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General Introduction

Epilepsy

The brain is arguably the most fascinating organ of the human body, composed of
a rich number of highly interconnected, heterogeneous cell-types, with specialized
functions that together create our everyday conscious perception of the world.
In performing this task, the brain’s performance crucially relies on the precise
coordination of diverse cell populations, ultimately, integrating the spatial and
temporal electrical activity of neurons. The importance of this coordination becomes
evident during synchronous firing of neurons essential for higher brain functions
such as sensory-motor integration, working memory or perceptual awareness (1).

1

Aberrant synchronous activity of the brain is detected in a variety of neuropathological
states including psychiatric illness such as autism or schizophrenia but also in
neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease (1).
Furthermore, transient, high-frequency, hypersynchronous neural activity results
in what is commonly known as a seizure (2). Causes for abnormal synchronization
and consequent seizure activity are numerous including structural damage (i.a.
traumatic brain injury (TBI), tumors, encephalitis, stroke), deviant metabolic states
(i.a. fever, sleep deprivation, substance abuse) or congenital disorders leading to
maldevelopment of the brain (3). Seizures due to temporary, reversible factors
whose withdrawal quenches seizure activity are termed “provoked” (= acute
symptomatic). The International League Against Epilepsy (ILAE) defines epilepsy as
an “enduring predisposition to generate epileptic seizures, and the neurobiologic,
cognitive, psychological, and social consequences of this condition” (4). Epilepsy
is defined by any of the following conditions: [1] At least two unprovoked seizures
occurring >24 h apart; [2] diagnosis of an epilepsy syndrome [3] one unprovoked
seizure and a probability of further seizures similar to the general recurrence risk
(at least 60 %) after two unprovoked seizures, occurring over the next 10 years (4).
Depending on etiology and predisposition, epilepsy can be classified based on the
origin of seizures. Focal epilepsy is characterized by seizure activity in one restricted
region of one brain hemisphere leading to specific symptoms correlating to the
affected area such as the motor cortex (muscle spasms), sensory cortex (sensory
hallucinations), occipital lobe (visual hallucinations) etc. (2). These seizures can occur
fully conscious (aware) representing what patients describe as “auras“ or occur with
impaired awareness; the latter likely the result of aware seizures spreading to larger
brain areas. If the seizure is not inhibited from spreading, it can propagate to the
other brain hemisphere and develop into a focal to bilateral tonic-clonic seizure.
Epilepsy characterized by a seizure onset due to the rapid engagement of bilaterally
distributed networks are termed “generalized epilepsy” (2). These generalized
seizures can present with either motor (tonic-clonic seizures, formerly “grand-mal”)
or non-motor (absence seizures, formerly “petit-mal”) symptoms (2). Any seizure
can develop into status epilepticus, defined by the ILAE as “a condition resulting
either from the failure of the mechanisms responsible for seizure termination or
11
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from the initiation of mechanisms, which lead to abnormally, prolonged seizures
(approx. 5 minutes). Status epilepticus can have long-term consequences (after
approx. 30 minutes), including neuronal death, neuronal injury, and alteration of
neuronal networks, depending on the type and duration of seizures” (5).
World-wide, approximately 65 million people suffer from epilepsy, with a higher
prevalence in infants and the elderly (6, 7). In addition to the direct effect of seizures
on the quality of life of affected individuals, epilepsy also comes with another major
burden: social stigma. Epilepsy was historically, and still is, generally perceived as
negative and in certain cultures assigned to evil spirits, witchcraft and sometimes
even treated as contagious (8). These socio-cultural effects span into everyday
life, negatively affecting employment and even basic activities such as the right
to drive a car (9, 10). Consequently, next to managing life with seizures, patients
suffering from epilepsy oftentimes experience comorbidities such as social anxiety,
depression and suicidality (11). Moreover, seizure-associated injury, cognitive and
behavioral adverse effects of anti-seizure medication, concomitant neurocognitive
comorbidities of certain epilepsy syndromes such as autism spectrum disorder
or intellectual disability as well as sudden unexpected death in epilepsy (SUDEP)
represent additional severe complications (11).
While the current battery of anti-seizure medication is effective in two-thirds of
epileptic patients (12), these treatments aim to repress seizures without targeting
the underlying etiology. Moreover, finding an effective and well-tolerated drug
regimen can be a long process and patients can develop progressively drug-resistant
seizures. Finally, classical anti-seizure approaches fail to achieve seizure freedom
in 30 % of adult and 15 % of pediatric epilepsy patients (13-15). Some alternative
therapies include surgical resection of the epileptic focus, vagus nerve stimulation,
deep brain stimulation or the ketogenic diet (16, 17). While highly effective in a subset
of cases, these approaches can come with severe side-effects. For the ketogenic diet,
half of all adult and pediatric patients experience seizure reduction, however, diet
compliance is relatively low and can come with gastrointestinal problems, infectious
disease or hypercholesterolemia (18-21). In case of vagus nerve stimulation, seizure
reduction is recorded in only 8 % of patients and can come with postsurgical
complications (22, 23). The most drastic therapy is neurosurgical removal of the
epileptic focus. While effective in 40-50 % of patients, only a subset are eligible for
surgery, since the epileptic focus for prospective surgery has to be i.a. outside of
functional areas such as sensory or motor cortex (24, 25). Moreover, the invasive
nature of neurosurgery and the chance of incomplete resection potentially requiring
secondary neurosurgical interventions render surgery suboptimal for epilepsy as a
whole. Hence, finding novel treatments that tackle the processes leading to the
development of increased susceptibility of the brain towards spontaneous recurrent
seizures (SRS), represents the holy grail of epilepsy research. Epileptogenesis is
12
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defined as “the development and extension of tissue capable of generating SRSs,
resulting in [1] development of an epileptic condition, and/or [2] progression of
the epilepsy after it is established” (26). Fortunately, epileptogenesis and epilepsy
are characterized by common pathological changes across different etiologies,
thus promising treatments that could be tailored to several epileptic syndromes
at once. The first step to accomplishing this goal lies in a better understanding of
the underlying molecular mechanisms and cellular networks altered in epilepsy, as
well as identifying biomarkers to follow epileptogenesis, processes that still remain
largely enigmatic (26).

1

Malformations of cortical development

Malformations of cortical development are a heterogeneous group of congenital
disorders, characterized by improper development of the brain often resulting in
neurodevelopmental delay and epilepsy (27, 28). They can be broadly classified
into three groups: group I comprises malformations secondary to abnormal cell
proliferation or apoptosis, group II secondary to abnormal cell migration, and group
III secondary to post-migrational development (29). An important subgroup of
cortical dysplasias in group I are collectively termed mTORopathies, since they are
caused by mutations in regulators of the mammalian target of rapamycin (mTOR)pathway (30, 31).

