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Summary 

Epilepsy is a common chronic neurological disease of the brain, affecting more 
than 65 million people worldwide. Epilepsy is characterized by an enduring 
predisposition to generate epileptic seizures and by the neurobiological, 
cognitive, psychological, and social consequences of this condition. In this thesis 
we focus on the following pathologies: temporal lobe epilepsy (TLE), which is 
the most common type of epilepsy in adults, tuberous sclerosis complex (TSC) 
– a rare genetic disorder, which is often associated with epilepsy in young
patients and traumatic brain injury (TBI), which can lead to post-traumatic
epilepsy. The current pharmacological treatments cannot adequately control
seizure activity in about 30% of all epilepsy patients, therefore novel
therapeutic approaches are needed.

Epileptogenesis refers to the process of the development of epilepsy, 
and also the progression of epilepsy after spontaneous seizures first appear. 
Epileptogenesis is associated with neuropathological alterations in the brain, 
including inflammation, gliosis, remodeling of the extracellular matrix (ECM), 
blood-brain barrier (BBB) dysfunction and neuronal death. These processes are 
characterized by dysregulation of many protein-coding and non-coding genes. 
MicroRNAs (miRNA, miR) are a class of small non-coding RNAs that are able to 
control gene expression at the post-transcriptional level. Understanding of the 
pathogenic processes and their regulation in the epileptogenic brain may yield 
new therapies for the treatment of drug-resistant epilepsy or prevention of 
epileptogenesis. In this thesis we aimed to investigate the involvement of 
miRNAs in the regulation of key epileptogenic processes with a focus on brain 
inflammation, alterations in the ECM and regulation of corticogenesis, in search 
for new therapeutic targets and miRNA-based approaches for the treatment of 
acquired epilepsy and associated co-morbidities. 

Large-scale transcriptomic studies have identified hundreds of 
dysregulated miRNAs in experimental models of epileptogenesis. However, 
different miRNA expression profiles have produced largely discordant results 
due to differences between epilepsy models, timepoints of assessment and the 
selected brain regions. In chapter 2 we performed a review and meta-analysis 
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and identified the most commonly dysregulated miRNAs. These miRNAs 
represented a small subset of all differentially expressed miRNAs and were 
associated with the processes involved in the immune response/inflammation 
and ECM remodeling. We further focused on inflammation-related miRNAs for 
the evaluation of their potential to regulate crucial pro-epileptogenic pathways.  

We investigated miR132 in chapter 3, miR155 and miR146a in chapter 
4, as well as miR142 and miR155 in chapter 5. First, we confirmed the predicted 
dysregulation of these miRNAs in the epileptogenic brain. The increased 
expression of miR132 and miR155 was found in the hippocampus of patients 
with TLE and in the rat post-status epilepticus model of TLE. The increased 
expression of miR155 and miR142 was found in human cortex after TBI and in 
the rat model of post-TBI epileptogenesis. We observed the activation of 
miR132 and miR155 in reactive astrocytes and microglia, whereas miR142 was 
expressed in activated microglia and immune cells. We further showed in vitro 
that miR132 and miR146a decreased the expression of the pro-inflammatory 
factors COX-2, TGF-β2 and IL1B in human astrocytes. Overexpression of miR142 
promoted TNF-α production by macrophage-like cells, and the conditioned 
medium from these cells increased the expression of pro-inflammatory markers 
in astrocytes in vitro. Thus, miR132 and miR146a may negatively regulate 
inflammation in glial cells, whereas miR142 may promote inflammation in glial 
and immune cells, suggesting a route for modulation of inflammation by these 
miRNAs during epileptogenesis.  

We also studied the potential of inflammation-associated miRNAs to 
regulate the expression of matrix metalloproteinases (MMPs), which are the 
major enzymes responsible for the remodeling of the ECM. We observed that 
MMP transcription in human astrocytes could be up-regulated by the two major 
cytokines associated with epilepsy: expression of MMP3 and MMP9 could be 
increased by IL-1β, whereas expression of MMP2 and MMP14 could be 
increased by TGF-β1. We further found in vitro that inhibition of miR155 as well 
as overexpression of miR132 and miR146a attenuated increased MMP3 
expression in human astrocytes. Thus, in addition to the modulation of 
inflammation, the studied miRNAs have a potential to modulate the changes in 
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ECM composition during epileptogenesis through the indirect control of MMP3 
expression.    

