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CHAPTER 1 

Epilepsy overview 

Epilepsy is one of the most common brain disorders affecting over 65 million 
people worldwide 1,2. The conceptual definition of epilepsy given by the 
International League Against Epilepsy (ILAE) states: “Epilepsy is a disorder of the 
brain characterized by an enduring predisposition to generate epileptic 
seizures, and by the neurobiologic, cognitive, psychological, and social 
consequences of this condition” 3. For the use in clinical practice, epilepsy has 
been defined as a disease of the brain, which fulfills any of the following criteria 
4:  

1. At least two unprovoked (or reflex) seizures occurring more than 24
hours apart

2. One unprovoked (or reflex) seizure and a probability of further seizures
of at least 60% over the next 10 years

3. Diagnosis of an epilepsy syndrome

Epilepsy is further classified based on different seizure types, epilepsy
types as well as a large spectrum of associated epilepsy syndromes and co-
morbidities arising from genetic and environmental factors or a combination of 
both 5,6. Epilepsy usually has a complex etiology and the identified factors for 
the development of the disease include brain injuries (as a result of traumatic 
brain injury (TBI), tumors, stroke or status epilepticus (SE), as well as infections, 
gene mutations, metabolic and autoimmune conditions and structural 
abnormalities of brain development 6. Despite considerable progress in the 
clinical management of epilepsy over the last 150 years, about 30% of adult 
patients and 15% of children with epilepsy do not remain completely seizure 
free for more than 1 year despite treatment with anti-epileptic drugs (AED) 7,8. 
Epilepsy is diagnosed as drug-resistant when there is a failure to achieve 
sustained seizure freedom after adequate trials of two tolerated and 
appropriately chosen AED schedules 9. The most common form of acquired 
focal epilepsy in adult patients is temporal lobe epilepsy (TLE), which is drug-
resistant in about 30% of cases 8,10,11. In the young patients epilepsy is diagnosed 
in about 85% patients with a genetic disorder tuberous sclerosis complex (TSC) 
and up to 75% of the cases are drug-resistant 12. For a subgroup of patients with 
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GENERAL INTRODUCTION & OUTLINE OF THE THESIS 

drug-resistant epilepsy, resective surgery of a part of the brain may be used as 
a treatment. Other solutions include vagal nerve or deep brain stimulation, as 
well as strict dietary regimens, such as ketogenic diet 13,14. All the listed 
treatments come with risks and side-effects, including adverse reaction to 
AEDs, post-surgical co-morbidities and death. Moreover, epilepsy is associated 
with a dramatic reduction in quality of life, increased risk of depression and 
suicide, mental disability, as well as the stigmatization of patients, all of these 
factors render epilepsy an enormous financial and social burden for society 15-

17.  
The realization that epilepsy is not a static phenomenon, but a dynamic 

and multifaceted process and a chronic condition, has led to a search for 
treatments that are able to prevent seizure development and progression, as 
well as identification of biomarkers that can serve as diagnostic tools for the 
early detection of the emerging pathology 13. Thus, a deeper understanding of 
fundamental mechanisms underlying the development of epilepsy, is needed 
to address the current lack of diagnostic and therapeutic strategies for 
prevention or effective modification of epilepsy. 

Histopathology of epilepsy 

The examination of the post-mortem or surgically resected tissue from the 
brain of patients with drug-resistant epilepsy reveals various histological 
alterations. This tissue represents epileptogenic zones – areas identified by the 
analysis of seizure patterns, brain electrical activity and brain imaging. In TLE 
focal electrographic seizure activity can be detected as originating from the 
temporal lobe 18. The most common histopathological finding in TLE is 
hippocampal sclerosis (HS) 10,19. HS is characterized by the neuronal loss in the 
CA1, CA3 and CA4 subfields of the hippocampus, astrogliosis, dispersion of 
granule cell layer and sprouting of granule cell axons – mossy fibers 19,20. 
However, whether HS is the consequence or cause of seizures in epilepsy has 
been a matter of debate. The most common histopathological finding 
associated with drug-resistant epilepsy in children is malformations of cortical 
development (MCD) 10, which is present in over 80% of TSC patients 21. TSC is a 
multisystem genetic disorder, which is associated with the development of 

11
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benign tumors throughout the body, including the brain 12. The 
neuropathological manifestations of TSC include three major types of lesions: 
cortical tubers, subependymal nodules and subependymal giant cell 
astrocytomas (SEGAs). The cortical tubers are considered the primary 
neuropathological substrate for epilepsy in TSC patients 12. Cortical tubers 
represent areas of cortical dyslamination, containing a mixture of different cell 
types, including giant cells, dysmorphic neurons and reactive astrocytes 12,22. 
However, not only the tubers itself, but also the surrounding perituberal space 
has been proposed to contribute to the development of epilepsy 23,24. Despite 
certain common neuropathological features in both TLE-HS and TSC 12,25,26, the 
formation of epileptogenic lesions and mechanisms of epilepsy development 
are different between these pathologies, as further described in the proceeding 
sections.   

Pathogenesis of epilepsy: epileptogenesis 

The development of epilepsy after the initial precipitating injury is followed by 
a latent period, which precedes the onset of spontaneous recurrent seizures 
and can vary from days to many years between patients 27. Furthermore, 
chronic epilepsy can be non-progressive or progressive, the latter meaning that 
the condition can further deteriorate over patient’s life, which is manifested in 
increased seizure frequency, alterations in seizure phenotype and development 
of drug-resistance 28,29. The studies performed in animal models of epilepsy, 
such as kindling, post-TBI and post-SE models, have provided a strong evidence 
that the development of epilepsy is a dynamic process occurring during the 
latent period and also extending further in time, contributing to the 
continuation and progression of epilepsy after the after the diagnosis has been 
established 27. Thus, epileptogenesis is defined as the process of the 
development of epilepsy, and also the progression of epilepsy after 
spontaneous seizures first appear 27,30,31.  

The studies of human epilepsy are often performed using the “end 
stage” of the disease in surgically resected or post-mortem brain tissue. Animal 
models of epileptogenesis have allowed us to gain insights into the processes 
accompanying epileptogenesis at the earlier stages. These models have been 
able to recapitulate the neuropathological features observed in human chronic 

12
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epilepsy and have revealed common processes underlying the disease 
development 32,33. These common neuropathological features include 
morphological changes in the brain, gliosis, neuroinflammation, disruption of 
the blood-brain barrier (BBB), remodeling of the extracellular matrix (ECM) and 
neuronal death. Under normal physiological conditions glial cells, such as 
astrocytes, oligodendrocytes and microglia maintain a proper extracellular 
milieu necessary for neuronal functioning, whereas endothelial cells cooperate 
with astrocytes and pericytes to form the BBB, controlling the exchange of 
nutrients and waste products between the blood and brain 34-36. Under 
pathological conditions, triggered by a brain insult or prolonged seizure activity, 
normal communication between these cells is disturbed, which is accompanied 
by morphological and functional alterations of glial cells, disruption of the BBB 
and concomitant brain inflammation 37,38. These events are further associated 
with neuronal death and neurogenesis in the hippocampus, as well as 
destruction and remodeling of the ECM and rearrangement of synaptic 
connections, such as mossy fiber sprouting 39-41. This may result in imbalanced 
neurotransmission in the affected neuronal networks, wherein the excitatory 
glutamatergic signaling prevails and not effectively counter-balanced by the 
inhibitory gamma-aminobutyric acid (GABA)-ergic neurotransmission 42. These 
processes may ultimately lead to increased neuronal excitability, decreased 
seizure threshold and the occurrence of spontaneous recurrent seizures (Fig. 
1).  

Epileptogenesis in developing brain 

Epileptogenesis also occurs in the immature brain, with seizure development in 
infancy and early childhood 43. Of particular interest is epilepsy associated with 
a range of genetically-determined conditions that lead to structural 
abnormalities in the brain during brain cortex development. A large spectrum 
of epileptogenic disorders with MCDs, including TSC and focal cortical dysplasia 
(FCD), have been recently shown to be associated with the mutations in the 
mechanistic target of rapamycin (mTOR) signaling pathway 12. TSC pathology 
arises from the mutations in TSC1 or TSC2 genes, responsible for the inhibitory 
control of mTOR (Fig. 2). TSC is associated with early-onset epilepsy (starting 
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from the first year of life) in 60-90% of individuals, as well as frequent cognitive 
impairment and autism spectrum disorder 12. The cortical tubers in TSC can be 
detected in utero as early as 20-23 weeks of gestation, therefore 
epileptogenesis in TSC appears to have a neurodevelopmental character 44,45. 
The mTOR pathway is critical for proper central nervous system development, 
since the dysregulation of mTOR may affect proliferation and migration of 
neural progenitor cells, neuronal soma size, dendritogenesis and formation of 
dendritic spines, axon outgrowth, astrocyte proliferation and cortical 
lamination 46-48 (Fig.2). Therefore, early pharmacological interventions, aimed 
at inhibition of mTOR, have been hypothesized to mitigate epileptogenesis and 
as such the various neurodevelopmental abnormalities present in TSC patients 
12.  

Reactive astrocytes 

Astrocytes are the most abundant glial cell type in the mammalian brain 49. 
Astrocytes play numerous functions providing trophic support to neurons, 
maintaining fluid, ion and pH homeostasis, regulating synaptic transmission and 
local CNS blood flow in the adult brain 36. Accumulating evidence supports the 
heterogeneity of astrocytes in the adult CNS, with two major classes being the 
protoplasmic astrocytes, mostly found in the gray matter and fibrous 
astrocytes, found in the white matter 50,51. In pathological states astrocytes can 
shift from homeostatic to reactive state 36,52,53 with the mode of reactivity 
ranging from cytotoxic to neuroprotective 54. Reactive astrocytes are known to 
play a major role in the regulation of the immune/inflammatory response in 
various brain pathologies including epilepsy 52,55.  

Reactive astrogliosis is commonly found in the epileptogenic zone 56-59 
and has been hypothesized to actively participate in epileptogenesis 60. Reactive 
astrocytes undergo morphological and functional changes and display impaired 
ability to perform their normal physiological functions: buffering of 
extracellular potassium and uptake of excessive extracellular glutamate, 
provision of glutamine supply for GABA synthesis in neurons and maintenance 
of the BBB integrity 58,59,61. Moreover, astrocytes not only respond to various 
extracellular signals, but also become a source of a variety of factors, such as 
glutamate, adenosine triphosphate (ATP), D-serine, prostaglandins and 
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neuropeptides to alter neuronal activity and synaptic plasticity 62. Among the 
factors released by astrocytes, an important role belongs to cytokines, 
chemokines and complement factors which can act in a paracrine and autocrine 
manner to promote chronic brain inflammation and neuronal damage 52,55. 
Taken together, reactive astrocytes in epilepsy may lose their essential 
functions and secrete a multitude of epileptogenic factors, thereby contributing 
to neuronal damage and hyperexcitability (Fig. 1).   

Reactive Microglia 

Activation of microglial cells is another hallmark of the epileptogenic brain. 
Microglia appear in the brain during the early stages of development and 
perform important homeostatic functions in the healthy adult brain, such as 
phagocytosis of cellular debris, synaptic pruning and surveillance for dangerous 
signals 63. Microglial cells are an important component of the innate immune 
system and under pathological conditions may undergo drastic morphological 
and functional changes to acquire a variety of phenotypes, both cytotoxic pro-
inflammatory and reparative anti-inflammatory, depending on the 
microenvironmental context 63. In epilepsy microglial activation is observed in 
the areas of HS in TLE patients 64,65 and in epileptogenic lesions of patients with 
TSC 66 and FCD 67-69. Studies in animal models have suggested that 
morphological changes in microglia occur both shortly after acute seizures and 
in a delayed fashion as a response to neuronal injury 70. During the acute phase 
following experimental SE microglial cells overexpress markers indicative of 
both phenotypes, however, this is not observed during the chronic phase, 
suggesting that microglial cells may play a role during early epileptogenesis 71. 
Activated microglia release a plethora of cytokines and chemokines that may 
activate astrocytes, attract peripheral immune cells and modulate neuronal 
activity and neurogenesis, thus contributing to epileptogenesis 70,72. 
Furthermore, mTOR overactivation in microglia has been shown to induce non-
inflammatory changes in the hippocampus, leading to neuronal degeneration, 
astrocyte proliferation and development of spontaneous seizures in mice 73. 
Thus, activated microglial cells are actively involved in brain inflammation and 
may contribute to epileptogenesis along with astrocytes (Fig. 1). 
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BBB dysfunction and immune cell infiltration 

The BBB is a complex and highly selective barrier that separates the peripheral 
circulation system and the CNS and controls the movement of ions and 
molecules between them, as well as prevents the entrance of cells and other 
elements from the blood stream into the CNS 74. The BBB is formed by brain 
endothelial cells (EC), interconnected by tight junctions. Astrocytic endfeet, 
pericytes and perivascular macrophages also contribute to the integrity of the 
barrier (Fig. 1). Dysfunction of the BBB is observed in several CNS pathologies, 
including epilepsy 37,38,75,76. BBB breakdown is considered a major risk factor for 
epileptogenesis 25 and has been also shown to contribute to the disease 
progression as well as drug-resistance during the chronic phase 38,76.  

Disruption of the BBB may lead to infiltration of immune cells and other 
blood components, such as albumin, into the brain where they are able to 
mediate pathological signaling. Under pathological conditions endothelial cells 
may overexpress leukocyte-recruiting cell adhesion molecules (CAMs) and 
chemokines, attracting immune cells to the brain 77-79. Immune cells, such as 
monocytes, lymphocytes and neutrophils enter the brain parenchyma and 
further add to the pathology by secreting pro-inflammatory factors. In humans 
albumin extravasation and persistently activated monocytes/macrophages are 
observed in the resected hippocampal tissue from patients with TLE and TSC 
66,76,80 and the duration of epilepsy positively correlates with the expression of 
monocyte/macrophage markers 80. The components of the adaptive immune 
response, such as T-lymphocytes and dendritic cells are also occasionally 
detected in the brains of patients who died following SE and in patients with 
TLE, although their contribution to epileptogenesis is considered to be less as 
that of the innate immune response cells, such as monocytes/macrophages, 
microglia and astrocytes 65,80-82. However, recent reports suggest that the role 
of the adaptive immune response in epileptogenesis may be more significant in 
pediatric epilepsy, associated with TSC and FCD 83,84. 

Brain inflammation 

The activation of immune-competent cells in the brain drives the innate 
immune response in the epileptogenic brain, which is responsible for both 
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acute and chronic inflammation in the brain (Fig. 1). These responses are 
evolutionarily conserved mechanisms, designed to protect the organism and 
limit damage to the tissue. However, a chronic unresolved inflammatory 
response may become an immanent self-perpetuating danger to the brain, 
aggravating the pathology and further extending the damage 85. In the last 
decade the role of brain inflammation in epileptogenesis has become a central 
research focus 55,86,87. Brain inflammation is mediated by a range of 
inflammatory mediators, such as cytokines, chemokines, complement factors, 
growth factors, proteases, as well as reactive oxygen and nitrogen species 55. 
The inflammatory response after brain insults is triggered by danger-associated 
molecular patterns (DAMPs) and pathogen-associated molecular patterns 
(PAMPs) – a variety of molecules that serve as ligands for the pattern 
recognition receptors (PPRs) expressed by brain cells 85. For instance, the 
activation of the PPR toll-like receptor (TLR) 4 through its ligand high-mobility 
group box-1 (HMGB1) has been demonstrated in both TLE and TSC, and shown 
to contribute to seizure generation in mice 88,89. Glial cells are both producers 
and responders to pro-inflammatory factors through the assembly of the 
inflammasome and engagement of such signal transduction pathways as 
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), activator 
protein 1 (AP-1) and stress-related mitogen-activated protein kinases (MAPKs) 
52,90. The activation of pro-inflammatory pathways leads to the production and 
activation of cyclooxygenases (COX) and major cytokines, such as interleukin-
1β (IL-1β) and tumor necrosis factor α (TNF-α). Although lowly expressed under 
normal physiological conditions, IL-1β and TNF-α can be rapidly upregulated in 
glia, neurons and endothelial cells following pathogenic insults to the brain 
72,91,92. A multifunctional cytokine transforming growth factor β (TGF-β) is 
another marker of inflammation that acts through the phosphorylation of 
intracellular SMAD protein complexes, activating multiple MAPK pathways, 
which regulate a wide range of downstream signaling pathways 93. TGF-β thus 
plays an important role in cell proliferation, differentiation and modulation of 
the ECM 94,95.   

The examination of resected human TLE brain tissue revealed up-
regulation of IL-1β and TNF-α 96-100, as well as TGF-β1 68,95,99,101-104. Moreover, 
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higher expression of IL-1β and TNF-α was detected in the brain of patients with 
TSC and FCD compared to autopsy control brain tissue 12,66,68,69,105-107. During 
experimental epileptogenesis increased IL-1β and TNF-α have been shown to 
contribute to the acute and chronic inflammation 108-113. The elevated 
expression of IL-1β persists for at least one week following an epileptogenic 
insult 109,112,114,115. This increase is also observed at the chronic stage, primarily 
in microglia and astrocytes, in the regions of the brain involved in seizure 
generation and propagation 65,116. The upregulated expression of TGF-β1 is also 
observed post-SE within the hippocampus at the acute and latent stages in rats 
117. Moreover, TGF-β signaling has been shown to mediate epileptogenesis via 
albumin uptake by astrocytes following the BBB breakdown 118,119.  

Thus, there is ample evidence suggesting the involvement of these 
cytokines in epileptogenesis. In addition, the excessive neuronal activity, such 
as during epileptic seizures, may itself lead to the release of pro-inflammatory 
mediators 120. Therefore, spontaneous seizure activity during the chronic phase 
of epilepsy may promote and perpetuate inflammation in the brain. One of the 
possible routes concerning how chronic inflammation may contribute to 
epileptogenesis is through the remodeling of the ECM, since the stimulation of 
cells with pro-inflammatory cytokines has been shown to regulate the 
transcription of many important molecules contributing to the ECM 
environment of brain cells. 

ECM remodeling 

(this section is partly based on the book “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) 

A wide spectrum of cellular changes associated with brain lesions during 
epileptogenesis have a profound impact on the non-cellular component within 
the brain – the ECM 121. Accounting for 10-20% of the total brain volume, the 
ECM represents a highly organized meshwork of proteins and glycans, 
occupying the parenchyma of virtually all cells 122. The major component of the 
ECM is a high molecular weight glycosaminoglycan hyaluronan, which provides 
a structural framework for binding of the other ECM components, such as 
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GENERAL INTRODUCTION & OUTLINE OF THE THESIS 

Figure 1. Schematic representation of epileptogenesis. Various brain insults may cause cell death and 
disruption of the BBB, which is followed by brain inflammation, mediated by major pro-inflammatory 
cytokines released by reactive astrocytes, microglia and infiltrating immune cells. Neuronal death, gliosis and 
chronic sustained inflammation are accompanied by the alterations in the composition of the ECM. The 
remodeling of the ECM is mediated by proteases, such as matrix metalloproteinases (MMPs). The alterations 
in the ECM can lead to the rewiring of synaptic connections and establishment of aberrant neuronal networks 
that are prone to overexcitation. This may ultimately result in the occurrence of recurrent spontaneous 
seizures. The potential novel therapies could be directed on prevention of epileptogenesis or modification of 
the disease through the targeting of key pathogenic processes.  

proteoglycans, tenascins and link proteins 123. In addition, the ECM contains a 
wide variety of secreted soluble factors, matricellular proteins and fragments 
of membrane-bound molecules, all of which may regulate cell-to-cell and cell-
to-matrix interactions 40. Therefore, the ECM does not only provide a physica 
scaffold for the cells,  but also plays important roles in cellular growth, activity 
and survival 122. 
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Figure 2. Overactivation of mTOR in TSC affects neural development. Growth factors, nutrients, cytokines 
and other environmental factors are integrated by mTOR signaling pathway to regulate cell proliferation and 
growth. TSC1 and TSC2 are major negative regulators of mTOR, which are mutated in TSC. As a result, mTOR 
is overactivated, which is associated with disturbances in crucial processes during prenatal and early post-
natal brain development, including proliferation of neuroepithelial cells (NEC) in the ventricular zone (VZ), 
migration of intermediate progenitors (IP) along the radial glia cells (RGC) to the cortical plate (CP) and 
dendritogenesis during later fetal and early postnatal development; E – embryonic day, GW – gestational 
week. Modified from Tee et al (121). 
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The two specialized types of the ECM include the basement membrane 
(BM) and perineuronal nets (PNNs). The BM constitutes the outer ECM lining of 
the blood vessels in the brain and plays an important role in vascular integrity 
as a component of the BBB 124. The PNNs surround somas, proximal dendrites 
and initial segments of axons of some neurons, predominantly interneurons in 
the cerebral cortex and hippocampus 40. The PNNs can be destroyed after a 
brain insult and this has been hypothesized to be responsible for the death of 
interneurons losing their protective shield 125. Since interneurons provide 
inhibitory signaling to neural networks in the brain, their loss may result in 
insufficient inhibition and overexcitation of the networks. Moreover, the neural 
ECM controls structural and functional plasticity in the brain, and with the ECM 
compomised, novel aberrant synaptic connections can be formed. Thus, the 
degradation of the ECM in the brain may be one of the key causes of 
epileptogenesis.  

The ECM is a highly dynamic structure that undergoes continuous 
controlled remodeling, mediated by specific proteolytic enzymes that are 
responsible for the ECM degradation 126. One of the most important players in 
the ECM proteolysis is a family of matrix metalloproteinases (MMPs) 
comprising around 25 members 126. However, only several MMPs are expressed 
at a significant level in the brain (Fig. 3). MMPs can be classified based on their 
substrate specificity and also distinguished as bound to the plasma membrane 
or secreted into the ECM. Each MMP possesses a domain structure and 
undergoes post-translational modifications, the most significant of which is the 
proteolytic removal of a pro-peptide domain, required for their activation 127. 
The activity of MMPs is controlled by the endogenous tissue inhibitors of 
metalloproteinases (TIMPs). 

Under normal physiological conditions in the adult brain MMPs execute 
functions in routine remodeling of the ECM, angiogenesis, neurogenesis, and 
synaptic plasticity 128,129. However, under pathological conditions, the 
expression of MMPs can be transcriptionally activated in brain cells, especially 
astrocytes and microglia, upon stimulation with pro-inflammatory cytokines, 
reactive oxygen species, hypoxia, and alterations in pH 128,130. The following 
activation of MMPs is not always adequately inhibited by TIMPs and the  
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Figure 3. Schematic domain organization and targets of metalloproteinases that are studied in the 
epileptogenic brain. MMP2 and MMP9 belong to the class of gelatinases, MMP3 is a stromelysin, MMP13 a 
gelatinase and MMP14 (MT1-MMP) belongs to a type of membrane bound MMPs. MMPs consist of several 
domains, including a propeptide (cleavage required for MMP activation), a catalytic domain, a linker peptide 
or hinge region and a hemopexin domain. MMP2 and MMP9 also have three repeats of a fibronectin type II 
motif. The substrates of these MMPs include brain ECM components, such as hyaluronan and proteoglycans, 
as well as basal lamina and tight junction proteins. 

resultant imbalance between the activation and inhibition of MMPs promotes 
the degradation of the ECM components, CAMs and receptors, which disturbs 
the ECM homeostasis and BBB integrity. The activation of MMPs also results in 
the activation of cytokines, chemokines, growth factors, complement cascade 
and MMPs themselves, rendering MMPs important players not only in the ECM 
remodeling, but also in brain inflammation, both processes involved in 
epileptogenesis. 

In the epileptogenic brain, higher expression of MMP2, MMP3, MMP9, 
MMP14 as well as TIMP1 and TIMP2 have been observed in the hippocampus 
of TLE patients and patients who died from SE, as well as in FCD and in TSC 
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cortical tubers 131-135. The studies in animal models of epileptogenesis showed 
that these MMPs have dynamic patterns of expression throughout different 
phases of epileptogenesis 136-138. Some MMP genes, like Mmp3, are 
overexpressed not only at the chronic phase, but also during the acute and 
latent phases 138,139, which makes them potential targets for anti-epileptogenic 
therapy. 

Modulation of inflammation and ECM as novel therapy for epilepsy 

The growing understanding of the processes underlying epileptogenesis has 
extended the estimation of the “therapeutic window of intervention” for anti-
epileptogenic treatments and has led to a search for strategies aimed at 
prevention of epileptogenesis as well as disease modification 12. In this regard, 
anti-inflammatory drugs have been increasingly tested in preclinical models of 
epilepsy and in the clinical settings 55,87,140. A number of clinical trials and case 
reports have shown efficacy of the administration of the recombinant form of 
human IL-1 receptor antagonist (IL-1Ra), inhibitors of caspase-1, TNF-α and 
COX-1/COX-2, as well as inhibitor of microglia minocycline in reducing seizure 
frequency in drug-resistant epilepsy 87.  

Several studies in animal models have shown either neuroprotection or 
reduction in the frequency of spontaneous seizures following treatments with 
selective cyclooxygenase-2 (COX-2) inhibitors 141, inhibitors of IL-1R1/TLR4 142 
or combinations of different anti-inflammatory drugs 143,144. Furthermore, 
treatments with the mTOR pathway inhibitor rapamycin led to a reduction in 
seizure frequency after SE 145 and inhibition of TGF-β signaling with the 
angiotensin II type 1 receptor antagonist losartan showed efficacy in prevention 
of spontaneous seizures in rats following the BBB breakdown and albumin 
extravasation 146. The inhibition of MMPs has also emerged as a promising 
avenue for anti-epileptogenic treatment as it has been shown that broad 
spectrum MMP inhibitors, such as doxycycline and minocycline could prevent 
PNN degradation after kindling 147 or attenuate spontaneous seizures after 
pilocarpine-induced SE 148.  

However, interventions with the existing anti-inflammatory drugs do 
not always show the expected anti-epileptogenic effects 149,150, furthermore 
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they may have serious adverse effects 151,152. It is important to note that the 
inflammatory signaling and MMPs may have not only detrimental effects, but 
also help to resolve the brain pathology 153-155. Therefore, the time of 
pharmacological intervention should be carefully chosen and the adverse 
effects minimized 87. The drugs with anti-inflammatory and immunomodulatory 
action have arisen as a promising approach for prevention or modification of 
epilepsy, thus novel anti-inflammatory targets, agents and their combinations 
could be of great therapeutic value.  

MicroRNAs and epilepsy 

Transcriptomic studies over the last two decades have revealed a myriad of 
alterations in gene expression in the brain tissue of humans with epilepsy and 
in animal models during experimental epileptogenesis 156,157. The complex 
intracellular regulation of gene expression also includes post-transcriptional 
modifications. MicroRNAs (miRNAs, miRs) are a class of small non-coding RNAs 
(18-22 nucleotides long) with the ability to regulate gene expression at the post-
transcriptional level. miRNAs navigate the RNA-induced silencing complex 
(RISC) through complementary binding to the 3′-untranslated regions (UTR) of 
the mature mRNA. In mammals this can lead to the repression of target gene 
translation 158. MiRNAs can have hundreds of direct targets within a cell and 
often simultaneously target several genes within a certain intracellular signaling 
pathway, thus regulating gene expression at a network level. Moreover, it is 
estimated that around 70% of all known miRNAs are expressed in the brain, 
many of which are specific to brain cells 159,160. MiRNAs have been implicated in 
numerous pathologies of the brain 161. A number of transcriptomic studies have 
shown that a great multitude of miRNAs are dysregulated in human TLE and TSC 
162-166 and during experimental epileptogenesis in animals 156,157,167-170.  

Several deregulated miRNAs in epilepsy have been associated with the 
innate immune response and inflammation 171-174. The increased expression of 
inflammation-associated miRNAs miR146a, miR155 and miR132 have been 
shown in the hippocampus of patients with TLE 111,175,176 and miR146a, miR147b, 
miR155, miR21 – in TSC tubers 177,178. Increased expression of inflammation-
associated miRNAs were also observed in the rat hippocampus during 
epileptogenesis 167. These miRNAs are expressed in different cells of the brain, 
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but their role as inflammatory modulators in epilepsy is especially intriguing in 
the brain cells mediating the innate immune response – astrocytes and 
microglial cells 175,177-179. Experiments in vitro have demonstrated that such 
miRNAs as miR146a, miR155, miR21 can be induced by pro-inflammatory IL-1β, 
TNF-α or lipopolysaccharide (LPS) in astrocytes 111,177,178. The overexpression or 
inhibition of these miRNAs in cell cultures may further help to gain insights into 
the mode of miRNA action on inflammatory signaling. Such strategies have 
revealed that miR146a and miR147b are potent negative regulators of 
inflammatory signaling 178-180 and their overexpression may be beneficial, 
whereas miR155 often acts as a pro-inflammatory modulator 181,182 and its 
inhibition may yield anti-inflammatory effects.  

MiRNAs are also involved in the regulation of neurodevelopmental 
processes, such as cell fate determination, neurogenesis, migration of neural 
progenitors, neuronal polarization, dendritogenesis and synapse development 
183,184. Aberrant expression of miRNAs is associated with abnormal brain 
development and the pathogenesis of several neurodevelopmental diseases 185. 
This may have implications for the pathogenesis of TSC. A large-scale 
transcriptomic analysis in TSC tubers identified many dysregulated miRNAs 166. 
The expression of the miR34 family (miR34a, miR34b and miR34c) was found to 
be among the most significantly overexpressed miRNAs in epileptogenic tubers 
186 and miR34b has been shown to modulate neurite outgrowth in vitro 166. 
However, the evaluation of miR34 expression during prenatal and early post-
natal development in TSC has not been performed. 

MicroRNA-based therapy for epilepsy 

Discovery of miRNA dysregulation in epilepsy and the fact that miRNAs act as 
potent modulators of pathological pathways involved in epileptogenesis have 
led to the idea that miRNAs could be used to develop new treatments of 
acquired epilepsy and associated co-morbidities. MiRNAs can be detected not 
only in the tissue associated with pathology, but also in biofluids, such as blood 
and cerebrospinal fluid (CSF), where they remain relatively stable and protected 
from RNase activity 187,188. It has been hypothesized that these circulating 
miRNAs may serve as diagnostic tools, or biomarkers, that could be objectively 
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measured to identify the development, presence, severity, progression, or 
localization of an epileptogenic abnormality 189.  