Tuberous sclerosis complex

Tuberous sclerosis complex (TSC) is a rare, genetic multi-system disorder with
a prevalence of approximately 1:6000 newborns. Common symptoms in TSC
include benign tumor growth in kidney, heart, lung, eyes, skin, and brain (32, 33).
Characteristic lesions in the brain are cortical tubers and ventricular subependymal
nodules (SEN), that may progress into subependymal giant cell astrocytomas (SEGAs)
(34-38). Neurological manifestations include epilepsy, neurodevelopmental delay,
as well as TSC-associated neuropsychiatric disorders (TANDs) such as intellectual
disability and autism spectrum disorder (ASD) (39-41). Moreover, as one of the most
debilitating symptoms, TSC represents the most common genetic cause for pediatric
epilepsy with roughly 85 % of cases developing seizures, predominantly within the
first year of life, and 60 % eventually presenting with refractory epilepsy (42, 43).
Since uncontrolled seizure activity aggravates cognitive co-morbidities, immediate
seizure management after, or ideally before epilepsy onset, is crucial for the normal
cognitive development of patients (44-46). Currently, the most effective long-term
treatment for epilepsy in TSC is vigabatrin, a highly effective drug against infantile
spasms in TSC patients (47-50), while a subgroup of eligible patients benefits from
adjunctive everolimus (mTOR inhibitor) treatment or surgical resection of the
suspected epileptogenic lesion (48, 51-54).
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Figure 1: Gross anatomical features of the brain of a 32-year-old TSC patient with a TSC2 germline
mutation (A). While the overall gyrification of the cortex appears normal, several characteristic
hamartomatous tubers can be identified in the temporal and occipital lobe by their pale and
calcified (tuberous) appearance (A, circles). Coronal slices of the brain reveal a thickened cortex in
cortical tubers (B, white arrow) and a SEGA in the ventricle (B, black arrowhead). Hematoxylin/Eosin
and Luxol/PAS stainings reveal a thickened cortical layer, as well as blurring of grey/white matter
junction and overall diminished white matter density (C, D, black arrowheads). In addition, tubers
display gliosis, indicated by strong staining for the astrocyte marker GFAP (E, black arrowheads).
Figure adapted from (69).
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TSC is caused by loss-of-function mutations in the tumor suppressors TSC1 or TSC2,
both of which are negative regulators of the mammalian target of rapamycin (mTOR)
(55, 56). Purely heterozygous germline mutations, as well as mosaic mutations have
been detected in TSC patients (55, 57). The mTOR is a serine/threonine protein
kinase and the catalytic subunit of mTOR complex 1 (mTORC1) and mTORC2. Under
normal conditions, mTOR activity is tightly controlled by upstream regulators and
acts as an important sensor of cellular energy status and homeostasis. Environmental
stimuli such as cytokines or growth factors can stimulate mTOR, enabling cells to
dynamically respond to various extracellular cues via adaptation in metabolism or
cellular growth (58, 59). Mutations in either TSC1 or TSC2 lead to uncoupling from
upstream regulators and abnormal hyperactivation of mTORC1, resulting in the
development of the characteristic lesions during brain development.

1

Importantly, mTOR hyperactivity seems to be directly linked to epileptogenesis,
as mTOR inhibitors can suppress seizures in preclinical TSC models (60, 61) as well
as in clinical studies aimed at treating TSC and SEGAs (51-54, 62, 63). The current
consensus is that mTOR inhibitors induce a temporary anticonvulsant effect as do
currently available anti-epileptic drugs, but may also possess disease-modifying
potential (49, 64). The clear causative role of mTOR as epileptogenic driver, as well
as implications of mTOR activation in acquired epilepsies (65-68), make TSC an
attractive disease model to utilize as translational prototype for epilepsy in general.
In the brain of TSC patients, mTOR hyperactivity promotes development of often
multi-focal brain lesions characterized by aberrant glio-neuronal proliferation, cortical
dyslamination, hypomyelination along with the presence of dysplastic neurons and
improperly developed giant cells (31, 36, 37, 69, 70). TSC brain tissue obtained
from surgery due to drug-resistant epilepsy usually presents with a heterogeneous
frequency of the aforementioned histopathological hallmarks between patients (31,
70). TSC lesions are thought to arise by the Knudson hypothesis, also known as the
“two-hit” hypothesis (71). Accordingly, somatic mutations in either TSC1 or TSC2,
resulting in the loss of wild-type alleles, have been detected in different types of
TSC neoplastic lesions and to a lesser extent in cortical tubers (55, 72, 73). Thus, it is
still an ongoing matter of discussion whether monoallelic inactivation of TSC1/TSC2
is sufficient for tuber development or if the second hit occurs in a specific cellular
component complicating its identification (55, 72, 73). Cell specificity, mutation
load and mutation timing during brain development likely give rise to the diverse
neuropathological presentations (57).
The histopathological features of TSC are summarized in Figure 1 and 2.
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Figure 2: Microscopic features of autopsy control cortex reveal normal cortical layering, as
indicated by the marker for mature neurons NeuN (A). In contrast, few, disorganized NeuN-positive
neurons are detected in tubers, that display heterotopic localization in the white matter (B). These
neurons display a dysmorphic morphology and overexpress nonphosphorylated neurofilament
(C). Moreover, eosinophilic, featureless giant cells with a laterally displaced nucleus (arrows)
and calcifications (arrowheads) can be detected in tubers (D). Another characteristic feature is
expression of the phosphorylated S6 kinase, as indicator of mTOR activation, which is present in
dysmorphic neurons (arrows) and giant cells (arrowheads) (E, F). Astrocytes display an activated
morphology (arrowheads), but also giant cells and dysplastic astrocytes expressing GFAP (G) and
vimentin (H) can be detected (arrows). Scale bar: 500 μm in B, E; 100 μm in A, C, F-H; 50 μm in D.
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Focal cortical dysplasia and hemimegalencephaly

While TSC represents the prototypic monogenic disorder of mTOR hyperactivation,
other malformations of cortical development such as megalencephaly,
hemimegalencephaly (HME), and focal cortical dysplasia (FCD) are also characterized
by aberrant constitutive mTOR activation due to acquired mutations in various mTOR
regulators (74). Importantly, all share histopathological and clinical characteristics
with TSC, such as cortical dyslamination, dysplastic cell morphology and intractable
seizures (31).

1

HME is a rare congenital MCD characterized by unilateral enlargement of one
cortical hemisphere with occasional involvement of brain stem and cerebellum,
which can be detected as early as 22 gestational weeks (75, 76). It occurs in isolation
or as part of syndromes, including TSC (77, 78). Patients with HME often present
with neurodevelopmental delay and drug-resistant, recurrent seizures that often
can only be cured by surgically disconnecting the malformed brain hemisphere
via hemispherectomy (79, 80). Macroscopically, the affected hemisphere presents
abnormal gyral pattern and enlarged thickness of the grey matter. Microscopically,
features of TSC like cortical dyslamination, dysmorphic neurons, heterotopic neurons
in the white matter as well as occasional balloon cells can be detected (75, 81, 82).
Moreover, like TSC tubers, HME brain tissue displays strong expression of the mTOR
effector phosphorylated S6 kinase (pS6), suggesting HME to be part of the spectrum
of mTORopathies (29, 83). Indeed, de novo germline and somatic mutations in
the mTOR regulators PIK3CA, AKT3 and mTOR leading to aberrant activation of
the phosphatidylinositol kinase (PIK)3-AKT3-mTOR pathway could be identified in
resected HME tissue (84-87). Here, acquisition of the de novo mutations during
early mitotic cycles of neural stem cells of the periventricular neuroepithelium
likely dictates overgrowth of the entire hemisphere. The earlier this mutation
occurs, the more extensive the megalencephaly presents itself, potentially involving
infratentorial areas of ipsilateral cerebellum or brainstem (31, 88, 89).
While mTOR activation during early mitotic cycles facilitates development of HME,
later acquisition of somatic mutations in the mTOR pathway leads to focal lesions,
located in single or adjacent gyri. Accordingly, these lesions are termed focal cortical
dysplasia (FCD) and in particular FCD type 2 (FCD 2) was shown to recapitulate many
of the genetic and histopathological signatures related to mTOR activation found in
TSC and HME. Consequently, HME and FCD 2 are now considered to originate from
the same etiology with different timing: somatic mutations in the mTOR pathway
(85, 89). While TSC and HME represent relatively rare congenital disorders, FCD
2 represents 40 % of encountered lesions during neuropathological work-up of
resected brain tissue from pediatric epilepsy patients (90, 91). Of note, FCDs type 1
(dyslaminated, disrupted cortical architecture with morphologically normal neurons)
and FCD type 3 (dysplasia adjacent to a primary lesion: hippocampal sclerosis,
17
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Figure 3: Whole mount section of the brain of a preterm infant (32 gestational weeks) with HME
who died of drug-resistant status epilepticus 3 days postpartum. The right hemisphere shows
severe hypertrophy, an enlarged lateral ventricle, periventricular cysts, increased cortical thickness
and lack of gyrification (A). NeuN staining reveals prominent overgrowth of neurons into supial
layers and general dyslamination of the cortex (B). Nissl staining indicates dysmorphic neurons
with aberrant polarization (C, arrowheads and insert). Proper cortical lamination as indicated by
NeuN in autopsy control cortex (D) is absent in FCD 2a lesions (E). Dysmorphic neurons in FCD 2a
present with typical lack of polarization, enlarged nucleus, prominent Nissl substance (F, insert) and
pS6 reactivity (F). Moreover, they show increased expression of neurofilament (G, H arrowheads).
Similarly, FCD 2b lesions are characterized by lack of cortical organization as indicated by NeuN (I)
and pS6 reactivity (J), but in addition also contain eosinophilic balloon cells similar to giant cells in
TSC tubers (I, insert). Also here, dysmorphic neurons express excessive amounts of neurofilament
(K). As in TSC tubers, vimentin positive reactive astrocytes (arrowheads) and balloon cells (arrows)
can be detected (L) and microgliosis is present as indicated by the microglia activation marker
human leukocyte antigen 2 (M). Scale bar: 500 μm in B, E, I; 250 μm in C, D, F, G, J-L; 100 μm in H,
M, 20 μm in inserts C, F, I. Figure adapted from (102).
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vascular malformation, ischemic insults or tumor) do not fall in the spectrum of
mTORopathies as no somatic mutations in the mTOR pathway can be detected in
these lesions (92). In contrast, somatic mutations in the PIK3-AKT3-mTOR pathway
similar to HME have been identified in resected lesional tissue of FCD 2 patients (86,
93, 94). In addition, mutations in other regulators such as DEPDC5, NPRL2, NPRL3,
TSC1, TSC2 and mTOR itself have been identified (85, 95-98).

