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GENERAL INTRODUCTION

Epilepsy
In the beginning of the recorded history, writings of Mesopotamian civilizations documented
an epileptic attack from a person “whose neck turns left, whose hands and feet are tense
and eyes wide open, froth flowing from the mouth and consciousness is lost” 1. This quite
extreme but accurate description was already described using the word “epilepsy”, which
was then used as a designation of epileptic attacks or epileptic people. The word stems from
the Greek verb epilambanein (επιλαμβάνειν) that means to seize, take hold of, or attack 2.
The disease itself was referred to as ”the Sacred Disease”, which could stem from a number
of explanations. For example, it was thought that the disease might have been afflicted by
either a deity or a demon that had entered people who had sinned. Otherwise, the name
might have derived from the belief that the disease was so great, that only a divine power
could provide relief. Around 400 BC, a physician, one of the many writing under the name
Hippocrates, stated in his book ”On the Sacred Disease” that naming the disease as such
only held shelter for ignorance and fraudulent practices and that epilepsy is not more divine
than any other disease. Already back then, the centre of attention when discussing epilepsy
was the brain 3. However, it was thought that inducing factors, such as cold, sun and winds
could change the consistency of the brain after the blood vessels rushed diseased mucus
towards it. A wide number of the craziest therapies was prescribed for people suffering from
epilepsy, nicely reviewed by Temkin 1, of which some of the most extreme were the drinking
of human blood –preferably as it flowed from the wound– , or wearing a linen amulet filled
with coral, peony, and the root of a specific plant, Strychnos, all collected under the light of
the waning moon. Research back then was, however, purely dependent on observational
evidence and disputes about the best diagnosis and therapy were inevitable.
Nowadays, with increasing neurological knowledge and the development of
new technologies to study brain pathologies, we know that an epileptic seizure is due to
neurobiological alterations rather than a sacred force. The definition of epilepsy is reviewed
and revised over the years to best characterize the people affected and at the present,
epilepsy is defined as “a disease of the brain characterized by an enduring predisposition to
generate epileptic seizures, and by the neurobiological, cognitive, psychological, and social
consequences of this condition” 4. It is defined by the International League Against Epilepsy
(ILAE) as follows: “i) The occurrence of at least two unprovoked (or reflex) seizures within 24
hours, ii) the occurrence of one unprovoked (or reflex) seizure with a probability of further
seizures similar to the general recurrence risk after two unprovoked seizures (at least 60%),
within the next 10 years or iii) by diagnosis of an epilepsy syndrome”5. Moreover, the latest
definition of epilepsy also allows the remission of patients as “epilepsy is considered to be
resolved for individuals who had an age-dependent epilepsy syndrome but are now past the
applicable age or those who have remained seizure-free for the last 10 years, with no seizure
medicines for the last 5 years” 5. A seizure is defined as excessive or hypersynchronized
activity of the neurons in the brain that is transient in time 4. By the current definition, there
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are around 65 million people worldwide suffering from epilepsy, affecting approximately 8
out of every 1,000 people 6. Depending on the type of epilepsy, patients commonly have
comorbidities such as depression and anxiety disorders, cognitive impairment and dementia
7, 8
. Although people are now more familiar with epilepsy than in the times of Hippocrates,
many people suffering from epilepsy feel stigmatized and are often confined in their
freedom due to the physical inability or insecurity of when a seizure may occur 9.
For the treatment of epilepsy most patients rely on antiepileptic drugs (AEDs),
that are often also referred to as antiseizure drugs since to this moment they solely
suppress seizures and do not stop or prevent the development of epilepsy nor cure patients.
Unfortunately, over 30% of people with epilepsy do not benefit from the available AEDs 1012
and have to reside to alternatives, such as vagus nerve stimulation 13, 14 or the ketogenic
diet 15-17. Vagus nerve stimulation can reduce the number of seizures 18 but leads to complete
seizure freedom in only 8% of patients 19. The efficacy of the ketogenic diet, on the other
hand, has shown to be relatively high; around half of the patients (both adult and children/
adolescents) having a 50% reduction of seizures 20, 21. However, compliance rates are rather
low as participants experience severe adverse effects such as gastrointestinal complications,
hypercholesterolemia and infectious diseases 20, 22. A final resort for these intractable patients
is surgical removal of the epileptogenic focus in the brain. This, however, is only applicable
to a selective group of patients in which a well-defined epileptogenic focus can be identified
and is not located in a functionally important brain region (e.g. a language area). Moreover, it
is an invasive procedure, and though seizure-freedom after successful resection is relatively
high (between 40-50%), it is not guaranteed 23, 24. Taken together, there is a clear need to find
novel targets of treatment, preferably to halt or reduce the development of epilepsy (and
ultimately to prevent or cure epilepsy) instead of mere symptom reduction.

Aetiology of epilepsy
Epilepsy comprises a heterogeneous group of brain diseases that can be the result of many
different factors of which some will pass by in the following chapters of this thesis. Besides
genetic mutations, epilepsy can be caused by a brain insult such as an infection, brain trauma,
stroke, or status epilepticus (SE) 25, 26. An SE is defined as either i) a generalized tonic-clonic
seizure lasting longer than 5 minutes, ii) a focal seizure lasting longer than 10 minutes or iii)
repeated seizures without recovery to baseline between events 27, 28. It is an acute neurological
condition that might be life-threatening as responsiveness to AEDs decreases over time
29
. After such an initial insult, acute seizures may occur and in some, but not all people,
spontaneous seizures may arise after a so-called latent period that can take days, weeks to
years 30, 31. Already 130 years ago, it was thought that during this period secondary processes
are induced that lead to the development of spontaneous recurrent seizures 32. Importantly,
the term ”latent period” should not be confused with the term ”epileptogenesis”, as the
latent period is only the temporal span between the insult and the first spontaneous seizure.
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Epileptogenesis, on the other hand, refers to the process of the development of epilepsy and
the progression of epilepsy after spontaneous seizures first appear 33. A range of molecular
and circuit alterations are found in the brain during epileptogenesis, including neuronal loss,
neurogenesis, axonal sprouting, synaptic reorganization, angiogenesis, dendritic alterations,
activation of the innate and adaptive immune system, gliosis, blood-brain barrier (BBB)
dysfunction, and reorganization of the extracellular matrix (ECM) 33. This thesis focusses on
the latter four processes, which are studied in relation to several aetiologies, being tuberous
sclerosis complex, focal cortical dysplasia (genetic pathologies that are often associated with
epilepsy) as well as temporal lobe epilepsy.