We further investigated the potential involvement of miRNAs in 
epileptogenesis occurring during brain development in TSC in chapter 6. We 
found higher expression of miR34a and miR34b during early brain development 
(0-4 years old) in TSC cortical tubers compared to autoptic control cortex. The 
activation of miR34a expression was already observed during the fetal period 
in TSC brain, where it was associated with the expression of tumor suppressor 
protein p53 throughout the developing cortex. Overexpression of miR34a 
impaired corticogenesis in mice and also down-regulated the cell-adhesion 
molecule contactin-3 (CNTN3) in vitro. Moreover, the CNTN3 expression was 
found to be down-regulated during the early post-natal period in the young TSC 
brain. Thus, the increased miR34a expression during early brain development 
in TSC may influence the formation of cortical tubers and contribute to the 
neurological deficits associated with TSC. 

Taken together, we studied the expression and cellular distribution of 
miRNAs in various epileptogenic pathologies and explored the potential of 
miRNAs to regulate the pathogenic processes associated with epileptogenesis. 
The most commonly up-regulated miRNAs during epileptogenesis are involved 
in the regulation of glial-mediated inflammation and ECM remodelling in the 
adult brain, as well as in the regulation of corticogenesis in the developing brain. 
Our experiments as well as existing pre-clinical and clinical data indicate that 
miRNAs are able to modulate these processes. Therefore, modulating miRNAs 
could be a promising novel therapeutic approach in the treatment of epilepsy 
and associated co-morbidities.  
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Nederlandse samenvatting 

Epilepsie is een veel voorkomende chronische neurologische aandoening van 
de hersenen, die wereldwijd meer dan 65 miljoen mensen treft. Epilepsie wordt 
gekenmerkt door een blijvende aanleg om epileptische aanvallen te genereren 
en door de neurobiologische, cognitieve, psychologische en sociale gevolgen 
van deze aandoening. In dit proefschrift richten we ons op de volgende 
pathologieën: temporaalkwabepilepsie (TLE), de meest voorkomende type 
epilepsie bij volwassenen, tubereuze sclerose complex (TSC) - een zeldzame 
genetische aandoening, die vaak wordt geassocieerd met epilepsie bij jonge 
patiënten en traumatisch hersenletsel (TBI), dat kan leiden tot 
posttraumatische epilepsie. Omdat de huidige farmacologische behandelingen 
bij ongeveer 30% van alle epilepsiepatiënten de epileptische aanvallen niet 
adequaat kunnen onderdrukken, zijn er nieuwe therapeutische benaderingen 
nodig.  

Epileptogenese is het proces van de ontwikkeling van epilepsie en de 
progressie van epilepsie na het optreden van spontane aanvallen. 
Epileptogenese wordt geassocieerd met neuropathologische veranderingen in 
de hersenen, waaronder ontstekingsreacties, gliose, herschikking van de 
extracellulaire matrix (ECM), bloed-hersenbarrière (BBB) dysfunctie en 
neuronale dood. Deze processen worden gekenmerkt door ontregeling van veel 
eiwitcoderende en niet-coderende genen. MicroRNA's (miRNA, miR) zijn een 
klasse van kleine niet-coderende RNA's die genexpressie op post-
transcriptioneel niveau kunnen regelen. Inzicht in de pathogene processen en 
hun regulatie in de epileptogene hersenen kan nieuwe therapieën opleveren 
voor de behandeling van farmocoresistente epilepsie of preventie van 
epileptogenese. In dit proefschrift wilden we de betrokkenheid van miRNA's bij 
de regulatie van belangrijke epileptogene processen onderzoeken, met een 
focus op ontstekingsreacties, veranderingen in de ECM en regulatie van 
corticogenese, om nieuwe therapeutische targets te vinden en op miRNA 
gebaseerde therapieën voor de behandeling van verworven epilepsie en 
bijbehorende comorbiditeiten.  