Several attempts have been made to modulate epileptogenesis in TLE 
models using miRNA-based interventions 190,191. Inhibition of a neuronal miR-
134 by intracerebroventricular injection of its antagomiR was shown to 
decrease seizure frequency and exert neuroprotective effects in mice during 
the first 2 weeks post-SE 190. Inhibition of another neuronal miRNA miR135a has 
been shown to be effective in reducing seizure frequency during the chronic 
stage post-SE in mice 192. Increasing the levels of anti-inflammatory or 
decreasing the pro-inflammatory miRNAs in glial cells may also be used to 
modify or prevent epileptogenesis and to alleviate associated 
neuropathological consequences. As an example, intracerebroventricular 
administration of the miR146a mimic reduced the frequency of spontaneous 
seizures post-SE in mice 144. In another study, intranasal administration of 
miR146a mimic prior to a pilocarpine-induced SE extended the latency to 
generalized convulsions and reduced seizure severity in mice 193. This 
improvement in disease outcome was associated with a reduction in expression 
of the inflammatory mediators TNF-α, IL-1β, and IL-6 193. Silencing miR155 in 
the brain may also have a beneficial effect; inhibition of miR155 could reduce 
seizure frequency after pilocarpine-induced SE in rats 194 and mice 195, as well as 
protect the integrity of the BBB and improve neurological recovery after TBI 
196,197. Moreover, treatments based on non-coding RNAs for genetic drug-
resistant epilepsy in Dravet syndrome are currently considered for clinical trials 
in humans (https://dravetsyndromenews.com/cur-1916/), and miRNAs may 
soon follow its lead.    

Thesis overview 

The aim of this thesis was to investigate the involvement of miRNAs in 
epileptogenesis through the regulation of brain inflammation, alterations in 
ECM and corticogenesis, in order to find novel therapeutic targets and miRNA-
based approaches in the treatment of acquired forms of epilepsy. We employed 
molecular, histological and bioinformatical techniques to examine miRNA 
expression and regulation in various human epileptogenic pathologies, such as 

26



541147-L-bw-Korotkov541147-L-bw-Korotkov541147-L-bw-Korotkov541147-L-bw-Korotkov
Processed on: 18-2-2020Processed on: 18-2-2020Processed on: 18-2-2020Processed on: 18-2-2020 PDF page: 27PDF page: 27PDF page: 27PDF page: 27

GENERAL INTRODUCTION & OUTLINE OF THE THESIS 

 

 

TLE, TBI and TSC, as well as in animal models of epileptogenesis, such as 
electrically-induced post-SE and post-TBI rat models.   

Although a large amount of data has been accumulated in regard to the 
expression of miRNAs during epileptogenesis, the results of these efforts have 
been largely discordant. Therefore, in chapter 2, we performed a meta-analysis 
and review across the published large-scale profiling studies of hippocampal 
miRNA expression in animal post-SE models of epileptogenesis and human TLE-
HS. We created a database of differentially expressed miRNAs and reviewed 
various parameters, such as the animal model used, time-point following SE and 
subregion of the hippocampus. We also sought to identify consistently 
differentially expressed miRNAs across different studies, as well as biological 
pathways associated with altered expression of these miRNAs. 

One of the most consistently up-regulated miRNAs in epileptogenesis, 
as identified by the meta-analysis, was miR132, therefore in chapter 3 we 
further investigated its expression in the human TLE-HS hippocampus and in 
the rat post-SE model of TLE. Our preliminary data had suggested that miR132 
was expressed not only in neurons, but also in reactive glial cells, however the 
functions of miR132 in glia were not known. To address this question we 
characterized the cell-type specific expression of miR132 in glia in TLE-HS and 
studied the potential involvement of miR132 in the regulation of the 
inflammation-associated pathways IL-1β and TGF-β in human astrocytes. 

We further studied the potential of inflammation-associated miRNAs to 
regulate the ECM. In chapter 4, we investigated whether miR155 and miR146a 
could modulate the expression of MMPs associated with epileptogenesis, such 
as MMP2, MMP3, MMP9 and MMP14.  

In chapter 5 we extended the analysis of miR155, as well as studied 
another miRNA identified by the meta-analysis, miR142, in the perilesional 
cortex in a rat post-TBI model. The potential of these miRNAs to serve as 
biomarkers was assessed in the rat plasma. Furthermore, the cell-type specific 
expression (including neurons, glia and immune cells) of these miRNAs was 
studied in the human cortex post-TBI and the potential to mediate brain 
inflammation through astrocyte activation was assessed in vitro.    
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Finally, in chapter 6, we investigated the expression of miR34a and 
miR34b in the cohort of resected human TSC tuber samples with the focus on 
fetal and early postnatal periods. The effect of miR34a and miR34b 
overexpression on neuronal migration and apoptosis during embryonic 
development was investigated in mice. We further investigated the expression 
of the target of these miRNAs, contactin-3, in TSC brain specimens and studied 
its regulation by these miRNAs in a neuronal cell line in vitro. 

In chapter 7, we discuss the content of the thesis, give a future outlook 
and provide the conclusions.    
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Abstract 

Temporal lobe epilepsy (TLE) is a common chronic neurological disease in 
humans. A number of studies have demonstrated differential expression of 
miRNAs in the hippocampus of humans with TLE and in animal models of 
experimental epilepsy. However, the dissimilarities in experimental design have 
led to largely discordant results across these studies. Thus, a comprehensive 
comparison is required in order to better characterize miRNA profiles obtained 
in various post-status epilepticus (SE) models. We therefore created a database 
and performed a meta-analysis of differentially expressed miRNAs across 3 
post-SE models of epileptogenesis (electrical stimulation, pilocarpine and kainic 
acid) and human TLE with hippocampal sclerosis (TLE-HS). The database 
includes data from 11 animal post-SE studies and 3 human TLE-HS studies. A 
total of 378 differentially expressed miRNAs were collected (274 up-regulated 
and 198 down-regulated) and analyzed with respect to the post-SE model, time 
point and animal species. We applied the novel robust rank aggregation 
method to identify consistently differentially expressed miRNAs across the 
profiles. It highlighted common and unique miRNAs at different stages of 
epileptogenesis. The pathway analysis revealed involvement of these miRNAs 
in key pathogenic pathways underlying epileptogenesis, including 
inflammation, gliosis and deregulation of the extracellular matrix. 
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Introduction 

Epilepsy is a common neurological disease characterized by recurrent seizures. 
The complex of epilepsy-associated comorbidities is a major burden for health 
care systems all over the world. Temporal lobe epilepsy (TLE) is one of the most 
common forms of focal epilepsy in adults 1,2. The contribution of pathological 
changes within the brain to the process of epileptogenesis in TLE cannot be 
easily addressed in human hippocampal specimens, since brain tissue is usually 
resected at the end-stage of the disease. Hence, a variety of experimental 
models have been developed to study epileptogenesis. The most widely used 
models that resemble the features of TLE, including hippocampal pathology, are 
the post-status epilepticus (SE) rodent models in which epilepsy develops after 
a chemically or electrically-induced SE 3. The large-scale transcriptomic studies 
of such animal models have identified changes in the expression of hundreds of 
genes shortly after SE and during the course of epileptogenesis 4-6. These 
changes have been found to underlie major pathological processes associated 
with human TLE, including the occurrence of spontaneous recurrent seizures, 
neuronal loss, aberrant growth and neurogenesis in the hippocampus, gliosis, 
neuroinflammation, reorganization of the extracellular matrix (ECM) and 
blood–brain barrier (BBB) dysfunction 7-10. 

The regulation of gene expression is not only confined to the 
transcriptional level. miRNAs are small non-coding RNAs that are crucially 
involved in the post-transcriptional control of gene expression. miRNAs act in 
association with the RNA-induced silencing complex (RISC), predominantly 
through binding to the 3′-untranslated regions (UTR) of the mature messenger 
RNA (mRNA) transcripts, which leads to repression of a target gene translation 
11. MiRNAs have been shown to be involved in the regulation of numerous 
biological processes within the central nervous system 12,13. Differential 
expression of miRNAs in the temporal lobe of TLE patients and animals during 
the course of experimental epileptogenesis has been extensively studied over 
the past decade 14-18. A variety of techniques including microarray, qPCR-array 
and RNA-sequencing have been utilized to profile the changes of miRNA 
expression in the rodent brain following the induction of SE evoked by electrical 
stimulation (ES) 19-23, administration of pilocarpine 21,24-29 or kainic acid (KA) 30-

32. These studies have produced vast amounts of data, but their outcomes are 
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often discordant, with each study producing a unique array of differentially 
expressed miRNAs.  

Obtaining a clear profile of miRNA changes in animal post-SE models is 
confounded by many dissimilarities in experimental approaches. There are 
fundamental differences between models, which are characterized by different 
SE-triggering events and the subsequent induction of multiple pathological 
pathways, associated with unique patterns of transcriptional activation and 
miRNA deregulation. This is further complicated by differential miRNA 
expression between various brain regions and cell types 19,33-35, suggesting that 
the source and quality of sample preparation are important factors for miRNA 
profiling studies in the brain. Furthermore, the miRNA expression patterns alter 
dramatically over the time course of epileptogenesis 19. Finally, technical 
dissimilarities in the study design, such as the choice of profiling platform, 
sample size, RNA extraction method, application of empirical cut-off thresholds 
and different statistical tests influence the study outcomes strongly. 

Given its complexity, the field of epilepsy lacks the level of 
standardization necessary to address the role of miRNA regulation in the 
pathology. In the present study we integrate the existing large-scale profiling 
knowledge on differential miRNA expression in epilepsy, produced by the 
efforts of several laboratories, to create a database of differentially expressed 
miRNAs. We review and standardize various parameters that are crucial for 
comparison of profiling studies. Using a meta-analysis approach, we seek to 
identify consistently differentially expressed miRNAs across different studies. 
Such an approach has been successfully used for inter-study comparisons in 
cancer 36,37 and neurological diseases 38. Finally, we compare biological 
pathways associated with altered miRNA expression in post-SE models during 
the chronic phase (when animals have spontaneous recurrent seizures) and 
human TLE-HS profiles. 
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Methods  

Collection of meta-data 

The studies containing profiles of miRNA expression in rodent models of 
epileptogenesis and in human TLE with hippocampal sclerosis (TLE-HS) were 
searched through PubMed database using the keywords “miRNA”, “epilepsy”, 
“status epilepticus”, “profile”, “micro-array” in various combinations. The last 
search was performed in May 2017. The content of each study was carefully 
analyzed. Only studies published in peer-reviewed journals were included in the 
analysis. Table 1 contains the list of included studies with a brief description 
(Table 1). The detailed information about included studies can be found in 
Supplementary Table S1A,B. This includes: author, year of publication, SE model 
type, species and number of recruited animals, assay platform, number of 
profiled miRNAs, cut-off criteria, time point of miRNA expression assessment, 
region of brain, drug history and method of RNA extraction. The studies in 
animal models were included if the following criteria were met: rodent species 
were used (rats or mice); SE was established and the comparison of miRNA 
expression profiles was done between SE and an untreated control group; the 
hippocampal structures were assessed. The miRNA expression profiles of 
kindling and traumatic brain injury (TBI) models of epileptogenesis were not 
included in the analysis. The studies of miRNA expression in human TLE were 
included if the comparison was made between hippocampal sclerotic tissue 
obtained from TLE patients (surgical resection or autopsy) and control 
hippocampal tissue (autopsy). Some of the notable studies did not pass these 
criteria and were not included in the analysis (Supplementary Table S1C,D). 
Only the studies, in which miRNA array or qPCR array-based techniques were 
used for the profiling were included in the analysis. Studies of individual miRNAs 
using qPCR technique were not included in the analysis.  

The database of differentially expressed miRNAs 

We created a database of differentially expressed miRNAs in post-SE rodent 
models and human TLE-HS. Mature miRNA sequences were arranged in a table 
with respect to species (mouse or rat), anatomical region (hippocampal 
subregions) and time point of assessment (Supplementary Table S2A,B). The 

41



541147-L-bw-Korotkov541147-L-bw-Korotkov541147-L-bw-Korotkov541147-L-bw-Korotkov
Processed on: 18-2-2020Processed on: 18-2-2020Processed on: 18-2-2020Processed on: 18-2-2020 PDF page: 42PDF page: 42PDF page: 42PDF page: 42

CHAPTER 2 

database included data on differentially expressed miRNAs from both array-
based  

Study SE model Species Time points Region 

Liu et al. (2010) 30 KA Rats 24 h HP 

Hu et al. (2011) 24 PILO Rats 24 h HP 

Song et al. (2011) 26 PILO Rats 60 d HP 

Jimenez-Mateos et al. (2011) 31 KA Mice 24 h CA3 

Hu et al. (2012) 28 PILO Rats 60 d HP 

Bot et al. (2013) 20 ES Rats 7 d, 30 d DG 

Sun et al. (2013) 22 ES Rats 24 h HP 

Li et al. (2014) 23 ES Rats 60 d HP 

Gorter et al. (2014) 19 ES Rats 24 h, 7 d, 3–4 m DG, CA1* 

Krestschmann et al. (2015) 21 ES Mice 24 h, 28 d HP 

Krestschmann et al. (2015) 21 PILO Mice 24 h, 28 d HP 

Schouten et al. (2015) 32 KA Mice 72 h DG 

Roncon et al. (2015) 27 PILO Rats 4 d + 8 d, 11 d, 50 d GCL 

Lee et al. (2016) 29 PILO Mice 60 d HP 

Kan et al. (2012) 39 TLE-HS HP N/A N/A 

McKiernan et al. (2012) 40 TLE-HS HP&TC N/A N/A 

Kaalund et al. (2014) 41 TLE-HS HP N/A N/A 

Table 1. Included studies. miRNA profiling studies in animal post-SE models and in human TLE-HS that passed 
the criteria for the inclusion in the meta-analysis. The SE in animal models was induced by chemoconvulsants 
kainic acid (KA) and pilocarpine (PILO) or by electrical stimulation (ES) of selected brain area (HP – 
hippocampus, DG – dentate gyrus, CA1/CA3 – Cornu Ammonis, GCL – granule cell layer of the dentate gyrus); 
the miRNA expression profiles were addressed at various time-points as indicated: h – hours, d – days, w – 
weeks, m – months following SE); the brain region used in the study is indicated as follows: HP – hippocampus, 
TC – temporal cortex; * – the data on the parahippocampal cortex from this study was not included. Detailed 
information about included studies is contained in Supplementary Table S1A,B. 

and RNA-seq-based profiles. The time points were divided into 3 groups based 
on the information from each study and according to the time elapsed after SE: 
acute stage (24–72 hours), latent stage (7–11 days), chronic stage (≥28 days). 
MiRNAs were considered to be significantly differentially expressed according 
to the cut-off and p-value criteria set by the authors of each study. The fold 
change of differential miRNA expression and associated p-values were also 
collected, when provided (Supplementary Table S3). The supplementary 
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information published online for each study was used if available and the 
authors were contacted directly if additional information was needed.  

Nomenclature of miRNAs 

The IDs were assigned to miRNAs according to the nomenclature recommended 
by miRbase (http://www.mirbase.org, edition 21), however, all species 
indicators were abandoned to simplify the comparison of miRNA profiles 
between different species. The comparison of miRNAs between different 
species was done based on total sequence homology between orthologues. If 
the miRNA ID obtained from the selected studies had outdated nomenclature, 
it was substituted with the new one. The miRNA signatures of species other 
than human, rat or mouse and non-miRNA probes were excluded from the 
analysis. 

Robust Rank Aggregation (RRA) analysis and statistical analysis 

The lists of extracted miRNAs were prioritized based on statistical test 
adjusted p-values (less than 0.05 was assumed to indicate a significant 
difference). The lists of extracted miRNAs from each animal post-SE study were 
split into up-regulated and down-regulated miRNAs. The human TLE-HS profiles 
were not analyzed by the RRA. The miRNAs in each list were ranked by p-value, 
when possible. If no p-value was available, the miRNAs were ranked by fold 
change value. To identify miRNAs that were ranked consistently better than 
expected by chance, we used the RRA method as implemented in the R package 
42. This method assigns a p-value to each element in the aggregated list 
indicating how much better it is ranked compared with a null model expecting 
random ordering. All statistical and clustering analyses were carried out using 
the statistical software R (www.r-project.org). 

Target pathway prediction 

The miRNAs identified by the RRA analysis as consistently differentially 
expressed were submitted to DIANA mirPath v.3 (http://snf-
515788.vm.okeanos.grnet.gr/), a web-based computational tool that identifies 
potentially altered molecular pathways by the expression of multiple miRNAs. 
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This program performs an enrichment analysis of miRNA target genes, and 
compares each set of miRNA targets to all known KEGG pathways 43-45. We used 
the microT-CDS 5.0 algorithm for target prediction. The lists of differentially 
expressed miRNAs were analyzed separately for each species (mouse, rat, 
human). The common pathways enriched for both mice and rats were united 
based on the geometric mean of their p-values. The non-common pathways 
between the rodent species were merged together and ranked based on their 
p-values. The pathway analysis was done using both “Gene union” and
“Pathway union” algorithms 46. The pathways were considered to be enriched
if they passed the p-value threshold 0.05. All p-values were FDR-corrected.

Data availability 

All data generated or analysed during this study are included in this 
published article (and its Supplementary Information files). 
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Results  

Overview 

The data were collected from 11 array-based and 2 RNA-Seq profiling studies in 
post-SE rodent models, (Table 1, Supplementary table S1A) and 3 profiling 
studies in human TLE-HS (Table 1, Supplementary table S1B). Using this data a 
database of differentially expressed miRNAs was created (Supplementary table 
S2A,B). The RNA-Seq studies were included in the database, however, due to 
the limited number of studies they were excluded from any subsequent 
analyses. From the 11 post-SE array-based studies 21 distinct miRNA gene 
expression profiles were extracted based on different animal species, post-SE 
models and time points. In total 378 miRNAs were found to be differentially 
expressed in at least one study. The expression of 274 miRNAs was increased 
(p < 0.05) and the expression of 198 miRNAs decreased (p < 0.05) as compared 
to control in at least one study. About 48% of all miRNAs (182) were found to 
be differentially expressed only in a single profile. Only the minority of all 
miRNAs were repeatedly found as differentially expressed across all profiles 
(Fig. 1). The most common up-regulated miRNAs across the analyzed set of 
expression profiles were miR-21-5p (15 profiles), followed by miR-132-3p, miR-
23a-3p, miR-212-3p, miR-146a-5p, miR-27a-3p, miR-129-5p, miR-203a-3p, miR-
17-5p, miR-19a-3p (Supplementary Table S4). The most common down-
regulated miRNAs were miR-30a-5p (6 profiles), followed by miR-139-5p, miR-
187-3p, miR-551b-3p, miR-140-3p, miR-324-5p, miR-33-5p, miR-218-5p, miR-
378a-3p and miR-29c-5p (Supplementary Table S4).  

Cluster analysis  

We performed an unsupervised hierarchical cluster analysis (asymmetric binary 
similarity measure) to estimate how well the miRNA profiles grouped by various 
parameters, such as model (ES, KA, pilocarpine), time point after SE and species 
(human TLE-HS profiles were also included for comparison). No clear clustering 
by any parameter was found for both up-regulation and down-regulation sets 
of profiles (Supplementary Fig. S1A,B). It showed that different studies 
produced vastly different expression profiles. Then we extended the analysis to 
identify the clusters of miRNAs specific for each parameter. In order to do so, 
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Figure 1. The distribution of miRNAs assorted by the frequency they appeared to be found as differentially 
expressed across profiling studies. The Y-axis corresponds to differentially expressed miRNAs and the X-axis 
corresponds to different profiles. The heatmap demonstrates that only a small proportion of miRNAs was 
repeatedly found to be differentially expressed and for the majority of miRNAs the differential expression 
was found irregularly across different profiling studies. Refer to Supplementary Table S4 for more detailed 
information. 

we analyzed only the miRNAs that appeared in a single model or a single time 
point. Several clusters of miRNAs were specific for each model with the largest 
cluster corresponding to ES model (Supplementary Fig. S2A,B). The largest 
cluster of miRNAs specific for a particular time point corresponded to the acute 
stage (Supplementary Fig. S2C,D). The cluster analysis revealed some model-
specific and stage-specific clusters of miRNAs with an overall high degree of 
heterogeneity in miRNA profiles across various studies. 
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Differential expression of miRNAs across post-SE models  

We further assessed the differences and commonalities of differentially 
expressed miRNAs across post-SE models. The number of differentially 
expressed miRNAs was not uniform both between studies, in which the same 
post-SE model was used and between studies of different post-SE models (Fig. 
2, Supplementary Table S5). For the ES model, more up-regulated than down-
regulated miRNAs were found on average at the acute and chronic stages. For 
the pilocarpine model, the average number of up-regulated and down-
regulated miRNAs was similar. The KA model was represented only by the acute 
stage and produced on average the largest number of up-regulated miRNAs, 
however, the number of down-regulated miRNAs was the lowest amongst the 
acute stage profiles. The standard deviation was high for most expression sets, 
sometimes exceeding the average number of miRNAs. This showed that the 
number of miRNAs reported as differentially expressed differed greatly 
between studies. The ES model showed the lowest variability in the number of 
identified up-regulated miRNAs at the acute stage, but the pilocarpine model 
demonstrated better consistency in the number of miRNAs identified at the 
chronic stage.  

Next, all miRNAs reported as differentially expressed in each animal 
model were overlapped (Fig. 3A). In total 189 miRNAs were found to be 
differentially expressed in the ES model, 203 in the pilocarpine model and 157 
in the KA model. A large number of miRNAs was represented only by a single 
model: 70 for the ES, 89 for the pilocarpine and 77 for the KA. Only 29 miRNAs 
were shared between all 3 models together. The greatest overlap was found 
between the ES and the pilocarpine model. The lists of miRNAs for each model 
are illustrated in Supplementary Table S6A.  

Differential expression of miRNAs across stages of epileptogenesis 

Next, we assessed the differences between expression profiles depending on 
time point following SE, but regardless of model and species. The largest 
number of differentially expressed miRNAs belonged to the acute stage (296), 
which was almost double the number of miRNAs seen at the chronic stage (169) 
and 4 times the amount at the latent stage (71) (Fig. 3B). There was a  
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Figure 2. The average number of differentially expressed miRNAs produced by different sets of expression 
profiles. At the acute stage, the ES model had 26±13 up-regulated and 17±29 down-regulated miRNAs, the 
pilocarpine model had 32±16 miRNAs up-regulated and 31±33 down-regulated miRNAs, the KA model had 
49±67 up-regulated miRNAs and 9±1 down-regulated miRNAs. At the latent stage, the ES model had 11±6 up-
regulated miRNAs and 11±8 down-regulated miRNAs, the pilocarpine model had 18 up-regulated miRNAs and 
15 down-regulated miRNAs. At the chronic stage, the ES model produced 24±18 up-regulated miRNAs and 
8±7 down-regulated miRNAs, the pilocarpine model produced 15±6 up-regulated miRNAs and 12±11 down-
regulated miRNAs. The KA model had a pronounced trend toward up-regulated miRNAs rather down-
regulated. The data on differential miRNA expression during the latent stage in the pilocarpine model was 
provided by a single profile. The standard deviation indicated large variation in the number of differentially 
expressed miRNAs depending on study, especially for the acute stage. 

considerable number of miRNAs found only at a certain stage. For the acute 
stage this number was 174, accounting for more than 50% of all differentially 
expressed miRNAs at this time point. A lesser amount of miRNAs specific only 
for the chronic stage was identified (31%), followed by 24% for the latent stage. 
The overlap between all 3 stages was 24 miRNAs, only about 6% of all 
differentially expressed miRNAs, suggesting a dynamic regulation of miRNA 
expression at different stages of epileptogenesis. Supplementary Table S6B 
demonstrates the lists of miRNAs for each stage. 
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Differential expression of miRNAs across species 

Next, the differential expression of miRNAs was assessed across different 
species, but regardless of post-SE model or time point. We combined miRNA 
expression data from 7 rat and 5 mouse studies at any stage following SE and 
compared it to the data obtained from 3 human TLE-HS profiles (Fig. 3C). The 
number of differentially expressed miRNAs reported in mouse models was 313 
and exceeded by far both rat (169) and human (106) studies. About 60% of all 
miRNAs identified in mice were not reported as differentially expressed in 
either rats or humans. This number was less for the rat (31%) and human (38%) 
datasets. As expected, the largest overlap in absolute amount of shared miRNAs 
was between mouse and rat species. The overlap between all three species was 
only 31 miRNAs, which accounts for less than 30% of all differentially expressed 
miRNAs in human TLE-HS. Thus, the comparison of human data with rodent 
data revealed that a large portion of miRNAs that were found to be 
differentially expressed in human TLE-HS specimens was not represented by 
any of the animal post-SE miRNA profiles. Supplementary Table S6C 
demonstrates the lists of miRNAs for each species. 

We further investigated the representative value of miRNA profiles 
obtained in animals in regard to human TLE-HS by comparing human and rodent 
miRNA profiles with respect to different models and stages of SE. The human 
set shared approximately equal portions of miRNAs with each different model 
(Supplementary Fig. S3A; Supplementary Table S6D). Of note, the overlap 
between the TLE-HS and chronic post-SE profiles was about 30% 
(Supplementary Fig. S3B, Supplementary Table S6E). Using a Fisher’s exact test 
we assessed the human TLE-HS profile for an enrichment of miRNAs from a 
particular stage or model. No significant enrichment for any stage or models 
was seen amongst human TLE-HS miRNAs (Fisher’s exact test, Bonferroni 
corrected p-value > 0.3).  

Identification of consistently differentially expressed miRNAs 

By overlapping the differentially expressed miRNAs across different post-SE 
models, time points and species, largely discordant results were produced, thus 
a more robust statistical method known as the robust rank aggregation (RRA) 
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method was applied to identify consistently differentially expressed miRNAs in 
similar studies 36,42. The data on fold change of differential expression and 
associated p-values were collected from the profiles (Supplementary Table S3). 
We performed the analysis for the data from the post-SE profiles at 3 stages. 
The human datasets were not used in this analysis. For the acute stage, 9 
mature miRNA sequences were identified as consistently differentially 
expressed: 8 were up-regulated (miR-132-3p, miR-21-5p, miR-21-3p, miR-212-
3p, 2137, miR-711, miR-882 and miR-142-5p) and one was down-regulated 
(miR-302b-5p) (Table 2). For the latent stage, 18 consistently differentially 
expressed mature miRNA sequences were identified: 8 were up-regulated (miR-
212-3p, miR-21-5p, miR-132-3p, miR-20a-5p, miR-17-5p, miR-27a-3p, miR-23a-
3p, miR-146a-5p) and 10 were down-regulated (miR-139-5p, miR-551b-3p, miR-
33-5p, miR-708-5p, miR-7a-5p, miR-935, miR-138-5p, miR-187-3p, miR-30e-3p, 
miR-222-3p) (Table 2). For the chronic stage, 9 mature miRNA sequences were 
identified: 8 were up-regulated (miR-146a-5p, miR-23a-3p, miR-135b-5p, miR-
21-5p, miR-132-5p, miR-132-3p, miR-210-3p, and miR-212-5p) and one was 
down-regulated (miR-551b-3p) (Table 2). Thus, more up-regulated than down-
regulated miRNAs were found at the acute and chronic stages, but not at the 
latent stage which was particularly rich in down-regulated miRNAs. 
Noteworthy, miR-21 appeared in all 3 stages, as well as miRNAs from miR-
212/132 cluster. Additionally, miR-146a-5p and miR-23a-3p were common up-
regulated miRNAs for the latent and chronic stages. Among down-regulated 
miRNAs miR-551b-3p was common for the latent and chronic stages.  

Pathway analysis of consistently differentially expressed miRNAs 

MiRNAs identified as consistently differentially expressed at each stage of 
epileptogenesis were subjected to the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis using Diana miRPath3. The pathway analysis 
was done for mouse and rat species. At the acute stage “MAPK signaling” and 
“Cytokine-cytokine receptor interaction” were the only common pathways for 
both rat and mouse species (Fig. 4A, Supplementary Fig. S4A). Among the most 
enriched pathways identified only in rats or mice were “Mucin type O-Glycan 
biosynthesis”, “Signaling pathways regulating pluripotency of stem cells” and 
“Axon guidance”.  The latent stage was accompanied by activation of a  
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Figure 3: The overlap between sets of differentially expressed miRNAs. Venn diagrams demonstrate a 
number of common and specific differentially expressed miRNAs across different SE models (A), stages of 
epileptogenesis (B) and biological species (C). Less than 10% of the total number of identified differentially 
expressed miRNAs was found to overlap between all sets in each case. Many miRNAs were found only in a 
particular model, time point or organism.   

variety of signaling pathways and, similar to the acute stage, showed the 
involvement of miRNAs in the MAPK signaling (Fig. 4B, Supplementary Fig. S4B). 
However, this stage was marked by the stronger association of miRNAs with the 
ECM-related signaling pathways, including “Mucin type O-Glycan biosynthesis” 
and “Axon guidance”. Among the most enriched pathways identified only in rats 
or mice “Fatty acid biosynthesis”, “Hippo signaling”, “ErbB signaling” were 
prominent.  

For the miRNAs at the chronic stage of epileptogenesis, common 
pathways for both rodent species were found only by the “Gene union” 
function (Supplementary Fig. S4C). “Proteoglycans in cancer” was the most 
enriched pathway, followed by “Ubiquitin mediated proteolysis”. The most 
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enriched pathways identified only in rats or mice using “Pathway union” were 
“ErbB signaling pathway”, “Proteoglycans in cancer” and “Thyroid hormone 
signaling pathway” (Fig. 4C). 