1

While TSC, HME and FCD 2 present with similar histopathological features, important
distinctions likely representing differences in genotype, timing as well as cellular
localization of somatic mutations remain. For example, more than one lesions/
tubers, SENs, SEGAs and tissue calcifications are found exclusively in TSC. However,
primarily cortical tubers resemble the histopathological features of FCD 2 and HME
lesions. Furthermore, the presence of balloon cells discriminates FCD 2 into subtype
2a (no balloon cells) and 2b (with balloon cells), rendering 2b lesions more similar
to cortical tubers containing giant cells, which appear like balloon cells (92). Lastly,
white matter alterations which appear as blurring between grey and white matter
boundaries on magnetic resonance imaging are characteristic for FCD 2b, HME and
TSC, but not FCD 2a (99-101).
The histopathological features of HME and FCD 2 are summarized in Figure 3.

Epileptogenesis in mTORopathies

Despite the progress in understanding the role of the mTOR signaling pathway,
pinpointing the precise cellular substrates responsible for producing seizures is still
lacking. Clues from animal models with mutations in the mTOR regulators Pten,
Tsc1 or Tsc2 report abnormal neuronal migration, proliferation and differentiation
as well as aberrant axonal and dendritic growth (103). These alterations could
potentially underlie hyperexcitability and a decreased seizure threshold upon
mTOR hyperactivity in TSC. While balloon cells were shown to be electrically silent,
dysmorphic neurons were shown to present with hyper-excitable membrane
properties (104-107). Interestingly, although the neuropathological hallmarks of TSC
are primarily found in tubers, some studies have shown that the seizure focus in TSC
brains could also originate from the surrounding normal-appearing cortex, based
on seizure freedom after resection of the peri-tuberal zone, tissue analysis, and
electrocorticographic recordings (108-111). However, further progress in the careful
examination and advances in the identification of novel histopathological markers
may eventually make a discrimination between tuber and peri-tuber obsolete.
Nevertheless, surgical resection of the tuber leads to seizure relieve in 50-60 % of
cases, suggesting an important role in epileptogenesis in at least a subset of patients
with a clear-cut epileptogenic “driver” lesion (112-115). These findings likely apply
also to the other mTORopathies.
The molecular features of mTORopathies are summarized in Figure 4.
19
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Figure 4: Diagram of the mTOR signaling pathway and its regulators. Mutations identified in
the mTORopathies megalencephaly, HME, FCD or TSC leading to aberrant mTORC1 activation
are indicated by colored spheres. IRS1, insulin receptor substrate 1; PI3K, PI3kinase; PDK1,
phosphoinositide‐dependent kinase‐1; PTEN, phosphatase and tensin homologue; AKT, protein
kinase B; BRAF, v‐raf murine sarcoma viral oncogene homolog B1; MEK, mitogen activated protein
kinase; ERK, extracellular signal‐regulated kinase; LKB1, tumor suppressor liver kinase B1; STRADα,
STE20‐related kinase adaptor alpha; AMPK, AMP‐activated protein kinase; TBC1D5, TBC1 Domain
Family Member 5; RHEB, ras homolog enriched in brain; mTORC1, mammalian target of rapamycin
complex 1; DEPDC5, DEP Domain Containing 5; NPRL2, NPR2 Like, GATOR1 Complex Subunit; NPRL3,
NPR3 Like, GATOR1 Complex Subunit; GATOR1, Gap Activity TOward Rags 1; S6K1, p70S6kinase;
S6, ribosomal S6 protein; 4EBP1, eIF4E‐binding protein 1; eIF4E, binding of eukaryotic translation.
Figure adapted from (31).

Temporal lobe epilepsy

Temporal lobe epilepsy (TLE) is characterized by focal, unprovoked, recurrent seizures
originating in the temporal lobe. TLE is frequently accompanied by hippocampal
sclerosis (HS) which is characterized by severe gliosis, dispersion of the hippocampal
granule cell layer and hippocampal atrophy due to neuronal loss, primarily in the
Cornu Ammonis (116, 117). HS is the most frequently encountered histopathological
abnormality in 45 % of adult epilepsy patients that undergo resective surgery (90,
118). On the histopathological level different degrees of neuronal loss and gliosis
can be appreciated that have led to a novel classification system of HS (117). This
20
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heterogeneity likely results from temporal factors such as epilepsy duration (119),
age at epilepsy onset and initial precipitating events such as febrile seizures in infancy
(120-122). Other factors likely influencing severity of HS include seizure frequency
and genetic predisposition. While the exact etiology of TLE remains unknown to date,
acquired insults (febrile seizures in infancy, TBI, encephalitis, tumors, strokes etc.)
combined with genetic vulnerability of the brain to develop epilepsy are assumed
to give rise to TLE-HS (123, 124). Moreover, it is proposed that certain brain circuits
are more prone to generating seizures which might also apply to TLE, based on the
prevalent onset zone for epileptic seizures in the temporal lobe (125). In line with
this, approximately 70 % of surgical resections are performed on the temporal lobe
(90). Similar to MCD patients, TLE patients eligible for surgery greatly benefit from
the resection of the epileptic focus (118, 119, 126, 127).