Uitgebreide transcriptoomstudies hebben honderden ontregelde 
miRNA's geïdentificeerd in experimentele modellen van epileptogenese. 
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Verschillende miRNA-expressieprofielen hebben echter grotendeels 
tegenstrijdige resultaten opgeleverd als gevolg van verschillen tussen 
epilepsiemodellen, fase van epileptogenese en de geselecteerde 
hersengebieden. In hoofdstuk 2 hebben we een review en meta-analyse 
uitgevoerd en de meest ontregelde miRNA's geïdentificeerd. Deze miRNA's 
vertegenwoordigden een kleine subset van alle differentieel tot expressie 
gebrachte miRNA's en waren geassocieerd met de processen die betrokken zijn 
bij de immuunrespons/ontstekingsreacties en herschikking van de ECM.  

We hebben ons verder gericht op ontstekingsgerelateerde miRNA’s en 
bestudeerd of zij cruciale pro-epileptogene routes kunnen reguleren. We 
onderzochten miR132 in hoofdstuk 3, miR155 en miR146a in hoofdstuk 4, 
evenals miR142 en miR155 in hoofdstuk 5. Eerst bevestigden we de voorspelde 
ontregeling van deze miRNA's in de epileptogene hersenen. De verhoogde 
expressie van miR132 en miR155 werd gevonden in de hippocampus van 
patiënten met TLE en in het ratten post-status epilepticus model voor TLE. De 
verhoogde expressie van miR155 en miR142 werd gevonden in de humane 
cortex na TBI en in het rattenmodel van post-TBI epileptogenese. We hebben 
de activering van miR132 en miR155 waargenomen in reactieve astrocyten en 
microglia, terwijl miR142 tot expressie werd gebracht in geactiveerde microglia 
en immuuncellen. We toonden verder aan dat miR132 en miR146a in vitro de 
expressie van de pro-inflammatoire factoren COX-2, TGF-β2 en IL-1β in humane 
astrocyten verminderden. Overexpressie van miR142 bevorderde TNF-α 
productie door macrofaagachtige cellen, en het geconditioneerde medium van 
deze cellen verhoogde de expressie van pro-inflammatoire markers in 
astrocyten in vitro. Zo kunnen miR132 en miR146a de ontsteking in gliale cellen 
negatief reguleren, terwijl miR142 ontsteking in gliale en immuuncellen kan 
bevorderen. Dit suggereert een route voor modulatie van ontsteking door deze 
miRNA’s tijdens de epileptogenese. 

We hebben ook bestudeerd of ontstekingsgerelateerde miRNA's de 
expressie van matrix metalloproteinasen (MMP's) kunnen reguleren, de 
belangrijkste enzymen die verantwoordelijk zijn voor herschikking van de ECM. 
We zagen dat MMP-transcriptie in humane astrocyten wordt gereguleerd door 
de twee belangrijkste cytokines geassocieerd met epilepsie: expressie van 
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MMP3 en MMP9 kon worden verhoogd door IL-1β, terwijl expressie van MMP2 
en MMP14 wordt verhoogd door TGF-β1. We vonden verder dat remming van 
miR155 evenals overexpressie van miR132 en miR146a de toename in MMP3-
expressie in humane astrocyten kan verminderen in vitro. Dus, naast de 
modulatie van ontstekingsreacties, hebben de bestudeerde miRNA’s de 
potentie om de veranderingen in ECM-samenstelling tijdens epileptogenese te 
moduleren via MMP3. 

