. From reference (29).

channel (which causes inherited erythromelalgia) increases channel activity by
augmenting the channel diameter in the closed state. In the WT channel, the
hydrophobic gate is formed by a tyrosine residue from DI and three phenylala-
nine residues from each of DII, DIII and DIV. The F1449V mutation is found in
DIII (29).

Infectious etiology

Infections of the CNS are a major risk factor for epilepsy, and they are the most
common identifiable etiology of epilepsy in some regions of the world. The
reported risk of unprovoked seizures in population-based cohorts of survivors of
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CNS infections from developed countries is between 6.8 and 8.3 %, and is higher
in LMICs (30).

An infectious etiology refers to a patient with epilepsy, not a patient with sei-
zures due to an acute infection of the CNS (6). In this context, seizures are induced
by brain alterations in response to neurotropic infectious agents that attack the
CNS like cysticercus, human immunodeficiency virus, cytomegalovirus, toxo-
plasma gondii, mycobacterium tuberculosis, and Plasmodium falciparum, among
many others. Each infectious agent causes specific types of cerebral damage like
cortical necrosis in the case of some viruses, infarction in bacterial meningitis,
hypoxic—ischemic injury in cerebral malaria, and gliosis around calcified larvae in
Neurocysticercosis; besides, they trigger an immune/inflammatory-mediated
response in the infected brain tissue. The prolonged stimulation by proinflamma-
tory signals, either by chronic inflammation or by seizures themselves, may lead
to damage of the blood brain barrier (BBB), neuronal death, and persistent neuro-
nal hyperexcitability. Immune responses to systemic (non-CNS) infections may
result in proinflammatory cytokine-induced alterations in BBB integrity and sub-
sequent neuronal hyperexcitability (30, 31). Classifying an epilepsy patient as
having an infectious etiology has treatment implications and thus would often
take precedence over other classifications (6).

Metabolic etiology

The concept of a metabolic epilepsy is that it results directly from a known or
presumed metabolic derangement in which seizures are a core symptom of the
disorder. Someone with a transient metabolic disturbance resulting in acute-
symptomatic seizures would not qualify as their seizures are provoked, and there-
fore they cannot be classified as epileptic (6). Several metabolic disorders result
from genetic abnormalities which can manifest as cellular degeneration and dys-
myelination to disorders of neuronal migration, promoting epileptogenesis indi-
rectly by negatively impacting cellular or organ function.

These disorders are organized by the defective molecule or mechanism and
categorized as small or large molecule disorders. Small-molecule disorders involve
amino, organic, and fatty acids, neurotransmitters and its metabolites, urea cycle
constituents, vitamers and cofactors, and they are represented by a variety of
amino acidopathies, organic acidemias (e.g., methylmalonic acidemia), demyelin-
ating conditions (e.g., Canavan disease), defective GABA metabolism (e.g.,
succinic semialdehyde dehydrogenase deficiency), and mitochondrial disorders
(e.g., myoclonic epilepsy with ragged red fibers). Large-molecule disorders
include lysosomal storage, peroxisomal and glycosylation disorders, and leuko-
dystrophies (32). Even though most metabolic epilepsies will have a genetic basis,
some may be acquired such as pyridoxine-dependent seizures and cerebral folate
deficiency (6).

Immune etiology

An immune etiology can be suspected in patients with epilepsy of unknown
origin when they are seropositive for neural specific antibodies and have evi-
dence of autoimmune-mediated CNS inflammation (6). The rate of
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autoimmune epilepsies according to population-based studies is around 5-7%
of all epilepsies (33). The identification of this etiology has treatment implica-
tions because epileptic seizures evoked by autoimmune encephalitis should be
treated by immunotherapies instead of conventional antiepileptic drug
therapies.