Comparative pathway analysis of differentially expressed miRNAs in chronic 
post-SE and TLE-HS profiles 

Finally, we addressed how well the biological pathways at the chronic stage 
correspond to the biological pathways in human TLE-HS. We performed a 
pathway enrichment analysis for the 100 most consistently differentially 
expressed miRNAs in chronic post-SE profiles and compared them to the 
pathways associated with the 100 most consistently differentially expressed 
miRNAs in the TLE-HS profile (Supplementary Table S6F). A large variety of 
pathways were found to be enriched for the rodent and TLE-HS sets of 
differentially expressed miRNAs (Supplementary Table S7A,B). The interaction 
map combining both datasets demonstrated a remarkable overlap between the 
pathways (Fig. 5). On analysis of the top 30 enriched pathways for the rodent 
profiles, 28 also appeared as enriched amongst the TLE-HS profiles, for the top 
30 human TLE-HS profiles 27 were also enriched amongst the rodent chronic 
profiles. One of the largest clusters of the enriched pathways was associated 
with the ECM. The most significantly enriched pathways within this cluster were 
the “ECM-receptor interaction” and “Mucin type O-Glycan biosynthesis”. 
Another cluster of enriched pathways was associated with the fatty acid 
biosynthesis and processing. The example map of genes targeted within the 
“ECM-receptor interaction” pathway is displayed in Supplementary Fig. S5. The 
biological pathways associated with the differentially expressed miRNAs at the 
chronic stage post-SE were found to be representative of the pathways 
associated with the differentially expressed miRNAs in human TLE-HS profiles. 
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ACUTE STAGE 
up-regulated down-regulated 

prefix miRNA p-value prefix miRNA p-value 

h,r,m 132-3p 2.5E-07 h,m 302b-5p 1.6E-02 

h,r,m 21-5p 1.4E-05    

h,r,m 21-3p 1.5E-03    

h,r,m 212-3p 2.4E-03    

m 2137 3.9E-03    

h,r,m 711 1.5E-02    

m 882 2.7E-02    

h,r,m 142-5p 3.4E-02    

LATENT STAGE 
up-regulated down-regulated 

prefix miRNA p-value prefix miRNA p-value 

h,r,m 212-3p 2.4E-06 h,r,m 139-5p 7.7E-06 

h,r,m 21-5p 1.9E-05 h,r,m 551b-3p 2.6E-03 

h,r,m 132-3p 4.4E-04 h,r,m 33-5p 5.1E-03 

h,r,m 20a-5p 5.5E-03 h,r,m 708-5p 6.9E-03 

h,r,m 17-5p 8.5E-03 h,r,m 7a-5p 1.2E-02 

h,r,m 27a-3p 1.2E-02 h,r,m 935 1.2E-02 

h,r,m 23a-3p 2.7E-02 h,r,m 138-5p 1.3E-02 

h,r,m 146a-5p 2.8E-02 h,r,m 187-3p 1.4E-02 

   h,r,m 30e-3p 2.7E-02 

   h,r,m 222-3p 2.8E-02 
CHRONIC STAGE 

up-regulated down-regulated 
prefix miRNA p-value prefix miRNA p-value 

h,r,m 146a-5p 6.9E-08 h,r,m 551b-3p 5.6E-03 

h,r,m 23a-3p 1.5E-04    

h,r,m 135b-5p 4.4E-04    

h,r,m 21-5p 1.7E-03    

h,r,m 132-5p 1.5E-02    

h,r,m 132-3p 3.1E-02    

h,r,m 210-3p 4.1E-02    

h,r,m 212-5p 4.8E-02    

Table 2. Consistently differentially expressed miRNAs across all expression profiles. The miRNAs reported 
as differentially expressed were subjected to the RRA analysis; the RRA output for miRNAs at the acute, latent 
and chronic stages post-SE. The analysis was done including only the miRNA signatures found in more than 
one study. Prefixes are abbreviated as follows: h – hsa, r – rno, m – mmu; p-value < 0.05. 
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Figure 4. KEGG pathway enrichment analysis. The analysis was performed using DIANA miRPath ver.3 
algorithm (“Pathways Union” mode) for consistently differentially expressed miRNAs, produced by RRA 
analysis and human TLE-HS miRNAs. The first 10 most enriched pathways for each section are presented; (A) 
– pathways enriched for miRNAs at the acute stage, (B) – pathways enriched for miRNAs at the latent stage, 
(C) – pathways enriched for miRNAs at the chronic stage; non-relevant pathways were excluded; FDR < 0.05. 
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Figure 5: Enriched pathways from human TLE-HS and from post-SE rodent models during the chronic stage. 
Only the top 30 enriched pathways from human TLE-HS and post-SE rodent models are shown. The size of 
the node is inversely proportional to the adjusted p-value of the enriched pathway. Nodes are connected if 
the pathway was enriched amongst the human miRNAs or the rodent miRNAs. Informative pathways are 
labeled. For a complete list of the pathways please see supplementary Table 7. 
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Discussion 

The development of tools for a large-scale evaluation of gene expression over 
the previous decade has allowed for the collection of extensive data on miRNA 
regulation in epilepsy. Many studies have attempted to create a profile of 
differentially expressed miRNAs using animal post-SE models. However, the 
heterogeneity of features carried by different experimental models, as well as 
by human TLE, has led to largely discordant results across these efforts. In the 
present study, we performed a meta-analysis across various published miRNA 
expression profiles and employed bioinformatical tools to investigate 
pathological cellular pathways involved in different phases of epileptogenesis. 

The brain is exceptionally rich in the number and spatial distribution of 
miRNAs 47. We created a database of more than 400 mature miRNA sequences 
that have been reported to be differentially expressed in post-SE rodent models 
of epileptogenesis and in human TLE-HS. Our analysis showed that only a small 
portion of these miRNAs is consistently deregulated across various profiling 
studies with the rest of them appearing rather occasionally. This implies that a 
compact core body of miRNAs involved in key pathogenic processes exists that 
is most strongly associated with the development of the pathology, and a very 
long tail of miRNAs exists that is associated with all the variety of features 
accompanying each particular case. In experimental epilepsy, these differences 
arise from the diversity in study approaches, such as the type of model and 
species used, the region of the brain and the time point of epileptogenesis at 
which miRNA expression is assessed 14,48,49. This diversity of input parameters is 
further accompanied by different processing of samples and data50, followed by 
application of various profiling platforms and approaches for normalization and 
statistical analysis of data 51. As a result of this heterogeneity of parameters, 
our cluster analysis revealed a poor clustering of miRNA profiles extracted from 
different studies. Each individual profile seems to provide a piece of a bigger 
picture, covering some aspects of the pathology or representing one of the 
possible routes of epileptogenesis.  

The 3 investigated post-SE models have produced more miRNAs 
specific for each model than shared between the 3 models. The KA model 
carried the most unique set of miRNAs among the 3 models. The KA profiles 
had a pronounced trend toward up-regulation with a few down-regulated 
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miRNAs detected. In addition, all KA profiles were confined to early time points 
representing acute changes. Many miRNAs reported as deregulated in the KA 
model were found to be differentially expressed only in a single study. The 
miRNA profiles of the pilocarpine and ES models have been previously shown 
to cluster closer between the acute and chronic time points within the same 
model than between the corresponding time points of the two models 21. Our 
analysis revealed approximately equal amounts of miRNAs that were shared 
between the ES and pilocarpine models and that were specific for each model 
alone. Large clusters of miRNAs were identified as specific only to some 
particular model. This was not observed for the KA model, because the cluster 
analysis was done for the miRNAs reported in at least 2 studies, but many 
differentially expressed miRNAs in the KA model appeared only in a single 
profile, hence, were excluded from the cluster analysis. The largest clusters of 
model-specific miRNAs were found for the ES model. These miRNAs may be 
deregulated exclusively as a result of electro-stimulation, however not being 
captured in other models. The existence of these ES model-specific miRNAs may 
also be explained by the fact that 2 out of 3 ES studies investigated expression 
of miRNAs in the subregions of the hippocampus. For comparison, 5 out of 6 
pilocarpine studies focused on the entire hippocampus rather than its 
subregions. Different hippocampal subfields are known to be molecularly 
diverse 52,53 with variable miRNA distribution54. Each cell type that belongs to a 
particular subfield also displays different patterns of miRNA expression 33-35. The 
studies focusing on a particular subregion of the brain allow identification of 
specific miRNAs, however, the broad picture may be missed. The current 
knowledge of miRNA profiles in experimental epilepsy models is shifted 
towards subregion specificity in case of the ES model and towards the entire 
hippocampus picture in case of the pilocarpine model.  

The profiles appeared to be largely different not only by post-SE 
models, but also by the time points following SE. The largest number of 
differentially expressed miRNAs was found at the acute stage (24 hours post-SE 
in most studies). Besides, we found a high variability in the number of 
differentially expressed miRNAs between the profiles at the acute stage, which 
may be associated with the larger entropy of changes at this time point. The ES 
model showed less inter-study variability in the number of up-regulated 
miRNAs at the acute stage compared to the two chemoconvulsant models. The 
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use of different dosages of chemoconvulsants and the drugs for the cessation 
of SE may result in different courses of epileptogenesis 7,55 with variable 
amplitude and character of molecular changes in the brain, including miRNA 
regulation.  

Despite a very small overlap between the 3 stages, the acute and 
chronic stages of epileptogenesis shared a considerable amount of miRNAs. The 
miRNA profiles at the chronic stage may be affected by the acute seizure-
related changes if a period of time between the last spontaneous seizure and 
the sacrifice is short. It has been demonstrated that miRNA expression patterns 
were clearly different between the acute seizure model and the chronic model 
21. Thus, a single seizure episode prior to sacrifice may significantly alter the 
outcome profile and that must be thoroughly controlled in order to get 
reproducible results.  

Considering the differences between the profiles, the involvement of 
miRNAs in epilepsy can hardly be concluded based on the observations made 
in one single profile, but rather the relevance of a miRNA to some pathogenic 
pathways activated in a chosen model in particular sub-region of the brain and 
at given time point may be assessed. In order to identify consistently 
differentially expressed miRNAs at different stages of post-SE epileptogenesis 
we applied the RRA method 42. While this method drastically reduced the 
number of differentially expressed miRNAs it highlighted a handful of miRNAs 
for further study. A relatively unique profile of miRNAs accompanied each 
stage. Combined, these miRNA signatures may be characteristic of the major 
pathogenic processes underlying epileptogenesis, such as cell death, gliosis and 
neuroinflammation 56-59. The only 3 common miRNAs that were found between 
all 3 stages of epileptogenesis were miR-21-5p, miR-132-3p and miR-212-3p. 
Both miR-21 and the cluster of miR-212/132 have been implicated in epilepsy 
and various neurologic disorders 60,61. Deregulation of these miRs may 
represent the interplay between neuronal cell death and neuroprotection, as 
both miR-21 and miR-212/132 have been previously implicated in these 
processes in the brain 31,62. The role in inflammation has also been attributed to 
both miR-21 63 and miR-132 64. Our pathway analysis showed that miRNAs at 
the acute stage were strongly involved in the cellular pathways associated with 
innate immune response and inflammation. At the latent stage, up-regulated 
miRNAs miR-20a, miR-17, miR-23a, miR-27a and miR-146a have been 
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previously shown to be enriched in mouse microglia 65. Noteworthy, both the 
latent and chronic stages were marked by the up-regulation of miR-146a, a key 
regulator of inflammation in astrocytes66.  

In addition to the observed differences in miRNA profiles between 
different post-SE models and time points, there were differences associated 
with species. We found a large amount of miRNAs that were identified only in 
rats, mice or humans. That raised a question of how relevant the findings in 
rodents are to human TLE. The comparison of the results obtained in animal 
post-SE profiles and in human TLE profiles is hampered by many obstacles. The 
amount of identified miRNAs, their predicted targets and functions may vary 
considerably between different species 67-69. There are also certain limitations 
of using human TLE tissue, like the quality of RNA and the use of autopsy control 
samples, heterogeneity of epilepsy cases and limited supply 70. Patients 
undergoing hippocampal resection in most cases have a long clinical history of 
various anti-epileptic drug therapies, altering the molecular profile. Besides, SE 
is rarely an initiation event for epilepsy in humans, while it is characteristic for 
animal post-SE models.  

 The profiles of miRNA expression in TLE-HS have been reported by 
several research groups 39-41,71. Neither of TLE-HS profiles included in the meta-
analysis has reported significant up-regulation of miR-21 or miR-132. However, 
both these miRNAs have been found to be overexpressed in human TLE-HS 
when their expression was assessed individually 72.  In order to identify the 
biological pathways associated with the differentially expressed miRNAs in 
human TLE-HS we combined the results of the TLE-HS profiles and subjected 
them to the pathway analysis taking into account the combinatorial effect of all 
miRNAs 46. Since the chronic stage in post-SE models has been considered to be 
representative of the neuropathological features of human TLE-HS, we 
performed the pathway enrichment analysis for the 100 most consistently 
differentially expressed miRNAs in chronic post-SE profiles and compared the 
results with the enriched pathways associated with the 100 most consistently 
differentially expressed miRNAs in TLE-HS. The pathways associated with the 
differentially expressed miRNAs in chronic profiles and in TLE-HS largely 
overlapped. The most enriched pathways were related to the regulation of the 
ECM and fatty acids.  
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The ECM is an important player in the epileptogenic network and the 
involvement of miRNAs in neuroinflammation, reactive gliosis and BBB 
breakdown may be directly or indirectly associated with the ECM remodelling, 
which can be evident already during the latent stage following SE 4. Consistent 
with our observations a recent transcriptome analysis in 129 TLE patients has 
revealed the cell-to-extracellular matrix adhesion processes (“ECM-receptor 
interaction”, “focal adhesion”) as one of the two major clusters of differentially 
expressed genes along with the inflammation 73. The changes in expression of 
the ECM genes cause alterations in the molecular environment surrounding 
neurons, which is a hallmark of epileptogenesis 4. The components of the brain 
ECM produced by both neurons and glial cells are involved in multiple 
physiologic processes, which are disturbed as a result of the ECM remodeling, 
leading to further epileptogenic events, such as mossy fiber sprouting, granule 
cell dispersion and astrogliosis 74. Interestingly, the miRNAs associated with the 
“ECM-receptor interaction” pathway in our analysis were different between the 
chronic post-SE profiles and the TLE-HS profiles. These observations suggest 
that deregulated miRNAs and their target genes may differ between the rodent 
and human species, but the pathogenic pathways, that the deregulated miRNAs 
are associated with, are generally conserved across species and can be 
indicative of the TLE neuropathological features. Thus, the deregulated 
pathways, rather than the individual miRNAs may be of more interest when 
translating results from rodent models to TLE. Of note, there was little overlap 
in identified differentially expressed miRNAs across the 3 TLE-HS profiles and 
we acknowledge that the low consistency across these studies does not allow a 
proper statistical evaluation of these data. Thus, there is a pressing need for 
more profiling studies on differentially expressed miRNAs in TLE-HS, which will 
allow a better characterization of the translational validity of miRNA expression 
data from rodents to humans.  

Currently, the majority of miRNA profiling in post-SE rodent models and 
human TLE have utilized microarrays or qPCR arrays. Moving forward high-
throughput RNA-Seq will become the standard technique used for the 
identification of differentially expressed miRNAs. RNA-Seq offers a relatively 
unbiased, discrete, and digitized read count from a cDNA library input. When 
compared to microarrays, RNA-Seq has lower levels of background noise, 
produces less false positives, has a higher dynamic range, requires a lower 
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amount of input RNA and can be used to detect novel short non-coding RNA 
species and isomiRs 75-78. Further, the differential expression of miRNAs in a 
microarray experiment is defined by the fold change of expression. The fold 
change may be low if a miRNA is highly expressed at basal level and may be high 
if the miRNA is not abundantly expressed. Thus, the fold change value will be 
practically meaningless for the low-expressed miRNAs, while the changes in 
highly expressed miRNAs will be missed if a fold change cut off is applied 79. This 
issue is somewhat alleviated in RNA-Seq, as an RNA-Seq output can provide a 
quantitative expression output, such as raw or normalized read count or counts 
per million (CPM) for each miRNA. This can allow lowly expressed miRNAs to be 
filtered out, or for an exploration of the nature of the changes in expression. 
Overall, RNA-Seq offers a higher resolution, more comprehensive view of the 
small RNA transcriptome that will not only increase confidence in the role of 
previously identified miRNAs in epileptogenesis but also potentially identify 
new key players.  

In this work we combined data from various profiling studies and 
created a database of differentially expressed miRNAs in epilepsy. The analysis 
of these data has demonstrated that the outcomes of different profiling studies 
are vastly different due to heterogeneity of input parameters. The profiles differ 
depending on the type of post-SE model, time point, region of the brain and 
species. Despite many differences between the profiles we identified the most 
common differentially expressed miRNAs across the studies. For each stage of 
epileptogenesis there was a certain combination of consistently differentially 
expressed miRNAs, associated with the key pathogenic pathways underlying 
such processes as neuroinflammation, gliosis, cell death and deregulation of the 
ECM. We identified only the most consistently differentially expressed miRNAs, 
but many model- and process- specific miRNAs should exist that are associated 
with all the variety of biological processes. The major pathways, associated with 
deregulated miRNAs in post-SE models may be conserved across mammalian 
species and be characteristic of epileptogenesis in human TLE. The analysis of 
the pathways associated with the differentially expressed miRNAs has revealed 
a remarkable similarity between the human TLE-HS and chronic profiles in post-
SE rodent models with a cluster of the ECM-related pathways among the most 
enriched. Thus, a better understanding of miRNA regulation during the course 
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of epileptogenesis in rodent models has the ability to contribute to the 
development of preventive treatment for TLE. 
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A. Included post-SE studies 

Study 
Injury 
model 

Spec
ies 

Platfor
m 

Profile
d 

(chang
ed) 

Cut-off 
criteria 

Tim
e 

poi
nts 

Regi
on Drug history Notes 

RNA 
extracti

on 

Liu et al. 
(2010) 

KA Rats 
(n=6) 

TaqMan 
miRNA 
assays 

(Applied 
Biosyste

ms) 

381 
(10) 

>1.5-
fold,  

FDR<0.0
5 

24h HP KA (10mg/kg, s.c.), 
ISO 

Brain 
ischemia 

and 
hemorrhag

e were 
also 

investigate
d in this 
study. 

Profile in 
blood was 

done 

miRNea
sy Mini 

Kit 
(Qiagen

) 

Hu et al.  
(2011) PILO 

Rats 
(n=6) 

Rat 
MicroR

NA 
array 

(Signosi
s, USA) 

113 
(26) 

>2-fold, 
p<0.05 24h HP 

2X Chloral hydrate 
(10%, 5 mL/kg), 
LiCl (125 mg/kg, 

i.p, pilocarpine 20 
mg/kg i.p.), 

pilocarpine (20 
mg/kg i.p.) + adds 

qPCR for 4 
miRs was 
done in 
blood 

Animal 
Tissue 
RNA 

Purifica
tion Kit 
(Norgen

, 
Canada) 

Song et 
al. (2011) PILO 

Rats 
(n=3) 

Microar
ray 

(μParafl
o, LC 

Science
s) 

349 
(23) 

>1-fold 
(at least 

2 of 3 
probes 
>1.5-
fold), 

p<0.01 

60d HP 

atropine (i.p., 1 
mg/kg), diazepam 

(i.p., 10 
mg/kg),lithium/pil

ocarpine (10 
mg/kg, i.p.) + adds 

The time 
between 
the last 

spontaneo
us seizure 

and the 
time the 
animals 

were 
sacrificed 
was < 5h 

Trizol 
Reagent 
(Invitro

gen) 

Jimenez-
Mateos 

et al. 
(2011) 

KA Mice 

TaqMan 
low-

density 
arrays 
(TLDA) 
MicroR

NA 
assays 
ver.1.0 

(Applied 
Biosyste

ms) 

380 
(29) 

>1.5-
fold, 

p<0.05 
24h CA3 

ISO 5%, kainic acid 
(i.ag.), lorazepam 
(Ativan; 6 mg/kg, 

i.p.), pentobarbital 
overdose 

Preconditi
oning was 

studied 

miRNea
sy kit 

(Qiagen
) 

Hu et al.  
(2012) 

PILO Rats 
(n=6) 

Microar
ray 

(Agilent
) 

350 
(24) 

>1.5-
fold, 

p<0.05 
60d HP 

chloral hydrate 
(10%, 3 ml/kg, 
i.p.), LiCl (125 
mg/kg i.p.), 

pilocarpine (20 
mg/kg, i.p.) + adds 

 
mirVan

a 
(Ambio

n) 

Bot et al. 
(2013) 

ES 
(amygd

ala) 

Rats 
(n=5) 

Microar
ray 

miRCUR
Y LNA 7 
(Exiqon) 

3100/
292 
(66) 

P<0.05, 
FDR 

7d, 
14d, 
30d, 
90d 

DG 

ISO 2-2.5%, i.p. 
butorphanol (0.5 

mg/kg i.p.), 
diazepam (20 
mg/kg) + adds 

EEG 
monitoring 

showed 
occurence 
of seizures 
at 7 days 
and more 
seizures at 

14 days. 
14 days 
and 90 

days time 
points 

have been 
excluded, 
because 

there was 
no 

difference 

miRNea
sy Mini 

kit 
(QIAGE

N) 
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expression 

Sun et al. 
(2013) 

ES 
(amygd

ala) 

Rats 
(n=6) 

Sequen
cing 

Illumina 
HiSeq 
2000 

(Illumin
a) 

All (6) 

≥30 
copies, 
>2-fold,
P<0.01 

24h HP 
10% chloral 
hydrate (3.5 
mL/kg, i.p.) 

mirVan
a 

miRNA 
Isolatio

n Kit 
(Ambio

n) 

Li et al. 
(2014) 

ES 
(amygd

ala) 

Rats 
(n=6) 

Sequen
cing 

(Illumin
a) 

All (25) 

≥10 
copies, 
>1.5- 
fold, 
FDR 

<0.05 

2m HP 
10% chloral 
hydrate (3.5 
mL/kg, i.p.) 

mirVan
a 

miRNA 
Isolatio

n Kit 
(Ambio

n) 

Gorter et 
al. (2014) 

ES 
(angula

r 
bundle) 

Rats 
(n=5-

6) 

Microar
ray 

miRCUR
Y LNA 6 
(Exiqon) 

2383/
322 
(DG-
37, 

CA1-7) 

>1.5-
fold, 

p<0.01,
FDR 

24h, 
7d,  
3-

4m 

DG, 
CA1 

ketamine (57 
mg/kg, i.m.), 

xylazine (9 mg/kg, 
i.m.) 

3 miRs 
were 

measured 
in plasma 
by qPCR 

miRNea
sy kit 

(Qiagen 
Benelux

) 

Krestsch
mann et 
al. (2015) 

ES 
(amygd

ala) 

Mice 
(n=8) 

Microar
ray 

miRCUR
Y LNA  5 
(Exiqon) 

579 
(24h-
91, 

28d-
60) 

>1-fold, 
FDRBH<

0.05 

24h, 
28d HP 

diazepam (10 
mg/kg, i.p.) 

Both ES 
and 

pilocarpin
e models 

were used 
and 

compared 
in this 
study 

miRVan
a 

miRNA 
isolatio

n kit 
(Ambio

n) 

Krestsch
mann et 
al. (2015) 

PILO Mice 
(n=8) 

Microar
ray 

miRCUR
Y LNA  5 
(Exiqon) 

579 
(24h-
91, 

28d-
60) 

>1-fold, 
FDRBH<

0.05 

24h, 
28d 

HP 

N-
methylscopolamin
e (1 mg/kg (i.p.), 
pilocarpine (300 

mg/kg, i.p.), 
diazepam (10 
mg/kg, i.p.) 

Both ES 
and 

pilocarpin
e models 

were used 
and 

compared 
in this 
study 

miRVan
a 

miRNA 
isolatio

n kit 
(Ambio

n) 

Schouten 
et al.  

(2015) 
KA Mice 

(n=3) 

TaqMan 
Mouse 
MicroR

NA 
Fluidic 

v3.0 
Cards 

381 
(189) 

>1.5-
fold, 

FDR<0.0
5 

72h DG KA (24 mg/kg) + 
adds 

Trizol 
reagent 
(Invitro

gen) 

B. Included human TLE-HS studies

Study 
Epilep

sy 
type 

Platform 
Profiled 

(regulate
d) 

Criteria Regio
n 

Drug 
histor

y 
Notes RNA extraction 

Kan et 
al. 

(2012) 

TLE-HS 
(n=10) 

miRCURY 
LNA Array 
5 (Exiqon) 

130 (51) 

>2-fold, 
P< 3.92 x 

10^-5 
(Bonferro

ni) 

HP 
Vario

us 
AEDs 

Only the group with HS 
included 

miRNeasy kit 
(Qiagen) 

McKiern
an et al. 
(2012) 

TLE-HS 
(n=11) 

TLDA v1.0 
(Applied 
Biosyste

ms) 

380 (47) >1.5-fold,
p<0.05 

HP&T
C 

Vario
us 

AEDs 

8 hippocampal samples 
mixed with 3 neocortical 

samples 

miRNeasy kit 
(Qiagen) 

Kaalund 
et al. 

(2014) 

TLE-HS 
(n=10) 

miRCURY 
LNA array 

7.1 
(Exiqon) 

(30) 

SAM (FDR 
= 23.69, 

delta 
0.42) 

HP 
Vario

us 
AEDs 

Only HS group included 
TRIzol 

(Invitrogen) 
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C. Not included post-SE studies 

Study 

Injur
y 

mod
el 

Speci
es Platform 

Profiled 
(change

d) 

Cut-
off 

criteri
a 

Time 
point

s 

Regio
n Drug history Notes 

RNA 
extracti

on 

Risbud& 
Porter 
(2012) 

PILO Rats 
Microarra
y (Exiqon 

10.2) 

 p<0.0
5 

4h, 
48h, 
3w 

HP 

ISO, methyl-
scopolamine 

(1 mg/kg, 
i.p.)/pilocarpi

ne (385 
mg/kg, i.p.) + 
adds, valium 

6 mg/kg 

Controls 
received 
1/10 of 

experimental 
pilocarpine 

dose 

mirVAN
A miRNA 
isolation 

kit 
(Ambion

) 

McKiern
an et al. 
(2012) 

KA Mice 
(n=4) 

TaqMan 
TLDA 

MicroRNA 
assays 
version 

1.0 
(Applied 

Biosystem
s) 

380 

>1.5-
fold, 
p<0.0

5 

24h CA3 

ISO, kainic 
acid, 

lorazepam 6 
mg/kg, i.p.), 

pentobarbital 
overdose 

Experimental 
group 

received 
preconditioni

ng stimuli 

miRNA 
easy kit 
(Qiagen) 

D: Not included TLE studies 

Study 
Epilepsy 

type 
Platform 

Profiled 
(regulated) 

Criteria Region 
Drug 

history 
Notes 

RNA 
extraction 

Haenisch 
et al. 

(2015) 

TLE 
(n=8) 

TLDA 
MicroRNA A+B 
Cards Set v3.0 

(Applied 
Biosystems) 

754 (16) >2-fold, p<0.05 HP&TC Various 
AEDs 

Non-focal 
tissue was used 

as control 

mirVana 
PARIS Kit 
(Ambion) 

Danis et 
al. 

(2016) 

TLE-HS 
(n=14) 

Illumina deep 
sequencing 

(Vertis 
Biotechnologie 

AG) 

894 (1) FDR<0.01 HP 
Various 

AEDs 

HS tissue 
compared with 
non-HS tissue 

without control 

mirVana (Life 
Technologies) 

Supplementary Table 1. (A) – miRNA profiling studies in animal post-SE models that passed the criteria for 
inclusion in the meta-analysis. The SE in these animal models was induced by chemoconvulsants kainic acid 
(KA) and pilocarpine (PILO) or by electrical stimulation of a selected brain area. The two species most often 
used were rats and mice. Cut-off criteria for differential expression of miRNAs were kept as reported by the 
authors of each study and were based on the threshold of deregulation (expressed as fold change) and the 
p-value of differential expression (adjusted or non-adjusted). Various time-points were used as indicated (h 
– hours, d – days, w – weeks, m – months following SE). Those profiling studies were included where the 
whole hippocampus (HP) or related regions (DG – dentate gyrus, GCL – granule cell layer of the DG, CA – 
Cornu Ammonis) were investigated; (B) – included studies in human temporal lobe epilepsy with hippocampal 
sclerosis (TLE-HS); (C) – not included animal studies; (D) – not included studies in TLE. Other abbreviations:  
TC – temporal cortex, ISO – isoflurane, i.ag. – intra-amygdalar, i.p. – intraperitoneal, BH - Benjamini-Hochberg, 
SAM – significance analysis of microarrays, AED – anti-epileptic drug, CCI – controlled cortical impact, CV – 
coefficient of variation, SD – standard deviation. 
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microRNA-132 is overexpressed in glia in temporal lobe 

epilepsy and reduces the expression of pro-epileptogenic 
factors in human cultured astrocytes 
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Abstract 

Temporal lobe epilepsy (TLE) is a chronic neurological disease in humans, which 
is refractory to pharmacological treatment in about 30% of the patients. 
Reactive glial cells are thought to play a major role during the development of 
epilepsy (epileptogenesis) via regulation of brain inflammation and remodeling 
of the extracellular matrix (ECM). These processes can be regulated by 
microRNAs (miRs), a class of small non-coding RNAs, which can control entire 
gene networks at a post-transcriptional level. The expression of miRs is known 
to change dynamically during epileptogenesis. miR-132 is one of the most 
commonly up-regulated miRNAs in animal TLE models with important roles 
shown in neurons. However, the possible role of miR-132 in glia remains largely 
unknown. The aim of this study was to characterize the cell type specific 
expression of miR-132 in the hippocampus of patients with TLE and during 
epileptogenesis in a rat TLE model. Furthermore, the potential role of miR-132 
was investigated by transfection of human primary cultured astrocytes that 
were stimulated with the cytokines IL-1β or TGF-β1. We showed an increased 
expression of miR-132 in the human and rat epileptogenic hippocampus, 
particularly in glial cells. Transfection of miR-132 in human primary astrocytes 
reduced the expression of pro-epileptogenic COX-2, IL-1β, TGF-β2, CCL2 and 
MMP3. This suggests that miR-132, particularly in astrocytes, represents a 
target that warrants further in vivo investigation.  

Keywords 

epileptogenesis, neuroinflammation, TGF-beta, IL-1 beta, miRNA 
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 THE EXPRESSION OF PRO-EPILEPTOGENIC FACTORS IN HUMAN CULTURED ASTROCYTES

Main points 

 miR-132 expression is increased in the epileptogenic human and rat
hippocampus

 miR-132 is expressed by reactive glia
 miR-132 attenuates expression of pro-epileptogenic factors in cultured

human astrocytes
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Introduction 

Epilepsy is a common chronic neurological disease that is estimated to affect 
more than 65 million people worldwide 1. Temporal lobe epilepsy (TLE) is the 
most common form of epilepsy in adults, which is refractory to pharmacological 
treatment in about 30% of patients. TLE accounts for over 70% of all surgical 
cases of epilepsy and is often associated with hippocampal sclerosis (HS), 
tumors, or malformations of cortical development 2. Neuropathological 
features associated with TLE include disruption of the blood-brain barrier (BBB), 
chronic neuroinflammation, gliosis and remodeling of the extracellular matrix 
(ECM) 3. Previous studies in animal TLE models have demonstrated that these 
pathogenic and adaptive events occur early after an epileptogenic insult in the 
rodent brain and are present throughout epileptogenesis – the process by 
which normal brain tissue becomes susceptible to generation of recurrent 
spontaneous seizures 4,5. Currently, treatments that prevent or modify 
epileptogenesis in patients do not exist, thus there is a need for new therapies 
with anti-epileptogenic and disease-modifying properties 6. 

The neuroinflammatory state of the injured brain is characterized by 
overexpression of cytokines, chemokines, growth and complement factors, 
which are produced by reactive glial cells 7,8. Astrocytes play a key role in this 
process: under normal physiological conditions they provide trophic support 
and maintenance to neurons, but under pathological conditions they undergo 
morphological and functional changes and acquire reactive properties 9. 
Reactive astrocytes have been shown to display both pro-inflammatory 
neurotoxic and anti-inflammatory neuroprotective phenotypes, which activate 
various signaling pathways 10-12. Among the key pathogenic signaling pathways 
in TLE are the pro-inflammatory pathway mediated by cytokine interleukin-1 
beta (IL-1β) 13 and the multifunctional transforming growth factor beta (TGF-β) 
pathway 14. Under pathological conditions these pathways are responsible for 
the production of the ECM components and remodeling of the ECM structure 
in the brain 15, which largely depends on the production and activation of the 
key proteolytic enzymes of the extracellular space – matrix metalloproteinases 
(MMPs) 16. Chronic neuroinflammation and remodeling of the ECM lead to 
neurodegeneration and establishment of aberrant synaptic connections, which 
may ultimately result in epileptogenesis. The modulation of the pathways 
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regulating inflammation and the ECM may be a potential strategy to prevent 
epileptogenesis.  