We hebben verder onderzoek gedaan naar de mogelijke betrokkenheid 
van miRNA's bij de epileptogenese die optreedt tijdens de ontwikkeling van de 
hersenen in TSC in hoofdstuk 6. We vonden een hogere expressie van miR34a 
en miR34b tijdens de vroege ontwikkeling van de hersenen (0-4 jaar oud) in TSC 
tubers in vergelijking met autoptische controle cortex. De activering van 
miR34a-expressie werd al waargenomen tijdens de foetale periode in TSC-
hersenen, waar het werd geassocieerd met de expressie van tumorsupressor 
eiwit p53 in de zich ontwikkelende cortex. Overexpressie van miR34a 
verminderde corticogenese bij muizen en reguleerde in vitro ook het 
celadhesiemolecuul contactin-3 (CNTN3). Bovendien bleek de expressie van 
CNTN3 tijdens de vroege postnatale periode in de jonge TSC-hersenen te zijn 
gereguleerd. De verhoogde miR34a-expressie tijdens de vroege ontwikkeling 
van de hersenen bij TSC kan dus de vorming van corticale tubers beïnvloeden 
en bijdragen aan de neurologische problemen geassocieerd met TSC. 

Samengevat: we hebben de expressie en cellulaire distributie van 
miRNA's in verschillende epileptogene pathologieën bestudeerd en onderzocht 
of miRNA’s de pathogene processen die met epileptogenese geassocieerd zijn, 
kunnen reguleren. De algemene bekende miRNA’s die verhoogd tot expressie 
komen tijdens de epileptogenese zijn betrokken bij de regulatie van glia-
gemedieerde ontstekingsreacties en bij de  herschikking van de ECM in zowel 
volwassen hersenen als tijdens de ontwikkeling van de cortex. Onze 
experimenten geven aan, samen met bestaande preklinische en klinische 
gegevens, dat miRNA's deze processen kunnen moduleren. Het moduleren van 
miRNA’s zou dus een veelbelovende nieuwe therapeutische benadering 
kunnen zijn bij de behandeling van epilepsie en bijbehorende comorbiditeiten.
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ECMED workshop, Unlocking intracellular drug 
targets, Iproteos, Barcelona, Spain 

2017 39/1.4 

ECMED workshop, Molecular Modelling and 
Drug Discovery, University of Antwerp, Antwerp, 
Belgium 

2018 8/0.25 

ECMED advance training course, deCoding the 
CNS disorders for novel therapeutics and 
diagnostic methods 

2018 29/1.1 

Masterclass Prof. John Mattick 2017 4 hours 

Presentations (oral)  ECTS 

miRNAs and Glial Cells: New Strategies to Target 
Glial-mediated Epileptogenesis”, ECMED 
Workshop 1 - Understanding Epilepsy, 
Magdeburg, Germany 

2015 0.5 
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Extracellular matrix molecules and modulation 
by miRNAs in epilepsy”, 4th BBBNedwork 
meeting, Biopartner, Leiden 

2016 0.5 

MicroRNA-204 suppresses epileptiform 
discharges through regulatingTrkB-ERK1/2-
CREBsignaling in cultured hippocampal neurons, 
Journal club, AMC, Amsterdam 

2016 0.5 

Extracellular matrix molecules and modulation 
by miRNAs in epilepsy”, Neuropathology 
meeting 'Let's shape the future together', NIN, 
Amsterdam 

2016 0.5 

Characterization of ECM expression-regulating 
miRNAs in human focal epilepsy, ECMED Mid-
term review, UCL, London 

2016 0.5 

Biomarkers of Epileptogenesis in TBI Model”, 
ECMED secondment conclusions, UEF, Kuopio 

2017 0.5 

Increased Expression of Extracellular Matrix 
Proteins in Temporal Lobe Epilepsy and Their 
Regulation by miRNAs in Astrocytic Cell 
Cultures”, SWO Midwinter Meeting, AMC, 
Amsterdam 

2017 0.5 

Matrix metalloproteinase 3 can be regulated by 
miRNA-155 in human fetal astrocytes, University 
of Malta, Valletta, Malta 

2017 0.5 

Systematic review and meta-analysis of 
differentially expressed miRNAs in experimental 
and human temporal lobe epilepsy, John Mattick 
masterclass, NIN, Amsterdam 

2017 0.5 

The extracellular matrix and miRNAs in 
epileptogenesis, ECMED workshop, UEF, Kuopio 

2017 0.5 
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Increased expression of matrix 
metalloproteinase 3 can be attenuated by 
inhibition of microRNA-155 in cultured human 
astrocytes, SWO Epilepsy Meeting, AMC, 
Amsterdam 