1

Tuberous Sclerosis Complex
Tuberous sclerosis complex (TSC) is an autosomal dominant and multisystem disorder
that affects virtually all organ systems, particularly the brain, lungs, heart, skin and kidneys
34, 35
. It affects approximately 1 in every 6,000 live births 36 and patients are susceptible to a
range of neurological deficits including intractable epilepsy, autism, hydrocephalus and
cognitive disability 37. In the brain of TSC patients, three neuropathological manifestations
can occur with varying incidences: cortical tubers (80%), subependymal nodules (SEN, 50%)
and subependymal giant cell astrocytomas (SEGA, 10-20%) 38. Cortical tubers are solitary
or multiple lesions that can be found in predominantly frontal and temporal regions and
can extend deep into the white matter. These lesions are formed prenatally and display a
developmental abnormality of cortex layering and cytological abnormalities. Histologically,
dysmorphic neurons (cells with an enlarged cell body and nucleus with cytoplasmic
accumulation of neurofilaments) and giant cells (cells with a large cell body, often multiple
nuclei and an eosinophilic cytoplasm) are found in cortical tubers (Fig. 1B). Moreover,
clusters or nodules of gliotic and reactive astrocytes are observed in tubers 34, 35. Recently,
a classification has been made categorizing cortical tubers into 3 subtypes based on the
presence of giant cells, dysmorphic neurons and calcification 39. Whereas cortical tubers are
associated with the epileptogenic foci in the brain, SENs are thought to be asymptomatic 35.
They are enclosed nodular lesions located near the lateral and third ventricles. In later life,
SENs may calcify or transform into SEGAs. These tumours are associated with extensive
neurological decline and death and need therefore be surgically removed. In contrast to
SENs that only contain dysmorphic astrocytes and giant cells, SEGAs also consist of spindle
cells, gemistocytes, ganglion-like cells and inflammatory cells 40.
Clinical manifestations in TSC patients result from mutations in either the TSC1
or TSC2 gene located on chromosome 9 and 16, respectively. In approximately 80%
of the patients these mutations occur sporadically, while about 20% of patients have a
familiar mutation. Sixty percent of patients have a TSC2 mutation, while 30% of patients
have a TSC1 mutation 41. Interestingly, in 10-15% of TSC patients, a mutation cannot
be identified, implicating a potential low-level somatic mosaicism 42. TSC1 and TSC2
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proteins can together form a complex that is responsible for upstream regulation of the
mammalian target of rapamycin (mTOR) signalling pathway that plays important roles in
several cellular processes, including gene transcription, mRNA translation, cell growth and
differentiation43,44. While TSC2 is involved in the inhibition of the mTOR signalling pathway
45
, TSC1 binds and stabilizes TSC2, shielding it for ubiquitination 44, 46. When a loss-of-function
mutation occurs in either of the genes, the mTOR signalling pathway shows enhanced
activation leading to the developmental alterations that can be observed in cortical tubers 47.
An inhibitor of the mTOR pathway, rapamycin and its derivatives (everolimus and sirolimus)
are used as treatment to counteract the persistent overactivation of mTOR in TSC patients.
Positive results have been observed in in vitro and in vivo models of TSC 48-50. Likewise, in
drug-resistant TSC patients with various types of seizures, everolimus treatment resulted in
the reduction of seizures frequency with a maintained or even increasing response rate over
time 51-53.

Focal cortical dysplasia
First discovered in the seventies of the last century, the term focal cortical dysplasia (FCD)
is used to describe an isolated malformation characterized by cortical dyslamination and
cytoarchitectural lesions found in patients with medically intractable epilepsy 54, 55. The main
clinical manifestations are seizures and unless the affected brain area is large, patients rarely
suffer from other severe neurological deficits. Within the large spectrum of malformations
of cortical development (MCD), FCD is the most common brain lesion causing intractable
epilepsy in children 56, 57. Diagnosis of FCD mostly relies on magnetic resonance imaging
(MRI) analysis 58, 59, with which a combination of several features can be observed, including
among others, altered cortical thickness, white and gray matter blurring and a radially
oriented stripe of T2 hyperintensity 58, 60, 61. Lesions are variable in size and can be located in
all areas of the cortex, even spanning over several lobes. However, they can be subtle and
hard to distinguish based solely on MRI. For that reason, histopathological examinations are
decisive in the diagnosis giving information about for example cortical dyslamination and
the occurrence of dysmorphic neurons and balloon cells, which are similar to the giant cells
found in TSC (Fig. 1C) 62, 63. FCD classification into several subtypes is at present based on
histological findings in which type I and II are described as being isolated lesions, while type III
is associated with other potential epileptogenic lesions 62, 63 (Table 1). Immunohistochemistry
reveals that FCD type II is, as TSC, characterized by increased mTOR signalling 64. Moreover,
recent studies have discovered somatic mutations in genes acting as mTOR signalling
regulators as well as in the mTOR gene itself 64-68. Together, this supports the inclusion of FCD
type II in the spectrum of mTORopathies; mTOR pathway-related malformations in which
the abnormal cortical- and cytoarchitecture together with the intractable seizures are a
consequence of mTOR signalling deregulation 49, 69. It is suggested that a future classification
system might include information about molecular pathways in order to better guide patient
population-specific trials 64.
12
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Table 1. Classifications of focal cortical dysplasia

Type I

Malformation with abnormal cortical lamination compromising…
a ... radial migration and maturation of neurons
b ... the six-layered tangential composition of the neocortex
c ... both radial and tangential cortical lamination

Type II

Malformation with disrupted cortical lamination and specific cytological
abnormalities namely…
a … the presence of dysmorphic neurons only
b … the presence of dysmorphic neurons and balloon cells

Type III

modified from Blümcke et al., 2011

Malformation with abnormal cortical lamination associated with a principal
lesion being…
a … hippocampal sclerosis, often with temporal lobe sclerosis
b … adjacent tumours, e.g. gangliogliomas, dysembroplastic neuro-epithelial
tumours
c ... vascular malformations, e.g. cavernomas, arteriovenous malformations
d … other principal lesions acquired during early life, e.g. traumatic brain injury,
glial scarring