MiRNAs (miRs) is a class of small non-coding RNAs, which can control 
entire gene networks at a post-transcriptional level 17,18. MiRNAs have been 
shown to regulate versatile cellular processes both in healthy conditions and in 
neurological disorders 19, including epilepsy 20, which makes them candidate 
agents for novel anti-epileptogenic treatments. MiRNAs display a dynamic 
expression profile in the hippocampus of TLE rats and are associated with the 
regulation of multiple signaling pathways 21. Among the key miRNAs 
deregulated in epilepsy are miRNAs enriched in astrocytes and associated with 
brain inflammation 22-26. In a recent meta-analysis of differentially expressed 
miRNAs across rat TLE models we identified miR-132 as one of the most 
commonly upregulated miRNAs 27. miR-132 has been associated with the innate 
immune response and brain inflammation 28; however, its functions in the brain 
have been studied mostly in neurons 29. Given the multitude of reactive glial 
responses in chronic neurological disorders, such as epilepsy, and the inducible 
nature of miR-132 expression, we hypothesized that reactive glia may express 
miR-132 in TLE. The aim of this study was to characterize the cell-type specific 
expression of miR-132 in human and rat TLE hippocampus and investigate the 
effects of miR-132 on the expression of pro-epileptogenic factors in cultured 
human astrocytes. 
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Materials and methods 

Human brain tissue 

The cases included in this study were obtained from the archives of the 
department of Neuropathology of the Amsterdam UMC, the Netherlands. A 
total of 16 brain specimens were examined from patients who underwent 
surgery for drug-resistant TLE. Tissue was obtained and used in accordance with 
the Declaration of Helsinki and the Amsterdam UMC Research Code provided 
by the Medical Ethics Committee. All cases were reviewed independently by 
two neuropathologists and the classification of hippocampal sclerosis (HS) was 
based on analysis of microscopic examination as described by the International 
League Against Epilepsy (HS ILAE type 1, n = 12; HS ILAE type 2, n = 4) 30. Control 
material was obtained during autopsy of people without a history of seizures or 
other neurological diseases (n = 10). Brain tissue was fixed in 10% buffered 
formalin and embedded in paraffin. The clinical findings of human samples are 
presented in Table 1. 

 
Pathology 

n Age Gender Duration of TLE Age at onset Number of seizures 

  (years) (m/f) (years) (years) (per month) 

qPCR 
Control 14 63 (25–86) 9/5 – – – 

TLE–HS 16 39 (24–66) 9/7 20 (5–41) 15 (3–34) 13 (1–36) 

ISH 

Control 5 48 (31–64) 3/2 – – – 

TLE–no HS 5 37 (24–48) 3/2 21 (9–33) 14 (8–18) 38 (2–120) 

TLE–HS 10 35 (24–49) 7/3 20 (5–41) 16 (3–34) 13 (2–32) 

Table 1. Clinical findings of human samples used for qPCR and in situ hybridization. Values are given as 
mean (minimum-maximum); TLE – temporal lobe epilepsy; HS – hippocampal sclerosis 

Experimental animals 

Adult male Sprague Dawley rats (Harlan Netherlands, Horst, the Netherlands) 
were used in this study which was approved by the University Animal Welfare 
committee and performed in accordance with the guidelines of the European 
Community Council Directives 2010/63/EU. The rats were housed individually 
in a controlled environment (21 ± 1˚C; humidity 60%; lights on 08:00 a.m. – 8:00 
p.m.; food and water available ad libitum).  
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Electrode implantation and status epilepticus induction  

Rats were anesthetized with an intramuscular injection of ketamine (74 mg/kg; 
Alfasan, Woerden, the Netherlands) and xylazine (11 mg/kg; Bayer AG, 
Leverkusen, Germany), and placed in a stereotactic frame. In order to record 
hippocampal EEG, a pair of insulated stainless steel electrodes (70 µm wire 
diameter, tips 800 µm apart) was implanted into the left dentate gyrus (DG) 
under electrophysiological control, as described previously 31. A pair of 
stimulation electrodes was implanted in the angular bundle. Two weeks after 
recovery from the operation, each rat was transferred to a recording cage (40 
× 40 × 80 cm) and connected to a recording and stimulation system (NeuroData 
Digital Stimulator, Cygnus Technology Inc, Delaware Water Gap, PA) with a 
shielded multi-strand cable and electrical swivel (Air Precision, Le Plessis 
Robinson, France). A week after habituation to the new condition, rats 
underwent tetanic stimulation (50 Hz) of the hippocampus in the form of a 
succession of trains of pulses every 13 seconds. Each train was of 10 seconds 
duration and consisted of biphasic pulses (pulse duration 0.5 ms, maximal 
intensity 700 µA). Stimulation was stopped when the rats displayed sustained 
forelimb clonus and salivation for several minutes, which usually occurred 
within 1 h. Immediately after termination of the stimulation, periodic 
epileptiform discharges (PEDs) occurred at a frequency of 1–2 Hz which lasted 
on average 10.0±0.4 h (status epilepticus, SE). Rats had frequent seizures during 
this period as observed by both their behaviour and EEG.  
 To determine seizure frequency, continuous EEG recordings (24 h/day) 
were made in all rats. Hippocampal EEG signals were amplified (10x) by a high 
impedance headstage connected to an amplifier (20x; CyberAmp, Axon 
Instruments, Burlingame, CA), band-pass filtered (1–60 Hz) and digitized by a 
computer. A seizure detection program (Harmonie, Stellate Systems, Montreal, 
Canada) sampled the incoming signal at a frequency of 200 Hz per channel. All 
EEG recordings were visually screened and seizures were confirmed by trained 
human observers. Seizures were characterized by synchronized high-voltage 
amplitude oscillations and were scored when the amplitude increased more 
than twofold and lasted for at least 10 s.  
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Tissue preparation 

For in situ hybridization, rats were deeply anesthetized with pentobarbital 
(Euthasol, AST Farma, Oudenwater, the Netherlands, 60 mg/kg i.p.) and 
perfused via the ascending aorta (300 ml 0.37% Na2S / 300 ml 4% 
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4). Rats were perfused at 3 
different time points after SE, each corresponding to the phases of 
epileptogenesis: the acute phase (1 day post-SE, n = 5), the latent phase (1 week 
post-SE, absence of electrographic seizures, n = 3) and the chronic phase (3–4 
months post-SE, recurrent spontaneous electrographic seizures are evident, n 
= 7) 32. Control rats (n = 4) that were implanted with EEG electrodes, but not 
stimulated, were also included. The brains were post-fixated overnight, 
dissected and paraffin-embedded. Tissue was sectioned at 6 µm and mounted 
on pre-coated glass slides (Star Frost, Waldemar Knittel, Braunschweig, 
Germany).  
 For RT-qPCR analysis, rats were decapitated 1 day after SE (acute phase, 
n = 5), 1 week after SE (latent phase, n = 6) or 3–4 months after SE (chronic 
phase, n = 5). Electrode-implanted control rats were also included (n = 5). The 
brain was dissected and the parahippocampal cortex, which includes mainly the 
entorhinal cortex and parts of the perirhinal and posterior piriform cortex, was 
removed by incision at the ventro-caudal part underneath the rhinal fissure 
until approximately 5 mm posterior to bregma, as well as the hippocampus. The 
hippocampus was sliced into smaller parts (200–300 µm) and the DG and Cornu 
Ammonis (CA1) regions were cut out of the slices in 4˚C saline solution under a 
dissection microscope. All material was frozen on dry ice and stored at −80˚C 
until use. 

Cell cultures 

Primary fetal astrocyte-enriched cell cultures were derived from human fetal 
brain tissue (14–20 weeks of gestation) obtained from medically-induced 
abortions. All material was collected from donors from whom a written 
informed consent for the use of the material for research purposes was 
obtained by the Bloemenhove clinic. Tissue was obtained in accordance with 
the Declaration of Helsinki and the Amsterdam UMC Research Code provided 
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by the Medical Ethics Committee. Tissue samples were collected in astrocyte 
medium: DMEM/HAM F10 (1:1; Gibco/ThermoFisher Scientific, Waltham, MA), 
supplemented with 100 units/mL penicillin, 100 µg/mL streptomycin and 10% 
fetal calf serum (Gibco, Life Technologies, Grand Island, NY). Cell isolation was 
performed as follows: meninges and blood vessels were removed, tissue was 
minced and dissociated by incubation with 2.5 mg/ml trypsin at 37°C for 20 min, 
followed by inactivation of trypsin with astrocyte medium. The tissue was 
passed through a 70 µm mesh filter and the cell suspension was transferred 
into a flask with fresh astrocyte medium and maintained in a 5% CO2 incubator 
at 37°C. After 48 h incubation the medium was replaced with fresh medium and 
was subsequently refreshed twice a week. Cultures reached confluence after 
2–3 weeks. Astrocytes were used at passages 2–5. More than 98% of the cells 
in primary culture, as well as in the successive passages were strongly 
immunoreactive for the astrocytic marker glial fibrillary acidic protein (GFAP) 
and S100β as previously reported 22. 

Treatment of cell cultures 

Cells were plated in poly-L-lysine coated plates (5 × 104 cells/well in 12-well 
plates for RNA analysis or 2 × 105 cells/well in 6-well plates for protein analysis) 
and were transfected with miR-132 mimic, antagomir (α-132) or negative 
control mimic (mirVana miRNA mimics, Applied Biosystems, Carlsbad, CA). 
Oligonucleotides were delivered to the cells using Lipofectamine 2000 
transfection reagent (Life Technologies, Grand Island, NY) at a final 
concentration of 50 nM for a total of 24 h before the stimulation of astrocytes. 
Astrocytic cultures were stimulated with human recombinant IL-1β and TGF-β1 
(both 10 ng/ml; Peprotech, Rocky Hill, NJ) for 24 h (for RNA analysis) or for 48 
h (for protein analysis) before harvesting the cells. Viability of human cell 
cultures was not influenced by the stimulation, as shown previously 33.  

RNA isolation and real-time quantitative PCR analysis 

For RNA isolation, cell cultures, frozen human or rat brain tissue was 
homogenized in 700 µL Qiazol Lysis Reagent (Qiagen Benelux, Venlo, the 
Netherlands). Total RNA, including small RNAs, was isolated using the miRNeasy 
Mini kit (Qiagen Benelux, Venlo, the Netherlands) according to manufacturer’s 
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instructions. The concentration and purity of RNA were determined using a 
Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE) 
and the 260/280 ratios of all samples were higher than 2.0 (tissue material) or 
higher than 1.7 (cell culture material) and did not differ between autopsy 
control and surgical tissue, indicating that the material was of good quality. To 
evaluate mRNA expression, oligo dT primers (2.5 nmol) were annealed to 250 
ng total RNA (cell culture material) or 2,000 ng (tissue material) in a total 
volume of 12.5 µl by incubation at 72°C for 10 min, and cooled to 4°C. Reverse 
transcription was performed by the addition of 12.5 µl RT-mix, containing: First 
Strand Buffer (Invitrogen-Life Technologies), 2 mM dNTPs (Pharmacia, 
Germany), 30 U RNase inhibitor (Roche Applied Science, Indianapolis, IN) and 
400 U M-MLV reverse transcriptase (Invitrogen - Life Technologies, the 
Netherlands). The total reaction mix (25 µl) was incubated at 37°C for 60 min, 
heated to 95°C for 10 min. The cDNA was further diluted with RNase-free water 
3 times (cell culture material) or 10 times (tissue material) and stored at −20°C 
until use. For each PCR reaction, a master mix contained 1 µl cDNA, 2.5 µl of 
FastStart Reaction Mix SYBR Green I (Roche Applied Science, Indianapolis, IN), 
0.4 µM of both reverse and forward primers. The final volume was adjusted to 
5 µl with RNase-free water. Every PCR reaction was performed in triplicates. A 
negative control with water instead of cDNA was included in each experiment. 
For each qPCR n = 5 biological replicates (cell culture material) and n = 3 
technical replicates were used. Technical replicates were excluded if the value 
of a replicate was more than 10% different from the average of the replicates. 
The cycling conditions were carried out as follows: initial denaturation at 95°C 
for 5 min, followed by 45 cycles of denaturation at 95°C for 15 s, annealing at 
65°C for 5 s and extension at 72°C for 10 s. The fluorescent product was 
measured by a single acquisition mode at 72°C after each cycle. The primers 
used for the study are listed in Table S1. The geometric mean of elongation 
factor 1α (EF1α) and chromosome 1 open reading frame 43 (C1orf43) 
expression was used for normalization.  
 The expression of miR-132-3p was analysed using TaqMan microRNA 
assays (Assay No. 000457; Applied Biosystems, Foster City, CA) according to the 
manufacturer’s instructions. U6B small nuclear RNA (RNU6B) (Assay No. 
001093; Applied Biosystems) was used for normalization of miRNA expression 
in brain tissue and U6 snRNA (Assay No. 001973; Applied Biosystems) was used 
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for normalization in culture samples. cDNA was generated using TaqMan 
MicroRNA reverse transcription kit (Applied Biosystems, Foster City, CA) 
according to the manufacturer’s instructions. The PCRs were run on the Roche 
LightCycler 480 (Roche Applied Science, Basel, Switzerland) with a 384-
multiwell format.  
 Quantification of data was performed using LinRegPCR in which a 
baseline correction and window-of-linearity were determined for each sample 
separately, followed by a linear regression analysis on the Log (fluorescence) 
per cycle to fit a straight line through the PCR data set. The slope of this line is 
used to determine the PCR efficiency of each individual sample. The mean PCR 
efficiency per amplicon and the Ct value per sample are used to calculate a 
starting concentration N0 per sample, which is expressed in arbitrary 
fluorescence units 34. The starting concentration N0 of each specific product 
was then divided by the geometric mean of the starting concentrations N0 of 
the reference genes and this ratio was compared between groups.  

Western blot analysis  

Cells were harvested at 48 h after treatment. The cells were washed with ice-
cold PBS and homogenized in ice-cold lysis buffer (50 mM Tris-HCl pH 7.4, 150 
mM of NaCl, 1% NP-40, 0.5% sodium deoxycholate) supplemented with 
protease inhibitor (EDTA-free protease mixture inhibitor and phosphatase 
inhibitor (Roche Diagnostics, Almere, the Netherlands) by incubating on ice for 
10 minutes and collected using a cell scraper. The homogenates were 
centrifuged at 12,000 x g for 10 minutes and the supernatant was used for 
further analysis. Protein content was determined using the bicinchoninic acid 
method 35. For electrophoresis, equal amounts of proteins (20 µg/lane for 
culture samples) were separated using sodium dodecyl sulfate polyacrylamide 
gel electrophoresis on a 10% gel. Subsequently, separated proteins were 
transferred onto polyvinylidene difluoride membranes (Immobilon-P; Merck, 
Darmstadt, Germany) for 90 min at 100 V, using a wet electroblotting system 
(BioRad, Hercules, CA). Blots were blocked for 1 h in 5% non-fat dry milk in Tris-
buffered saline-Tween (TBS-T; 20 mM Tris, 150 mM NaCl, 0.1% Tween 20, pH 
7.5). Blots were incubated overnight at 4°C with primary antibodies: anti-TGF-
β2 (1:500 rabbit polyclonal, (V): sc-90, Santa Cruz Biotechnology, Santa Cruz, 
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CA), anti-COX-2 (1:1,000, D5H5 rabbit monoclonal, Cell Signaling Technology, 
Leiden, the Netherlands), anti-β-actin (1:30,000, mouse monoclonal, clone C4, 
Merck, Darmstadt, Germany) or anti-β-tubulin (1:10,000, mouse monoclonal, 
Sigma-Aldrich, St. Louis, MO). After several washes in 5% non-fat dry milk in 
TBS-T, blots were incubated with secondary antibodies polyclonal goat anti-
rabbit immunoglobulin-HRP (1:2,500, Dako, Glostrup, Denmark) or goat anti-
mouse immunoglobulin-HRP (1:2,500, Dako, Glostrup, Denmark) for 1 h. After 
several washes in TBS-T, immunoreactivity was visualized using ECL PLUS 
Western blotting detection reagent (GE Healthcare Europe, Diegen, Belgium). 
Expression of β-actin or β-tubulin was used as loading control. 
Chemiluminescent signal was detected using ImageQuant LAS 4000 analyzer 
(GE Healthcare, Eindhoven, the Netherlands). Precision Plus Protein Dual Color 
Standards (Bio-Rad, Richmond, CA) was used to determine the molecular 
weight of the proteins. For the quantitative analysis of the blots the band 
intensities were measured densitometrically using ImageJ software (U.S. 
National Institutes of Health, Bethesda, MD).  

In situ hybridization on human and rat brain tissue 

Paraffin-embedded brain tissue was deparaffinised in xylene and rinsed in 
ethanol (2x 100%, 1x 70%) and sterile water. Antigen retrieval was performed 
using a pressure cooker in sodium citrate buffer, pH 6.0, at 121°C for 10 
minutes. The oligonucleotide probe against miR-132-3p (Table S1) contained 
LNA modification, 2-O-methyl modifications and double digoxygenin (DIG) label 
(RiboTask ApS, Odense, Denmark). Sections were incubated with the probe (33 
nM) in hybridization mix (600 mM NaCl, 10 mM HEPES, 1 mM EDTA, 5x 
Denhardts, 50% formamide) for 1 h at 56°C. Sections were washed with 2x 
saline-sodium citrate buffer (SSC) for 2 min, 0.5x for 2 min, 0.2x for 1 min (in 
agitation). After washing with sterile PBS, sections were blocked for 15 min with 
1% BSA, 0.02% Tween 20 and 1% normal goat serum. Hybridization was 
detected with sheep alkaline phosphatase (AP)-labelled anti-DIG antibody 
(1:1,500, Roche Applied Science, Basel, Switzerland). Nitro-blue tetrazolium 
chloride (NBT)/5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt (BCIP) 
was used as chromogenic substrate for AP (1:50 diluted in NTM-T buffer: 100 
mM Tris, pH 9.5; 100 mM NaCl; 50 mM MgCl2; 0.05% Tween 20). Negative 
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control assays were performed without the probe (sections were blank). For in 
situ hybridization with double labelling, the sections were first incubated in 
0.3% H2O2/methanol solution for 20 min to block endogenous peroxidase 
activity, followed by in situ hybridization and then by immunohistochemistry. 
Slides were washed with PBS and incubated for 1 h at room temperature with 
primary antibodies on normal antibody diluent (Klinipath, Olen, Belgium): 
mouse anti-GFAP (1:4,000, Sigma-Aldrich, St. Louis, MO), mouse anti-NeuN 
(1:2,000, MAB377, Chemicon, Temecula, CA), mouse anti-CD34 (1:600, 
Immunotech Laboratories, Monrovia, CA), mouse anti-HLA-DR/DP/DQ (1:100, 
clone CR3/43 Agilent, Santa Clara, CA), rabbit anti-Iba1 (1:2,000, Wako 
Chemicals, Neuss, Germany), mouse anti-vimentin (1:1000, clone V9, Dako, 
Glostrup, Denmark), mouse anti-EAAT1 (1:100, clone 10D4, Monosan, Uden, 
the Netherlands), rabbit anti-GS (1:100, G2781, Sigma-Aldrich, St. Louis, MO), 
or rabbit anti-STAT3 (1:100, DIA5 XP, Cell Signaling, Massachusetts). After 
washing with PBS, sections were stained with a polymer-based horseradish 
peroxidase (HRP) immunohistochemistry detection kit (Brightvision plus kit, 
ImmunoLogic, Duiven, the Netherlands) according to the manufacturer’s 
instructions. The visualization of the antibody-antigen binding was done using 
3-amino-9-ethylcarbazole (AEC; Sigma-Aldrich, St. Louis, MO), which in the 
presence of hydrogen peroxide undergoes chromogenic oxidation catalysed by 
HRP with the formation of a red precipitate.  

Evaluation of in situ hybridization  

The expression of miR-132 was analysed in the hippocampus of human and rat 
brain tissue using two different approaches: the optical density (OD) approach 
and the in situ reactivity score approach. For the OD approach, the OD above 
threshold of the hybridization signal in microphotographs obtained by in situ 
hybridization was measured using ImageJ. Measurements were performed in 
the granule cell layer, molecular layer, and hilus of the dentate gyrus, the 
pyramidal cell layer of CA1, as well as the stratum radiatum and stratum oriens. 
For the in situ reactivity approach, the intensity of the hybridization signal was 
evaluated in neurons and glia in the DG, hilus and CA1 using a scale of 1–4 (1: 
no; 2: weak; 3: moderate; 4: strong hybridization signal). The score represents 
the predominant signal intensity found in each case. Furthermore, the relative 
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number of positive cells (0: no; 1: single to 10%; 2: 11–50%; 3: >50%) was also 
evaluated in these areas. Then the in situ reactivity score (IRS) was calculated 
by multiplying the intensity score by the relative number score as described 
previously 36. 

Statistical analysis 

Statistical analyses were performed using IBM SPSS Statistics 21. Comparisons 
between groups were done using the Mann–Whitney U test. A value of p < 
0.05 was assumed to indicate significant difference. 
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Results:  

Higher miR-132 expression in the rat epileptogenic hippocampus 

RT-qPCR analysis showed that the expression of miR-132 was 2.1-fold higher (p 
< 0.05) in the dentate gyrus (DG) during the acute stage (1 day post-SE) of 
epileptogenesis as compared to control; however, not during the latent stage 
(1 week post-SE) or chronic stage (3–4 months post-SE; Figure 1a). The 
expression of miR-132 in CA1 did not differ from control at any time point 
(Figure 1a). We further assessed the expression and distribution of miR-132 
using in situ hybridization. The expression of miR-132 throughout the control 
hippocampus was predominantly observed in neurons, including DG granule 
cells and hilar cells (Figure 1b), as well as pyramidal cells of CA1–4 (Figure 1c). 
The pattern of miR-132 expression was different during the acute stage, with a 
stronger hybridization signal observed in individual neurons in the DG and CA1, 
as well as a higher number of cells with glial morphology in the DG molecular 
layer (ML; Figure 1d), CA1 stratum radiatum (SR) and CA1 stratum oriens (SO; 
Figure 1e), which were not observed in the control hippocampus. The optical 
density (OD) analysis demonstrated that the expression of miR-132 during the 
acute stage was ~5–8-fold higher in the DG ML, CA1 SR and CA1 SO as compared 
to control (Figure 1h, all p < 0.05). The IRS approach, in which neurons were 
discriminated from glial cells, showed that neuronal expression of miR-132 was 
higher in the DG, CA1 and hilus at the acute stage (Table 2, p < 0.05) as 
compared to control. Higher expression at the acute stage was also observed in 
the cells with glial morphology in the DG (p < 0.05), in the hilus (p < 0.01) and in 
the CA1 (p < 0.01; Table 2). During the latent stage the OD did not differ from 
control in any of the analyzed hippocampal layers (Figure 1h), however, a higher 
expression in the cells with glial morphology was observed in the CA1 (Table 2, 
p < 0.05). During the chronic stage the number of stained cells with glial 
morphology in the DG ML was less pronounced (Figure 1f) as compared to the 
latent stage, however, numerous stained cells were observed in CA1 SO and SR 
(Figure 1g). The OD during the chronic stage was ~2–4-fold higher in the SR (p 
< 0.01) and SO (p < 0.05), while twofold lower in hilus (p < 0.05) as compared to 
control (Figure 1h). Higher expression at the chronic stage was also observed in 
the cells with glial morphology in the DG (p < 0.05), hilus (p < 0.05) and CA1  
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Figure 1. Expression of miR-132 in the rat hippocampus. (a)—Taqman RT-qPCR showed a 2.1-fold higher (p 
< 0.05) miR-132 expression in the DG during the acute stage; (b–g)—in situ hybridization for miR-132 in the 
control (b, c), during the acute (d, e) and the chronic (f, g) stages. Mostly neuronal expression was observed 
in the control DG (b) and CA1 (c). Higher expression was observed in cells with glial morphology in the DG ML 
(d, black arrowheads), CA1 SO and CA1 SR (e) during the acute stage as well as during the chronic stage (f, g); 
(h) OD analysis in different hippocampal layers relative to control; (i–k)—double labeling of miR-132 with cell 
type specific markers: miR-132 was co-localized with NeuN (i), GFAP (j) and Iba1 (k), the insets show higher 
magnification of cells indicated by black arrows; scale bar in (b–g) 100 μm; scale bar in (i–k) 50 μm; scale bar 
in (i) inset 10 μm and applies to (j, k) insets; DG, dentate gyrus; GCL, granule cell layer; Hil, hilus; ML, molecular 
layer of the DG; PCL, pyramidal cell layer; SR, stratum radiatum; SO, stratum oriens; Mann–Whitney U test 
*p < 0.05, **p < 0.01 
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(all p < 0.01; Table 2). OD did not change in the granule cell layer (GCL) and 
pyramidal cell layer (PCL) at any time point as compared to control (Figure 1h). 
Double labeling of miR-132 with cell-type specific markers revealed that the 
expression of miR-132 was co-localized with the neuronal marker NeuN (Figure 
1i), the astrocyte marker GFAP (Figure 1j) and the microglia marker Iba1 (Figure 
1k). 

Table 2. In situ reactivity scores for miR-132+ cells in the rat hippocampus. The expression is defined as 
intensity score (1: no; 2: weak; 3: moderate; 4: strong hybridization signal) multiplied by the relative number 
of positive cells score (0: no; 1: single to 10%; 2: 11–50%; 3: >50%); miR-132 in situ reactivity scores are given 
as median (minimum-maximum); DG – dentate gyrus; Mann-Whitney U-test, *p<0.05: **p<0.01 

Higher miR-132 expression in the human hippocampus 

Following the findings in the rat hippocampus, we investigated the expression 
of miR-132 in resected hippocampi from patients with drug-resistant TLE as well 
as from autopsy controls (Table 1). RT-qPCR analysis showed a 3.4-fold higher 
expression of miR-132 (p < 0.001) in patients with TLE and hippocampal 
sclerosis (TLE–HS) as compared to controls (Figure 2a). In situ hybridization 
demonstrated that the pattern of miR-132 expression and distribution in 
control human hippocampus was similar to the one observed in control rat 
hippocampus with the hybridization signal detected predominantly in neurons 
of the principal cell layers and hilus (Figure 2b–d). The expression of miR-132 
was higher in the DG, hilus and CA1 regions of patients with TLE (Figure 2e–j) 
and was most pronounced in patients with TLE–HS (Figure 2h–j). OD analysis 
showed a 1.4-fold lower expression of miR-132 in the DG GCL (p < 0.05) and 1.8-
fold lower expression in CA1 PCL (p < 0.05), but 2-fold higher expression in the 
CA1 SR (p < 0.05) as compared to control. An upward trend was also observed 
in SO (p=0.053; Figure 2k). The analysis of individually stained cells by the IRS 
revealed a higher miR-132 expression in the cells with glial morphology in the 
DG in both TLE without HS (TLE–no HS) (p < 0.05) and TLE–HS (p < 0.01), in the  

 DG Hilus CA1 
 neurons glia neuron glia neurons glia 

Control 4.5 (3–9) 0.5 (0–2) 4.5 (3–9) 0 6 (3–9) 0 

Acute 9 (9–12)* 9 (1–12)* 12 (9–12)* 9 (9–12)** 12 (9–12)* 9 (6–12)** 

Latent 6 (6–9) 0 6 – 6 (6–9) 9* 

Chronic 6 (3–9) 3 (1–6)* 6 (3–9) 6 (0–6)* 6 (3–12) 4 (1–6)** 
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Figure 2. Expression of miR-132 in the human hippocampus. (a)—Taqman RT-qPCR showed a 3.4-fold higher 
(p < .001) miR-132 expression in the hippocampus of patients with TLE-HS; (b–j)—in situ hybridization for 
miR-132 in the hippocampus of TLE without HS (e–g) and TLE with HS (h–j) patients compared to autoptic 
control (b–d); mostly neuronal expression of miR-132 was observed in the DG (b), hilus (c), and CA1 regions 
of control hippocampus. Higher expression was observed in cells with glial morphology in the DG ML (e, here 
and further indicated by black arrowheads), hilus (f) and CA1 (g) which was most prominent in the DG ML of 
TLE-HS (h); hilus (i) and CA1 (j) and was associated with GCL dispersion and severe neuronal loss in the hilus 
and CA1 PCL; (k)—OD analysis showed a higher expression in CA1 SR (p < 0.05) and a lower expression in the 
GCL and PCL (both p < 0.05) of the TLE-HS hippocampus relative to control; DG, dentate gyrus; GCL, granule 
cell layer; Hil, hilus; ML, molecular layer of the dentate gyrus; PCL, pyramidal cell layer; SO, stratum oriens; 
SR, stratum radiatum; scale bar 100 μm; Mann–Whitney U test *p < 0.05, ***p < 0.001 
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hilus in TLE–no HS (p < 0.05) and TLE–HS (p < 0.01), as well as in the CA1 in TLE–
no HS (p < 0.01) and TLE–HS (p < 0.01) as compared to control (Table 3). 

Table 3. In situ reactivity scores for miR-132+ cells in the human hippocampus. The expression is defined as 
intensity score (1: no; 2: weak; 3: moderate; 4: strong hybridization signal) multiplied by the relative number 
of positive cells score (0: no; 1: single to 10%; 2: 11–50%; 3: >50%); miR-132 in situ reactivity scores are given 
as median (minimum–maximum); DG – dentate gyrus; Mann-Whitney U-test, *p < 0.05: **p < 0.01 

Double labeling of miR-132 with cell-type specific markers showed that 
miR-132 co-localized with virtually all NeuN+ cells in the human TLE–HS 
hippocampus, including granule cells, pyramidal cells and neurons in the hilus 
(Figure 3a). In addition to neuronal expression, miR-132 was found in astrocytes 
based on co-localization with GFAP (Figure 3b), excitatory amino acid 
transporter 1 (EAAT1; Figure 3c) and glutamine synthetase (GS; Figure 3d). The 
expression in astrocytes was found throughout hippocampus, in the CA1 and 
hilus, as well as in the DG ML. The co-localization of miR-132 with the marker 
of microglial cells Iba1 (Figure 3e) was also observed, which was most 
prominent in the CA1. Additionally, miR-132 expression was closely associated 
with the brain endothelial cell marker CD34 (Figure 3f). We further assessed 
whether miR-132 expression was co-localized with markers of astrocyte and 
microglia reactivity. Co-localization of miR-132 was found with vimentin (Figure 
3g), as well as a marker of reactive microglia – human leukocyte antigen (HLA-
DR/DP/DQ; Figure 3h) and signal transducer and activator of transcription 3 
(STAT3) throughout the hippocampus. The co-localization with these markers 
was especially prominent in the areas of extensive gliosis and around lesions in 
the CA1 layer. Thus, we found that in the human TLE–HS hippocampus miR-132 
was localized not only to neuronal cells, as previously reported, but also non-
neuronal cells, especially reactive glia. 