2018 0.5 

Modulation of inflammation and extracellular 
matrix by microRNAs in epilepsy, ONWAR, 
Woudschoten Conference Centre, Zeist 

2018 0.5 

Modulation of inflammation and extracellular 
matrix by microRNAs in epilepsy, SWO 
Midwinter meeting, AMC, Amsterdam 

2019 0.5 

Metalloproteinases and epilepsy, 7th 
BBBNedwork meeting, Biopartner, Leiden 

2019 0.5 

Journal club, AMC, Amsterdam 2019 0.5 

Presentations (posters)   

Extracellular matrix molecules in mesial 
temporal lobe epilepsy and their modulation by 
miRNAs in cultured human astrocytes, Dutch 
Neuroscience Meeting, Lunteren 

2016 0.5 

Increased Expression of Extracellular Matrix 
Proteins in Temporal Lobe Epilepsy and Their 
Regulation by miRNAs in Astrocytic Cell Cultures, 
ECMED 1st Advanced Training School, LIN, 
Magdeburg, Germany 

2016 0.5 

Increased Expression of Extracellular Matrix 
Proteins in Temporal Lobe Epilepsy and Their 
Regulation by miRNAs in Astrocytic Cell Cultures, 
The SILS Research Day 2016, Science Park, 
Amsterdam 

2016 0.5 
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Increased Expression of Extracellular Matrix 
Proteins in Temporal Lobe Epilepsy and Their 
Regulation by miRNAs in Astrocytic Cell 
Cultures”, 5th BBBNedwork meeting, 
Biopartner, Leiden 

2017 0.5 

Systematic review and meta-analysis of 
differentially expressed miRNAs in experimental 
and human temporal lobe epilepsy, Dutch 
Neuroscience Meeting, Lunteren 

2017 0.5 

Increased Expression of Extracellular Matrix 
Proteins in Temporal Lobe Epilepsy and Their 
Regulation by miRNAs in Astrocytic Cell Cultures, 
XIII European Meeting on Glial Cells in Health 
and Disease, Edinburgh, Scotland, UK 

2017 0.5 

Increased expression of matrix 
metalloproteinase 3 can be attenuated by 
inhibition of microRNA-155 in cultured human 
astrocytes, SWO Midwinter meeting, AMC, 
Amsterdam 

2018 0.5 

Increased expression of matrix 
metalloproteinase 3 can be attenuated by 
inhibition of microRNA-155 in cultured human 
astrocytes, Dutch Neuroscience Meeting, 
Lunteren 

2018 0.5 

Increased expression of matrix 
metalloproteinase 3 can be attenuated by 
inhibition of microRNA-155 in cultured human 
astrocytes, epiXchange2018, Brussels, Belgium 

2018 0.5 

The altered expression of cell adhesion molecule 
contactin-3 in tuberous sclerosis complex, 

2018 0.5 
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Amsterdam Neuroscience, Johan Cruijff Arena, 
Amsterdam 

Modulation of inflammation and extracellular 
matrix by microRNAs in epilepsy, SWO 
Midwinter meeting, AMC, Amsterdam 

2019 0.5 

microRNA-132 is overexpressed in glia in 
temporal lobe epilepsy and reduces the 
expression of pro-epileptic factors in human 
cultured astrocytes, Dutch Neuroscience 
Meeting, Lunteren 

2019 0.5 

Increased miR-34 expression in tuberous 
sclerosis complex during early development 
impairs neuronal migration and cell adhesion 
molecule contactin-3, Amsterdam Neuroscience, 
Johan Cruijff Arena, Amsterdam 

2019 0.5 

(Inter)national conferences  Hours/ECTS 

4th BBBNedwork meeting, Biopartner, Leiden 2016 8/0.25 

Dutch Neuroscience Meeting, Lunteren 2016 16/0.5 

The SILS Research Day, Science Park, Amsterdam 2016 8/0.25 

Neuropathology meeting, NIN, Amsterdam 2016 5/0.15 

SWO Midwinter meeting, AMC, Amsterdam 2017 5/0.15 

5th BBBNedwork meeting, Biopartner, Leiden 2017 8/0.25 

Dutch Neuroscience Meeting, Lunteren 2017 16/0.5 

XIII European Meeting on Glial Cells in Health 
and Disease, Edinburgh, UK 

2017 34/1.2 
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SWO Midwinter meeting, AMC, Amsterdam 2018 5/0.15 