Autoimmune epilepsy has been linked to both neuronal cell surface antigens
(LGI1, N-methyl-D-aspartate receptor (NMDA-R), a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA), GABA-B, and metabotropic gluta-
mate receptor 5 (mGluR5)) and neuronal intracellular antigens (glutamic acid
decarboxylase 65 (GADO5), antineuronal nuclear antibody type 1 (ANNA-1),
and small cell lung carcinoma (Ma)) (33,34). Autoantibodies against plasma
membrane epitopes seem to impair ion channel functions, for example, IgG anti-
LGI1 leads to disruption of LGI1-ADAM22 interaction which reduces synaptic
AMPA receptor function, subsequently disrupting calcium influx (33). In a simi-
lar manner, IgG anti-NMDA-R binds to a region of the GluN1 subunit of NMDA-R
disrupting the interaction between NMDA-R and ephrin type B2 receptor,
accompanied by reduced synaptic NMDA-R-mediated currents (33, 34). In the
case of autoantibodies against intracellular epitopes, the pathogenic mechanisms
seem to be mediated by cytotoxic T cells which cause neuronophagia, granzyme
B neurotoxicity, neuronal loss, and gliosis, favoring epileptogenesis in the affected
patients (35).

Immune responses are also implicated in seizure induction and in the devel-
opment of epilepsy. Both innate (inflammation) and adaptive immune responses
are activated in the epileptic brain by resident immune cells and their secreted-
mediators, as well as for leukocytes infiltrated from the periphery. The patho-
genic neuroinflammatory process can be either of peripheral, or central origin.
Peripheral inflammation potentiates epileptic discharges via changes in ion and
glutamate homeostasis, and also via migration of pro-inflammatory molecules
from peripheral inflammatory focus to the BBB (36).

The pathological trigger event can be a febrile seizure, trauma, stroke or infec-
tion, any of which may lead to an inflammatory cascade that involves the activa-
tion of the IL-1 receptor/toll-like receptor (IL-1R/TLR) signaling pathways through
ligation of pathogen-associated molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs), the activation of the cyclooxygenase-2 (COX-2)
pathway, and the initiation of the transforming growth factor-p/small mothers
against decapentaplegic (TGF-p/Smad) signaling cascade. The activation of glia,
neurons, and endothelial cells that constitute the BBB most likely result in the
release of proinflammatory cytokines, such as IL-1p and TNF-qa, and of danger
signals, such as high-mobility group box-1 (HMGB1). The inflammatory media-
tors produced leads to BBB leakage by enhancing its permeability and upregulat-
ing leukocyte adhesion molecules on the endothelium, which acts to attract
lymphocytes of the adaptive immune system leading to their infiltration into the
CNS (37).

There is a sixth etiology category, designated as Unknown, reserved for patients
whose etiology remains unclear.
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CURRENT EPILEPSY TREATMENT

The goal of current treatment for a patient with a seizure disorder or a diagnosis
of an epileptic syndrome is to enable him/her to live an unrestricted life by con-
trolling the seizures with anti-epileptic medications, neuromodulation or surgery,
avoiding precipitating factors, and addressing a variety of psychological and social
issues. To date, epilepsy cannot be cured.

Pharmacological treatment

Antiepileptic drugs (AEDs) act primarily by favoring inhibition over excitation
and thereby stopping or preventing the initiation or spread of seizure activity. The
AEDs can be grouped according to their main mechanism of action. The mecha-
nisms include inhibition of Na-dependent action potentials (e.g., phenytoin, car-
bamazepine, lamotrigine, topiramate, zonisamide, lacosamide, cenobamate),
inhibition of voltage-gated Ca** channels (phenytoin), blocking of glutamate
(lamotrigine, felbamate, perampanel), GABA enhancement (benzodiazepines and
barbiturates), GABA reuptake inhibition (valproic acid, gabapentin, tiagabine)
and opening of potassium channels (ezogabine). Two of the drugs for absence
seizures, ethosuximide and valproic acid, probably act by inhibiting T-type Ca**
channels in thalamic neurons (38).

Neurosurgical treatment

The current AEDs could be effective in almost 80% of individuals, the remaining
20% of patients are considered to have drug-resistant epilepsy despite efforts to
find an effective combination of AEDs. These patients might benefit from removal
or disconnection of a circumscribed brain region to achieve full seizure-control,
or at least stop disabling seizures (1).