  

 DG Hilus CA1 
 neurons glia neurons glia neurons glia 

Control 6 (3–6) 1 (0–2) 7.5 (3–9) 0 6 (3–9) 0 

TLE–no HS 9  (6–12) 9 (1–12)* 12 (6–12) 9 (1–12)* 12 (6–12) 9 (1–12)** 

TLE–HS 12 (3–12)* 12 (6–12)** 12 (6–12)** 11 (6–12)** 12 (6–12)* 12 (6–12)** 

89



541147-L-bw-Korotkov541147-L-bw-Korotkov541147-L-bw-Korotkov541147-L-bw-Korotkov
Processed on: 18-2-2020Processed on: 18-2-2020Processed on: 18-2-2020Processed on: 18-2-2020 PDF page: 90PDF page: 90PDF page: 90PDF page: 90

CHAPTER 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3. Double labeling of miR-132 with cell type-specific markers in human TLE-HS. (a)—miR-132 was 
expressed in neurons throughout hippocampus, including granule cells, pyramidal cells and hilar neurons; co-
localization of miR-132 was also found with markers of astrocytes GFAP (b), EAAT1 (c) and GS (d); miR-132 
was also co-localized with Iba1+ microglial cells (e) in the areas of glial scar in CA1 and with CD34 (f) associated 
with blood vessels; the co-localization with reactivity markers showed miR-132 expression in vimentin+ cells 
with astrocytic morphology (g), HLA-DR/DP/Dq-expressing cells with microglial morphology (h) and STAT3+ 
cells in the CA1; black arrows indicate cells shown in higher magnification in insets; scale bar 50 μm; scale bar 
in inset a = 10 μm and applies for insets a-i 
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miR-132 overexpression in astrocytes modulates TGF-β pathway 

We further investigated the potential role of miR-132 in primary cultures of 
human fetal astrocytes. Pathway enrichment analysis of miR-132 target genes 
using Diana mirPath v.3 software 37 revealed TGF-β as the most enriched 
pathway regulated by miR-132. Stimulation of astrocytes with TGF-β1 resulted 
in higher expression of the genes involved in TGF-β signaling, such as 
transforming growth factor beta 1 (TGFB1; 1.8-fold, p < 0.01) and 2 (TGFB2; 3.1-
fold, p < 0.001), the TGFB receptor 1 TGFBR1 (1.8-fold, p < 0.001) and 
thrombospondin 1 (THBS1; 2.3-fold, p < 0.01), but had no effect on the 
expression of TGFBR2 and SMAD family member 2 (SMAD2; Figure 4a). Higher 
expression of matrix metalloproteinase genes MMP2 (2.1-fold, p < 0.001) and 
MMP14 (1.6-fold, p < 0.001) was also found after TGF-β1 stimulation (Figure 
4a). Moreover, endogenous expression of miR-132 was also 2.4-fold higher (p 
< 0.001) after TGF-β1 stimulation (Figure 4a). We found that the 3’ untranslated 
region (UTR) of TGFB2 mRNA was a target of miR-132 as predicted by 
Targetscan software 38 (Figure S1a). Exogenous overexpression of miR-132 by 
mimic oligonucleotides led to a 30% lower expression of TGFB2 (p < 0.05) under 
TGF-β1 stimulation (Figure 4b). The expression of other predicted miR-132 
target genes SMAD2 (Figure 4c) and THBS1 (Figure 4d) did not change following 
miR-132 modulation. Overexpression of miR-132 also resulted in 2.2-fold higher 
expression of TGFBR2 (p < 0.05, Figure 4e). Western blot analysis for TGF-β2 
protein confirmed a 20% lower expression after miR-132 overexpression 
(Figure 4f, g). These data shows that miR-132 may be involved in the regulation 
of the pro-epileptogenic TGF-β pathway in human astrocytes. 

miR-132 overexpression downregulates IL-1β-induced factors  

Next, we investigated the potential role of miR-132 in astrocytes after 
stimulation of cells with IL-1β, another pro-epileptogenic pathway associated 
with neuroinflammation. As expected, the expression of a number of 
inflammatory genes was more than twofold higher after IL-1β stimulation: 
prostaglandin-endoperoxide synthase 2 (PTGS2), IL1B, C-C Motif Chemokine 
Ligand 2 (CCL2), IL6 (all p < 0.001), as well as MMP3 (p < 0.001) and MMP9 (p < 
0.01) (Figure 5a). The expression of miR-132 did not change following IL-1β 
treatment (Figure S1b). The expression of the miR-132 predicted target gene 
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PTGS2 was 20% lower (p < 0.01) after miR-132 overexpression and 50% higher 
(p < 0.001) after miR-132 inhibition (Figure 5b). The same pattern was found for 
IL1B (Figure 5c). CCL2 gene expression was also lower (p < 0.01) after miR-132 
overexpression (Figure 5d). The expression of IL6 was not modulated by miR-
132 (Figure 5e). The expression of MMP3 was modulated in the same way as 
PTGS2 and IL1B, with miR-132 mimic decreasing MMP3 by 40% (p < 0.001) and 
miR-132 antagomir further increasing (p < 0.001) MMP3 expression 2.2-fold 
(Figure 5f). The expression of MMP9 was also 1.8-fold higher after miR-132 
inhibition (p < 0.001, Figure 5g), although a trend towards up-regulation was 
also seen for miR-132 overexpression. Targetscan prediction showed a 
predicted binding site for miR-132 in the 3’ UTR of PTGS2 mRNA (Figure S1c); 
therefore we performed a western blot analysis, which confirmed that COX-2 
protein expression was also 40% lower after miR-132 overexpression in 
astrocytes (p < 0.01; Figure 5h, i), confirming mRNA data. Thus, miR-132 may 
act as a negative regulator of pro-epileptogenic gene expression in human 
astrocytes during inflammatory conditions.  
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Figure 4. miR-132 overexpression modulates TGF-β pathway. The stimulation of primary human fetal 
astrocytes with TGF-β1 resulted in higher expression of TGFB1 (p < 0.01), TGFB2 (p < 0.001), TGFBR1 (p < 
0.001), THBS1 (p < 0.01), MMP2 (p < 0.001), MMP14 (p < 0.001), and miR-132 (p < 0.001) as compared to 
non-stimulated control (a); the higher expression of TGFB2 was attenuated by miR-132 mimic transfection (p 
< 0.05) after TGF-β1 stimulation (b); no change was found in expression of SMAD2 (c) and THBS1 (d); the 
expression of TGFBR2 was higher after miR-132 transfection (p < 0.001) (e); western blot analysis showed 
that the expression of TGF-β2 protein was lower (p < 0.01) after miR-132 transfection (f, g); the data was 
normalized to the stimulated control condition and the dotted line indicates non-stimulated control; veh, 
vehicle (Lipofectamine 2000); α-132 indicates antagomir; n = 5 for RT-qPCR, n = 3 for western blot, Mann–
Whitney U test, *p < 0.05, **p < 0.01, ***p < 0.001 
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Figure 5. miR-132 overexpression downregulates IL-1β-induced factors. The stimulation of primary human 
fetal astrocytes with IL-1β resulted in increased expression of PTGS2, IL1B, CCL2, IL6, MMP3 (all p < 0.001) 
and MMP9 (p < 0.01) (a); miR-132 transfection attenuated the increased expression of PTGS2 (b, p < 0.01), 
IL1B (c, p < 0.001), CCL2 (d, p < 0.01) and MMP3 (f, p < 0.001), whereas inhibition of miR-132 further increased 
the expression of PTGS2 (b, p < 0.001), IL1B (c, p < 0.001), MMP3 (f, p < 0.001) and MMP9 (g, p < 0.001); no 
modulation of expression was found for IL6 (e); semi-quantitative analysis of the western blot showed that 
the expression of COX-2 protein was also decreased (p < 0.01) after miR-132 transfection (h, i); the data were 
normalized to the stimulated control condition and the dotted line indicates non-stimulated control; veh, 
vehicle (Lipofectamine 2000); α-132 indicates antagomir; n = 5 for RT-qPCR, n = 3 for western blot, Mann–
Whitney U test, *p < 0.05, **p < 0.01, ***p < 0.001 
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Discussion 

We investigated the expression of miR-132 in the epileptogenic rat and human 
hippocampus as well as the effects of miR-132 modulation in human cultured 
astrocytes after stimulation with epilepsy-associated cytokines TGF-β1 and IL-
1β. We showed a persistently increased expression of miR-132 in the rat and 
human epileptogenic hippocampus, particularly in glial cells. Furthermore, we 
showed that miR-132 can negatively regulate the expression of pro-
epileptogenic factors in cultured human astrocytes. These findings will be 
further discussed in more detail in the following paragraphs. 

miR-132 expression is increased in the rat and human epileptogenic 
hippocampus 

miR-132 is a cAMP-response element binding protein (CREB)-regulated miRNA, 
enriched in neurons 39, and involved in the regulation of neuronal 
morphogenesis 40 and dendritic spine density 41,42, which implicates miR-132 in 
the regulation of neuronal plasticity, memory and learning 29. The expression of 
miR-132 is dysregulated in a number of neurological pathologies 28 and 
increased miR-132 expression was also found in resected brain tissue of 
children with TLE 43,44. Here, we report that expression of miR-132 is increased 
in the hippocampus of adult TLE–HS patients. Moreover, miR-132 was found to 
be increased in the epileptogenic DG of rats already at the acute stage of 
electrically-induced epileptogenesis, which confirmed our previous microarray 
findings 21, as well as reports from other large-scale gene expression studies 
45,46. The increased miR-132 expression in the rodent hippocampus has also 
been shown following administration of other pro-epileptogenic stimuli 
including pilocarpine 43,47 and kainic acid 48, and a meta-analysis of differentially 
expressed miRNAs across various animal TLE models identified miR-132 as one 
of the most commonly up-regulated miRNAs during the acute, latent and 
chronic stages of epileptogenesis 27, highlighting its potential involvement in the 
pathophysiology of epilepsy. Our histological analysis showed that miR-132 
expression in the rat hippocampus was increased in previously quiescent glial 
cells, including astrocytes and microglia. However, previous studies both in 
healthy and pathological tissue have focused exclusively on neuronal miR-132 
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expression and little is known about potential miR-132 expression and function 
in glial cells. Therefore, we further investigated whether this phenomenon 
could also be observed in human TLE–HS tissue.  

miR-132 is expressed in glial cells in human TLE–HS  

Increased expression of miR-132 was detected in astrocytes and microglia 
within the hippocampus of TLE patients. At the same time, the expression of 
miR-132 in the principal neuronal layers of the hippocampus was reduced, 
consistent with the phenomena of granule cell dispersion in the DG and 
neuronal damage in the CA1. We observed moderate-to-severe astrogliosis in 
the hippocampus of TLE patients. However, it has been shown that various 
subtypes of reactive astrocytes may exist based on their gene expression 
profiles 10. The pro-inflammatory astrocyte response may lead to a loss of 
normal physiological functions by astrocytes, which become a source and 
mediators of chronic neuroinflammation 49,50. On the other hand, reactive 
astrocytes may participate in glial scar formation and produce neurotrophins 
and thrombospondins, aiding synapse formation and repair 50,51, which may 
lead to epilepsy. Therefore, we investigated whether miR-132 expression was 
co-localized with certain markers of reactive glial cells.  
 MiR-132 expression in the hippocampus of patients with TLE was 
observed in association with various astrocyte markers, including GFAP, EAAT1, 
GS and vimentin, a marker of reactive astrocytes. Additionally, miR-132 
expressing STAT3+ cells were detected in the areas of severe gliosis and glial 
scar in the CA1 region. The JAK-STAT3 pathway regulates cell growth, 
proliferation, differentiation and response to injury in astrocytes 52 and has 
been proposed as a specific marker of glial scar-forming reactive astrocytes 12. 
Microglia expressed miR-132 as well, since we detected miR-132 in Iba1+ cells 
and reactive HLA-DR/DP/DQ+ microglia. Interestingly, the expression of miR-
132 could be induced in microglia under oxygen and glucose deprivation 
conditions in vitro 53. Finally, the co-localization of miR-132 and the endothelial 
cell marker CD34 was found to be associated with the brain blood vessels. 
Notably, the increased expression of miR-132 in the endothelium of human 
tumors and hemangiomas has been shown to promote neovascularization 54. It 
is worth noting that neurons – the primary source of miR-132 in the brain – may 
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be able to secrete miR-132-carrying exosomes, which could influence vascular 
integrity 55. This suggests that miR-132 in non-neuronal cells could have an 
exogenous origin, however we observed a mostly perinuclear miR-132 
hybridization signal in astrocyte somas and no hybridization signal in astrocytic 
processes. Thus, miR-132 is expressed in a wide range of cell types in the rat 
and human TLE hippocampus and could be associated with diverse functions, 
extending beyond the known functions in neurons. 

miR-132 acts as a negative regulator of pro-epileptogenic factors induced by 
TGF-β1 and IL-1β 

In order to study the potential functions of miR-132 in astrocytes, we 
performed experiments in primary human astrocyte cultures after stimulation 
with cytokines associated with epileptogenesis. The analysis of predicted target 
genes identified the TGF-β pathway as one of the most enriched pathways 
associated with miR-132. The activation of the TGF-β pathway by TGF-β1 in 
astrocytes not only increased the transcription of the genes directly involved in 
the pathway, such as TGFB1, TGFB2 and TGFBR1, but also led to an increase in 
ECM-related genes THBS1 and matrix metalloproteinases MMP2 and MMP14. 
Interestingly, the stimulation with TGF-β1 also led to an increased expression 
of miR-132. Previously, miR-132 induction has been shown in human astrocytic 
cell line by a pro-inflammatory myeloid-related protein (MRP) 8 56 and in 
primary rat astrocytic cultures by basic fibroblast growth factor (bFGF) 57, 
confirming the inducible nature of miR-132 expression in glial cells. We 
investigated the effects of miR-132 overexpression on the expression of its 
predicted targets within the TGF-β pathway and found that the expression of 
TGFB2 as well as TGF-β2 protein could be attenuated by miR-132. TGF-β 
signaling can have pro-epileptogenic functions after a brain insult. The 
disruption of the BBB and extravasation of blood albumin has been shown to 
activate TGF-β signaling in astrocytes and contribute to epileptogenesis 58,59, 
potentially through induction of synaptogenesis 60. Moreover, the treatment of 
rats with an angiotensin II type 1 (AT1) receptor antagonist losartan can block 
TGF-β signaling and prevent the development of recurrent spontaneous 
seizures and seizure severity following the BBB breakdown 61. In this regard, the 
modulation of TGF-β2 by miR-132 could be beneficial for prevention of 
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epileptogenesis. However, miR-132 overexpression can lead to an increased 
expression of TGFBR2, which is also increased upon suppression of miR-211, 
and associated with a non-convulsive electrographical seizures and increased 
convulsive seizure susceptibility in mice 62. Moreover, TGF-β signaling in 
astrocytes has been also shown to be necessary for limiting neuroinflammation 
in a mouse experimental stroke model 63, whereas treatment of rat primary 
astrocytes with TGF-β1 could completely reverse the pro-inflammatory 
astrocytic phenotype caused by IL-1α, tumor necrosis factor alpha (TNF-α) and 
complement component 1q (C1q) stimulation 11. 

We next assessed the effect of miR-132 on pro-epileptogenic factors 
associated with a pro-inflammatory cytokine IL-1β. Among the predicted 
targets of miR-132 is PTGS2 and its product COX-2, a key regulator of 
inflammation mediated by IL-1β. We found that both PTGS2 and COX-2 were 
decreased following miR-132 overexpression. COX-2 is normally expressed in 
neurons, but it has also been found in astrocytes in human TLE 64 and in an 
animal TLE model 65. Moreover, the expression of other pro-inflammatory 
genes associated with epilepsy, such as IL1B and CCL2, was decreased by miR-
132 overexpression in astrocytes. This suggests an anti-inflammatory mode of 
action by miR-132. This is in accordance with previous studies, since miR-132 
has been shown to have anti-inflammatory action in the brain via targeting 
acetylcholinesterase 66. Moreover, inhibition of miR-132 in a human astrocytic 
cell line under stimulation with MRP8 promoted the expression of pro-
inflammatory genes IL1B, IL6 and TNF, whereas up-regulation of miR-132 
suppressed the transcription of these genes56. 

In addition, both TGF-β1 and IL-1β are responsible for transcription of 
genes, which take part in ECM remodeling. We found that TGF-β1 stimulation 
increased the constitutively expressed MMP2 and MMP14, whereas the 
inducible MMP3 and MMP9 could be increased by IL-1β stimulation in human 
astrocytes. MMPs are the major enzymes responsible for the remodeling of the 
ECM 16 and we previously demonstrated the dynamic expression of Mmp2, 
Mmp3, Mmp9 and Mmp14 during epileptogenesis in the rat hippocampus 24,67. 
MiR-132 overexpression negatively regulated MMP3 and inhibition of miR-132 
led to a further increase in MMP9, a metallopeptidase implicated in 
epileptogenesis 68. In summary, miR-132 may act as a negative regulator of 

98



541147-L-bw-Korotkov541147-L-bw-Korotkov541147-L-bw-Korotkov541147-L-bw-Korotkov
Processed on: 18-2-2020Processed on: 18-2-2020Processed on: 18-2-2020Processed on: 18-2-2020 PDF page: 99PDF page: 99PDF page: 99PDF page: 99

MICRORNA-132 IS OVEREXPRESSED IN GLIA IN TEMPORAL LOBE EPILEPSY AND REDUCES 
 THE EXPRESSION OF PRO-EPILEPTOGENIC FACTORS IN HUMAN CULTURED ASTROCYTES 

various pro-epileptogenic factors induced by TGF-β1 and IL-1β stimulation in 
human astrocytes. 

Therapeutic potential of miR-132 

Due to the suppression of pro-epileptogenic factors (including pro-
inflammatory and ECM factors), it would be interesting to investigate whether 
miR-132 could be used as a novel strategy to inhibit epileptogenesis. It has been 
previously shown that intracerebroventricular injection of an antagomir of miR-
132 protected against hippocampal CA3 neuronal death 24h after SE induced 
via intra-amygdala injection of kainic acid 48. This suggests that miR-132-
overexpressing therapy can aggravate neuronal damage, however, the authors 
did not investigate the later time points after SE, at which brain inflammation 
and ECM alterations are much more prominent. It is interesting to note that 
inhibition of miR-132 in astrocytes further augmented the expression of 
inflammatory genes in our study, which may result in exacerbation of astrocyte-
mediated inflammatory response in case of using miR-132 inhibitors in vivo. 
Therefore, this needs to be studied and the optimal time window for miR-132 
therapy has to be determined.  

Conclusions 

Our experiments showed that miR-132 is persistently increased in glial cells in 
the human and rat epileptogenic brain. Since miR-132 can act as a negative 
regulator of epilepsy-associated factors in cultured human astrocytes, the 
therapeutic potential of miR-132, specifically in astrocytes, needs to be further 
studied in in vivo experiments. 
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Human primers for RT-qPCR 

Gene Full gene name f/r Sequence 

TGFB1 Transforming growth factor beta 1 
f GTGGAAACCCACAACGAAAT 
r CGGAGCTCTGATGTGTTGAA 

TGFB2 Transforming growth factor beta 2 
f GAGAGCGCAAGTGAAAGAGG 
r TCCCTAGACCGTCAGGCTAA 

TGFBR1 Transforming growth factor beta receptor 1 
f AAGAACGTTCGTGGTTCCGT 
r CACCAACCAGAGCTGAGTCC 

TGFBR2 Transforming growth factor beta receptor 2 
f CCACCGCACGTTCAGAAGTC 
r GTCCTATTACAGCTGGGGCA 

SMAD2 Mothers against decapentaplegic homolog 2 
f AAAGGGTGGGGAGCAGAATA 
r GAAGTTCAATCCAGCAAGGAGT 

THBS1 Thrombospondin 1 
f GCGTCAATGACAATTTCCAG 
r TCAAGGGTGAGGAGGACACT 

PTGS2 Prostaglandin-endoperoxide synthase 2 
f GAATGGGGTGATGAGCAGTT 
r GCCACTCAAGTGTTGCACAT 

IL1B Interleukin 1 beta 
f GCATCCAGCTACGAATCTCC 
r GAACCAGCATCTTCCTCAGC 

IL6 Interleukin 6 
f CTCAGCCCTGAGAAAGGAGA 
r TTTCAGCCATCTTTGGAAGG 

CCL2 Chemokine (C-C motif) ligand 2 
f CTGCTCATAGCAGCCACCTT 
r GCACTGAGATCTTCCTATTGGTG 

MMP2 Matrix metallopeptidase 2 
f ATAACCTGGATGCCGTCGT 
r AGGCACCCTTGAAGAAGTAGC 

MMP3 Matrix metallopeptidase 3 
f CTCCAACCGTGAGGAAAATC 
r CATGGAATTTCTCTTCTCATCAAA 

MMP9 Matrix metallopeptidase 9 
f GAACCAATCTCACCGACAGG 
r GCCACCCGAGTGTAACCATA 

MMP14 Matrix metallopeptidase 14 
f GCCTTGGACTGTCAGGAATG 
r AGGGGTCACTGGAATGCTC 

EF1a Elongation factor 1 alpha 
f ATCCACCTTTGGGTCGCTTT 
r CCGCAACTGTCTGTCTCATATCAC 

C1orf43 Chromosome 1 open reading frame 43 
f GATTTCCCTGGGTTTCCAGT 
r ATTCGACTCTCCAGGGTTCA 

anti-hsa-miR-132-3p LNA probe used for in situ hybridization:  

5'DIG-*CmGmA*CmCmA*TmGmG*CmUmG*TmAmG*AmCmU*GmUmU*A-DIG3' 

Supplementary table S1. The list of oligonucleotides. Human primers were designed for Homo sapiens, MMP 
– matrix metalloproteinase, EF1a – elongation factor 1α, C1orf43 – chromosome 1 open reading frame 43; f 
– forward, r – reverse; anti-miR-132-3p oligonucleotide probe for in situ hybridization had the following 
modifications: * – locked nucleic acid (LNA) modification; m – 2-o-methyl modification; DIG – digoxygenin 
label. 
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MICRORNA-132 IS OVEREXPRESSED IN GLIA IN TEMPORAL LOBE EPILEPSY AND REDUCES 
 THE EXPRESSION OF PRO-EPILEPTOGENIC FACTORS IN HUMAN CULTURED ASTROCYTES

Supplemenatry Figure 1. (a) – Targetscan prediction of a miR-132 binding site within the human TGFB2 3’ 
UTR; (b) – TaqMan RT-qPCR analysis showed no difference in miR-132 expression following IL-1β stimulation 
in human primary fetal astrocytes; (c) – Targetscan prediction of a miR-132 binding site within the human 
PTGS2 3’ UTR; Mann-Whitney U-test 
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Increased expression of matrix metalloproteinase 3 can be 

attenuated by inhibition of microRNA-155 in cultured 
human astrocytes 
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Abstract 

Background: Temporal lobe epilepsy (TLE) is a chronic neurological disease, in 
which about 30% of patients cannot be treated adequately with anti-epileptic 
drugs. Brain inflammation and remodeling of the extracellular matrix (ECM) 
seem to play a major role in TLE. Matrix metalloproteinases (MMPs) are 
proteolytic enzymes largely responsible for the remodeling of the ECM. The 
inhibition of MMPs has been suggested as a novel therapy for epilepsy; 
however, available MMP inhibitors lack specificity and cause serious side 
effects. We studied whether MMPs could be modulated via microRNAs 
(miRNAs). Several miRNAs mediate inflammatory responses in the brain, which 
are known to control MMP expression. The aim of this study was to investigate 
whether an increased expression of MMPs after interleukin-1β (IL-1β) 
stimulation can be attenuated by inhibition of the inflammation-associated 
miR-155. 

Methods: We investigated the expression of MMP2, MMP3, MMP9, and 
MMP14 in cultured human fetal astrocytes after stimulation with the pro-
inflammatory cytokine IL-1β. The cells were transfected with miR-155 
antagomiR, and the effect on MMP3 expression was investigated using real-
time quantitative PCR and Western blotting. Furthermore, we characterized 
MMP3 and miR-155 expression in brain tissue of TLE patients with hippocampal 
sclerosis (TLE-HS) and during epileptogenesis in a rat TLE model. 

Results: Inhibition of miR-155 by the antagomiR attenuated MMP3 
overexpression after IL-1β stimulation in astrocytes. Increased expression of 
MMP3 and miR-155 was also evident in the hippocampus of TLE-HS patients 
and throughout epileptogenesis in the rat TLE model. 

Conclusions: Our experiments showed that MMP3 is dynamically regulated by 
seizures as shown by increased expression in TLE tissue and during different 
phases of epileptogenesis in the rat TLE model. MMP3 can be induced by the 
pro-inflammatory cytokine IL-1β and is regulated by miR-155, suggesting a 
possible strategy to prevent epilepsy via reduction of inflammation. 

Keywords: Epileptogenesis, Temporal lobe epilepsy, Extracellular matrix, 
MiRNA-155, MMP3
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INCREASED EXPRESSION OF MATRIX METALLOPROTEINASE 3 CAN BE ATTENUATED BY  
INHIBITION OF MICRORNA-155 IN CULTURED HUMAN ASTROCYTES 

Introduction 

Epilepsy is a common neurological disease characterized by spontaneous 
recurrent seizures, affecting more than 50 million people worldwide. It is 
defined by any of the following conditions: (1) at least two unprovoked (or 
reflex) seizures occurring > 24 h apart. (2) One unprovoked (or reflex) 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. (3) 
Diagnosis of an epilepsy syndrome 1. Temporal Lobe Epilepsy (TLE) is one of the 
most common forms of focal epilepsy in adults 2,3, which is frequently 
associated with hippocampal sclerosis 4. The neuropathological processes 
associated with human TLE include neuronal loss, aberrant axonal growth and 
neurogenesis in the hippocampus, neuroinflammation, gliosis, reorganization 
of the extracellular matrix (ECM) and blood–brain barrier (BBB) dysfunction 5-9.  
 Matrix metalloproteinases (MMPs) constitute a class of proteases 
responsible for the remodeling of the ECM. Under normal physiological 
conditions various MMPs are involved in ECM homeostasis and synaptic 
plasticity in the brain 10-13. Under pathological conditions, MMPs can be 
activated by a variety of stimuli including pro-inflammatory cytokines 14. The 
pro-inflammatory cytokine IL-1β can be produced in the central nervous system 
(CNS) by activated astrocytes in response to tissue damage, increased neuronal 
activity or cellular stress 15-18. Astrocytes contribute to chronic 
neuroinflammation in epilepsy not only as the major source of IL-1β 17, but also 
due to their role in K+ buffering, uptake of extracellular glutamate, glutamine 
supply for presynaptic terminals 19 as well the ability to control synaptogenesis 
20. The deregulation of MMP expression and activity has been also associated 
with TLE, where it may contribute to altered neuronal excitability, acute and 
chronic neuroinflammation, neurodegeneration, gliosis and a compromised 
BBB 14,21-25. In the electrical post-status epilepticus (SE) rat TLE model, a large-
scale transcriptome study revealed that the expression of MMP2, MMP3, 
MMP9 and MMP14 in the brain was increased and dynamically regulated at 
different stages of epileptogenesis 26. The role of MMP9 in epileptogenesis has 
been extensively studied in various animal models 22 with the focus on the 
modulation of synaptic plasticity associated with seizures 27. MMP3 has also 
been implicated in neurodegenerative disorders 28-31 and shown to contribute 
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to the increased BBB permeability and apoptosis 32,33. Increased expression of 
MMP3 was previously demonstrated in the hippocampus after kainic acid-
induced seizures in mice 34 and after pilocarpine-induced SE in rats 35. In 
summary, accumulating evidence indicates that increased expression and/or 
activity of MMPs after an insult can contribute to epileptogenesis. Therefore, 
reducing MMP expression or activity has been suggested as a strategy for 
preventing and/or modulation of epileptogenesis.  
 The increased gene expression under pathological conditions can be 
modulated by miRNAs. miRNAs are small non-coding RNAs capable of 
regulating target gene expression at post-transcriptional level 36-38. MiRNAs 
have been shown to be involved in the regulation of various biological 
processes within the CNS 39,40 and have been implicated in neurological 
disorders, such as epilepsy 41,42. MiRNAs can regulate gene expression directly 
through complementary binding to multiple messenger RNA (mRNA) 
transcripts, and indirectly through modulating intracellular signaling pathways 
associated with the target genes. Several miRNAs have been shown to mediate 
inflammation in the brain 40. This includes miR-146a, which inhibits 
inflammation in astrocytes 43-45. Another inflammatory miRNA, miRNA-155, has 
also been shown to be expressed in astrocytes and been implicated in various 
CNS pathologies 46, including epilepsy 47-49. Since the activation of MMP 
expression, especially MMP3 and MMP9, has been linked to pro-inflammatory 
signaling, miR-155 might modulate their expression through the regulation of 
inflammation. Indeed, miR-155 was previously demonstrated to be involved in 
the regulation of MMP3 under inflammatory conditions in synovial fibroblasts 
50,51.  
 The aim of this study was to investigate whether increased MMP 
expression under inflammatory conditions can be attenuated by inhibition of 
miR-155. Therefore, we investigated MMP expression in cultured human fetal 
astrocytes after IL-1β stimulation and transfection with the antagomiR of miR-
155. Furthermore, we characterized MMP and miR-155 expression in resected 
brain tissue of patients with TLE as well as during epileptogenesis in a rat TLE 
model.  
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Methods 

Cell cultures 

Primary fetal astrocyte-enriched cell cultures were derived from human fetal 
brain tissue (14–20 weeks of gestation) obtained from medically-induced 
abortions. All material was collected from donors from whom a written 
informed consent for the use of the material for research purposes was 
obtained by the Bloemenhove clinic. Tissue was obtained in accordance with 
the Declaration of Helsinki and the Academic Medical Center (AMC) Research 
Code provided by the Medical Ethics Committee of the AMC. Tissue samples 
were collected in DMEM/HAM F10 (1:1) medium (Gibco/ThermoFisher 
Scientific, Waltham, MA, USA), supplemented with 1% penicillin/streptomycin 
and 10% fetal calf serum (FCS). Primary cell cultures of astrocytes were 
prepared as previously described 49. The culture medium was subsequently 
refreshed twice a week. Cultures reached confluence after 2–3 weeks. 
Astrocytes were used for analyses at passages 2–5. More than 98% of the cells 
in primary culture, as well as in the successive 12 passages were strongly 
immunoreactive for the astrocytic marker glial fibrillary acidic protein (GFAP) 
and S100β as previously reported 45. 