6th BBBNedwork meeting, Biopartner, Leiden 2018 8/0.25 

Dutch Neuroscience Meeting, Lunteren 2018 16/0.5 

epiXchange2018, Brussels, Belgium 2018 8/0.25 

Amsterdam Neuroscience, Amsterdam 2018 8/0.25 

SWO Midwinter meeting, AMC, Amsterdam 2019 5/0.15 

7th BBBNedwork meeting, Biopartner, Leiden 2019 8/0.25 

Dutch Neuroscience Meeting, Lunteren 2019 16/0.5 

Amsterdam Neuroscience, Amsterdam 2019 8/0.25 

TSC Expert Meeting STSN, Utrecht 2019 4/0.12 

2. Teaching/Supervising Year Months/ECTS 

Leyla Banchaewa: “The role of microRNA-132 in 
regulation of TGF-β1 and extracellular matrix 
gene expression in human cultured astrocytes”, 
master student research internship 

2018 12/3.0 

Mariana de Castro Martins Cunha: “Evaluation 
of miR-124 expression in the human 
hippocampus with focus on Alzheimer’s 
Disease”, international master student research 
internship 

2019 3/0.75 

Aurora Lanzafame: “Neuropathological 
classification of focal epileptogenic lesions”, 
international medical doctor research internship 

2019 2/0.5 
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3. Parameters of esteem Year  

Best blitz presentation ECMED 2nd Advanced 
Training course: In Vivo Assessment of Plasticity 
during Epileptogenesis, UEF, Kuopio, Finland 

2017  

Best poster & oral presentation ECMED 1st 
Advanced Training School, LIN, Magdeburg, 
Germany 

2016  
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Curriculum vitae 

Anatoly Alexandrovich Korotkov was born on the 30th of April, 1991 in Saint 
Petersburg, Russia. He received his high school diploma at the Saint Petersburg 
Lyceum № 30 in 2008. The same year he started his bachelor’s studies at the 
Peter the Great St. Petersburg Polytechnic University. He performed his 
bachelor’s internship at the laboratory of Molecular Hydrodynamics and Optics 
of Polymers, Institute of Macromolecular Compounds of the Russian Academy 
of Sciences, investigating the hydrodynamic properties of zosterin. He received 
his bachelor’s degree in Engineering & Technology in 2012 and continued with 
the master’s program Applied Physics, track of Biophysics and Physiology. 
During this master he performed his research internship at the Group of 
Molecular Mechanisms of Neuronal Functioning, Sechenov Institute of 
Evolutionary Physiology and Biochemistry of the Russian Academy of Sciences 
in Saint Petersburg. He investigated the role of the proteins of exocytosis in the 
generation of spontaneous seizures in rats prone to audiogenic seizures under 
the supervision of dr. Elena Chernigovskaya. In parallel to his major studies 
Anatoly was also enrolled in the second bachelor’s program studying English 
language and received a bachelor’s degree in Linguistics in 2013. After receiving 
his master’s degree in 2014, he continued working on his master project as a 
research assistant in the same laboratory. In 2015-2018 he was enrolled in the 
Marie Skłodowska-Curie fellowship ECMED as a PhD student at the department 
of Neuropathology at the Academic Medical Center. Under the supervision of 
prof. dr. Eleonora M.A. Aronica, dr. Erwin A. van Vliet and dr. James D. Mills he 
investigated the involvement of microRNAs in the regulation of key 
epileptogenic processes in the brain, such as inflammation, alterations in the 
extracellular matrix and corticogenesis. During the ECMED fellowship he had 
two research internships at the laboratory of prof. dr. Asla Pitkänen at the 
University of Eastern Finland, Kuopio in 2016 and 2017. After the completion of 
the ECMED fellowship, he continued working as a PhD student in the same 
laboratory until present time. The results of his work are described in this thesis.      
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