1

Epileptogenesis in TLE-HS

In contrast to MCDs, a precise genetic basis for TLE-HS has not been identified to date.
In terms of pathophysiology, a number of hypothetical epileptogenic mechanisms
have been proposed. Of note, investigation of surgically resected brain tissue from TLE
patients represents advanced stages of disease. Thus, histopathological alterations in
human tissue complemented by screening epileptogenesis in experimental models
of epilepsy generated most of the currently accepted hypotheses. A common feature
of human TLE hippocampi and tissue of experimental epilepsy models is neuronal
damage, specifically to pyramidal neurons and GABAergic interneurons, likely
reflecting selective vulnerability of these cell types (128-132). Loss of GABAergic
inhibition provided by these cells is proposed to facilitate an imbalance in excitation
and inhibition, consequently posing the hippocampus prone to hypersynchronous
firing (133, 134). Synaptic reorganization, including sprouting of mossy fibers in
human TLE and animal models is another characteristic feature reflecting rewiring of
the hippocampal circuitry as a result of seizures, though its impact on epileptogenesis
remains to be resolved (135, 136). Moreover, ongoing neurogenesis and hippocampal
granule cell dispersion likely related to reelin expression, a modulator of neuronal
migration, point towards another mechanism contributing to altered circuitry (116,
137-141). Another proposed mechanism suggests a reversal of the electrochemical
gradient for chloride ions, making γ-aminobutyric acid (GABA)ergic ligand-gated ion
channels on inhibitory neurons aberrantly excitatory (142, 143). Though TLE does
not reflect intrinsic hyperactivation of the mTOR pathway such as mTORopathies,
aberrant mTOR signaling has been implicated in the context of acquired epilepsy.
Loss of the mTOR regulator Pten in a subset of dentate granule cells in mice is
sufficient to cause epilepsy. Here, mossy fiber sprouting and altered circuitry in
various experimental models seems to be regulated by mTOR activation (66, 144148). Another mechanism of ictogenesis in TLE might be mediated by chronically
elevated extracellular concentrations of the excitatory neurotransmitter glutamate
due to alterations on glutamate transporters (149, 150). This, in turn, could facilitate
21
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Figure 5: Antibody staining against NeuN in the hippocampus of control autopsy brain tissue
displays the loosely packed neuronal band of the Ammon’s horn (CA1), densely packed granule
cell layer of the dentate gyrus (DG) and multiple scattered interneurons in the hilus (HL) (A). In
comparison, there is severe loss of neurons in the CA1 and HL as well as dispersion of neurons in
the DG in TLE-HS (B). While astrocytes visualized with GFAP display a ramified morphology with
thin cellular processes in autopsy control tissue (C, insert), astrocytes in TLE-HS are more numerous
and have an activated, enlarged morphology (D, insert). Scale bar: 500 μm in A; 50 μm in A (CA1
insert), 10 μm in C insert.
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prolonged N-methyl-D-aspartate receptor (NMDAR) stimulation, negatively affecting
brain plasticity and long-term gene regulation in the context of epilepsy (151,
152). Finally, several lines of evidence point towards the epileptogenic potential
of the immune system and inflammatory molecules such as complement factors,
interleukin (IL)-1β, tumor necrosis factor (TNF) α or IL-6 (153-158). Here, gliosis, i.e.
proliferation and activation of astrocytes and microglia, which is a principal finding in
TLE-HS, could be a driver but also a result of these pro-inflammatory changes (159).

1

The histopathological features of TLE-HS are summarized in Figure 5.

Epileptogenesis

Epileptogenesis describes the gradual process of the brains neuronal networks to
change from “normal” activity to a higher probability to enter a hypersynchronous
state and consequently produce SRS and, ultimately, epilepsy (26). While traditionally
believed to be restricted to a latent period between a primary insult and the
occurrence of the first SRS, it is now appreciated that epileptogenesis persists long
after the first seizures in many epileptic syndromes, contributing to the progressive
nature of some epilepsies (26). Importantly, solely suppressing seizure activity with
antiepileptic drugs does not exert an effect on epileptogenesis, making our current
treatments purely symptomatic. Halting epileptogenesis altogether or modifying
its course, collectively termed antiepileptogenic, represents the ideal anticipated
treatment for epilepsy patients. Hence, understanding the mechanisms contributing
to epileptogenesis, as well as developing better tools to monitor susceptibility to
and progression of epileptogenesis are crucial in this endeavor. More specifically,
this thesis aims to investigate oxidative stress, its relation to inflammation and iron
metabolism, and its contribution to cellular damage and altered neuronal circuitry
in epileptogenesis and epilepsy.

Co-evolution of life and oxygen

The most abundant element in earth’s crust and sea (46,6 %) and the second most
abundant gas in earth’s atmosphere (21 %) is oxygen (174). Oxygen is believed to
be intimately tied to eukaryotic evolution. It is hypothesized that the atmosphere
of the early earth was anoxic and only started to become oxygenated through the
emergence of early cyanobacteria that rapidly diversified and produced substantial
quantities of atmospheric O2 via photosynthesis (175). The initial rise in oxygen was
readily buffered by carbon and naturally available reducing minerals such as sulfides
and ferrous iron (Fe2+)-containing rocks. However, burial of carbon by cellular life and
consequent carbon deposition on the sea bed, as well as the saturation of mineral
buffering capacities eventually led to a sharp rise in atmospheric oxygen, collectively
termed the great oxidation event (GOE) (176). This advent, combined with other
stressors, likely resulted in strong evolutionary pressure on the biota to utilize oxygen
for respiration, while at the same time exerting a strong negative selection due to
23
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the metabolic toxicity of the highly reactive oxygen. Current hypotheses propose
that oxygenation and acquisition of oxidative phosphorylation in early aerobic
bacteria plus endosymbiosis of these bacteria, i.e. mitochondria, into early archaea
led to eukaryogenesis (177, 178). Here, many of the key discriminating features of
eukaryotes from prokaryotes are hypothesized to have been triggered in response to
the potential hazards of reactive oxygen such as membrane compartmentalization
(endoplasmic reticulum (ER), Golgi system, lysosomes), genome remodeling, the
origin of the nucleus, origin of peroxisomes, as well as meiosis and sexual reproduction
(177, 178). On the contrary, the high energy yield from oxidative phosphorylation
allowed the great diversification of evolution including the emergence of complex
life we see today (175, 179).