1

Temporal lobe epilepsy
Temporal lobe epilepsy (TLE) is the most common form of epilepsy in adults, affecting
40% of all epilepsy patients 26. As the name implies, the epileptogenic focus is located in the
hippocampus or elsewhere in the temporal lobe. Hippocampal sclerosis (HS) is a common
hallmark of TLE and is present in about 80% of the cases 70, 71. HS is characterized by cell loss
in principal neuronal cell layers, cell dispersion in the dentate gyrus, and reactive astrogliosis
throughout the hippocampus (Fig. 2). It should be noted that, in the remaining 20% of TLE
patients without HS (TLE no-HS), gliosis is also often observed 72, 73 which may play a role in
the induction of seizures 74. HS can most often be recognized by hippocampal atrophy and
increased T2-weighted signal intensity with MRI analysis 71, 75. The degree of HS is dependent
on multiple factors, including the age of onset of epilepsy, the severity, frequency and type
of seizures and the presence of an initial injury 76-79. In 2013, the ILAE proposed a classification
system in order to improve treatment strategies and prediction of disease progression and
comorbidities (Table 2 80). HS Type 1 accounts for the majority of TLE-HS patients (60-80%) in
which cell loss of all areas of the Cornu Ammonis (CA) is observed with varying percentages,
with the CA1 segment most severely affected (>80% cell loss). Besides focal or general cell
loss of the granule cells of the dentate gyrus (DG), granule cell dispersion is often observed
81
. Granule cell dispersion is a broadening of the granule cell layer accompanied by a unclear
division between principal cell and molecular layers 81. Interestingly, this is associated with a
13
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Figure 1. Histopathology of tuberous sclerosis complex and focal cortical dysplasia.
Haematoxylin-eosin staining in autopsy cortical control (A) and typical examples of a cortical tuber
in the brain of a patient with tuberous sclerosis complex (TSC; B) and a lesion in the brain of a patient
with focal cortical dysplasia (FCD; C). Abnormal cortical layering is observed in TSC and FCD patients
(B I-II & C I-II) along with dysmorphic neurons indicated by arrows (B-III & C-III). Giant cells and
balloon cells are found in TSC and FCD, indicated by arrow heads (B-IV & C-IV). Scale bar: I, 250 µm;
II, 100 µm; III & IV, 50 µm.
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higher percentage of hilar cell loss, longer disease duration and an older age at resection 82.
HS Type 2 is a more uncommon pathology, accounting for 5-10% of TLE cases. Neuronal
loss in HS Type 2 is predominantly observed in the CA1 (~ 80% cell loss), while other CA areas
show mild cell loss (<25%). Granule cell death is absent, though cell dispersion may occur.
Finally, HS Type 3 is the most uncommon form of HS, accounting for 4-7.4% of patients. It is
characterized by cell loss predominantly in the CA4 area (~ 50% cell loss) and in the DG (~ 35%
cell loss), whereas other CA areas are moderately affected (<30%). It has been reported that
HS Type 3 is associated with Rasmussen’s encephalitis or other brain lesions83. TLE patients
often need to reside to surgical removal of the epileptogenic focus due to unresponsiveness
to AEDs or alternative treatments. Though seizure-freedom percentages two years postoperative are around 70-80%, long-term studies depict lower percentages suggesting
heterogeneous network properties in the TLE brain leading to poor prognostics80.

1

Table 2. Classifications of hippocampal sclerosis
modified from Blümcke et al., 2013

Type

CA1

CA2

CA3

CA4

DG

no-HS

0

0

0

0

0-1

1

2

0-2

0-2

2

0-2

2

1-2

0-1

0-1

0-1

0-1

3

0-1

0-1

0-1

1-2

0-2

CA1-CA4

DG

0 = no obvious neuronal loss or moderate astrogliosis only
1 = moderate neuronal loss and gliosis
2 = severe neuronal loss and fibrillary astrogliosis
0 = granule cell layer is normal
1 = granule cell layer is dispersed
2 = granule cell layer shows severe cell loss
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Models of seizures and epilepsy
To understand the mechanisms by which seizures and epilepsy occur and in order to develop
treatments to prevent or reduce epileptogenesis, models representing the patient population
and disease development are needed. Over more than a decade of research (nicely reviewed
by Löscher 84) we have come a long way in refining in vivo models of epilepsy while aiming
to reduce the number of animals needed and the harm inflicted upon the animal as well
as focusing on reliable alternatives that do not include animal experimentation. Although in
silico and in vitro models and ex vivo experimentation can give us information about principal
mechanisms and proofs of concept, the development of novel AEDs still largely relies on
animal models. Therefore, it is of uttermost importance to choose the most optimal model
out of a battery of models depending on the specific research question 85, 86.
Epilepsy is a naturally occurring phenomenon in many species besides humans,
such as various cattle 87, dogs 88 and cats 89. Nevertheless, the most commonly used
animals for epilepsy experimentation are rats and mice. The distinction between models of
seizures and models of epilepsy should be taken into consideration when discussing in vivo
experiments. Whereas models of seizures mimic the acute generation of an epileptic event
(ictogenesis), models of epilepsy allow for the investigation of the development towards
spontaneous seizures and the progression of epilepsy, i.e. the process of epileptogenesis 90.
Induction of seizures or epilepsy can be performed either by chemical or electrical
stimulation of the brain and acutely, or sub-acutely (multiple times over an extended
period of time; kindling). With chemical induction, convulsant agents are most commonly
administered subcutaneously, intraperitoneally or intravenously. These agents target to
increase the function and activity of excitatory mechanisms or decrease that of inhibitory
mechanisms. Convulsants targeting the inhibitory GABAA receptors are for example
pentylenetetrazole (PTZ) 91, 92, bicuculline 93 and picrotoxin 94. A commonly used substance
used for stimulating excitatory neurotransmission is kainic acid (KA), also known as kainate 9598
. Also AMPA (α-amino-3-hydroxy-5-methyl-4-isoxasole propionic acid), NMDA (N-methyld-aspartic acid) and homocysteine injections are used to evoke seizures (reviewed by
Veliskova et al. 99). Furthermore, systemic injection of pilocarpine, stimulating the cholinergic
system, is often used to evoke seizures or an SE in rats or mice 100, 101.

Figure 2. Histopathology of temporal lobe epilepsy. Immunohistochemistry for neuronal marker
NeuN and astrocyte marker GFAP (haematoxylin counterstained) on autopsy control hippocampus
(A & B) and resected hippocampus of temporal lobe epilepsy patient with hippocampal sclerosis
(TLE – HS Type I; C & D). Profound loss is seen of granule cells of the dentate gyrus, (inter)neurons
in the hilus and pyramidal neurons in the CA areas of the TLE – HS patient in comparison to control.
Furthermore, extensive astrogliosis is observed within the entire hippocampus. CA, cornu ammonis;
gcl, granular cell layer; ml, molecular layer; pcl, pyramidal cell layer; sr, stratum radiatum; so, stratum
oriens. Scale bar: I, 250 µm; II, 100 µm; III, 50 µm.
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Several models of electrical stimulation exist that elicit either seizures or epilepsy,
such as the maximal electroshock model, the 6 Hz psychomotor seizure model, the cortical
stimulation model and electrical kindling and post-SE models. Most often, seizures or SE are
induced by stimulation of the limbic system among which the hippocampus, angular bundle
(performant path) and the (baso)lateral amygdala are the preferred regions 102.
Though it is thought that animal models in which post-SE spontaneous seizures
occur are the most relevant models for TLE, only a small percentage of patients with
epilepsy have experienced an SE. The largest group of epilepsy patients however, are those
that acquired the disease after a brain injury such as traumatic brain injury (TBI) or stroke 103.
As such, models mimicking these injuries are developed (e.g. fluid-percussion TBI model,
middle cerebral artery occlusion (MCAO) model). However, only around 20-50% of these
animals develop post-traumatic or post-stroke epilepsy and therefore many animals are
needed to test novel drugs 104, 105. Several animal models of FCD exist that, to a certain extent,
mimic (a subtype of) the disease, such as prenatal administration of alkylating agents or in
utero irradiation that results in abnormal cortical development and increased susceptibility
to evoked or spontaneous seizures 106-108. Moreover, now that genetic variations have been
identified in FCD patients, new animal models can potentially be developed to study this
disease. Being one of the most common genetic causes of epilepsy, several animal models
of TSC are used that have either spontaneous or induced genetic mutation or inactivation
of the Tsc1 or Tsc2 gene (reviewed by Jeong & Wong 109). We will now focus on the animal
models of seizures and epilepsy that are described in this thesis: the rapid kindling rat model,
the electrically induced post-status epilepticus rat model and the intrahippocampal KA
mouse model.