Transfection and stimulation of cell cultures 

Cells were plated in poly-L-lysine coated plates (5 × 104 cells/well in 12-well 
plates for RNA analysis or 2 × 105 cells/well in 6-well plates for protein analysis) 
and were transfected with miR-146a or miR-155 mimic pre-miRNA (mirVana 
miRNA mimics, Applied Biosystems, Carlsbad, CA, USA), or antisense locked 
nucleic acid (LNA) oligonucleotides against miR-155-5p (Ribotask ApS, Odense, 
Denmark). Oligonucleotides were delivered to the cells using Lipofectamine 
2000 transfection reagent (Life Technologies, Grand Island, NY, USA) in a final 
concentration of 50 nM for a total of 24 h before the stimulation of astrocytes. 
Astrocytic cultures were stimulated with human recombinant (r)IL-1β (10 
ng/ml; Peprotech, Rocky Hill, NJ, USA) for 24 h (for RNA analysis) or for 48 h (for 
protein analysis) before harvesting the cells. Viability of human cell cultures was 
not influenced by the stimulation with IL-1β, as shown previously 52.  
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Human brain tissue 

The cases included in this study were obtained from the archives of the 
department of (Neuro)Pathology of the Amsterdam UMC, Amsterdam, The 
Netherlands. A total of 16 brain specimens were examined from patients 
undergoing surgery for drug resistant TLE. Tissue was obtained and used in 
accordance with the Declaration of Helsinki and the AMC Research Code 
provided by the Medical Ethics Committee. All cases were reviewed 
independently by two neuropathologists and the classification of hippocampal 
sclerosis was based on analysis of microscopic examination as described by the 
International League Against Epilepsy (HS type 1, n = 12; HS type 2, n = 4) 53. 
Control material was obtained during autopsy of people without a history of 
seizures or other neurological diseases (n = 10). Brain tissue was fixed in 10% 
buffered formalin and embedded in paraffin. 

Experimental animals 

Adult male Sprague-Dawley rats (Harlan Netherlands, Horst, The Netherlands) 
were used in this study which was approved by the University Animal Welfare 
committee. The rats were housed individually in a controlled environment (21 
± 1˚C; humidity 60%; lights on 08:00 AM–8:00 PM; food and water available ad 
libitum).  

Electrode implantation and status epilepticus induction 

Rats were anesthetized with an intramuscular injection of ketamine (74 mg/kg; 
Alfasan, Woerden, The Netherlands) and xylazine (11 mg/kg; Bayer AG, 
Leverkusen, Germany), and placed in a stereotactic frame. In order to record 
hippocampal EEG, a pair of insulated stainless steel electrodes (70 µm wire 
diameter, tips 800 µm apart) was implanted into the left dentate gyrus (DG) 
under electrophysiological control, as described previously 54. A pair of 
stimulation electrodes was implanted in the angular bundle. Two weeks after 
recovery from the operation, each rat was transferred to a recording cage (40 
× 40 × 80 cm) and connected to a recording and stimulation system (NeuroData 
Digital Stimulator, Cygnus Technology Inc, Delaware Water Gap, PA, USA) with 
a shielded multi-strand cable and electrical swivel (Air Precision, Le Plessis 
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Robinson, France). A week after habituation to the new condition, rats 
underwent tetanic stimulation (50 Hz) of the hippocampus in the form of a 
succession of trains of pulses every 13 s. Each train was of 10 s duration and 
consisted of biphasic pulses (pulse duration 0.5 ms, maximal intensity 700 µA). 
Stimulation was stopped when the rats displayed sustained forelimb clonus and 
salivation for several minutes, which usually occurred within one h.  

EEG monitoring 

To determine seizure frequency, continuous EEG recordings (24 h/day) were 
made in all rats. Hippocampal EEG signals were amplified (10×) via a field effect 
transistor that connected the headset to an amplifier (20×; CyberAmp, Axon 
Instruments, Burlingame, CA, USA), band-pass filtered (1–60 Hz) and digitized 
by a computer. A seizure detection program (Harmonie, Stellate Systems, 
Montreal, Canada) sampled the incoming signal at a frequency of 200 Hz per 
channel. All EEG recordings were visually screened and seizures were confirmed 
by trained human observers. Seizures were characterized by synchronized high-
voltage amplitude oscillations and were scored when the amplitude increased 
more than 2-fold and lasted for at least 10 s.  

Tissue preparation 

For in situ hybridization, rats were deeply anesthetized with pentobarbital 
(Euthasol, AST Farma, Oudenwater, The Netherlands, 60 mg/kg i.p.) and 
perfused via the ascending aorta (300 ml 0.37% Na2S / 300 ml 4% 
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4). Rats were perfused at 3 
different time points after SE, each corresponding to the phases of 
epileptogenesis: the acute phase (1 day post-SE, n = 5), the latent phase (1 week 
post-SE, absence of electrographic seizures, n = 3), and the chronic phase (3–4 
months post-SE, recurrent spontaneous electrographic seizures are evident, n 
= 6) 55. Control rats (n = 4) that were implanted with EEG electrodes but not 
stimulated were also included. The brains were post-fixated overnight, 
dissected and paraffin embedded. Tissue was sectioned at 6 µm and mounted 
on pre-coated glass slides (Star Frost, Waldemar Knittel, Braunschweig, 
Germany). 
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 For RT-qPCR analysis, rats were decapitated 1 day after SE (acute phase, 
n = 5), 1 week after SE (latent phase, n = 6) or 3–4 months after SE (chronic 
phase, n = 5). Control rats (n = 10) included young rats (n = 5) and age-matched 
controls for the chronic stage (n = 5). The brain was dissected and the 
parahippocampal cortex (PHC), which includes mainly the entorhinal cortex and 
parts of the perirhinal and posterior piriform cortex, was removed by incision 
at the ventro-caudal part underneath the rhinal fissure until approximately 5 
mm posterior to bregma, as well as the hippocampus. The hippocampus was 
sliced into smaller parts (200–300 µm) and the DG and Cornu Ammonis (CA1) 
regions were cut out of the slices in 4 ˚C saline solution under a dissection 
microscope. All material was frozen on dry ice and stored at −80˚C until use. 

RNA isolation and real-time quantitative PCR analysis 

For RNA isolation, cell cultures, frozen human brain tissue or frozen rat brain 
tissue was homogenized in 700 µl Qiazol Lysis Reagent (Qiagen Benelux, Venlo, 
The Netherlands). Total RNA, including small RNAs, was isolated using the 
miRNeasy Mini kit (Qiagen Benelux, Venlo, The Netherlands) according to 
manufacturer’s instructions. The concentration and purity of RNA were 
determined using a Nanodrop 2000 spectrophotometer (Thermo Fisher 
Scientific, Wilmington, DE, USA). To evaluate mRNA expression, 250 ng of cell 
culture-derived total RNA was reverse-transcribed into cDNA using oligo dT 
primers. The primers used for the study are listed in (Supplementary Table S1). 
The geometric mean of elongation factor 1α (EF1α) and chromosome 1 open 
reading frame 43 (C1orf43) expression levels was used for the normalization of 
RT-qPCR in human tissue and cell cultures; the geometric mean of 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and TATA-box-binding 
protein (TBP) expression levels was used for the normalization of RT-qPCR in rat 
tissue. The PCR mix and cycling conditions were used as previously described 56.  
 The expression of miR-155-5p and U6B small nuclear RNA (RNU6B) was 
analysed using TaqMan microRNA assays (Applied Biosystems, Foster City, CA, 
USA). cDNA was generated using TaqMan MicroRNA reverse transcription kit 
(Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s 
instructions. The PCRs were run on the Roche LightCycler 480 (Roche Applied 
Science, Basel, Switzerland) with a 384-multiwell format. 

114



541147-L-bw-Korotkov541147-L-bw-Korotkov541147-L-bw-Korotkov541147-L-bw-Korotkov
Processed on: 18-2-2020Processed on: 18-2-2020Processed on: 18-2-2020Processed on: 18-2-2020 PDF page: 115PDF page: 115PDF page: 115PDF page: 115

INCREASED EXPRESSION OF MATRIX METALLOPROTEINASE 3 CAN BE ATTENUATED BY  
INHIBITION OF MICRORNA-155 IN CULTURED HUMAN ASTROCYTES 

 Quantification of data was performed using LinRegPCR in which a 
baseline correction and window-of-linearity are determined for each sample 
separately, followed by a linear regression analysis on the Log (fluorescence) 
per cycle to fit a straight line through the PCR data set. The slope of this line is 
used to determine the PCR efficiency of each individual sample. The mean PCR 
efficiency per amplicon and the Ct value per sample are used to calculate a 
starting concentration N0 per sample, which is expressed in arbitrary 
fluorescence units 57,58. The starting concentration N0 of each specific product 
was then divided by the geometric mean of the starting concentrations N0 of 
the reference genes and this ratio was compared between groups. This value 
was further normalized to the corresponding control condition. The control 
condition used for RT-qPCR experiments in primary cultures was the condition 
stimulated by IL-1β due to undetectable/very low expression of MMP3 and 
MMP9 in untreated control.  

Western Blot Analysis 

Cells were harvested at 48 h after treatment. The cells were washed with ice-
cold PBS and homogenized in ice-cold lysis buffer (50 mM Tris-HCl pH 7.4, 150 
mM of NaCl, 1% NP-40, 0.5% sodium deoxycholate) supplemented with 
protease inhibitor (EDTA-free protease mixture inhibitor and phosphatase 
inhibitor (Roche Diagnostics, Almere, the Netherlands) by incubating on ice for 
10 min and collected using a cell scraper. The homogenates were centrifuged 
at 12,000 x g for 10 minutes and the supernatant was used for further analysis. 
Protein content was determined using the bicinchoninic acid method 59. Equal 
amounts of proteins (5 µg/lane for culture samples or 20 µg/lane for tissue 
samples) were separated using sodium dodecylsulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE). Subsequently, separated proteins were 
transferred onto polyvinylidene difluoride membranes (Immobilon-P; Merck, 
Darmstadt, Germany) for 90 min at 100 V, using a wet electroblotting system 
(BioRad, Hercules, CA, USA). Blots were blocked for 1 h in 5% non-fat dry milk 
in Tris-buffered saline-Tween (TBS-T; 20 mM Tris, 150 mM NaCl, 0.1% Tween 
20, pH 7.5). Blots were incubated overnight with primary antibodies anti-MMP3 
(1:200 mouse monoclonal, clone SL-1 IIIC4, EMD Millipore, Temecula, CA, USA) 
or anti-β-actin (1:50,000 monoclonal mouse, clone C4, Merck, Darmstadt, 
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Germany). After several washes in TBS-T/ 5% non-fat dry milk, blots were 
incubated with secondary antibodies goat anti-mouse IgG2b (for MMP3) or 
goat anti-mouse IgG1 coupled to horseradish peroxidase (both 1:2,500; Dako, 
Glostrup, Denmark) for 1 h. After several washes in TBS-T, immunoreactivity 
was visualized using ECL PLUS Western blotting detection reagent (GE 
Healthcare Europe, Diegen, Belgium). Expression of β-actin was used as loading 
control. Chemiluminescent signal was detected using ImageQuant LAS 4000 
analyzer (GE Healthcare, Eindhoven, the Netherlands). Precision Plus Protein 
Dual Color Standards (Bio-Rad, Richmond, CA, USA) was used to determine the 
molecular weight of the proteins. For the quantitative analysis of the blots and 
in-situ micrographs the band intensities were measured densitometrically using 
ImageJ software (U.S. National Institutes of Health, Bethesda, MD, USA).  

In situ hybridization on human and rat brain tissue 

Paraffin-embedded brain tissue was deparaffinised in xylene and rinsed in 
ethanol (2 × 100%, 70%) and sterile water. Antigen retrieval was performed 
using a pressure cooker in sodium citrate buffer, pH 6.0, at 121°C for 10 min. 
The oligonucleotide probe for miR-155 (Supplementary Table S1) contained 
LNA modification, 2-o-methyl modifications and digoxygenin (DIG) label 
(RiboTask ApS, Odense, Denmark). Sections were incubated with the probe 
(1:750 dilution) in hybridization mix (600 mM NaCl, 10 mM HEPES, 1 mM EDTA, 
5X Denhardts, 50% Formamide) for 1 h at 56°C. Sections were washed with 
saline-sodium citrate for 2 min, 0.5x for 2 min, 0.2x for 1 min (in agitation). After 
washing with sterile PBS, sections were blocked for 15 min with 1% BSA, 0.02% 
Tween 20 and 1% normal goat serum. Hybridization was detected with alkaline 
phosphatase (AP) labelled with anti-DIG (Roche Applied Science, Basel, 
Switzerland). Nitro-blue tetrazolium chloride (NBT)/5-bromo-4-chloro-3'-
indolyphosphate p-toluidine salt (BCIP) was used as chromogenic substrate for 
AP (1:50 diluted in NTM-T buffer (100 mM Tris, pH 9.5; 100 mM NaCl; 50 mM 
MgCl2; 0.05% Tween 20)). Negative control assays were performed without 
probes (sections were blank). 
 For double-staining, the sections were first processed for in situ 
hybridization, followed by immunohistochemistry. Slides were washed with 
PBS and incubated for 1 h at room temperature with primary antibodies in PBS; 
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mouse anti-GFAP (1:4,000, Sigma-Aldrich, St. Louis, MO, USA), mouse anti-
NeuN (1:2,000, MAB377, Chemicon, Temecula, CA, USA), mouse anti-CD34 
(1:600, Immunotech, Monrovia, CA, USA) and mouse anti-HLA-DR/DP/DQ 
(1:100, clone CR3/43 Agilent, Santa Clara, CA) or rabbit anti-IBA-1 (1:2,000, 
Wako Chemicals, Neuss, Germany). After washing with PBS, sections were 
stained with a polymer-based peroxidase immunohistochemistry detection kit 
(Brightvision plus kit, ImmunoLogic, Duiven, The Netherlands) according to the 
manufacturer’s instructions. Signal was detected using the chromogen 3-
amino-9-ethylcarbazole (Sigma-Aldrich, St. Louis, MO, USA).  

Evaluation of in situ hybridization 

Expression of miR-155 was quantitatively analysed in the DG and CA1 of human 
brain tissue and in the DG, CA1 and entorhinal cortex of rat brain tissue by 
measuring the optical density using ImageJ. Since the quantitative analysis does 
not discriminate between different cell types, a semi-quantitative analysis was 
also performed in which miR-155 expression was assessed in neurons, cells with 
glial morphology and blood vessels. The intensity of the staining was evaluated 
using a scale of 1–4 (1: no; 2: weak; 3: moderate; 4: strong staining). The score 
represents the predominant cell staining intensity found in each case. 
Additionally, the frequency of positive cells (0: no; 1: single to 10%; 2: 11–50%; 
3: >50%) was also evaluated to give information about the relative number of 
positive cells. The in situ reactivity score (IRS) was calculated by multiplying the 
intensity score by the frequency score. The analysis was performed by two 
researchers that were blinded to group assignments. 

Statistical analysis 

Statistical analyses were performed using IBM SPSS Statistics 21. Comparisons 
between multiple groups were done using the Kruskal-Wallis test, Mann-
Whitney U test was used to compare two groups. A value of p < 0.05 was 
assumed to indicate significant difference.  
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Results 

MMP expression in human fetal astrocytes after IL-1β stimulation 

Constitutively, MMP2 and MMP14 were expressed highly in primary cultures of 
human fetal astrocytes, whereas for MMP3 and MMP9 low expression was 
observed (Supplementary Fig. S1). RT-qPCR analysis demonstrated that gene 
expression of MMP3 and MMP9 was increased following IL-1β stimulation (p < 
0.001, Fig. 1A) and the induction was especially prominent for MMP3. Gene 
expression of MMP2 and MMP14 did not change. Immunocytochemistry (Fig. 
1B) and Western blot analysis (p < 0.001, Fig. 1C, D) showed that MMP3 protein 
was also increased following IL-1β stimulation.  

Modulation of MMP3 expression in human fetal astrocytes by miRNA-155 after 
IL-1β stimulation 

Since MMP3 gene and protein expression was increased in human fetal 
astrocytes after IL-1β stimulation, we investigated whether MMP3 expression 
could be modulated. Therefore, human fetal astrocytes were transfected with 
miR146a mimic, miR-155 mimic or miR-155 antagomiR and treated with IL-1β. 
TaqMan RT-qPCR analysis confirmed that miR-155 was increased after IL-1β 
stimulation (p < 0.001; Supplementary Fig. S2), while transfection with miR-155 
antagomiR did not alter miRNA levels, as previously shown 49. Western blot 
analysis showed that inhibition of miR-155 by antagomiR resulted in a 
decreased MMP3 expression (p < 0.05) when compared to IL-1β-stimulated 
condition (Fig. 1C, D), while miR146a did not reduce MMP3 protein expression 
(data not shown). In contrast, overexpression of miR-155 led to a further 
increase (p < 0.05) of MMP3 protein expression after IL-1β stimulation (Fig. 1C, 
D). RT-qPCR analysis showed that MMP3 mRNA was also decreased in 
astrocytes transfected with miR-155 antagomiR (p < 0.001) as compared to non-
transfected cells under IL-1β stimulation (Fig. 1E; Supplementary Fig. S3B).  

MMP3 expression in the hippocampus of TLE-HS patients 

Following the findings in human astrocytic cell cultures, we investigated the 
expression of MMP3 in the hippocampal specimens resected from TLE-HS 
patients. The clinical features of the human subjects included in this study are 
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summarized in Table 1. Western blot analysis showed weak MMP3 
immunoreactivity in autopsy control samples, while MMP3 expression was 
more evident in TLE-HS specimens (Fig. 1F, G). Similarly, RT-qPCR analysis 
showed an increased MMP3 mRNA expression (p < 0.05) in the TLE-HS group as 
compared to controls (Fig. 1H).  

Figure 1. Increased MMP3 expression under pathological conditions can be modulated by miR-155 in 
human astrocytes. A RT-qPCR expression analysis demonstrated increased expression of MMP3 (p < 0.001) 
and MMP9 (p < 0.001), but not MMP2 and MMP14  mRNA following IL-1β stimulation in human fetal 
astrocytes; B Immunocytochemistry revealed MMP3 immunoreactive cells 24 h after the stimulation of 
primary human fetal astrocytes with IL-1β (10 ng/ml), while the immunoreactivity in control cells was not 
observed; the inset demonstrates a magnified image of cells expressing MMP3 after IL-1β stimulation; C 
Western blot for MMP3 in human fetal astrocytes; D A semi-quantitative analysis of MMP3 immunoreactivity 
showed an up-regulation of MMP3 after IL-1β stimulation (p < 0.001, n = 5); the cells transfected with miR-
155 mimic prior to the stimulation had a further up-regulation of MMP3 (p < 0.05, n = 5) and the cells 
transfected with miR-155 antagomiR showed a decreased expression of MMP3 (p < 0.05, n = 5) compared to 
non-transfected cells; E RT-qPCR showed decreased MMP3 mRNA expression in the cells transfected with the 
antagomiR of miR-155 after IL-1β stimulation (p < 0.001, n = 5); F Western blot for MMP3 in TLE-HS specimens 
compared to autoptic control specimens; G A semi-quantitative analysis of MMP3 immunoreactivity showed 
an up-regulation of MMP3 (p < 0.05) in TLE-HS (n = 6) compared to autoptic control (n = 5); H RT-qPCR analysis 
showed that MMP3 mRNA was increased (p < 0.05) in a subset of patients with TLE-HS (n = 10) compared to 
autoptic control (n = 6); Gene expression was represented as normalized to the geometric mean of the 
expression of two housekeeping genes; Anti = antagomiR; *p < 0.05, **p < 0.01, Mann-Whitney U test, error 
bars depict the standard error of the mean.  
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Table 1. Clinical findings of human samples used for RT-qPCR and in situ hybridization (ISH). TLE, temporal 
lobe epilepsy; HS, with hippocampal sclerosis; m, male; f, female. Values are given as mean (minimum-
maximum); * According to Blümcke et al. 2013 53. 

miR-155 expression in the hippocampus of TLE-HS patients 

We investigated the expression of miR-155 in the human hippocampus. 
TaqMan RT-qPCR analysis revealed an increased expression of miR-155 (p < 
0.001) in the TLE-HS compared to controls (Fig. 2A). The cellular distribution of 
miR-155 was investigated by in situ hybridization in the DG and CA1. In autopsy 
control tissue, a moderate expression of miR-155 was observed in neurons, 
while no to weak expression was found in cells with glial morphology (Fig. 2B, 
C). In TLE-HS, a moderate to strong miR-155 expression was observed in both 
neurons and cells with glial morphology (Fig. 2D, E). In order to confirm the 
observations of cell morphology, we performed a double immuno-labelling of 
miR-155 with the markers for different cell types. miR-155 was co-localized with 
the markers for neurons (NeuN), astrocytes (GFAP), microglia HLA-DR/DP/DQ 
(clone CR3/43) and endothelial cells (CD34) in TLE-HS tissue (Fig. 2D, insets a, b; 
Fig. 2E, insets c, d). Quantitative analysis (Supplementary Fig. S4) of miR-155 
expression showed a trend toward increased miR155 expression in the DG in 
TLE-HS tissue as compared to control. Since this analysis does not discriminate 
between different cell types, we also performed a semi-quantitative analysis 
(see “Methods” section for description) which showed that the miR-155 IRS was 
increased for neurons (DG p < 0.05, CA1 p < 0.01), cells with glial morphology 
(DG, CA1 p < 0.01), as well as for blood vessels (DG, CA1 p < 0.05) compared to 
controls (Fig. 2F, G, H; Table 2).  

  

Experiment Pathology n Age 
Gender 

m/f 

HS ILAE*  
Type 1/Type 

2 

Duration of 
epilepsy 
(years) 

Age at 
onset 

Number of 
seizures  

(per month) 

RT-qPCR Control 6 63 (25–86) 4/2 – – – – 

 TLE - HS 16 35 (24–49) 9/7 12/4 20 (5–41) 15 (3–34) 19 (1–36) 

ISH Control 5 48 (31–64) 3/2 – – – – 

 TLE - HS 10 35 (24–49) 7/3 7/3 20 (5–41) 16 (3–34) 13 (2–32) 
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Figure 2. MiR-155 expression in TLE-HS. A miR-155 expression was increased in TLE-HS patients relative to 
controls evaluated by TaqMan RT-qPCR (p < 0.001); B–E In situ hybridization for miR-155 in the human 
hippocampus; B, C moderate neuronal miR-155 expression was observed in the control hippocampus; D, E 
miR-155 expression was increased in both neurons and in cells with glial morphology compared to control; 
co-localization was found with neurons (NeuN; D, inset a), astrocytes (GFAP; D, inset b), endothelial cells 
(CD34; E, inset c) and microglia (HLA-DR/DP/DQ , clone CR3/43; E, inset d); Arrowheads indicate cells with 
glial morphology; F–H semi-quantitative analysis of miR-155 IRS in neurons, cells with glial morphology and 
blood vessels; Scale bar: 100 µm; *p < 0.05, **p < 0.01, ***p < 0.001, Mann-Whitney U test, error bars depict 
standard error of the mean. 
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Table 2. In situ reactivity scores of miR-155 in the human hippocampus. MiR-155 in situ reactivity scores are 
given as median (minimum-maximum). This score was defined as intensity score (1: no; 2: weak; 3: moderate; 
4: strong immunoreactivity) multiplied by frequency score (0: no; 1: single to 10%; 2: 11–50%; 3: >50%); *p < 
0.05, **p < 0.01. 

MMP3 expression during epileptogenesis in a rat TLE model 

We further investigated MMP3 expression in the brain of rats after SE. RT-qPCR 
analysis showed that MMP3 was increased in the DG 1 day and 3–4 months 
after SE induction (respectively, acute and chronic stages; p < 0.05; Fig. 3A); 
increased expression was also seen during the acute stage (p < 0.01) in the CA1 
region (Fig. 3B) and during all 3 stages of epileptogenesis (acute p < 0.01; latent 
p < 0.01; chronic p < 0.05) in the PHC (Fig. 3C) of the rats. 

miR-155 expression during epileptogenesis in a rat TLE model  

We investigated the expression of miR-155 at different time points during 
epileptogenesis in the rat brain after SE. miR-155 expression was increased in 
the DG, CA1 and PHC during the acute (p < 0.001), latent (p < 0.001) and chronic 
(p < 0.01) phases as compared to control (Fig. 3D–F). MiR-155 expression 
peaked at the acute phase in all three regions, but was also increased during 
the latent and chronic phase as compared to control.  
 The cellular distribution of miR-155 was investigated by in situ 
hybridization. A weak expression of miR-155 was observed in neurons in control 
rat hippocampus (Fig. 4A–C). Strong miR-155 expression was observed in the 
DG, CA1 and entorhinal cortex (EC) already at the acute phase following SE (Fig. 
4D–F) and was also moderate to strong throughout the course of 
epileptogenesis at the latent (Fig. 4G, H, I) and chronic phases (Fig. 4J–L). 
Double labelling showed that miR-155 was expressed in neurons, astrocytes 
and microglia (Fig. 4D insets a, b; Fig. 4E, inset c). In addition, miR-155 

 DG CA1 

 Neurons Glia Vessels Neurons Glia Vessels 

Control 6 (6–9) 1 (1-4) 3 (3–6) 7.5 (6–9) 2.5 (0–4) 3 (3–6) 

TLE - HS 9 (6–12)* 9 (9-12)** 6 (4–12)* 12 (9–12)** 10.5 (9–12)** 9 (4–12)* 
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immunoreactivity was visible in blood vessels (Fig. 4E, inset d). Quantitative 
(Supplementary Fig. S5) as well as semi-quantitative analysis confirmed an 
increased expression of miR-155 in neurons, cells with glial morphology and 
blood vessels in the hippocampus during the acute, latent and chronic phases 
(Fig. 5A, B, C; Table 3). 

Figure 3. MMP3 and miR-155 expression in the rat TLE model. A-C RT-qPCR analysis of MMP3 expression in 
the rat hippocampus: A MMP3 was increased in the DG at the acute (1 day post-SE, p < 0.05) and chronic (3–
4 months post-SE, p < 0.05) stages; B MMP3 was increased in the CA1 at the acute stage (p < 0.01); C MMP3 
was increased in the PHC at the acute (p < 0.01), latent (1 week post-SE, p < 0.01) and chronic (p < 0.05) 
stages; D–F TaqMan RT-qPCR analysis of miR-155 expression in the DG (D), CA1 (E) and PHC (F) regions of the 
rat hippocampus; *p < 0.05, **p < 0.01, ***p < 0.001, Mann-Whitney U test, error bars depict standard error 
of the mean. 

 DG CA1 EC 

 Neurons Glia Vessels Neurons Glia Vessels Neurons Glia Vessels 

Control 3 0 0.5 (0–1) 3 0 (0–1) 0.5 (0–1) 3 0 0 (0–1) 

Acute 12 (6–12)** 12 (4–12)** 8 (4–12)* 12 (6–12)** 12 (6–12)* 8 (6–12)* 12 (6–12)** 9 (4–12)** 8 (4–12)* 

Latent 6* 4 (4–6)* 2 (1–2) 6* 4 (1–6)* 2 (1–2) 9* 9 (6–9)* 2 (1–4)* 

Chronic 6 (6–9)** 4 (1–9)** 2 (1–6)* 6 (6–9)** 4 (1–9)* 3 (1–6)* 6 (6–9)** 4 (1–9)** 2 (1–6)* 

Table 3. In situ reactivity scores of miR-155 in the rat hippocampus and entorhinal cortex. MiR-155 in situ 
reactivity scores are given as median (minimum-maximum). This score is defined as intensity score (1: no; 2: 
weak; 3: moderate; 4: strong immunoreactivity) multiplied by frequency score (0: no; 1: single to 10%; 2: 11–
50%; 3: >50%); DG – dentate gyrus; EC – entorhinal cortex; *p < 0.05, **p < 0.01. 
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Figure 4. In situ hybridization of miR-155 in the rat TLE model. A-C A weak miR-155 expression was seen in 
neurons of the control rats in the DG, CA1 and entorhinal cortex (EC); D-L Increased expression compared to 
control was observed in both neurons and glia of the rats at the acute, latent and chronic stages; D Co-
localization was found with neurons (NeuN; D, inset a), microglia (IBA-1; D, inset b) and astrocytes (GFAP; E, 
inset c). Additionally, miR-155 expression was seen in blood vessels (E, inset d); Scale bar: 100 µm; 
arrowheads indicate cells with glial morphology. 
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Figure 5. MiR-155 expression in the rat TLE model. A semi-quantitative analysis of miR-155 expression in 
neurons (A), glia (B) and blood vessels (C) showed that miR-155 was up-regulated in these cell types during 
all phases of epileptogenesis in the dentate gyrus (DG), CA1 and entorhinal cortex (EC); * indicates the 
comparison to controls for each brain region; *p < 0.05, **p < 0.01, ***p < 0.001, Mann-Whitney U, error 
bars depict standard error of the mean. 
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Discussion 

We demonstrated that MMP3 expression was increased in primary cultures of 
human fetal astrocytes following stimulation of the cells with the pro-
inflammatory cytokine IL-1β. Inhibition of miR-155 attenuated the increased 
expression of MMP3 after the IL-1β stimulation. Increased expression of both 
MMP3 and miR-155 was also evident in the hippocampus of TLE-HS patients 
and throughout epileptogenesis in rats. These results are further discussed in 
detail in the following paragraphs.  

miR-155 modulates MMP3 in human astrocytes 

MMPs are key proteases participating in the remodeling of the ECM. We 
reported previously that the expression of MMP2, MMP3, MMP9 and MMP14 
was increased and dynamically regulated in the brain of rats at different stages 
of post-SE epileptogenesis 26. We have investigated the expression of these 
genes further in a primary culture of human astrocytes. Various stimuli, such as 
cytokines, growth factors, reactive oxygen species or cell–ECM interactions are 
known to be responsible for the transcriptional activation of MMPs 33,60-62. In 
our experiments the stimulation of human astrocytes with the pro-
inflammatory cytokine IL-1β resulted in increased expression of MMP3. We 
further demonstrated that the increased expression of MMP3 after IL-1β 
stimulation was attenuated upon inhibition of miR-155 expression in the 
astrocytes by antagomiR transfection. To our knowledge, MMP3 has not been 
predicted or shown to be a direct target of miR-155, suggesting an indirect 
mechanism of miR-155-mediated inhibition of MMP3. The up-regulation of 
MMP3 following pro-inflammatory stimuli has been previously reported and it 
was proposed to be dependent on the activation of activator protein 1 (AP-1) 
and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 
transcription factors 32,63-65. These transcription factors have been associated 
with apoptosis, innate immune response and inflammation 66,67. MiR-155 
production has been shown to be involved in the feedback regulation of these 
pathways 68,69 and been attributed a bidirectional role in the regulation of pro-
inflammatory signaling 43,70,71. Therefore, it is likely that the inhibition of miR-
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155 exerts its effect on MMP3 expression via interference with the members of 
pro-inflammatory signaling pathways.  