Oxidative stress and antioxidant defense mechanisms

The ambivalent relationship of biological life with oxygen persists to this day. Oxidative
phosphorylation in mitochondria is intricately linked to a low-level production
of reactive oxygen species (ROS), primarily O2- by complex I and complex III in the
mitochondrial respiratory chain. This low O2- production can increase dramatically
in response to e.g. damage to the respiratory chain or ischemia (180). In addition,
other cellular sources of O2- exist including i.a. enzymatic production by nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase (NOX) or xanthine oxidase (181).
While small increases in ROS can serve as crucial intracellular signaling molecules in
physiological conditions (182), large increases in ROS can directly oxidize all major
cellular constituents, e.g. guanine in DNA, unsaturated membrane lipids or thiol
groups in cysteine of proteins, ultimately, promoting cellular dysfunction or decay
(181, 183). Since many processes in the cell are redox sensitive, maintaining a stable
homeostasis between ROS production and elimination is crucial. Thus, cells possess
a battery of enzymatic and non-enzymatic antioxidants. By definition, antioxidants
are oxidizable substrates that compete with macromolecules to react with ROS,
thereby acting as scavengers which can be recycled by enzymatic reduction. Some
of the non-enzymatic scavengers include glutathione (GSH), α-tocopherol, vitamin
E or ascorbate (184). The canonical enzymatic route of ROS detoxification starts
with superoxide dismutase (SOD) which can reduce O2- to H2O2 that then reacts
with catalase in peroxisomes or with cytoplasmic glutathione peroxidases (GPx),
which utilize GSH, to yield water (181). It is worth mentioning that ROS produced by
mitochondria or oxidases can transmute by enzymatic or non-enzymatic reactions
to yield hydroxyl radical (OH•), hydroxide ion (OH-) or singlet oxygen (1O2) all with
different oxidizing capacity (185). Moreover, oxidation of the amino acid L-arginine by
nitric oxide synthases (NOS) can lead to the production of reactive nitrogen species
(RNS) such as nitrous oxide (NO•) with similar oxidizing potential as ROS. Also, RNS
can be further converted to nitroxyl ion (NO-) and cross-react with O2- to yield the
potent oxidant peroxynitrite (ONOO-) (181, 185). One biologically important factor
facilitating transmutation of O2- to other ROS species are reduced transition metals
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Figure 6: The atmosphere of the early earth was largely anoxic [1] and oxygen only built up after
the emergence of the first cyanobacteria [2]. Oxygen was initially buffered by naturally occurring
minerals [3]. After their saturation oxygen quickly enriched the atmosphere which coincided
with the emergence of complex life [4, 5] (A). The high reactivity of oxygen allowed the evolution
of oxidative phosphorylation in bacteria, which together with endosymbiosis likely gave rise
to eukaryotes and consequently all multicellular life (B). Though the electron transport chain
generates a high energy yield, it also produces ROS in the process, especially O2- from complex
I and III. This O2- is quickly detoxified by intrinsic antioxidant mechanism. SOD dismutates O2- to
H2O2 which is then further metabolized by catalase and GPx to water. If the antioxidant capacity is
exceeded, ROS can build up and lead to OS which can be further exacerbated by transition metals,
such as iron (C). Excess ROS can oxidize all cellular macromolecules including e.g. guanine in DNA,
thiol groups of proteins or unsaturated bonds in lipids (D). Chronic OS can eventually lead to cellular
dysfunction and lead to apoptosis or in extreme cases even necrosis, a process implicated i.a. in
aging and neurodegenerative diseases (E).
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such as ferrous iron (Fe2+) or cuprous copper (Cu+) via the Fenton-Haber-Weiss
reaction (186). In conditions of elevated ROS, catalytic metals can act synergistically
with O2- to amplify ROS reactivity and potential oxidative damage. The inability of
intracellular antioxidants to detoxify ROS in states of chronic, overwhelming ROS
production is termed oxidative stress (OS).
The co-evolution of life with oxygen and effects of ROS are summarized in Fig. 6.
States of OS saturate the capacity of the canonical antioxidant pathways and lead
to the induction of factors involved in detoxification. These responses are governed
by a highly conserved promotor motif termed the antioxidant response element
(ARE) (187). Genes that contain the ARE and are stimulated by OS are involved in
the amplification of the synthesis of many different antioxidant systems such as
GSH metabolism. GSH is a tripeptide of glycine, glutamate and cysteine, whose thiol
group provides the antioxidant motif. Synthesis of GSH is initiated at the membrane
via import of the rate limiting amino acid cystine by the ARE-inducible glutamate/
cystine transporter (xCT). In the cell cystine is reduced to cysteine and binds to
glutamate facilitated by glutamate-cysteine ligase catalytic subunit (GCLC). Glycine
is added in the final step of GSH synthesis by glutathione synthetase (GSS) (188).
The generated GSH can then be utilized by GPx to reduce oxidized macromolecules
directly or by glutathione S-transferases (GST) that transfers GSH to an oxidized
molecule to facilitate solubility and efficient removal (189, 190). Finally, glutathione
reductases facilitate the reduction of oxidized GSH, which forms disulfide
glutathione (GSSG), back to GSH by consuming NADPH (188). Essentially all of the
factors involved in GSH synthesis contain the ARE and are inducible by ROS and
other potentially ROS producing xenobiotics (187). Another important antioxidant
system is based on thioredoxin (Trx) which can mediate cysteine thiol-disulfide
exchange, reducing oxidized disulfide bonds in proteins or another class of small
antioxidant enzymes, peroxiredoxins (Prx). Oxidized Trx can then be reduced again
by thioredoxin reductase (TrxR) consuming NADPH in the process (191). Similar
to GSH metabolism, Trx, TrxR and Prx contain an ARE and are highly inducible by
ROS (187). In terms of transcriptional regulation, nuclear factor erythroid-2 related
2 (NRF-2) represents one of the key transcription factors mediating expression
of ARE-containing genes (192). A very well studied example of NRF-2 induction is
the activation of heme oxygenase 1 (HO-1), an enzyme capable of catalyzing the
degradation of heme, a co-factor liberated upon OS with oxidizing potential (193).
Under normal, redox-balanced conditions NRF-2 is sequestrated in the cytoplasm
by Kelch-like ECH-associated protein 1 (KEAP1), which mediates ubiquitination and
proteasomal degradation (192). Pro-oxidant imbalance leads to disulfide formation
in KEAP1 and dissociation from NRF-2, which rapidly migrates to the nucleus where
it competes for ARE sequences with the inhibitory transcription factor BTB Domain
And CNC Homolog 1 (BACH1) (194, 195). Increased intranuclear accumulation of
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NRF-2 eventually outcompetes BACH1 for binding and initiates transcription of ARE
targets by heterodimerization with small musculoaponeurotic fibrosarcoma proteins
(sMaf) transcription factors (196).

1

Mechanisms of induced antioxidant pathways in OS conditions are summarized in
Fig. 7.

Figure 7: Oxidative stress activates several important intracellular antioxidant pathways. GSH
synthesis begins with cysteine import via xCT followed by ligation to glutamate and glycine via
GCLC and GSS. GSH can either be utilized by GPx for direct reduction of oxidized moieties or by
GST that transfers GSH to oxidized molecules to increase their solubility and removal. Oxidized
GSH in the GS-SG disulfide form can be reduced by GSR to be used again (A). Prx can reduce excess
H2O2 via its thiol groups that can be recycled by Trx. Trx can provide antioxidant capacity either by
reducing Prx or it can directly react with ROS. Oxidized Trx itself is recycled back to its reduced form
by TrxR, which uses up NADPH in the process (B). Expression of GSH and Trx genes is governed by
NRF-2 a transcription factor sequestered by KEAP1 and targeted for proteasomal degradation in
the cytoplasm in redox balanced conditions. Upon OS, KEAP1 disulfide formation releases NRF-2
and leads to its rapid translocation to the nucleus. Here, it outcompetes the inhibitory transcription
factor BACH1 at high concentrations for binding to ARE promotor sequences and together with Maf
transcription factors activates antioxidant gene expression (C). One of the most rapidly induced
genes is HO-1 which mediates antioxidant effects by breaking down heme into CO and bilirubin,
releasing Fe2+ in the process (D).
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Oxidative stress, inflammation and iron in the epileptogenic
brain

Generally, neurons have a high metabolic demand due to their electrical activity as
well as high concentrations of polyunsaturated fatty acids (PUFAs). PUFAs are vital
to neuronal activity since they greatly regulate membrane fluidity and permeability,
features essential in signal conductance. However, they are particularly prone to
non-enzymatic peroxidation and, once oxidized, can act as self-propagating lipid
ROS themselves (197, 198). Moreover, most terminally differentiated neurons are
post-mitotic, suggesting a progressive build-up of ROS in their macromolecules
culminating in OS over time. Accumulation of ROS mediated oxidation in
genomic but also mitochondrial DNA could act mutagenic and contribute to
neuronal dysfunction over time. Here, lesions in mitochondrial DNA could amplify
mitochondrial dysfunction and ROS production which could further ROS-mediated
damage. Therefore, neurons heavily rely on a high antioxidant capacity and proper
redox balance to function properly.
Acute brain injuries associated with epileptogenesis in acquired epilepsy such as TBI,
status epilepticus, hypoxia or stroke are accompanied by excessive ROS production
and OS (199-201). Moreover, brain tissue from autopsy or resective surgery from
patients suffering from TLE, FCD, TSC or severe ante mortem SE express markers
of OS such as nuclear NRF-2, increased xCT or 4-hydroxynonenal (4HNE), a marker
of lipid peroxidation (201-204). To understand the contribution of excessive ROS to
epileptogenesis, one has to appreciate the selective vulnerability of specific neuronal
subpopulations to OS. For example, higher baseline OS in CA1 and CA3 neurons of the
hippocampus is suggested to make these neurons more sensitive to acute elevations
in ROS concentrations (205, 206), which coincides with neuronal loss in the CA in TLEHS. This cell-specific vulnerability likely reflects the heterogeneous molecular makeup depending on e.g. electrical activity, biochemistry or morphological features of
neurons.