Rapid kindling rat model
In this model, acute seizures are evoked by repeated electrical stimulation of the
hippocampus with relatively short intervals. This is in contrast to the classic kindling model
in which the time between stimulations is much longer 110, 111. The rapid kindling rat model is
relevant for drug screening as generalized seizures can be induced relatively quickly. While
generally stimulations are given twice daily for 5 days per week, the rapid kindling model
includes stimulations that are given during a period of 6 hours per day with an interval shorter
than one hour. In this way, a fully kindled state can be reached within a week 110. The protocol
used in this thesis includes 12 stimulations a day that were given at a 45-minute interval and
stimulation was performed on 3 consecutive days. A fully kindled state was often observed
during the second or third day. Behavioural seizures are scored according to the Racine’s scale
112
. Drug treatment during the kindling procedure can give information about the potential
anti-ictogenic effects of the compound. After a wash-out period of the drug however,
another round of stimulations can be given in order examine potential antiepileptogenic
effects. In the kindling model, spontaneous seizures can be observed after approximately
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200 evoked generalized seizures 113. Since the number of stimulations was limited to 36 in this
thesis, we only focused on evoked seizures. Neuropathologically, the rapid kindling model
generally displays extensive activation of astrocytes and microglia in hippocampal areas
(own observations). Other neuropathological alterations such as cell death and mossy fibre
sprouting differ among studies depending on stimulation characteristics such as location,
stimulation strength and the interstimulus interval 114-117. In the protocol used here, astroand microgliosis were apparent whereas neuronal loss in the hilar region and mossy fibre
sprouting were minimal (Fig. 3A).

1

Electrically induced post-status epilepticus rat model
In the post-SE rat model, SE is elicited by electrical stimulation of the hippocampus via the
angular bundle. After a latent period, spontaneous recurrent seizures occur, making it a
suitable model for the investigation of antiepileptogenic effects of compounds. A tetanic
stimulation in the form of a 10 seconds long succession of trains of pulses is given every 13
seconds. Usually within 1 to 1.5 hours, animals display sustained forelimb clonus and salivation
lasting for several minutes. When this goes along with the presence of periodic epileptiform
discharges (PEDs, high amplitude regular discharges, Fig. 4B), stimulation is ceased.
Subsequently, both EEG and video recordings are made 24/7 to determine the seizure
occurrence. Usually, acute seizures occur in the 12 hours following SE 118. During the latent
period, hippocampal spike activity occurs along with occasional short bursts of EEG spikes
(Fig. 4C). The onset of the chronic phase depends on the type of stimulation and is marked by
the first seizure (Fig. 4D). Besides the peak of reactive astrocytes and microglia 1 week postSE, neuronal loss of the CA and subicular neurons is observed and is more extensive with
increased severity of SE 119, 120 (Fig. 3B). Also, piriform cortex layers II and III show severe cells
loss and extensive gliosis. The integrity of the BBB is mostly affected acutely after SE, but
BBB dysfunction is also evident in the latent and chronic period 121. Furthermore, sprouting of
mossy fibres occurs and is often associated with seizure progression and hilar cell death 122.
Intrahippocampal kainic acid mouse model
KA is an excitatory amino acid that is most commonly used as a chemoconvulsant. It is an
agonist for the KA subtype of ionotropic glutamate receptor that is abundantly present in
the hippocampus, amygdala, and peri- and entorhinal cortex. The seizure phenotype differs
from the aforementioned models as intrahippocampal KA injection in mice results in EEG
spikes, spike-and-waves and polyspikes at high amplitudes that last for 5-10 hours or more
123, 124
. Most commonly, behavioural seizures are often nonconvulsive, though occasional
generalized seizures are associated with high frequency spikes and polyspikes on EEG 124,
125
. Injection of KA into the hippocampus can be used to elicit both seizures as well as an SE
and the latter is described in chapter 7 of this thesis. After an induced SE, animals experience
spontaneous recurrent seizures. As the KA glutamate receptor is mostly present in the limbic
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Figure 3. Histological characteristics of epilepsy animal models.

Adapted from “Models of seizures and epilepsy”, Eds A. Pitkänen, P.S. Buckmaster, A.S. Galanopoulou, S.L. Moshé;
chapter “Characterization of pathology” by E. Aronica et al.(2017).

Hippocampal section of a control and an electrically rapid kindled rat shows no/subtle neuronal loss
as shown by a NeuN staining (A). NeuN staining of control rat and a rat 1 day post-SE shows that
neuronal loss occurs after SE in the granule cell layer and CA areas, indicated by arrow heads (B).
Nissl staining of an intrahippocampal (ih) saline-injected and kainic acid (KA)-injected mouse shows
extensive granule cell dispersion (arrow) and neuronal death in CA areas (arrow heads) of the KAinjected mouse (C). CA, cornu ammonis; gcl, granular cell layer. Scale bar: 500 µm.

20

GENERAL INTRODUCTION

system, this brain area is the most compromised after KA injection. In the hippocampus,
neurotoxicity is mostly present in the CA1, CA3 and hilar area whereas the CA2 and the
granule cell layer are relatively spared from cell death, although granule cell dispersion can
be observed in the injected hemisphere 123, 126 (Fig. 3C). Cell loss in the hippocampus occurs
already shortly after SE, but also at later time points 123 and is accompanied by granule cell
dispersion, astro- and microgliosis 123, 127-129. However, one should note that the commonly
used dosage of KA induces damage beyond the extent observed in human patients and the
translational relevance of using a chemoconvulsant is disputable.