Increased expression of MMP3 in TLE-HS and during epileptogenesis in a rat TLE 
model 

We found that MMP3 expression was increased in the hippocampus of TLE-HS 
patients. In healthy CNS, the expression of MMP3 is low, but it can be increased 
in pathology, such as ischemia, trauma or neurodegenerative disorders 72-75. 
TLE-HS is characterized by extensive neurodegeneration in the hippocampus, 
chronic neuroinflammation, reactive gliosis, remodeling of the ECM and 
dysfunction of the BBB 54,76-80. Reactive astrocytes and microglia provide a major 
source of pro-inflammatory molecules, including IL-1β 81-85, and as discussed in 
the previous paragraph, astrocytes can produce increased amounts of MMP3 
upon exposure to IL-1β. Thus, the up-regulation of MMP3 may be due to 
excessive production and release of pro-inflammatory cytokines and chronic 
neuroinflammation in TLE-HS. 
 Human TLE-HS tissue represents the end-stage of the disease and does 
not allow to track changes along the course of epileptogenesis. To further 
characterize the spatio-temporal changes of MMP3 expression, we used a rat 
model of post-SE epileptogenesis, which recapitulates the pathological features 
of TLE-HS 55. The expression of MMP3 in the rat hippocampus was the highest 
during the acute phase of epileptogenesis, indicating the involvement of this 
protease shortly after an epileptogenic insult. Moreover, increased MMP3 
expression was also observed in the DG and PHC during the chronic stage, which 
supports the observations made in human chronic TLE-HS specimens. MMP3 
has been associated with neuroinflammation via its ability to activate microglial 
cells (causing them to produce superoxide, TNF-a, and IL-1β) and participation 
in BBB breakdown (through the proteolysis of laminin, fibronectin, and type IV 
collagen) 33, which can contribute to epileptogenesis. 

Increased expression of miR-155 in TLE-HS and during post-SE epileptogenesis 
in rats 

We found increased expression of miR-155 in in the brain of patients with TLE-
HS and in the rat TLE model. This supports previous studies, implicating miR-
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155 in epilepsy 48,86. We have extended these data by characterizing the cellular 
distribution of miR-155 in both human and rat brain. While miR-155 expression 
was low in control rats, it was elevated in different sub-regions of the 
hippocampus and in the PHC throughout epileptogenesis. MiR-155 expression 
was most evident in principal neuronal layers of the hippocampus as well as in 
glial cells, including astrocytes and microglia. miR-155 has been previously 
suggested to play a role in modulation of the inflammatory activation in 
microglia 87-89 and was shown to be up-regulated in astrocytes and microglia in 
response to pro-inflammatory stimuli, such as IL-1β, lipopolysaccharide (LPS), 
interferon gamma (IFN-γ), and tumor necrosis factor alpha (TNF-α) 48,49. We also 
observed increased expression of miR-155 in blood vessels in both human and 
rat hippocampus, implying a role of miR-155 in the BBB dysfunction that occurs 
in epilepsy. MiR-155 was previously found to contribute to the BBB 
permeability 90. Moreover, MMP3 knockout mice were demonstrated to have 
less degradation of tight junction proteins and the basal lamina upon acute pro-
inflammatory challenge 91. Thus miR-155 was expressed in various cell types in 
the hippocampus and, similar to MMP3, was increased shortly after an 
epileptogenic stimulus and elevated throughout epileptogenesis.  

miR-155 inhibition as a therapeutic anti-epileptogenic strategy 

The increased expression of MMPs may contribute to the epileptogenic process 
by contributing to the BBB dysfunction and exacerbating brain inflammation. 
Furthermore, MMPs have been proposed as candidate proteases involved in 
the degradation of the perineuronal nets (PNNs) in epilepsy, and the treatment 
of rats with an MMP inhibitor doxycycline was demonstrated to prevent PNN 
degradation in a rat kindling model 92. MMP3 protein localization has been 
observed in the perineuronal space 93 and MMP3 substrates include various 
proteoglycans constituting PNNs, such as aggrecan, neurocan, brevican, 
versican, phosphacan, and their binding partners, tenascin-R, hyaluronan and 
link proteins 94. This suggests that the inhibition of excessive MMP3 production 
shortly after a brain insult may alleviate epileptogenic processes such as 
neurodegeneration and BBB disruption. Indeed, inhibition of MMPs with broad-
spectrum MMP inhibitors protected PNNs and had an anti-epileptogenic effect 
92. However, the existing MMP inhibitors have been reported to lack specificity 
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and cause serious side effects 95. Our data show that inhibition of miR-155 
attenuates MMP3 expression under inflammatory conditions in vitro and 
therefore we propose that miR155 could be a potential therapeutic target, 
which needs to be further investigated in vivo. 
 The modulation by inflammation-associated miRNAs has been 
proposed as a therapeutic approach to treat epilepsy and reduce brain damage. 
It has been reported that in vivo miR-155 inhibition supports the integrity of 
endothelial tight junctions, reduces brain tissue damage, improves the 
functional recovery in animal models after experimental ischemic stroke 96 and 
reduces seizure frequency in the pilocarpine TLE model 86. Recently, we have 
demonstrated that intraventricular administration of miR-146a mimic resulted 
in a decreased seizure frequency and severity in mice 97 and a similar strategy 
might be used to study potential disease-modifying effects of miR-155 
inhibition. The pharmacological inhibition of miR-155 may have a dual benefit: 
via the reduction of inflammation and by protecting the ECM through reducing 
MMP3 expression. 

Conclusions 

Our experiments showed that MMP3 is dynamically regulated by seizures as 
shown by increased expression in TLE tissue and during different phases of 
epileptogenesis in the rat TLE model. MMP3 can be induced by the pro-
inflammatory cytokine IL-1β and is regulated by miR-155, suggesting a possible 
strategy to prevent epilepsy via reduction of inflammation.   
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Human primers for RT-qPCR 

MMP2 
forward: ATAACCTGGATGCCGTCGT 

reverse: AGGCACCCTTGAAGAAGTAGC 

MMP3 
forward: CTCCAACCGTGAGGAAAATC 

reverse: CATGGAATTTCTCTTCTCATCAAA 

MMP9 
forward: GCCCTTCTACGGCCACTACT 

reverse: CGTCGAAGATGTTCACGTTG 

MMP14 
forward: GCCTTGGACTGTCAGGAATG 

reverse:  AGGGGTCACTGGAATGCTC 

EF1α 
forward: ATCCACCTTTGGGTCGCTTT 

reverse: CCGCAACTGTCTGTCTCATATCAC 

C1orf43 
forward: GATTTCCCTGGGTTTCCAGT 

reverse: ATTCGACTCTCCAGGGTTCA 

Rat primers for RT-qPCR 

MMP3 
forward: TTGTCCTTCGATGCAGTCAG 

reverse: GGGGTCCTGAGAGATTTTCG 

GAPDH 
forward: ATGACTCTACCCACGGCAAG 

reverse: TACTCAGCACCAGCATCACC 

TBP 
forward: CAGGAGCCAAGAGTGAAGAAC 

reverse: AGGAAATAACTCTGGCTCATAACTACT 

Probes for in situ hybridization 

miR-155-5p 5’DIG-*AmCmC*CmCmU*AmUmC*AmCmG*AmUmU*AmGmC*AmUmUmA*A-DIG3' 

Supplementary Table S1. The list of oligonucleotides. Human primers were designed for Homo sapiens and 
rat primers were designed for Rattus norvegicus; MMP – matrix metalloproteinase, EF1α – elongation factor 
1α, C1orf43 – chromosome 1 open reading frame 43, GAPDH – glyceraldehyde 3-phosphate dehydrogenase, 
TBP –TATA-box-binding protein; miR-155-5p oligonucleotide probe for in situ hybridization had the following 
modifications: * – locked nucleic acid (LNA) modification; m – 2-o-methyl modification; DIG – digoxygenin 
label 
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Supplementary Figure S1. MiR-155 expression was increased in primary human fetal astrocytes 24 h after IL-
1β stimulation relative to control evaluated by TaqMan RT-qPCR (p < 0.001); ***p < 0.001, Mann-Whitney U 
test, error bars depict standard error of the mean. 

 

 

 

 

 

 

 

 

 

 

 

 
 
Supplementary Figure S2. RT-qPCR gene expression analysis demonstrated an increased expression of MMP3 
(B, p < 0.001) and MMP9 (C, p < 0.001), but not MMP2 (A) and MMP14 (D) mRNA following IL-1β stimulation 
in human fetal astrocytes; (B) MMP3 expression was decreased in the cells transfected with the antagomiR 
of miR-155 (p < 0.001) or mimic of miR-146a (p < 0.001) after IL-1β stimulation; (A-D); c – control, anti-155 – 
antagomiR of miR-155; ***p < 0.01, Mann-Whitney U test, error bars depict the standard error of the mean.  
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Supplementary Figure S3. RT-qPCR gene expression analysis demonstrated an increased expression of MMP3 
(p < 0.001) and MMP9 (p<0.001), but not MMP2 and MMP14. MMP2 and MMP14 were constitutively 
expressed in astrocytes and were not changed after IL-1β stimulation, whereas MMP3 expression was 
induced from low level to the level comparable with the level of MMP2. MMP9 was induced, but was not 
highly expressed relative to the other MMPs. The data represented as normalized N0 value, which is inversely 
proportional to Ct value and represents estimated starting amount of mRNA in the sample (see Materials and 
Methods for more information).  

  

 

 

 

 

 

 

Supplementary Figure S4. Optical density analysis in human TLE-HS showed no significant difference in miR-
155 probe immunoreactivity when the entire DG area (A) or CA1 area (B) was analyzed; Mann-Whitney U 
test, error bars depict the standard error of the mean. 

Supplementary Figure S5. Optical density analysis in a rat TLE model showed a significant increase in miR-
155 probe immunoreactivity in the entire DG area (A, acute stage p < 0.05, chronic stage p < 0.01),  CA1 area 
(B, acute stage p < 0.05, chronic stage p < 0.05), EC area (C, acute stage p < 0.05, chronic stage p < 0.01); EC 
– enthorhinal cortex; Mann-Whitney U test, error bars depict the standard error of the mean. 
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Abstract 

Traumatic brain injury (TBI) is associated with the pathological activation of 
immune-competent cells in the brain, such as astrocytes, microglia, 
macrophages and infiltrating leukocytes, resulting in chronic 
neuroinflammation and gliosis. The understanding of intracellular signaling 
pathways governing this interplay is crucial for the development of effective 
treatments of post-traumatic pathologies. MicroRNAs (miRNAs, miRs) are small 
non-coding RNAs, able to function as post-transcriptional regulators of gene 
expression networks. Several inflammation-related miRNAs are dysregulated 
following TBI, including miR142 and miR155, however characterization of these 
miRNAs in the human brain after TBI is lacking and their functions are not well 
understood. Therefore, we characterized miR142 and miR155 expression in the 
perilesional cortex and plasma in a lateral fluid-percussion injury (FPI) rat model 
and in the human perilesional cortex post-TBI. We demonstrated a higher 
miR142 and miR155 expression in the perilesional cortex of rats 2 weeks post-
TBI, but not in plasma. In plasma, miR142 was associated with extracellular 
vesicles and miR155 with proteins. In the human perilesional cortex miR142 
was expressed predominantly by microglia, macrophages and lymphocytes, 
whereas miR155 was expressed by all investigated cell types, however, most 
prominently by activated astrocytes. Overexpression of miR142 in a 
macrophage/microglia cell model promoted a pro-inflammatory state of 
activated astrocytes. We conclude that miR142 and miR155 may be involved in 
the secondary brain injury after TBI by promoting neuroinflammation via 
astrocyte activation.  
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Introduction  

Traumatic brain injury (TBI) is a major cause of death and disability in humans, 
which is estimated to affect more than 60 million people worldwide every year 
1, and involves a complex of pathological alterations as a result of external 
damage to the brain 2. Numerous molecular changes following primary brain 
injury contribute to the secondary brain injury and a better understanding of 
the full spectrum of these post-traumatic molecular and cellular alterations is 
crucial for the development of effective and adequate management of post-TBI 
neuropathology 3.  
 Studies in animal models, such as the lateral fluid percussion injury (FPI) 
model in rats 4 have demonstrated that the neuropathological features of the 
secondary brain injury include neuroinflammation, reactive gliosis, a 
compromised blood-brain barrier (BBB), axonal and myelin injury, progressive 
neuronal loss, and remodeling of the extracellular matrix (ECM) 5-8. 
Neuroinflammation is mediated by immune-competent cells in the brain, 
including astrocytes, microglia, macrophages, as well as infiltrating leukocytes 
9,10. These cells engage intracellular signaling pathways to produce and respond 
to various inflammatory mediators, such as interleukin 1 beta (IL-1β) and tumor 
necrosis factor alpha (TNF-α) 11, which are found to be up-regulated in human 
brain samples post-TBI 12 and in animal models for TBI 13.  
 Brain inflammation can be regulated by microRNAs (miRNAs), which 
constitute a class of small non-coding RNAs, capable of post-transcriptional 
regulation of gene expression networks 14. MiRNAs in mammals suppress 
target gene expression by directing the RNA-induced silencing complex towards 
the target messenger RNA (mRNA) through binding to the complementary 
regions in its 3’-untranslated region. MiRNAs have been shown to regulate 
numerous biological processes within the central nervous system both under 
normal and pathological conditions 15. Large scale miRNA expression analysis in 
animal models for TBI revealed widespread changes in miRNA expression in the 
cerebral cortex and hippocampus 16-20. Among them are miRNAs associated 
with immune response and inflammation, such as miR155 and miR142 21. The 
expression and functions of these miRNAs have been extensively studied in cells 
of hematopoietic origin 22,23. However, a number of questions regarding the 
expression and functions of these miRNAs in the brain still exist. Whereas the 
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cell-type specific characterization of miR155 expression points at various cell 
types, including neurons, astrocytes and microglia in the rodent brain 24-26, the 
cell-type specific expression of miR142 in the rodent brain post-TBI is less 
known. Furthermore, the expression of both miR155 and miR142 in the human 
brain post-TBI has not been studied. Lastly, miR155 is known to be involved in 
the regulation of brain inflammation 24,25, but the potential function of miR142 
in the brain remains largely uncharacterized.        
 We hypothesize that miR142 and miR155 are involved in secondary 
brain injury and their expression in blood reflects the post-TBI pathological 
processes in brain. Therefore, we investigated the expression and cellular 
localization of miR142 and miR155 in the perilesional cortex of rats after lateral 
FPI and in the human autoptic brain post-TBI. Additionally, the expression of 
miR142 and miR155 was analyzed in rat plasma post-TBI to assess their 
potential to serve as biomarkers of post-traumatic pathological processes. 
Finally, the potential of miR142 to modulate inflammatory response was 
investigated in a human macrophage/microglia cell model and the regulation 
of miR155 by macrophage conditioned medium was studied in human primary 
astrocytes in vitro.   
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Materials and methods 

Human brain tissue 

The cases included in this study were obtained from the archives of the 
department of Neuropathology of the Amsterdam UMC, the Netherlands. 
Human post-mortem brain samples (2 males, 35 and 67 years old) who died 
from TBI (1-6 months post-injury) as a result of accident, without evidence of 
neurodegenerative changes or a clinical history of cognitive impairment, were 
included in this study, as well as 5 controls (3 males, 2 females, 27-71 years old) 
without a history of neurological diseases. Tissue was obtained and used in 
accordance with the Declaration of Helsinki and the Amsterdam UMC Research 
Code provided by the Medical Ethics Committee. All cases were reviewed by a 
trained neuropathologist. Brain tissue was fixed in 10% buffered formalin and 
embedded in paraffin. 

Human primary cells 

Primary fetal astrocyte-enriched cell cultures were derived from human fetal 
brain tissue (14–20 weeks of gestation) obtained from medically-induced 
abortions. All material was collected from donors from whom written informed 
consent for the use of the material for research purposes was obtained by the 
Bloemenhove clinic, the Netherlands. Tissue was obtained in accordance with 
the Declaration of Helsinki and the Amsterdam UMC Research Code provided 
by the Medical Ethics Committee. Human primary PBMCs and T cells were 
isolated from blood using Macs Pan T Cell Isolation Kit (Miltenyi Biotec, Bergisch 
Gladbach, Germany) and human primary microglia was isolated as previously 
described 27. More than 98% of the T cells were CD3-positive and the purity of 
microglia was confirmed by assessing CD45, CD11b, and CD15 expression using 
flow cytometry. 

Animals  

Adult male Sprague-Dawley rats (n=20) (Envigo, Horst, the Netherlands) were 
housed in a controlled environment (temperature 22 ± 1 °C; humidity 50–60%; 
lights on from 07:00 to 19:00 h). At the time of experiments animals weighed 
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(350–400 g). Water and pellet food were provided ad libitum. All animal 
procedures for rats were approved by the Animal Ethics Committee of the 
Provincial Government of Southern Finland. All animal work was carried out in 
accordance with the guidelines of the European Community Council Directives 
2010/63/EU. 

Lateral fluid-percussion injury  

The rats were subjected to lateral FPI as described previously 4,7. The rats were 
randomly assigned to groups as follows: rats which received lateral FPI (n = 8), 
sham-operated rats (n = 5) and naïve rats (n = 3). The rats were anesthetized by 
intraperitoneal injection (6 mL/kg) of a mixture of sodium pentobarbital (58 
mg/kg), magnesium sulfate (127.2 mg/kg), propylene glycol (42.8%), and 
absolute ethanol (11.6%), and placed in a Kopf stereotactic frame (David Kopf 
Instruments, Tujunga, CA, USA). A midline scalp incision was made and the 
underlying periosteum dissected. A 5-mm circular craniectomy was performed 
with a trephine over the left parietal lobe, midway between lambda and 
bregma, with the lateral edge of the craniectomy adjacent to the lateral ridge. 
A modified Luer–Lock cap was cemented into the craniectomy (Selectaplus CN, 
Dentsply DeTRey GmbH, Dreieich, Germany) and filled with saline. At 90 min 
after administration of the anesthesia, animals were connected to the fluid-
percussion device (AmScien Instruments, Richmond, VA, USA) through the male 
Luer-Lock fitting and brain injury was induced with the mean pressure (3.18 ± 
0.08 atm). Duration of apnea and occurrence of acute post-impact seizures 
were monitored. Sham-operated control animals received anesthesia and 
underwent all surgical procedures without lateral FPI. The animals were 
sacrificed 2 weeks post-TBI. Acute mortality within 48 h post-TBI was 15% 
(3/20). One rat was excluded from the analysis due to the broken dura mater 
after TBI.  

Sample collection  

Brain samples 

Briefly, rats were anesthetized with 5% isoflurane and decapitated with a 
guillotine. The brain was extracted and the sections at -1 – -4 Bregma were 
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dissected into cortex, hippocampus, thalamus, hypothalamus and white 
matter. Both ipsilateral and contralateral parts were snap-frozen in liquid 
nitrogen. The rest of the brain was fixed in 10% formalin. Rostral and caudal 
parts of the brain were immersed in 10% formalin buffered on 0.1 M sodium 
phosphate buffer (PB) for 3 days on a shaking platform at 4°C, followed by a 6 
days incubation in 20% glycerol buffered on potassium-phosphate buffer for 
cryoprotection, and subsequently frozen on dry ice-cooled metal plate and 
stored at −80 ˚C thereafter. For histological analysis the caudal part of the brain 
was cut on a cryotome into 10 µm coronal sections, which were immediately 
immersed in 10% formalin and left for at least 2 days. After the incubation the 
sections were mounted onto Superfrost Plus slides (Thermo Scientific, Gerhard 
Menzel GmbH, Braunschweig, Germany) and stored at room temperature until 
use.   

Blood samples  

The sampling and processing of blood plasma was done according to guidelines 
previously described by van Vliet et al. 28. For blood collection rats were 
anesthetized with 5% isoflurane and blood was collected from the tail vein using 
a 25G butterfly needle (Surflo Winged infusion set, Terumo Europe N.V., 
Leuven, Belgium). The samples were collected in K2-EDTA (di-potassium 
ethylenediaminetetraacetic acid) tubes (Vacutainer, BD Biosciences, Franklin 
Lakes, NJ, USA) at 2 weeks after TBI (500 µl). The blood was centrifuged at 1,300 
x g within 1 h and plasma was aliquoted in 50 µL volumes and frozen at −80 ˚C 
until use. To assess the level of hemolysis in the samples hemoglobin (Hb) 
absorbance (average value 0.21 ± 0.08) was measured at 414 nm wavelength 
using Nanodrop 1000 spectrophotometer (ThermoFisher Scientific, 
Wilmington, DE, USA). Samples with an absorbance higher than 0.3 were 
considered as hemolyzed and were excluded from the further analysis.  

Plasmids 

MiRNA-expressing vectors were prepared by cloning the DNA fragments 
encoding stem-loop pre-miRNA sequences including their ~100–200bp flanking 
regions into the multiple cloning site (MSC) of a pCDH-EF1a-MSC-copGFP (a kind 
gift from Dr. J. Kluiver and Dr. J. Guikema) vector using NheI and NotI restriction 
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sites. The DNA fragments were amplified using a high-fidelity DNA polymerase 
Immolase (Bioline, UK, London) from human genomic DNA or from the C. 
elegans genomic DNA (for the negative control, cel-mir-59). The primer 
sequences are listed in Table 1. DNA extraction from agarose gel was done with 
NucleoSpin Extract II Kit from Machinery-Nagel (Düren, Germany). The 
transformation of Stbl3 bacteria was done according to a standard procedure. 
The bacterial colonies were grown on LB agar plates in the presence of 
ampicillin (100 µg/mL). Individual colonies were selected and the presence of 
DNA of interest was confirmed by electrophoresis on agarose gel. Single 
positive colonies were inoculated in liquid culture and the plasmid DNA was 
isolated using NucleoBond PC100 Midi Kit from Machinery-Nagel (Düren, 
Germany). The concentration and quality of DNA was confirmed on Nanodrop 
2000 (ThermoFisher Scientific, Wilmington, DE, USA). Sanger sequencing was 
used to confirm that the DNA fragments were cloned in the vector.  

Cell culture 

A HEK 293T cell line was cultured in DMEM (Gibco/ThermoFisher Scientific, 
Waltham, MA, USA), supplemented with 2mM L-glutamine, 100 units/mL 
penicillin, 100 µg/mL streptomycin and 10% heat-inactivated fetal calf serum 
(FCS) (Gibco, Life Technologies, Grand Island, NY, USA). Lentiviral particles were 
produced by transfecting 6.8 µg pCDH-EF1a-mir-copGFP, 1.7 µg pMD2.G/VSVG 
(Addgene plasmid #12259) and 3.4 µg psPAX2 (Addgene #plasmid # 12260) DNA 
using Genius transfection reagent (Westburg, Leusden, the Netherlands) 
according to manufacturer’s instructions and the cells were incubated for 24h, 
followed by another 24h incubation with fresh medium. The medium 
containing virus was harvested and filtered through a 0.22 µm filter.  
 Tissue samples for primary fetal astrocyte-enriched cell cultures were 
collected in astrocyte medium: DMEM/HAM F10 (1:1) (Gibco/ThermoFisher 
Scientific, Waltham, MA, USA), supplemented with 2mM L-glutamine, 100 
units/mL penicillin, 100 µg/mL streptomycin and 10% heat-inactivated fetal calf 
serum (FCS). Cell isolation was performed as follows: meninges and blood 
vessels were removed, tissue was minced and dissociated by incubation with 
2.5 mg/mL trypsin at 37°C for 20 min, followed by inactivation of trypsin with 
astrocyte medium. The tissue was passed through a 70 µm mesh filter and the 
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cell suspension was transferred into a flask with fresh astrocyte medium and 
maintained in a 5% CO2 incubator at 37°C. After 48 h incubation the medium 
was replaced with fresh medium and was subsequently refreshed twice a week. 
Cultures reached confluence after 2–3 weeks. Astrocytes were used at passages 
2–5. More than 98% of the cells in primary culture, as well as in the successive 
passages were strongly immunoreactive for the astrocytic marker glial fibrillary 
acidic protein (GFAP) and S100β as previously reported 29. The human 
monocytic cell line THP-1 was cultured in RPMI 1640 (Gibco/ThermoFisher 
Scientific, Waltham, MA, USA), supplemented with 2mM L-glutamine, 10% FCS, 
100 units/mL penicillin, 100 µg/mL streptomycin. In order to generate 
monocytic cell lines overexpressing hsa-miR-142 and cel-miR-39, 0.3 × 106 THP-
1 cells were taken up in the THP-1 medium mixed 1:1 with the medium from 
HEK 293T cells containing lentiviral particles with 8 µg/mL hexadimethrine 
bromide (Sigma-Aldrich, St. Louis, MO, USA), and the cells in 24-wells were 
spinofected for 60 min at 34 ˚C. The cells were incubated for 24 h, then the 
infected medium was removed, the cells were maintained in the THP-1 culture 
medium for 1 week. The cells expressing copGFP were sorted on a Sony SH800S 
cell sorter (San Jose, CA, USA) to create stably overexpressing cell lines.     

Macrophage conditioned medium (MCM) and ELISA assay    

MCM was produced as follows: THP-1 cells (1.5 × 106 per well in 6-well plates) 
were differentiated into macrophage-like cells by stimulation with 80 nM 
phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich, St. Louis, MO, USA) for 
12 h, followed by another 24 h incubation with fresh THP-1 culture medium. To 
induce a pro-inflammatory state cell medium was replaced with the medium 
containing 10ng/mL lipopolysaccharide (LPS from E. coli O55:B5, Sigma-Aldrich, 
St. Louis, MO, USA) or fresh medium (control) for 1 h, followed by two washes 
with fresh medium and incubation with fresh medium (2 mL per well) for 24 h, 
after which supernatants were collected from individual wells and pooled 
together. The MCM was centrifuged at 1,500 x g for 5 min and filtered through 
a 0.22 µm filter. MCM was aliquoted and frozen at −20 ˚C until further use. 
Levels of TNF-α were measured in culture supernatants (MCM) using the 
PeliKine Compact TNF-α ELISA kit (Sanquin, Amsterdam, the Netherlands) 
according to the manufacturer’s instructions. 
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Treatment of astrocytes with MCM 

Human primary fetal astrocytes were seeded as 50,000 cells per well in 12-well 
plates and allowed to attach for 24 h. The astrocyte culture medium was 
replaced with the fresh astrocyte medium mixed with MCM 1:1. Cells were 
incubated for 6 h, followed by 2 washes with warm sterile PBS and the cells 
were collected in 700 µL of Qiazol Lysis Reagent (Qiagen Benelux, Venlo, the 
Netherlands) and frozen at −20 ˚C until further use. In some experiments 
astrocytes stimulated with LPS-activated MCM were treated with LPS-rs (a TLR4 
antagonist from the photosynthetic bacterium Rhodobacter sphaeroides and a 
competitive inhibitor of LPS activity; Invivogen, Toulouse, France; 100 ng/mL) 
to demonstrate that the effect of MCM were not due to a potential carry-over 
of LPS into MCM. 

RNA extraction 

RNA extraction was done from the autoptic human brain cortex, rat perilesional 
cortex, rat plasma and cell culture samples. 
 RNA was isolated from the rat brain tissue using the previously 
described protocol 30. Briefly, small pieces of cortex (5−30 mg) were cut and 
lysed in Ambion lysis buffer (Ambion, Austin, TX, USA). The tissue was 
mechanically homogenized in a tube with metal beads under RNase-free 
conditions in a cold room (−20 ˚C). The elements of Qiagen All Prep kit (Qiagen, 
Hilden, Germany) were used further: samples were homogenized using 
QIAshredder columns and DNA was removed by the AllPrep DNA spin column. 
The RNA was further isolated by phenol/chloroform extraction using Ambion 
kit (Ambion, Austin, TX, USA).  
 RNA was isolated from rat plasma, human brain cortex and human 
primary cells using the miRNeasy Mini kit (Qiagen Benelux, Venlo, the 
Netherlands) according to manufacturer’s instructions. For rat plasma 100 µL 
volume was used, diluted with by RNase-free water to obtain 200 µL. A spike-
in exogenous control (5.6 × 108 copies/mL of cel-miR-39-3p; miRNeasy 
Serum/Plasma Spike-In Control Cat. #219610, Qiagen Benelux, Venlo, the 
Netherlands) and carrier RNA from bacteriophage MS2 (1µg/mL; Roche) were 
added for subsequent normalization of RT-qPCR data. The described spike-in 
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control was also added to a collection of human primary cell RNA samples to 
further normalize for miRNA expression levels between various cell types. 
 RNA was isolated from cell culture material using the standard 
phenol/chloroform isolation procedure. Briefly, 700 µL of samples lyzed in 
Qiazol was mixed with 140 µL chloroform, properly mixed and centrifuged at 
12,000 x g for 15 min at 4 ˚C. The aqueous phase was collected, mixed 1:1 with 
ice-cold isopropanol and 1 µL of glycogen blue (GlycoBlue, Thermofisher 
Scientific, Waltham, MA, USA) was added. The mixture was left at −20˚C 
overnight, followed by centrifugation at 20,000 x g, 4 ˚C for 45 minutes. The 
RNA pellets were washed twice with ice-cold 80% ethanol and diluted in 25 µL 
RNase-free water.   
 For size-exclusion chromatography RNA was isolated using the Qiagen 
miRNeasy Mini Kit (Qiagen Benelux, Venlo, the Netherlands). The adjacent 
fractions were combined to increase the RNA yield. 
 The concentration and purity of RNA were determined using a 
Nanodrop 2000 spectrophotometer (ThermoFisher Scientific, Wilmington, DE, 
USA). Qubit microRNA Assay Kit (#Q32880, Thermo Fisher Scientific) was used 
to measure RNA concentration in samples obtained by size-exclusion 
chromatography. The protein concentration in the fractions was determined by 
a Pierce BCA protein assay kit (#23225, Thermo Fisher Scientific) according to 
manufacturer instructions. 

Reverse transcription (RT) 

For the analysis of mRNA expression, 250 ng total RNA was reverse-transcribed 
using oligo-dT primers in 25 μL of mix. The cDNA was further diluted with 
RNase-free water 3 times and stored at −20°C un l use. For the analysis of 
miRNA expression in plasma, total extracted RNA was reverse-transcribed to 
complementary DNA (cDNA) with the TaqMan miRNA Reverse Transcription Kit 
(#4366596, Applied Biosystems, Foster City, CA, USA) according to the 
manufacturer’s instructions. For miRNAs 50 ng of total RNA were reverse-
transcribed using primers for rno-miR-155-5p (assay #002571), hsa-miR-155-5p 
(assay #002623), hsa-miR-142-3p (assay #000464), hsa-miR-142-5p (assay 
#002248) and cel-miR-59-3p (assay #001362). For normalization of data, the 
expression of U6 small nuclear RNA (RNU6) (assay #001973), cel-miR-39-3p 
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(assay #000200) and hsa-miR-23a-3p (assay #000399) was evaluated. Reverse 
transcription was then performed using a T100 Thermal Cycler (Bio-Rad 
Laboratories Inc, Hercules, CA, USA) as follows: 16 °C for 30 min, 42 °C for 30 
min, 85 °C for 5 min, and 4 °C thereafter. Samples were stored at −80 °C until 
further use.  