Mechanisms of ROS production in epilepsy

Sources of ROS in epilepsy are numerous. One previously mentioned source is
caused by increased metabolic demand during seizures which is proposed to
promote ROS production from mitochondrial complex III (207). Additionally, upon
seizure activity excessive glutamate stimulation of glutamatergic neurons can induce
a process termed excitotoxicity (208, 209). Here, prolonged stimulation of ionotropic
glutamate receptors such as α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor (AMPAR), NMDAR or metabotropic glutamate receptors (mGluR) leads to
large influx of Ca2+ ions (210). Cytoplasmic Ca2+ concentration is generally maintained
low, to prevent activation of various Ca2+-sensitive enzymes e.g. phospholipases,
endonucleases or proteases (211). Besides the activation of these degrading
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enzymes upon Ca2+ influx, mitochondrial membrane potential and integrity
critically depend on maintenance of low cytoplasmic Ca2+. Mitochondria serve as
intracellular Ca2+ storage and important protective buffer of excessive cytoplasmic
Ca2+ upon excessive stimulation (212). Prolonged Ca2+ buffering eventually promotes
depolarization of the mitochondrial membrane, diminishing ATP production and
stimulating mitochondrial ROS production and OS (213-215), both of which are
critically required for excitotoxic cell death (216). Since mitochondria are also
essential regulators of apoptosis via cytochrome-c release leading to activation of
the caspase cascade which culminates in apoptosis, their functionality is critically
important to prevent programmed cell death (217). Here, redox dependent
cytochrome-c oxidation as apoptosis trigger was described previously (218, 219).
While excitotoxic cell death and apoptosis can be triggered by prolonged seizures in
SE and were shown to be present in chronic epilepsy (220-222), excitotoxicity could
also be involved in the principal insult prior to epileptogenesis. Here, traumatic
neuronal death and consequent extracellular release of excessive glutamate in
TBI or improper glutamate removal upon ischemic stroke could provide the initial
excitotoxic trigger for epileptogenesis. Ironically, since xCT acts as glutamate/
cysteine antiporter, antioxidant NRF-2-dependent xCT expression for GSH synthesis
triggered by OS in these conditions might contribute to extracellular glutamate (223225). The crucial role of mitochondria in seizure generation is further indicated by
the many congenital syndromes associated with mitochondrial defects that manifest
with epilepsy (226) as well as mitochondrial impairment in acquired epilepsy and its
experimental models (227-230).

1

Besides seizure-dependent generation of ROS by mitochondria, other ROS/RNS
producing enzymes exist such as inducible NOS (iNOS), neuronal NOS, xanthine
oxidase, NOX, lipoxygenases or cyclooxygenases (COX). For example, NMDAR
stimulation activates neuronal NOS and NO- production upon excitotoxicity and
can transmutate to ONOO- with ROS (231, 232). Moreover, increased neuronal
expression and generation of RNS via iNOS in SE, TLE, FCD and TSC and animal models
of epilepsy was shown before (201, 202, 233). While mitochondrial dysfunction was
long believed to be the main generator of ROS during NMDAR stimulation, a great
proportion of O2- production is now assumed to be attributable to xanthine oxidase
and NOX in SE (234-237).

Oxidative stress and neuroinflammation

Although ROS can directly oxidize molecules, they can also act as signaling molecules
in synergy with neuroinflammatory factors in the pathophysiology of epilepsy. Here,
astrocytes and microglia play key roles as mediators of neuroinflammation (238, 239).
One well described link between OS and neuroinflammation evolves around the high
mobility group box (HMGB)1- nuclear factor kappa-light-chain-enhancer of activated
B cells (NFκB) axis. Upon cellular damage inflicted by OS, HMGB1 translocation from
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Figure 8: Several mechanisms contribute to the generation of ROS and OS in the brain. Excitotoxicity
describes the excessive stimulation of glutamate-sensitive NMDA, AMPA and mGlu receptors via
sustained glutamate release by the presynaptic terminal. This activation leads to Na+ and Ca2+
influx and subsequent intracellular ionic imbalance. Ionic imbalance promotes depolarization
and breakdown of membrane integrity in mitochondria which subsequently can release even
more Ca2+, leading to non-specific activation of a number of degrading enzymes. Moreover,
mitochondrial dysfunction can promote the release of cytochrome-c which can initiate caspasedependent apoptosis (A). Activation of NMDAR and AMPAR promotes activation of neuronal
NOS which can combine with ROS generated by dysfunctional mitochondria to yield OONO-. In
addition, astrocytes and microglia are also competent generators of ROS in stressed conditions
and collectively can induce membrane peroxidation and dysfunction in neurons (B). Finally, ROS
can potentially damage DNA but also trigger activation of ROS-sensitive transcription factors, such
as NFκB, that promote expression of neuroinflammatory mediators e.g. IL-1β. Moreover, stressinduced COX-2 expression and generation of PGE2 further drives inflammation. ROS-induced stress
can also trigger the release of HMGB1 which is oxidized by OS and can bind TLR4 receptors which
reinforce NFκB-dependent production of pro-inflammatory mediators. Importantly, all of these
ROS-induced inflammatory mediators can also act on astrocytes and microglia, which triggers
production and release of more ROS (C).
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nucleus to cytoplasm followed by extracellular release can trigger Toll-like receptor
(TLR) 4 (240), a process described in TLE and FCD (241-243). Here, HMGB1 binding is
promoted by ROS-dependent oxidation and HMGB1 disulfide formation of specific
cysteine residues in OS conditions (244, 245). TLR4 activation by disulfide HMGB1 can
subsequently promote NMDAR signaling in hippocampal neurons thereby inducing
excitotoxicity (246). Additionally, TLR4 activation leads to down-stream activation of
NFκB which promotes expression of NLR family pyrin domain containing 3 (NLRP3)
and pro-IL-1β (247). Activation of NLRP3 by mitochondrial damage and ROS release
in pathological conditions cleaves pro-IL-1β to form IL-1β (248, 249). Both, HMGB1
and IL-1β as a result of ROS mediated processes can modulate glutamatergic and
GABAergic signaling and act ictogenic (242, 250, 251), thus driving inflammationmediated seizure generation secondary to oxidative damage. Interestingly HMGB1TLR4-NFκB appears to also promote NOX and iNOS expression, hence reinforcing
OS and TLR4 activation (252-254). Another pro-inflammatory protein expressed
upon NFκB activation and implicated in epilepsy is cyclo-oxygenase 2 (COX-2) (255257). COX-2 catalyzes the formation of prostaglandins (PGEs), most importantly PGE2
which was shown to promote oxidative neurotoxicity upon binding to its cognate
receptor, potentially aggravating neuronal loss and epileptogenesis (257-260). It has
to be emphasized that OS and neuroinflammation in epilepsy are strongly interlinked
and dependent on each other. In this context brain resident neurons, astrocytes and
microglia play key roles, however, also recruitment of peripheral immune cells like
monocytes and lymphocytes was shown to occur in TLE, FCD and TSC and likely
contributes to OS and neuroinflammation (158, 261-263).

1

Mechanisms of ROS generation and OS in epilepsy are summarized in Fig. 8.