1

Figure 4. Typical electroencephalographic traces before and after SE.
Example of EEG recordings from the dentate gyrus of an animal before (A), during (B) and after (C
& D) SE that was induced by electrical stimulation of the angular bundle. During SE, seizures occur
intermittently and periodic epileptiform discharges are evident, which are typical for SE (B). During
the latent period, epileptiform activity such as spikes are observed (indicated by asterisks) (C). During
the chronic period, recurrent spontaneous seizures can be observed, which last about 1 minute (D).
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Epileptogenesis
As the currently available AEDs only suppress seizures, and about 30% of patients with
epilepsy do not benefit from them 10-12, the investigation of epileptogenesis is crucial for
drug research as targeting the disease during its development may have a great impact
on the occurrence of spontaneous seizures. The studies included in this thesis aim to better
understand the neuropathological alterations that occur during epileptogenesis and to use
this knowledge to modify disease development or progression.
Inflammation and gliosis
The involvement of the immune system and neuroinflammation in epilepsy arose from
the findings that anti-inflammatory agents can have anticonvulsant effects 130. In relation to
epilepsy, inflammation might be both causal or consequential. On the one hand, it has been
shown that seizure activity can induce inflammatory stimuli 130. On the other hand, febrile
seizures for example, are often caused by proinflammatory stimuli 131, 132 and systemic or
central nervous system (CNS) infections can lower the threshold for epileptic seizures 130. In
these situations both the innate immune system, which refers to acute nonspecific defence
mechanisms, and the adaptive immune system, that is antigen-specific, are involved. While
the adaptive immune response involves blood-borne cells like B- and T-lymphocytes 133,
the innate immune response recruits CNS-specific cells, including mostly astrocytes and
microglia 134. The latter are considered to be the brain’s own immune cells and have an
important role in the clearance of cellular debris. They can excrete neurotrophic factors and
anti- and proinflammatory cytokines 135-137 and are therefore involved in several processes
including the phagocytosis of cells 138, 139 and engulfment and stripping of synapses 140, 141. In
various types of epilepsy, the overactivation of astrocytes, reactive astrogliosis, is a typical
characteristic and histopathological studies have confirmed the association between
astrogliosis and inflammation in epilepsies including TLE 142-144, TSC 145 and MCDs 146.
Cytokines and chemokines
Cytokines and chemokines (chemotactic cytokines that direct the migration of cells
that express the appropriate chemokine receptor) play an important role in the
neuroinflammatory response. These inflammatory mediators can be released after an
initial precipitating injury such as SE or TBI by a variety of cells, including endothelial cells,
astrocytes, microglia, neurons, as well as by infiltrating leucocytes 147. They are not only
involved in promoting local brain inflammation, but can also affect BBB function and act as
neuromodulators by directly affecting neuronal function and excitability 147.
The interleukin (IL)-1 family is an important family of secreted cytokine mediators
of inflammatory responses 148. Out of the 11 family members, the most studied interleukin is
IL-1β. Although it was initially described as immune cell mediator in the periphery produced
by blood monocytes and tissue macrophages 149, IL-1β has also been associated with several
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functions and dysfunctions in the brain 150. It is mainly released by microglia and astrocytes
151
. Both IL-1β and IL-1α bind to the type 1 IL-1 receptor (IL-1R1), thereby eliciting a cascade of
signalling events involving activation of the transcription factor nuclear factor kappa-lightchain-enhancer of activated B cells (NF-κB) and stress-related mitogen-activated protein
kinases (MAPKs), leading to additional proinflammatory cytokine expression 149, 152. One of
the major factors involved in the activation of IL-1β is the Toll-like receptor 4 (TLR4) 153. While
brain levels of IL-1 are low under physiological conditions, high levels are observed in various
neurological disorders, including epilepsy 154.
Tumour necrosis factor (TNF)-α is a cytokine associated with the innate immune
response and involved in the activation, differentiation, proliferation, and infiltration of
immune cells into the CNS 155. Generally present at low levels during normal physiological
conditions, TNF-α can be rapidly upregulated in glia, neurons, endothelial cells, as well as
peripheral circulating cells 156, 157 in various pathophysiological conditions, including epilepsy
158, 159
. Though it is commonly considered a proinflammatory cytokine and high expression
is found to be pathological 160, 161, TNF-α also has a neuroprotective role, depending on its
concentration and the predominantly activated receptor type 162.

1

The proteasomal system
It has been suggested that the proteasome, which has an important role in inflammatory
processes, might also play a role in epilepsy pathology 163. The interplay between synthesis
and degradation of cellular proteins is a crucial process in the eukaryotic cell and essential for
the control of protein quality. The two major degradative systems in the mammalian brain
are the proteasome and the lysosome. The lysosome targets membrane and endocytosed
proteins, while the proteasome system degrades most intracellular, soluble proteins 164.
Besides targeting misfolded proteins arising from mutations or damaging metabolic events,
the proteasome also plays an important role in the generation of peptides presented by the
major histocompatibility complex class I molecules 165. The majority of proteasome-based
degradation depends upon ubiquitin. With the help of a cascade of ubiquitin-associated
enzymes, ubiquitin is covalently bound to proteins that are destined for degradation. The
proteasome can be found throughout the cells and localization seems to vary depending on
proteasome structure, cell type and differentiation stage 166. In the CNS, it is largely found in
the nuclei of neurons and glial cells, but also present in dendritic and axonal processes as well
as synaptic terminals 167. Within the nucleus the proteasome can be localized in euchromatin
regions, as well as the periphery of the heterochromatin and nucleolus. In the cytoplasm
proteasomes can be distributed freely, associated with the outer surface of the smooth
endoplasmatic reticulum and Golgi compartment and associated with the cytoskeleton 168, 169.
As depicted in Fig. 5, the core particle of the proteasome, also known as the 20S
core complex, consists of four heptameric rings positioned in an αββα-stoichiometry.
Several proteasome structures are present due to combinations of the core particle and
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two different regulatory particles (PA700/PA28). Proteins destined for degradation by
ubiquitination cannot enter the narrow pore of the core particle before being recognized
and unfolded by the regulatory particle. Once inside the core particle, the selected substrate
undergoes catalysation which can be performed by three of the seven types of β-subunits.
The catalytic subunits β1, β2 and β5 each have specific cleavage preferences and show
caspase-, trypsin- and chymotrypsin-like activities, respectively 170. Combining these
activities, the proteasome is able to cleave substrates after acidic, basic and hydrophobic
amino acid residues 171. Besides the standard (constitutive) proteasome, a specialized
proteasome can be generated under certain conditions such as a proinflammatory state.
The presence of such a proteasome suggests that it helps the cell to cope with specific
physiological situations due to different proteolytic activities and cleavage sites 172. This
specialized proteasome, known as the immunoproteasome, is formed by the incorporation
of inducible subunits β1i, β2i and β5i that replace their constitutive counterparts β1, β2 and
β5 173. Incorporation of these immunosubunits only occurs during de novo biogenesis of the
proteasome 174. Research about the role of the proteasome in epilepsy is, however, limited.
Mishto and colleagues investigated the involvement of the immunoproteasome and its
activator PA28 and found that expression is induced in a small cohort of TLE patients 163.
However, the involvement of the constitutive and immunoproteasome in epileptogenesis
and its relationship to seizure activity remains largely unknown.