Types of neurosurgical interventions include resection procedures for lesional
epilepsies caused by developmental abnormalities, tumors, vascular malforma-
tions, or trauma. For intractable temporal lobe epilepsy, temporal lobectomy with
hippocampectomy remains the most common surgically treated cause of seizures.
Other procedures include resections of discrete epileptogenic lesions such as
tubers and certain types of tumor, resections of large parts of single or multiple
lobes (partial or total lobectomy), and subtotal or total hemispherectomy for some
conditions involving large portions of brain. The most common disconnection
procedure involves partial and complete corpus callosotomies (39).

The effectiveness of surgical treatment depends on epilepsy type, underlying
pathology, and accurate localization of the epileptogenic brain region by various
clinical, neuroimaging, and neurophysiological investigations. The proportion of
individuals that are seizure free after surgery ranges from 50-80% in well selected
groups (40).
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Neurostimulation

Neurostimulatory techniques are palliative options for patients with drug-resis-
tant epilepsy when surgery is not possible or if surgery failed. Through electrical
impulses applied to peripheral nerves or specific brain areas it is possible to coun-
teract potential seizure generation or propagation. Two of the most used neuro-
stimulation techniques, vagus nerve stimulator (VNS), the first approved
neurostimulation device for epilepsy, and deep brain stimulation (DBS) using
electrodes implanted into the anterior nucleus of the thalamus, have demon-
strated a >50% reduction in seizure frequency in at least 50% of patients in open-
labelled, uncontrolled studies. VNS and DBS both are also associated with
improved Quality of Life (QOL), fewer hospitalizations due to status epilepticus
and reduced mortality (1, 5).

FUTURE DIRECTIONS

Despite the development of more than 25 anti-seizure medicines, primarily
focused on symptomatic reliefs by targeting ion channels and neurotransmitter
systems, approximately 30-40% of patients cannot be adequately controlled
(41). Additionally, 80% of patients with epilepsy report experiencing adverse
events related to their anti-seizure medicine and 30-40% will have adverse
effects that substantially impair their quality of life or result in medication
cessation or non-adherence (5). On the other hand, most of the candidates for
epilepsy surgery never receive an evaluation for resective brain surgery (42).
Therefore, there is an urgent need for new therapeutic approaches for effective
seizure-control.

In this context, gene therapy has emerged in the last years as an alternative to
pharmacotherapy and surgical resections for the treatment of refractory epilepsy.
Gene therapy seeks to alleviate diseases by introducing genetic material into target
cells to restore physiological functions. Although it is still in the preclinical devel-
opment phase, a variety of treatment strategies, from overexpressing inhibitory
neuropeptides to modulating the expression of neurotransmitters or ion channels,
have been tested successfully in animal models of epilepsy (43).

Another innovative treatment approach consists in the intracerebral injection
of antisense oligonucleotides (ASOs) for the inhibition of certain MicroRNAs
(miRNAs). miRNAs are small noncoding RNAs that suppress the translation of
mRNAs and have become new therapeutic targets in epilepsy and other diseases.
There have been more than 300 studies on miRNA and epilepsy, and over 100
different miRNAs are altered in experimental models and human samples. Of
these, there are 10-20 miRNAs that appear consistently dysregulated and for
which there is functional evidence for effects on seizures (44).

CONCLUSION

The introduction of the ILAE classification for the identification of etiologies of
epilepsies was a major step towards our understanding of the pathophysiological
mechanisms of epilepsies. The inclusion of multiple structural, genetic,
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metabolic, infectious, and immune etiologies of epilepsy made it possible to use
an evidence-based approach to determine the optimal treatment for an individual
patient. In addition, increased knowledge of the molecular alterations that lead to
permanent changes in neuronal network structure and function after epilepto-
genic brain insults has opened new avenues for the development of new mecha-
nism-based therapeutics which hold the promise of permanently curing some of
the most common forms of genetic epilepsies.
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