Iron-dependent oxidative stress and ferroptosis

Iron is an indispensable element for biological life and an essential micronutrient to
all organisms. Moreover, it is even proposed to have been an essential catalyst for
CO2 fixation, electron transfer as well as the formation of complex organic molecules
thereby facilitating the origin of life (264). Some essential iron-dependent enzymes in
higher organisms include cytochromes and iron-sulfur proteins involved in electron
transfer reactions in the mitochondrial electron transport chain, hemoglobin and
myoglobin in blood and muscle responsible for oxygen transport as well as catalase
involved in the detoxification of H2O2 in peroxisomes (265, 266). Here, iron can be
bound to the co-factor heme, complexed to sulfur in iron-sulfur proteins or complexed
to protein side chains. Iron’s important metabolic roles stem from its redox cycling
capabilities in aqueous solution between its ferric (Fe3+) and ferrous (Fe2+) oxidation
state dependent on the reduction potential of the biological milieu. While this
cycling allows one-electron transport in the electron transport chain via iron-sulfur
clusters, it also allows reversible binding to a variety of ligands preferably oxygen,
nitrogen and sulfur in biological molecules. Unfortunately, high oxygen tension at
neutral pH in tissues of aerobic organisms render pure iron insoluble, necessitating
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iron complexing in specialized molecules to make it bioavailable for metabolic
processes. Complexed iron persists in the Fe3+ state, however, its transmembrane
transport, deposition in the iron-storage protein ferritin and synthesis of heme all
require Fe2+, necessitating redox cycling in all processes of iron metabolism. While
redox-cycling poses benefits in many reactions, it also poses a potential threat. One
electron reduction of O2 by Fe2+ yields O2-, which readily decomposes to H2O2 and can
further react with Fe2+ generating OH- and OH• in the Fenton-Haber-Weiss reaction
(265-267). As illustrated previously, the ROS yielded from this iron-catalyzed reaction
are highly reactive and non-specifically target macromolecules. For this reason,
iron in the human body is tightly regulated, with only minimal daily absorption
by enterocytes of the gut (0.5-2 mg) and loss due to cell shedding (1-2 mg), while
the majority of iron is recycled from hemoglobin or from iron storages in liver and
spleen. Iron transport via the circulation is accomplished by transferrin (TF) and to a
lesser extent also albumin or citrate (267).
The brain requires iron for a variety of functions, i.a. myelin formation (268, 269).
Iron concentrations in the brain are even more tightly regulated due to its high
aerobic metabolism and consequent high potential for iron toxicity. This regulation
is achieved by the blood-brain barrier (BBB) which separates the brain from iron
fluctuations in the systemic circulation. Transport across the BBB is mediated by
apical-basolateral transport via endothelial cells that take up unbound (Fe2+) or TFbound (Fe3+) iron from the circulation and secrete it into the cerebrospinal fluid (CSF)
or interstitial fluid (270, 271). In the brain, iron is again complexed to TF produced by
endothelial cells of the choroid plexus but also citrate, ascorbate or ATP. Uptake into
neurons and astrocytes occurs via binding of TF-bound iron (Fe3+) to the transferrin
receptor (TFRC) followed by endocytosis. Alternatively, non-transferrin bound iron
(Fe2+) can be directly imported via divalent metal transporter (DMT)-1. Acidification
of the endosome promotes dissociation of Fe3+ from the TF-TFRC complex followed
by enzymatic reduction to Fe2+ and subsequent transport into the cytosol by DMT1. Here, iron is incorporated in newly synthesized proteins via chaperones or
sequestered in ferritin, the major iron storage protein, cycling back to Fe3+ in the
process. Excess iron can be secreted by cells via proteasomal degradation of ferritin
and subsequent export via ferroportin-1 as Fe2+ which is then oxidized to Fe3+ by
the ferroxidase ceruloplasmin (265, 272, 273). Another important source of iron in
the brain is heme-bound iron which is similarly tightly regulated by specific heme
transporters and exporters, facilitating heme incorporation into intracellular and
specifically intra-mitochondrial proteins (274).
Several lines of evidence implicate iron in epileptogenesis. For example, TBI followed
by the development of post-traumatic epilepsy is frequently associated with
increased brain iron deposition due to hemorrhage. Similarly, hemorrhagic stroke
is also characterized by bleedings. Moreover, several animal models of acquired
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epilepsy imply a role of iron in seizures, epileptogenesis and epilepsy treatment
since small-scale intracortical iron injections robustly induce seizures (275-282). One
major source of iron in epilepsy could originate from BBB dysfunction, a hallmark
of a variety of epileptogenic pathologies (283, 284), whose integrity can also be
influenced by ROS (285). Leakage of blood components such as TF-bound iron, nontransferrin bound iron or heme from hemolysis could all contribute to a parenchymal
increase in iron concentration. More importantly, unregulated entry of iron likely
shifts the ratio of iron from complexed Fe3+-dominant towards free Fe2+ which could
promote TF-independent iron uptake via DMT-1 and intracellular Fenton chemistry.
In addition, elevated heme concentrations induce HO-1 activity, which produces free
Fe2+ in the process. Initially, this induction might be beneficial to combat ROS via CO
and bilirubin, however, eventually leading to iron overload if activated for too long
(193). Another source of iron might be from ferritin which, ironically, tends to release
its bound iron in OS conditions (286). Finally, elevated mitochondrial O2- production
during seizure activity could promote the release of iron from aconitase iron-sulfur
clusters, ultimately contributing to the overall dysfunction of mitochondria in
epilepsy (287).
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While cell damage or death via iron and ROS historically has been diffusely defined,
more recently a regulated form of iron-dependent cell death termed ferroptosis has
been described (288, 289). Here, the final trigger for cell death is represented by
lipid peroxidation which can be inhibited by GSH-dependent antioxidant activity
of GPx4 which specifically targets lipid peroxides. While the list of factors involved
in ferroptosis gets updated every year, all of them are involved in GSH, PUFA or
iron metabolism (289). Important in the context of epilepsy, a number of studies
identified GABAergic interneurons to be highly susceptible to this kind of cell death,
potentially explaining the epileptogenicity of iron in animal models (288, 290-292).
Mechanisms of iron metabolism in physiological conditions and its pathological role
in epilepsy are summarized in Fig. 9.

Astrocytes at the interface of the epileptogenic trinity

Together with neurons, neuroglia constitute the major cell types of the central
nervous system. Glia can be further subdivided into macroglia (astrocytes, NG2 glia
and oligodendrocytes) and microglia. Astrocytes comprise a morphologically and
functionally diverse group of cells with a characteristic star-like appearance. This
group can be further divided into grey-matter protoplasmic astrocytes and whitematter fibrous astrocytes, both displaying extensive arborization of their cellular
processes. These numerous processes fill the majority of the neuropil and extend
to various compartments where they serve diverse modulatory roles i.a. during
synaptic transmission (293) and BBB permeability (294-297). In addition, astrocytes
serve diverse roles in metabolic and structural support (298), regulation of blood
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Figure 9: Brain iron metabolism in physiology and epilepsy. In physiological conditions Fe2+ is
transported across the BBB via apical-basolateral transport through endothelial cells. Released
iron is bound by brain-derived TF, converted to Fe3+ in the process. TF is bound by TFRC and
internalized via endocytosis. Alternatively, iron can be taken up directly via DMT-1 in the cell
membrane in the Fe2+ form. Acidification of the endosome containing the TF-TFRC-iron complex
promotes the release of TF from TFRC followed by reduction of Fe3+ to Fe2+ by intra-endosomal
reductases. Transport of Fe2+ into the cytosol is facilitated by DMT-1. The unbound iron is quickly
incorporated into iron containing proteins by chaperones or sequestered in the iron storage protein
ferritin. Export of excess iron is mediated via proteasomal degradation of iron containing proteins
or ferritin and subsequent export of Fe2+ via FPN-1 followed by oxidation to Fe3+ via CP (A). In
epilepsy, seizure activity promotes the opening of the BBB and infiltration of iron-containing blood
components, mostly in the Fe2+¬ state, which can be imported via DMT-1. Moreover, mitochondrial
dysfunction promotes release of iron from iron-sulfur clusters. Finally, excessive ROS generation
triggers the expression of HO-1, which catabolizes heme to more unbound Fe2+. Uncontrolled iron
accumulation coupled with ROS generation during seizures promotes the Fenton-Haber-Weiss
reaction, ultimately leading to the generation of the highly toxic OH- and OH• which can promote
oxidative damage of macromolecules, including PUFAs of the membrane and eventually cell
damage or death (B).
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flow (299), response to injury and as modulators of neuroinflammation (300). On top
of that, astrocytes display highly correlated calcium waves in response to neuronal
activity (301, 302) and are consequently able to release modulatory gliotransmitters
(303-305). Due to these diverse roles and their vital role in brain function, novel
gliocentric concepts instead of the classical neurocentric perspective on neurological
disease have emerged (306).
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One prominent example of reactive glial changes in neurological diseases and a
frequent finding in surgically resected brain tissue of epilepsy patients is astrogliosis:
the abnormal increase in astrocyte number in conjunction with changes in
morphology such as altered arborization, often indicating scar formation in response
to histological alterations (90, 307). Other functional changes of astrocytes in
epileptogenic brain tissue and experimental models include impaired glutamate
and potassium clearance as well as changes in gap junction coupling, all of which
potentially contribute to neuronal hyperexcitability (308, 309). Moreover, astrocytic
endfeet are critical regulators of BBB integrity and dysfunction in epileptogenesis
(310). Another key feature of astrocytes in epilepsy is the release of pro-inflammatory
molecules such as IL-1β, TNFα, transforming growth factor (TGF) β, C-C motif ligand
(CCL) 2 and complement factors (155, 238, 311) which can aggravate astrogliosis
and promote neuronal damage and pro-epileptogenic inflammatory signaling. In
the context of OS in epilepsy astrocytes were shown to have a higher antioxidant
capacity than neurons (312-315). Moreover, they are hypothesized to provide crucial
antioxidant trophic support to neurons against various pro-oxidant stressors (316319) by providing cysteine for neuronal GSH synthesis (320, 321). Besides antioxidant
support to neurons, astrocytes also play pivotal roles in controlling iron flux at the
BBB as well as in the metabolism of iron and copper inside the brain (322-324).
Taken together, astrocytes perform essential functions in the healthy brain and their
dysfunction in the context of epilepsy might have crucial epileptogenic implications
in the context of OS, iron burden and chronic neuroinflammation.