24

GENERAL INTRODUCTION

beta
subunits

alpha
subunits

1

pathogens

misfolded
proteins

oxidized
proteins

Brain inflammation
Oxidative stress

PA700

PA28

Constitutive
proteasome

Immunoproteasome

aggregate
prevention

immune
regulation
epitope
generation

Figure 5. Graphical overview of the structure and function of the proteasome.
The proteasome consists of a core particle (20S) of 4 subunit rings in a αββα-stoichiometry and 1 or 2
regulatory particles such as PA700 and PA28 leading to a range of possible proteasomes. Upon brain
inflammation or oxidative stress, constitutive subunits β1, β2 and β5 can be replaced by β1i, β2i and β5i
forming the immunoproteasome. The proteasome is responsible for the degradation of proteins and
pathogens and is thereby involved in several cellular processes including prevention of aggregation,
regulation of the immune system and generation of epitopes.
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The blood-brain barrier

This section is partly based on the book “Inflammation and epilepsy: New vistas, Eds D. Janigro, N. Marchi, A.
Nehlig; on the chapter “Perivascular inflammation and extracellular matrix alterations in blood-brain barrier
dysfunction and epilepsy” by D.W.M. Broekaart, A. Korotkov, J.A. Gorter, and E.A. van Vliet (submitted).

The BBB is a complex and highly selective barrier that separates the peripheral circulation
and the CNS. It is primarily formed by brain endothelial cells that are connected via tight
junctions. The endothelial cells are ensheathed by astrocytic endfeet, while pericytes and
perivascular macrophages are embedded in the basement membrane between endothelial
cells and astrocytes (Fig. 6). This dynamic system tightly controls the movement of ions and
molecules, and restricts the entrance of cells from the blood stream into the CNS 175. After
a stroke or another brain insult, a variety of cells, including endothelial cells and astrocytes,
secrete inflammatory mediators and ECM proteins, that modulate molecular pathways that
cause adaptation of the BBB to environmental changes that may lead to BBB dysfunction
147, 176, 177
. Dysfunction of the BBB is observed in several CNS pathologies, including epilepsy in
which it can contribute to disease progression and resistance to therapeutic drugs 121, 178-180.

Endothelial cells
A monolayer of tightly connected endothelial cells form a physical barrier that can even
restrict the movement of ions such as Na+, K+ and Cl- and allow the diffusion of oxygen and
CO2 across the capillary walls 175. In contrast to the periphery, endothelial cells within the CNS
have very low rates of transcytosis, limiting the transport of solutes mediated by vesicles
181
. The control of vascular integrity is mediated by cell-cell and cell-matrix interactions
regulated by tight junctions and adherens junctions. The tight junction family includes
claudins, junctional adhesion molecules, occludins, endothelial-cell-selective adhesion
molecules and nectins 182. In vitro experiments have shown that tight junction proteins have
a size-selective permeability to uncharged molecules of up to 4 nm and low permeability to
larger molecules, suggesting that larger molecules can only passively pass when the integrity
of the BBB is compromised 183, 184. Adherens junctions include vascular endothelial (VE)cadherin and platelet endothelial cell adhesion molecule 1 (PECAM1). They are linked to the
cytoskeleton by binding catenins and thereby regulate junction assembly and maintenance.
In addition, endothelial cells secrete a variety of factors, including inflammatory mediators
and ECM proteins, that modulate diverse molecular pathways that lead to adaptation of the
BBB 147, 176.
Astrocytes
Perivascular astrocyte endfeet ensheath the abluminal side of the cerebral vessels and
contain a distinct array of proteins including dystroglycan, dystrophin, aquaporin 4 and
the ATP-sensitive inward rectifier potassium channel Kir4.1 185. As astrocytic processes can
also ensheath neuronal processes, astrocytes provide coupling between blood vessels and
the neuronal circuitry. As a consequence, astrocytes are involved in the regulation of blood
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Figure 6. Organization of the blood-brain barrier
Adapted from “Inflammation and epilepsy: New vistas, Eds D. Janigro, N. Marchi, A. Nehlig; chapter “Perivascular
inflammation and extracellular matrix alterations in blood-brain barrier dysfunction and epilepsy” by D.W.M. Broekaart,
A. Korotkov, J.A. Gorter, and E.A. van Vliet (submitted).

The BBB consists of several cell types working together to form a tight layer around the blood vessels,
regulating the influx and efflux of substances between the blood and the brain. The major cell types
are tightly-connected endothelial cells, surrounded by the basement membrane, pericytes and
perivascular macrophages that are located at the abluminal side between the basement membrane,
and astrocytes that ensheath these cells with their endfeet. Together with microglia/macrophages,
leucocytes and neurons, these cells release proinflammatory mediators and extracellular matrix
proteins after an epileptogenic insult, which can disrupt the BBB, and as a consequence leads to the
entry of blood components (including leucocytes and albumin) into the brain.
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flow and permeability of the barrier in response to neuronal activity 186, 187. It is proposed
that astrocytes release soluble factors determining the fate of cerebral vascular endothelial
cells. In vitro co-culture experiments have supported that astrocytes are mostly involved in
the improvement of the barrier function rather than the induction of the cerebrovascular
integrity 188. In addition, astrocytes secrete a variety of factors, with either BBB promoting or
BBB disrupting effects, depending on the signals received from neurons and/or endothelial
cells 147, 176. These factors include proinflammatory mediators and ECM proteins, that
modulate diverse molecular pathways, which will be discussed in the following paragraphs.

Pericytes
Pericytes are located on the abluminal side of brain arterioles and capillaries. They
communicate with astrocytic endfeet and participate in structural and homeostatic BBB
functions 180. Because of their advantageous location, pericytes are responsive to stimuli from
cerebral glial cells and from circulating leucocytes, and are participants in both the innate
and the adaptive immune response 180. Interestingly, several in vitro studies provide evidence
that pericytes have the ability to contribute to the innate immune responses 180, 189. Pericytes
can be detected using an antibody against platelet-derived growth factor receptor beta
(PDGFR-β) and can be studied using NG2DsRed transgenic mice. Using these approaches, it
has been shown that pericytes reorganize at the BBB 24 hours to 7 days after KA-induced SE
in mice 190, 191, as well as in rats 2-7 days and 3 months after TBI 191. Recent evidence shows that
pericytosis occurs during epileptogenesis in the intrahippocampal KA mouse model, during
the latent and chronic epileptic phase 180. Furthermore, hypertrophic pericytes that detach
from the capillary basal lamina are also found in resected epileptogenic brain tissue from
patients with TLE or FCD 180, 190, 192, 193. Pericytes can cluster with microglia in the hippocampus
of mice after SE, which is mediated by IL-1β and associated with BBB dysfunction 180. The
aggregation of pericytes with microglia may create an inflammatory perivascular niche. It
has also been proposed that migration of pericytes towards an injured brain area stabilizes
leaky blood vessels and initiates glial scar formation after TBI 191. This points to a dual role
of pericytes. Since the precise role of pericytes in the epileptogenic brain is not completely
understood it needs to be further investigated.
Basement membrane
Besides the several cell types that make up the BBB, the basement membrane plays an
important role in vascular integrity as well. It provides both an extra physical barrier as well
as an ideal location for many signalling processes 194. The basement membrane consists
of ECM, secreted by the cells it is surrounded by; endothelial cells and pericytes secrete
molecules that make up the inner vascular basement membrane, whereas astrocytes are
mostly responsible for the parenchymal basement membrane 195, 196. These two membranes
have a slightly different composition, according to their function and cell associations. The
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basement membrane is predominantly composed of laminin, collagen IV, nidogen, and
heparan sulfate proteoglycans that mutually support interactions between endothelial cells,
pericytes, and astrocytes 176, 196, 197. Binding of these ligands by the matrix transmembrane
receptors dystroglycan and integrins leads to the activation of various growth factors and
signalling cascades. Deficiencies of ligand binding, on the other hand, can lead to altered
brain vascularization 198, 199.

1

Extracellular matrix and matrix metalloproteinases
The ECM is the non-cellular component within the brain, which does not only provide a
physical scaffold, but is also important for cellular growth, activity and survival 200. The ECM
components are produced intracellularly and secreted to form a dense network of proteins
and glycans, occupying the parenchyma around virtually all cells (Fig. 7). It accounts for 10-20%
of the total brain volume and consists of highly organized molecular structures 200. Besides
ECM molecules, the extracellular space is also home to soluble growth factors and fragments
of membrane-bound molecules that are proteolytically generated 201. A major component
of the ECM is hyaluronic acid, or hyaluronan, which provides the CNS with a structural
framework on which several other ECM components can bind 202, 203. The pattern of ECM
Proteoglycan
Hyaluronic acid

Collagen
fiber

Fibronectin

Extracellular

Microfilaments of
cytoskeleton

Integrin

Intracellular

Figure 7. Schematic representation of the extracellular matrix.
The extracellular matrix (ECM) is the non-cellular component of the brain consisting of several proteins
that are secreted by various cells. The ECM is in contact with intracellular microfilaments through
proteins such as integrins. Some of the major components of the ECM are fibronectin, collagen and
hyaluronan.
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alterations in the epileptogenic brain is complex and dependent on the brain region and the
cellular subdomain. Several mutations in ECM-related genes are found to be associated to
seizures and epilepsy, and seizures are known to dysregulate several major ECM proteins 201.
Moreover, changes in ECM are known to relate to and assist other epileptogenic processes.
For example, it has been shown that mossy fibre sprouting is dependent on hyaluronan 204,
deficiency in the ECM molecule tenascin-R results in increased S100β-expressing astrocytes
205
and loss of the ECM protein reelin is involved in the occurrence of granule cell dispersion
in the epileptogenic brain 206.
The ECM is a highly dynamic structure that continuously undergoes controlled
remodelling, mediated by specific proteolytic enzymes that are responsible for ECM
degradation 207. One of the most important players in ECM degradation is the family of matrix
metalloproteinases (MMPs) 207. Containing around 25 family members, these proteases are
divided in different groups based on their substrate specificity, which is defined by their
structure (Fig. 8). They are either membrane-bound or secreted into the ECM and require
proteolytic removal of a propeptide domain for activation 208. Under normal conditions,
MMPs execute functions in remodelling of the ECM, angiogenesis, neurogenesis, and
synaptic plasticity 209, 210. However, under pathophysiological conditions, MMPs can be
activated to promote the degradation of ECM components, cell adhesion molecules and
receptors, as well as cytokines such as IL-1β,TNF-α and transforming growth factor β (TGF-β),
thus contributing to neuroinflammation. The stimuli leading to transcriptional activation of
MMPs include proinflammatory cytokines, reactive oxygen species, hypoxia, and alterations
in pH 209, 211. Furthermore, MMPs can be activated through stimulation by proteases of the
plasmin system, such as tissue plasminogen activator (t-PA) and urokinase plasminogen
activator (u-PA), as a result of BBB disruption 212. On the other hand, MMPs can also influence
BBB integrity as they can degrade several tight junction proteins, such occludin and claudin,
as well as several components of the basement membrane, including laminin, fibronectin,
heparan sulfate, and type IV collagen. The activity of MMPs is regulated by the endogenous
tissue inhibitors of metalloproteinases (TIMPs). Several in vivo studies have shown the
importance of MMPs in epilepsy reporting increased expression 213-221. In a microarray study,
Gorter et al. observed elevated mRNA expression of several members of the MMP family,
Mmp2, Mmp3, Mmp9 and Mmp14, at several time points during epileptogenesis 222. Also in
patients with TLE and FCD, increased expression of several MMPs is observed 223-226. Because
of their important role in ECM homeostasis and regulation of BBB integrity, an imbalance
between activation and inhibition of MMPs can underlie epilepsy pathology, which makes
MMPs an interesting target in the search for novel therapeutic approaches.
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Figure 8. Schematic domain organization of metalloproteinases.

Adapted from “Inflammation and epilepsy: New vistas, Eds D. Janigro, N. Marchi, A. Nehlig; chapter “Perivascular
inflammation and extracellular matrix alterations in blood-brain barrier dysfunction and epilepsy” by D.W.M. Broekaart,
A. Korotkov, J.A. Gorter, and E.A. van Vliet (submitted).