Molecular master regulators of epileptogenesis

Identifying common mechanisms that could drive or contribute to the formation of
ictogenic neuronal circuitry in the brain of epilepsy patients remains a controversial
yet highly appealing idea in epilepsy research. One approach to pursue this idea
is the utilization of large-scale transcriptomics studies employing RNA sequencing
on resected brain tissue from epilepsy patients and brain tissue from experimental
epilepsy models. In this context temporal dynamics of gene expression have to be
considered, which in human tissue likely represent alterations long after the initial
ictogenic changes in brain circuitry. Thus, analysis of human brain tissue from patients
with SRS likely reflects endpoints or later stages of epileptogenesis. Moreover,
heterogeneity in experimental models concerning animal species, epileptogenic
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trigger, brain area and time-points of tissue sampling complicate the identification of
common regulators. In addition, differences in sequencing platforms and statistical
analysis between different studies pose additional problems. Nevertheless,
commonalities in gene expression between different models and time-points
have highlighted cell death and survival pathways, neuronal plasticity and the
immune response (325). One intriguing implication could be that the common
transcriptomic changes of groups of genes during epileptogenesis might culminate
in transcriptional regulators that could be targeted to normalize gene expression,
thus promising anti-epileptogenic treatments. Candidates for this might be e.g.
membrane receptors, transcription factors or post-transcriptional regulation by
microRNAs. Here, identification of regulators by inference from transcriptomic data
might not only provide clues about promising antiepileptogenic targets, but also the
epileptogenic triggers initiating transcriptional changes. For example, OS is a potent
stimulus of various transcription factors i.a. NRF1/2/3, sMafs, BACH1/2, activating
transcription factor 4 (ATF4) or Jun proteins that can dynamically dimerize and bind
AREs in response to ROS or other pro-oxidant stimuli and regulate the expression
of a myriad of genes (187). The intricate association between inflammation and
ROS/iron in various epilepsies could thereby give rise to the identification of a
common transcriptional regulator which could be targeted for therapy or promise
anti-epileptogenic potential of antioxidant or anti-inflammatory treatment. In this
context, computational frameworks plus experimental validation were shown to be
capable of discovering novel anti-epileptic drug targets (326).
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Scope and outline of the thesis

Though our understanding of epilepsy and the myriad of factors contributing to its
development experienced great progress over recent years, the exact mechanisms
instigating and propagating epileptogenesis still remain enigmatic. While different
epileptogenic syndromes are etiologically diverse, common pathogenic mechanisms
certainly exist. In this context, seizures and consequent ROS generation giving rise to
OS-mediated cellular dysfunction and damage in epilepsy represent an attractive,
yet to date, understudied target of therapy. To this end, this thesis aims to investigate
oxidative stress, its relation to inflammation and iron metabolism, and its contribution
to cellular damage and altered neuronal circuitry in epileptogenesis and epilepsy.
In chapter 2 we evaluated whether markers of OS and brain inflammation can be
detected and are positively correlated in brain tissue of patients suffering from
the epileptogenic mTORopathies HME, FCD 2 and TSC. Additionally, by employing
an in vitro model of neuronal function we examined the molecular mechanisms
potentially linking OS and inflammation.
Although FCD 2a and FCD 2b display close histopathological resemblance and are
known to be caused by mutations in the mTOR pathway, the exclusive presence of
balloon cells in FCD 2b and its consequent impact on epileptogenesis is unclear. To
this end, we utilized transcriptomic data and a battery of immunohistological markers
to compare immune system activation, expression of pro-inflammatory as well as OS
markers between FCD 2a and FCD 2b in chapter 3. Here, we specifically focused our
analysis on innate immunity, adaptive immunity and cytokine metabolism. Moreover,
we assessed the correlation of these processes with white matter integrity.
In chapter 4 we tried to identify potential master regulators of immune system
activation and expression of inflammatory factors by utilizing transcriptomic data
from cortical tubers. By performing transcription factor enrichment, we identified
the transcription factor SPI1/PU.1 to be upregulated and potentially driving a variety
of pro-epileptogenic genes. We validated the expression of SPI1/PU.1 in TSC tubers
and extrapolated our finding to FCD 2b lesions and a TSC mouse model (Tsc1GFAP-/-).
In addition, we tried to uncover what stimuli could drive the expression of SPI1/PU.1
in the context of TSC.
To further elucidate OS and oxidative damage in mTORopathies we focus on the
regulation of the antioxidant response in cortical tubers and FCD 2b lesions in chapter
5. More specifically, we analyzed NRF-2 regulated antioxidant gene expression and
identified the previously identified pro-inflammatory regulator miR155 to facilitate
NRF-2 activation. Further, we found evidence for similar regulatory mechanisms in
Tsc1GFAP-/- mice, already before the development of SRS. Finally, we found evidence
that NRF-2 signaling and iron metabolism are linked and that dysmorphic cells
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display aberrant expression of factors involved in iron recycling.
In chapter 6 we studied OS, NRF-2 signaling and iron metabolism in acquired epilepsy.
We found evidence for iron accumulation and dysregulation of genes involved in iron
metabolism in the hippocampus of SE and TLE-HS patients as well as in hippocampi
of the electrically stimulated post-SE epilepsy model. Moreover, we found evidence
for oxidative damage and NRF-2 activation in neurons, indicative of elevated OS. In
vitro, stimulation of hippocampal brain slices revealed that neurons readily take up
iron which is exacerbated by ictogenic stimuli. Finally, since we identified an elevated
iron binding capacity of astrocytes specifically in SE and TLE-HS tissue we challenged
human astrocyte cultures with iron and OS. Here, we detected high antioxidant and
iron sequestering capacity of astrocytes which was coupled to a pro-inflammatory
phenotype upon chronic stimulation.

1

Chapter 7 summarizes the findings of this thesis and further discusses the interplay
between oxidative stress, neuroinflammation and iron metabolism in the context
of epileptogenesis and chronic epilepsy and their translation to potential novel
treatments.
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