Members of the MMP family can be categorized based on their targets and domain structure. They
all contain a catalytic domain with a zinc-binding site, signal peptide and, during the inactivate state,
a propeptide domain. Several other MMPs include a linker peptide or hinge region and a hemopexin
domain. The gelatinases MMP2 and MMP9 also have three repeats of a fibronectin type II motif.
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Targeting epileptogenesis
Since brain inflammation, BBB dysfunction and ECM alterations play an important role in
the development and progression of epilepsy, targeting these processes could be a novel
therapeutic strategy for patients with (drug-resistant) epilepsy. However, these therapies do
not exist. Therefore, in this thesis several interventions were studied in vitro as well as in vivo
in animal models for epilepsy.
mTOR inhibitors
As explained in the preceding text, clinical manifestations in TSC patients are the result of
mutations in either the TSC1 or TSC2 gene that lead to overactivation of the mTOR signalling
pathway 43, 44. It has been shown that not only TSC, but also FCD type II and acquired
epilepsy-associated pathologies such as TLE are associated with mTOR overactivation 47, 227,
228
. Moreover, mTOR overactivity has been shown in several TLE models as well as in the
epileptogenic brain 229, 230, making mTOR inhibition an interesting therapeutic strategy.
Rapamycin is the first discovered mTOR inhibitor, named after the Easter Island
Rapanui where it was discovered in soil samples. Recognizing its potential, derivatives of
rapamycin, such as sirolimus and everolimus, were developed. Rapamycin was first used as
an immunosuppressant and antibiotic agent 231, but it is now known that it binds mTORC1
leading to an allosteric dissociation of its cofactor rapTOR that is essential for mTORC1
activity 232. In 2012, everolimus has been approved by the U.S. Food and Drug Administration
(FDA) for treating TSC patients with SEGA as it was shown to decrease astrocytoma volume
233, 234
. Interestingly, reduced cortical tuber volume and improved white matter integrity
was also detected 234, 235 and studies continued investigating the effect of mTOR inhibition
on other neurological alterations of TSC such as seizures. After successfully passing a
randomized, double-blind, placebo-controlled phase III trial, everolimus has been approved
by the FDA in 2018 for the adjunctive treatment of adults and paediatric patients (>2 y of age)
with TSC-associated partial-onset seizures 53, 236. This raises interest into mTOR inhibition as a
treatment for other seizure-related disorders as well. Indeed, treatment with rapamycin has
been shown to suppress seizures in post-SE models and other models of acquired epilepsy
237-243
. Moreover, rapamycin has shown to have beneficial effects on several epilepsy-related
neurobiological alterations such as mossy fibre sprouting, cell death and neurogenesis 239,
244-248
. Although its earlier use as immunosuppressant, contradicting effects of rapamycin on
inflammatory processes have been found 239, 245, 249, 250, indicating more research is needed.
In this thesis, we will investigate the effects of mTOR inhibition on the proteasomal system
which is known to be important in the regulation of brain inflammation.
MicroRNAs
The first microRNA (miRNA) was discovered in 1993 by Lee and colleagues in C. elegans.
Since that time, an incredibly amount of studies has focused on the potential of the small
non-coding RNAs in relationship to several physiological and pathological conditions.
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MicroRNAs have been most extensively studied in relation to neurological diseases, including
epilepsy. They are 18-23 nucleotides long and have the ability to regulate gene expression
at the posttranscriptional level 251. miRNAs navigate the RNA-induced silencing complex
(RISC) through complementary binding towards the 3’-untranslated regions (UTR) of the
mature mRNA transcripts, which leads to a repression of the target gene translation 251. The
advantage of miRNAs is (in contrast to many pharmacological approaches) that they can
regulate several targets within a certain pathway. A number of transcriptomic studies has
shown that a great multitude of miRNAs is dysregulated in human TLE and experimental TLE
models and that their spatiotemporal expression patterns change dynamically throughout
epileptogenesis 252. A meta-analysis across these studies demonstrates that several miRNAs
show strong and reproducible changes in expression in several animal models, and are
associated with processes such as brain inflammation, cell death and ECM remodelling 253.
Modulating the expression of these miRNAs and exploiting their innate function of regulating
gene expression is of therapeutic interest in neurological disorders, including epilepsy, and
the importance of some promising miRNAs will be clarified in chapters 5 and 6.

1

MMP inhibitors
Almost twenty years ago, researchers acknowledged the impact of prolonged MMP
activation in the brain and the potential benefit of inhibiting them. The first generation
of MMP inhibitors was developed and investigated in cancers, where MMPs promote
metastasis by increasing the migration of cells through the ECM and the BBB 254. A total
of 50 inhibitors were brought to clinical trials, all of which failed, mostly due to – besides
inadequate experimental set-up – poor bioavailability and metabolic instability 255. Examples
include marimastat, ilomastat and batimastat that are collagen-based molecules containing
a hydroxamate group that binds the catalytic Zn2+ ion of the MMP in order to inactivate it
255, 256
. Importantly, this first generation of inhibitors were all broad-spectrum inhibitors of
MMPs and therefore targeted not only the MMPs of interest but also other, not-detrimental
MMPs and MMP-like molecules such as a disintegrin and metalloproteinases (ADAM) and
aggrecanases (ADAMT) family members. Because of this off-target inhibition, patients
experienced severe side effects such as musculoskeletal pain and inflammation 257, 258.
Subsequently, a second generation of MMP inhibitors was developed with better oral
availability and water-soluble properties 259, 260. Unfortunately, the hydroxamate zinc-binding
group remained metabolically labile. In the last decade more research has focused on MMPs
and the design of more stable MMP inhibitors was made possible due to the full discovery of
the protein’s structure with the use of crystallography. Considering epilepsy, more research
is still required to fully understand the role of MMPs during disease development. MMP
inhibition has proven to be beneficial in several rodent models of (brain) inflammatory
diseases (reviewed by Vandenbroucke et al., 255) and MMPs may also provide an interesting
therapeutic target for epilepsy. Here, we will test a recently developed specific MMP inhibitor
for its therapeutic potential in epilepsy.
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Scope and outline of this thesis
Epilepsy is a complex neurological disease associated with a wide range of brain alterations,
such as brain inflammation, blood-brain barrier (BBB) disruption and extracellular matrix
(ECM) dysregulation, for which no cure is currently available. Understanding these changes
and combining our knowledge can help us to construct and improve therapeutic strategies.
Furthermore, there is a clear need for novel targets of treatment, as a large percentage
of epilepsy patients is drug resistant. Thus, the aim of this thesis is two-fold: investigating
the aforementioned dysregulated processes in the epileptogenic brain, and using this
knowledge to discover novel treatment strategies.
In chapter 2, the role of the innate and adaptive immune system was studied by
investigating several inflammatory markers in chronic epilepsy using resected hippocampi
of drug-resistantTLE patients, as well as during epileptogenesis using the electrically induced
post-SE rat model. Additionally, we examined the association of the immune system with
seizure activity and BBB dysfunction.
We continued investigating inflammatory processes in chapter 3 and 4, where we
further focussed on the expression of constitutive and inducible subunits of the proteasome
in resected brain material of patients with cortical malformations such as MCD, FCD and
TSC as well as patients with TLE. We investigated whether the mTOR inhibitor rapamycin,
that has antiepileptic effects, can also influence on the proteasomal system in vitro and in
vivo.
From chapter 5 on, we focussed on ECM regulatory proteins that have implications
in both inflammation and BBB regulation. The expression of MMPs and their endogenous
inhibitors on RNA and protein level were investigated in resected cortical tubers of TSC
patients and associated with BBB dysfunction. Using TSC cortical tuber-derived astrocyte
cultures, the therapeutic potential of two microRNAs was investigated, that have recently
been identified as inflammation-related modulators.
In chapter 6, we further investigated the potential of an inflammation-related
microRNA, miR155, and studied its expression patterns in human and experimental TLE.
Furthermore, we examined whether inhibiting this proinflammatory miRNA could attenuate
the inflammation-related expression of MMP3 in human foetal astrocytes.
In chapter 7, we aimed to further investigate the expression of several MMPs
and TIMPs in detail in resected hippocampi of drug-resistant TLE patients as well as during
epileptogenesis in the post-SE rat model. After establishing the dysregulation of the MMP/
TIMP proteolytic system, we tested the disease-modifying potential of a promising novel
MMP2/9-specific inhibitor using the electrically stimulated rapid kindling rat model and the
intrahippocampal KA mouse model.
Finally, chapter 8 aims to discuss in depth the findings of this thesis in relation
to epileptogenesis and to suggest various novel therapeutic strategies for (drug-resistant)
epilepsy.
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