Quantitative polymerase chain reaction (qPCR)  

To evaluate mRNA expression, each qPCR reaction contained 1 µl cDNA, 2.5 µl 
of FastStart Reaction Mix SYBR Green I (Roche Applied Science, Indianapolis, IN, 
USA), 0.4 µM of both reverse and forward primers. The final volume was 
adjusted to 5 µl with RNase-free water. Every PCR reaction was performed in 
triplicates. A negative control with water instead of cDNA was included in each 
experiment. The cycling conditions were carried out as follows: initial 
denaturation at 95 °C for 5 min, followed by 45 cycles of denaturation at 95 °C 
for 15 s, annealing at 65 °C for 5 s and extension at 72 °C for 10 s. The fluorescent 
product was measured by a single acquisition mode at 72 °C after each cycle. 
The primers used for the qPCR are listed in Table 1. The geometric mean of 
glyceraldehyde 3-phosphate dehydrogenase (Gapdh) and TATA-box-binding 
protein (Tbp) expression levels was used for the normalization of RT-qPCR of 
mRNA expression in the rat brain tissue and the geometric mean of eukaryotic 
translation elongation factor 1 alpha 1 (EF1a) and GAPDH was used for human 
tissue.  
 To evaluate mature miRNA expression TaqMan microRNA assay 
(Applied Biosystems, Foster City, CA, USA) was used according to 
manufacturer’s instructions. Expression of plasma miRNAs was normalized to 
the geometric mean of hsa-miR-23a-3p as endogenous reference and cel-miR-
39-3p as exogenous reference. Expression of miRNAs in brain tissue and culture 
samples was normalized to RNU6 and expression of miRNAs across various 
primary cell cultures was normalized to cel-miR-39-3p spike-in control. 
 RT-qPCRs for all samples were performed in triplicates. The PCRs were 
run on the Roche LightCycler 480 (Roche Applied Science, Basel, Switzerland) 
with a 384-multiwell format. Data analysis was performed using LinRegPCR 
software 31 as previously described 32.  
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Size-exclusion chromatography (SEC) of plasma  

SEC analysis was performed as previously described 33,34. Briefly, the 
chromatography columns were prepared by loading Sepharose CL-2B (GE 
Healthcare; Uppsala, Sweden) into a sterile 10 mL syringe to form a column. 
The column was washed with at least 10 mL of filtered (0.22 µm) 0.32% 
trisodium citrate on PBS buffer. Pooled plasma samples (200 µL) from each of 
the 4 rats (2 TBI, 1 sham and 1 naïve rat) were centrifuged at 10,000 x g for 5 
min, the supernatant was diluted on PBS 1:1 and loaded onto the column. The 
elution was performed until the plasma level (visible as orange-colored band in 
the column) reached the end of the column, at room temperature for 
approximately 1 h. The column was maintained wet by adding filtered PBS 
0.32% trisodium citrate buffer dropwise. A total of 25 fractions of 0.5 mL each 
were collected. The isolated fractions were stored at 4 °C, followed by RNA 
isolation or at −20 °C until use.  

Droplet digital PCR (ddPCR) 

The amount of mature miRNAs in the RNA samples obtained from the 
combined adjacent SEC fractions (n=12) from rat plasma was evaluated with 
ddPCR. Reaction mixtures were prepared as described in Bio-Rad’s Droplet 
Digital PCR Applications Guide (Bio-Rad, http://www.bio-rad.com/). Briefly, for 
each 20 μL reaction, 1.33 μL of cDNA was mixed with 1 μL of TaqMan Small RNA 
Assay (20×), 10 μL of Bio-Rad’s ddPCR supermix for probes, and 7.67 μL 
nuclease-free water (#AM9939, Ambion, Austin, TX, USA). Samples were loaded 
into the middle row of DG8 Cartridges (#1864008, Bio-Rad Laboratories Inc., 
Hercules, CA, USA). Then, 70 μL of Droplet Generation Oil for Probes (#1863005, 
Bio-Rad) was added to the bottom wells of the cartridge. The cartridge was 
covered with a DG8™ Gasket (#1863009 Bio-Rad) and placed into the QX200 
droplet generator (Bio-Rad). After droplet generation was completed, droplets 
(40 μL) were gently pipetted into the wells of a 96-well PCR plate (#951020303, 
Eppendorf, Hamburg, Germany), and the plate was sealed with pierceable 
sealing foil (#1814040 Bio-Rad) using a PX1 PCR Plate Sealer (Bio-Rad). PCR was 
run using the PTC-200 Thermal Cycler (ramp rate 2 °C/s; MJ Research, St. Bruno, 
Canada) under the following conditions: 95 °C for 10 min, then 40 cycles (15 s 
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each) at 95 °C followed by 1 cycle at 60 °C (60 s), and finally, 98 °C for 10 min. 
After the PCR, the fluorescence of each droplet was measured with a QX100 
Droplet Reader (Bio-Rad). The results were analyzed with QuantaSoft software 
v1.7 (Bio-Rad) to determine the copy number of mature miRNAs in each 
sample. All samples were run in duplicates. The mean amount of positive 
droplets across the duplicates was plotted per fraction. 

In situ hybridization (ISH) 

Paraffin-embedded brain tissue was deparaffinised in xylene and rinsed in 
ethanol (2x 100%, 1x 70%) and sterile water. Antigen retrieval was performed 
using a pressure cooker in sodium citrate buffer, pH 6.0, at 121°C for 10 min. 
The oligonucleotide probes that hybridize to miR-142-3p and miR-155-5p (Table 
2) contained locked nucleic acid (LNA) modifications, 2-o-methyl modifications 
and digoxygenin (DIG) labels (RiboTask ApS, Odense, Denmark). Sections were 
incubated with probes (100 nM for miR-155-5p and 250 nM for miR-142-3p) in 
hybridization mix (600 mM NaCl, 10 mM HEPES, 1 mM EDTA, 5x Denhardts, 50% 
formamide) for 1 h at 58 °C. Sections were washed with 2x saline-sodium citrate 
buffer (SSC) for 2 min, 0.5x for 2 min, 0.2x for 1 min (in agitation). After washing 
with sterile PBS, sections were blocked for 15 min with 1% BSA, 0.02% Tween 
20 and 1% normal goat serum. Hybridization was detected with sheep alkaline 
phosphatase (AP)-labelled anti-DIG antibody (1:1,500, Roche Applied Science, 
Basel, Switzerland). Nitro-blue tetrazolium chloride (NBT)/5-bromo-4-chloro-
3'-indolyphosphate p-toluidine salt (BCIP) was used as chromogenic substrate 
for AP (1:50 diluted in NTM-T buffer: 100 mM Tris, pH 9.5; 100 mM NaCl; 50 
mM MgCl2; 0.05% Tween 20). Negative control assays were performed without 
probes (sections were blank). 

ISH with immunohistochemistry  

For in situ hybridization with double labelling, sections were first incubated in 
0.3% H2O2/methanol solution for 20 min to block endogenous peroxidase 
activity, followed by in situ hybridization and then by immunohistochemistry. 
Slides were washed with PBS and incubated for 1 h at room temperature with 
the following primary antibodies prepared in normal antibody diluent 
(Klinipath, Olen, Belgium): mouse anti-GFAP (1:4,000, Sigma-Aldrich, St. Louis, 
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MO, USA), mouse anti-NeuN (1:2,000, MAB377, Chemicon, Temecula, CA, USA), 
rabbit anti-Iba1 (1:2,000, Wako Chemicals, Neuss, Germany), mouse anti-HLA-
DR/DP/DQ (1:100, clone CR3/43 Agilent, Santa Clara, CA, USA), rabbit anti-
TMEM119 (1:500, #HPA051870, Sigma-Aldrich, St. Louis, MO, USA), mouse anti-
CD68 (1:200, clone KP1, Dako, Glostrup, Denmark), or rabbit anti-CD8 (1:200, 
#7103, Dako, Glostrup, Denmark). After washing with PBS, sections were 
stained with a polymer-based horseradish peroxidase (HRP) 
immunohistochemistry detection kit (Brightvision plus kit, ImmunoLogic, 
Duiven, the Netherlands) according to the manufacturer’s instructions. The 
visualization of the antibody-antigen binding was done using 3-amino-9-
ethylcarbazole (AEC; Sigma-Aldrich, St. Louis, MO, USA), which in the presence 
of hydrogen peroxide undergoes chromogenic oxidation catalysed by HRP with 
the formation of a red precipitate. 
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Statistical analysis 

Statistical analyses were performed using Graphpad prism 5. The Mann-
Whitney U-test or Kruskal-Wallis non-parametric test with Dunn’s post-hoc test 
were used for comparisons between groups. A value of p < 0.05 was assumed 
to indicate significant difference.    

Gene 
symbol 

Gene name Forward Reverse 

Rat primers 

Il1b Interleukin 1 beta AAAAATGCCTCGTGCTGTCT TCGTTGCTTGTCTCTCCTTG 

Tnf 
Tumour necrosis factor 
alpha 

GCCTCTTCTCATTCCTGCTC CTCTGCTTGGTGGTTTGCTAC 

Tgfb1 Transforming growth 
factor beta 1 

CCTGGAAAGGGCTCAACAC CAGTTCTTCTCTGTGGAGCTGA 

Gfap 
Glial fibrillary acidic 
protein 

TTTCTCCAACCTCCAGATCC TCTTGAGGTGGCCTTCTGAC 

Pdgfrb 
Platelet derived growth 
factor receptor beta TTCCTGGAGGGGGTGATAG GGCATCACCTCTGGAAGC 

Gapdh Glyceraldehyde 3-
phosphate dehydrogenase 

ATGACTCTACCCACGGCAAG TACTCAGCACCAGCATCACC 

Tbp TATA-Box binding protein CAGGAGCCAAGAGTGAAGAAC AGGAAATAACTCTGGCTCATAACTACT 

Human primers 

IL1B Interleukin 1 beta GCATCCAGCTACGAATCTCC GAACCAGCATCTTCCTCAGC 

TNF Tumour necrosis factor 
alpha 

CCCCAGGGACCTCTCTCTAA CAGCTTGAGGGTTTGCTACA 

PTGS2 
Prostaglandin-
endoperoxide 
synthase 2 

GAATGGGGTGATGAGCAGTT GCCACTCAAGTGTTGCACAT 

EF1a Elongation factor 1 alpha ATCCACCTTTGGGTCGCTTT CCGCAACTGTCTGTCTCATATCAC 

GAPDH 
Glyceraldehyde 3-
phosphate dehydrogenase AGGCAACTAGGATGGTGTGG TTGATTTTGGAGGGATCTCG 

Cloning primers 

hsa-mir-142 TAAGCAgctagcAGGGAGGTAGAGGAGGCAAG TGCTTAgcggccgcCACGTACCATCCCTTCCCAC 

cel-mir-59 TAAGCAgctagcTACACATGGCGCCAATAAAA TGCTTAgcggccgcTTGAAAACTCTCGCTTACCG 

In situ hybridization probes 

miR-155-5p 5’DIG-*AmCmC*CmCmU*AmUmC*AmCmG*AmUmU*AmGmC*AmUmUmA*A-DIG3' 

miR-142-3p 5’DIG-*TmCmC*AmUmA*AmAmG*TmAmG*GmAmA*AmCmA*CmUmAmC*A-DIG3' 

Table 1. The list of oligonucleotides. Oligonucleotide probes for ISH had the following modifications: * – 
locked nucleic acid (LNA) modification; m – 2-o-methyl modification; DIG – digoxygenin label. 
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Results 

Increased expression of miR142 in neurons and microglia within the perilesional 
cortex of rats 2 weeks post-TBI  

RT-qPCR analysis showed higher expression of miR-142-3p (p < 0.05, Fig. 1a) 
and miR-142-5p (p < 0.05, Supplementary Fig. 1a) in the perilesional cortex of 
rats compared to control rats. Since both strands of the mature miR142 have 
been reported to be functional, we compared the relative expression of miR-
142-3p and miR-142-5p. The expression of the miR-142-3p strand was >200-
fold higher compared to the miR-142-5p in the control and post-TBI rat brain (p 
< 0.001, Supplementary Fig. 1b). Therefore, we further focused on the miR-142-
3p strand.  

Circulating miR142 in rat plasma is associated with extracellular vesicles (EVs), 
rather than proteins  

Next, we assessed miR142 expression in rat plasma 2 weeks post-TBI. RT-qPCR 
analysis did not show any differences in expression of miR-142-3p (Fig. 1b) and 
miR-142-5p (Supplementary Fig. 1c) between the post-TBI and control rats. The 
expression of the miR-142-3p strand was ~10 fold higher (p < 0.001, 
Supplementary Fig. 1d) compared to the miR-142-5p strand in both control and 
post-TBI rat plasma. We further assessed what type of carrier the circulating 
miR-142-3p was associated with by performing ddPCR analysis on plasma 
fractions obtained by SEC. miR-142-3p was enriched in the early-eluting 
fractions, associated with EVs (Fig. 1c), whereas miR-142-5p was predominantly 
enriched in the late-eluting fractions, associated with proteins (Supplementary 
Fig. 1e).  

Increased expression of miR142 in neurons and microglia within the perilesional 
cortex of rats 2 weeks post-TBI  

Next, we investigated the cellular expression and distribution of miR-142-3p 
using ISH. The miR-142-3p hybridization signal was almost undetectable in the 
cortex of naive rats (Fig. 1d), weak in sham-operated rats (Fig. 1e), but strong 
in the perilesional cortex (Fig. 1f). Double-labelling with cell-type specific 
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markers revealed that miR-142-3p co-localized with the neuronal marker NeuN 
(Fig. 1g) and the microglial marker Iba1 (Fig. 1h), but did not co-localize with a 
marker of astrocytes GFAP in the perilesional cortex (Fig. 1i).   

Figure 1. The expression of miR142 in the perilesional cortex and plasma of rats 2 weeks post-TBI. (a) – 
TaqMan RT-qPCR analysis demonstrated a higher expression of miR-142-3p (p < 0.05) in the rat brain cortex 
post-TBI compared to the combined naïve + sham control; (b) – expression of miR-142-3p in the rat plasma 
post-TBI: TaqMan RT-qPCR analysis did not show any difference in the miR-142-3p expression in the rat 
plasma 2 weeks post-TBI compared to control; (c) – ddPCR analysis of the plasma fractionated using size-
exclusion chromatography showed that miR-142-3p was enriched in the early-eluting fractions, associated 
with extracellular vesicles (n = 4 rats, SEM); (d-i) – in situ hybridization: miR-142-3p hybridization signal was 
low in the naive (d) and sham-operated (e) rats, but strong in the perilesional cortex (f); (g-i) – double labeling 
of miR-142-3p hybridization signal with cell-type specific markers showed co-localization with NeuN (g) and 
Iba1 (h), but not with GFAP (i); black arrowheads indicate the cells shown in higher magnification in 
corresponding insets; scale bar in d-i – 50 μm, scale bars in insets – 10 μm (various magnifications shown); *p 
< 0.05, Mann-Whitney U-test. 
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Expression of miR142 in the human brain post-TBI is associated with microglia 
and cells of hematopoietic origin 

Following the findings in the rat brain, we further investigated miR142 
expression in the human brain. Similar to the findings in the rat cortex, the 
expression of the miR-142-3p strand was higher (p < 0.01) than miR-142-5p 
strand in the control human cortex (Supplementary Fig. 1f). ISH revealed a weak 
hybridization signal of miR-142-3p in the control human cortex in the gray 
matter (GM) (Fig. 2a) and white matter (WM) (Fig. 2j). A stronger miR-142-3p 
hybridization signal was seen in individual cells throughout the cortex post-TBI, 
around the lesions in both GM and WM, as well as in the meninges and blood 
vessels (Fig. 2b,k). Double-labeling of miR142 hybridization signal with cell-type 
specific markers showed co-localization with the microglial markers Iba1 (Fig. 
2c,l), TMEM119 (Fig. 2d,m) and HLA-DR/DP/DQ (Fig. 2e,n). The strong 
hybridization signal co-localized with the macrophage/monocyte marker CD68 
in cells with macrophage morphology (Fig. 2f,o) as well as with CD8-positive 
cells inside and along the walls of blood vessels in the GM and WM (Fig. 2g,p). 
A weak hybridization signal was detected in cells expressing NeuN in the GM 
(Fig. 2h). The hybridization signal was absent in cells expressing GFAP in the GM 
(Fig. 2i), however it co-localized with GFAP in the WM astrocytes in the vicinity 
of lesions (Fig. 2q).  

miR142 overexpression in the human macrophage/microglia in vitro model 
results in increased production of TNF-α 

We further sought to identify whether increased expression of miR142 could 
evoke an inflammatory response in vitro. A comparison of miR142 expression 
between various human primary cells showed that miR142 was highly 
expressed in T cells, PBMCs and microglia, but lowly in astrocytes (Fig. 3a, 
Supplementary Fig. 1g), corresponding with the observations in situ. The 
expression of miR-142-3p in PBMCs and microglia was comparable with the 
expression in the THP-1 cell line (Supplementary Fig. 2a), therefore we used 
THP-1 as a macrophage/microglia cell model to stably overexpress miR142 with 
lentiviral vector (THP1mir142). THP-1 cells were differentiated into macrophage-
like cells by the treatment with PMA and the pro-inflammatory state was 
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induced by LPS stimulation (Fig. 3b). TaqMan RT-qPCR showed higher 
expression of miR-142-3p in the THP1mir142 cells (p < 0.001) compared to the NC 
(THP1celmir59) (Fig. 3c). ELISA analysis showed that the conditioned medium 
produced by the THP1mir142 cells following LPS stimulation had higher level of a 
major pro-inflammatory cytokine TNF-α (Fig. 3d).  

Figure 2. Characterization of miR142 expression in the human cortex post-TBI. In situ hybridization of miR-
142-3p in the gray matter (GM) (a-i) and white matter (WM) (j-q) of the human cortex: a weak hybridization 
signal of miR-142-3p was observed in the control (autoptic) human cortex (a, j); miR-142-3p hybridization 
signal was observed in individual cells in the post-TBI cortex (b, k); double-labeling showed that miR142 
hybridization signal was co-localized with the microglial markers Iba1 (c, l) and TMEM119 (d, m), as well as 
the marker of activated macrophages/microglia in the brain HLA-DP/DQ/DR (e, n); a strong hybridization 
signal colocalized with the marker of macrophages/monocytes CD68 (f, o) and the marker of cytotoxic T cells 
CD8 (g, p); a weak hybridization signal was seen in some neurons by co-localization with NeuN in the GM (h); 
miR-142-3p did not co-localize with the astrocytic marker GFAP in the GM (i); a weak miR-142-3p expression 
was seen in some WM astrocytes (q); black arrowheads indicate cells shown in higher magnification in 
corresponding insets; scale bar in a-q – 100 μm, scale bars in insets – 10 μm (various magnifications shown). 
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Figure 3. miR142 overexpression in a macrophage/microglia in vitro model results in increased production 
of TNF-α. (a) – TaqMan RT-qPCR analysis of miR-142-3p expression in various cell types relative to cel-miR-
39-3p spike-in control: miR-142-3p was strongly expressed in primary human T cells, PBMCs and microglia, 
but relatively low in astrocytes; (b) – schematic representation of the in vitro experiment: THP-1 cell line 
stably overexpressing miR142 was converted into macrophage-like phenotype using 80 nM PMA treatment, 
followed by stimulation with 10 ng/mL LPS; (c) – RT-qPCR analysis showed a higher basal expression of miR-
142-3p (p < 0.001) in the miR142-overexpressing THP-1 cells relative to the negative control (NC); (d) – ELISA 
analysis showed a higher level of TNF-α (p < 0.001) in the macrophage conditioned medium (MCM) following 
LPS stimulation for 1 h and incubation for 24 h, as well as a higher level of TNF-α (p < 0.01) produced by 
miR142-overexpressing THP-1 cells; **p < 0.01, ***p < 0.001; Kruskal-Wallis with Dunn’s post-hoc test in a; 
Mann-Whitney U-test in c, d. 

Increased expression of miR155 in the perilesional cortex of rats 2 weeks post-
TBI 

We further investigated the expression of miR155 in the rat brain post-TBI. 
TaqMan RT-qPCR analysis showed higher expression of miR-155-5p (Fig. 4a, p < 
0.001) in the perilesional cortex of rats compared to control rats.  

Circulating miR-155-5p in the rat plasma is associated with proteins, rather than 
EVs 

Next, we assessed the expression of miR155 in the rat plasma 2 weeks post-TBI. 
RT-qPCR analysis did not show any differences in expression of miR-155-5p 
between the post-TBI and control rats (Fig. 4b). The ddPCR on plasma fractions 
obtained by SEC showed that miR-155-5p was enriched in the late-eluting 
fractions, associated with proteins (Fig. 4c). 

Increased expression of miR155 in neurons, astrocytes and microglia within the 
perilesional cortex of rats 2 weeks post-TBI  

Next, we investigated the cellular expression and distribution of miR-155-5p 
using ISH. A neuronal pattern of expression and strong hybridization signal of 
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miR-155-5p were observed in naive (Fig. 4d), sham (Fig. 4e) and post-TBI rats 
(Fig. 4f). Double-labeling showed miR-155-5p expression in neurons (Fig. 4g), 
astrocytes (Fig. 4h) and microglia (Fig. 4i) located in close proximity to the lesion 
edge.   

Figure 4. The expression of miR155 in the perilesional cortex and plasma of rats 2 weeks post-TBI. (a) – 
TaqMan RT-qPCR analysis demonstrated higher expression of miR-155-5p (p < 0.001) in the rat cortex post-
TBI compared to combined naïve + sham control; (b) – expression of miR-155-5p in the rat plasma post-TBI: 
TaqMan RT-qPCR analysis did not show any differences in the miR-155-5p expression in the rat plasma 2 
weeks post-TBI compared to control; (c) – ddPCR analysis of the plasma fractionated using size-exclusion 
chromatography showed that miR-155-5p was enriched in the late-eluting fractions, associated with proteins 
(n = 4 rats, SEM); (d-i) – in situ hybridization: miR-155-5p hybridization signal was higher in the perilesional 
cortex (f) compared to the naive (d) and sham-operated (e) rats; (g-i) – double-labeling of miR-155-5p 
hybridization signal with cell-type specific markers showed co-localization with NeuN (g), GFAP (h) and Iba1 
(i) in the perilesional cortex; black arrowheads indicate the cells shown in higher magnification in 
corresponding insets; scale bar in d-i – 50 μm, scale bars in insets – 10 μm (various magnifications shown); *p 
< 0.05, **p < 0.01, ***p < 0.001; Mann-Whitney U-test. 
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Increased miR155 expression in the WM of the human cortex post-TBI is 
associated with activated astrocytes, microglia and macrophages 

Next, the expression of miR-155-5p was analyzed in the human cortex post-TBI 
using ISH. A strong hybridization signal of miR-155-5p was seen in neurons in 
control human cortex (Fig. 5a). In the perilesional cortex, neuronal loss was 
present, however, a strong hybridization signal was observed in the surviving 
neurons as well as in multiple cells with glial morphology (Fig. 5b). In the WM, 
ubiquitously present cells with astrocyte morphology strongly expressed miR-
155-5p (Fig. 5j) as opposed to the moderate expression observed in the control 
WM (Fig. 5i). Double-labeling showed co-localization of miR155 with NeuN (Fig. 
5c) in the GM, as well as GFAP (Fig. 5d,k), Iba1 (Fig. 5e,l), HLA-DP/DR/DQ (Fig. 
5f,m), CD68 (Fig. 5g,n) and CD8 (Fig. 5h,o) in the GM and WM.  

Pro-inflammatory MCM upregulates miR155 and expression of inflammatory 
markers in human primary astrocytes 

A comparison of miR155 expression between various human primary cells 
demonstrated the highest expression in astrocytes, followed by T cells, PBMCs 
and microglia (Fig. 6a). This confirmed the observations in situ, and since 
miR155 was strongly expressed in activated astrocytes in the WM post-TBI, we 
further investigated miR155 in human astrocytes in vitro. A higher expression 
of inflammatory markers, including Il1b and Tnf was observed in the rat 
perilesional cortex (Supplementary Fig. 3a). The activated microglia and 
macrophages exhibiting pro-inflammatory phenotypes may contribute to such 
expression profile. In order to mimic these conditions, we incubated the 
astrocytes with the MCM produced by PMA-activated THP-1 cells following LPS 
stimulation (Fig. 6b). TaqMan RT-qPCR showed higher expression of miR-155-
5p in astrocytes (p < 0.001) following 6 h incubation with LPS-induced MCM 
compared to non-stimulated MCM (Fig. 6c). This effect was the same when 
astrocytes were additionally treated with LPS-rs, signifying that the increase 
was not mediated by any carry-over of LPS to the MCM (Fig. 6c). We also 
observed higher expression of inflammatory markers (all p < 0.001), IL1B (Fig. 
6d), TNF (Fig. 6e) and PTGS2 (Fig. 6f), indicating that the LPS-stimulated MCM 
induced a pro-inflammatory phenotype in human astrocytes.  
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Figure 5. Characterization of miR155 expression in the human post-TBI cortex. In situ hybridization of miR-
155-5p in the gray matter (GM) (a-h) and white matter (WM) (i-o) of the human cortex: neuronal pattern of 
miR-155-5p hybridization signal was observed in the control (autoptic) human cortex (a); miR-155-5p 
hybridization signal was more pronounced in individual cells in the human post-TBI perilesional GM (b); 
moderate miR-155-5p hybridization signal was detected in the cells with glial morphology in the WM (i) and 
a strong hybridization signal was observed in the post-TBI WM in the cells with astrocytic morphology (j); 
double-labeling showed that miR-155-5p hybridization signal was co-localized with the neuronal marker 
NeuN (c), astroglial marker GFAP (d, k), microglial marker Iba1 (e, l), as well as the marker of activated 
macrophages/microglia in the brain HLA-DP/DQ/DR (f, m), the marker of macrophages/monocytes CD68 (g, 
n) and the marker of cytotoxic T cells CD8 (h, o); black arrowheads indicate the cells shown in higher 
magnification in corresponding insets; scale bar in a-o – 100 μm, scale bars in insets – 10 μm (various 
magnifications shown). 

Pro-inflammatory phenotype is induced in human astrocytes by the MCM from 
miR142-overexpressing THP-1 cells 

Since the MCM obtained from LPS-stimulated THP1mir142 cells contained more 
TNF-α (Fig. 3d) and the MCM from LPS-stimulated THP-1 cells could induce pro-
inflammatory gene expression in astrocytes (Fig. 6c-f), we hypothesized that 
the THP-1mir142 MCM could potentiate the pro-inflammatory phenotype in 
human astrocytes (Fig. 7a). The incubation of human astrocytes with the MCM 
produced by THP1mir142 cells led to a ~20% higher expression (p < 0.05) of  
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Figure 6. Pro-inflammatory macrophage conditioned medium upregulates miR155 and inflammatory gene 
expression in human primary astrocytes. (a) – TaqMan RT-qPCR analysis of miR-155-5p expression in various 
cell types relative to cel-miR-39-3p spike-in control: miR-155-5p was strongly expressed in primary human 
astrocytes, followed by T cells, PBMCs and microglia; (b) – Schematic representation of the in vitro 
experiment: THP-1 cell line was converted into macrophage-like phenotype using 80 nM PMA treatment, 
followed by the stimulation with 10 ng/mL LPS for 1 h and the macrophage conditioned medium (MCM) was 
collected 24 h later; human fetal primary astrocytes (n = 3) were incubated with the MCM for 6 h; (c) – 
TaqMan RT-qPCR showed higher expression of miR-155-5p in astrocytes incubated with LPS-stimulated MCM 
(p < 0.001); the astrocytes treated with 100 ng/mL of the TLR4 antagonist LPS-rs showed no difference in 
response compared to non-LPS-rs treated astrocytes, indicating that the overexpression was not mediated 
by residual LPS in the MCM; (d-f) – RT-qPCR analysis of inflammatory genes in astrocytes showed an increased 
expression of IL1B (d, p < 0.001), TNF (e, p < 0.001) and PTGS2 (f, p < 0.001); **p < 0.01, ***p < 0.001; Kruskal-
Wallis with Dunn’s post-hoc test in a; Mann-Whitney U-test in c-f. 

miR-155-5p compared to the cells incubated with NC MCM. However, the 
incubation of astrocytes with the MCM produced in THP1mir142 cells under LPS 
stimulation did not change miR-155-5p expression compared to the NC (Fig. 
7b). We further assessed the inflammatory gene expression patterns in 
astrocytes and found higher expression of IL1B (Fig. 7c, p<0.001), TNF (Fig. 7d, 
p<0.01) and PTGS2 (Fig. 7e, p < 0.001) in cells incubated with non-stimulated 
THP-1mir142 MCM; as well as higher IL1B (Fig. 7c, p<0.001) and PTGS2 (Fig. 7e,  
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Figure 7. Pro-inflammatory phenotype in human astrocytes induced by the MCM from miR142-
overexpressing macrophage cell model. (a) – Schematic representation of the in vitro experiment: THP-1 cell 
line was converted into macrophage-like phenotype using 80 nM PMA treatment, followed by the stimulation 
with 10 ng/mL LPS for 1 h, and the macrophage conditioned medium (MCM) was collected 24 h later; human 
fetal primary astrocytes (n = 3) were incubated with the MCM for 6 h; (b) – TaqMan RT-qPCR showed higher 
expression of miR-155-5p in astrocytes incubated with LPS-stimulated MCM compared to negative control 
(NC) (p < 0.001); the astrocytes incubated with THP1mir142 MCM showed a higher miR-155-5p expression 
compared to the negative control (p < 0.05); (c-e) – RT-qPCR analysis of inflammatory genes in astrocytes 
showed higher expression of IL1B (c, p < 0.001), TNF (d, p < 0.01) and PTGS2 (e, p < 0.001) after incubation 
with non-stimulated THP1mir142 MCM, and further increase of IL1B (c, p<0.001) and PTGS2 (e, p < 0.001) after 
incubation with LPS-stimulated THP1mir142 MCM; *p < 0.05, **p < 0.01, ***p < 0.001; Mann-Whitney U-test. 

p<0.001), but not TNF (Fig. 7d) in the cells incubated with LPS-stimulated 
THP1mir142 MCM. 
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Discussion  

We investigated the expression of miR142 and miR155 in the perilesional cortex 
and plasma of rats 2 weeks post-TBI and also characterized cell-type specific 
expression of these miRNAs in the human cortex post-TBI. The functions of 
miR142 and miR155 were assessed in vitro. Higher expression of both miRNAs 
in the perilesional cortex in the rat and human brain was associated with 
activated glial and infiltrating immune cells. Astrocytes readily responded with 
higher miR155 expression to pro-inflammatory macrophage conditioned 
medium. Moreover, astrocytes had higher inflammatory gene expression when 
stimulated by the conditioned medium from miR142-overexpressing 
macrophage-like cells, suggesting that miR142 may promote 
neuroinflammation post-TBI. These results are discussed in more detail in the 
following paragraphs.  

miR142 and miR155 are overexpressed in the rat cortex post-TBI 

TBI is associated with secondary pathogenic processes, such as gliosis, 
neuroinflammation and remodeling of the ECM. Despite the effort in 
delineating the cellular and molecular mechanisms involved in the secondary 
injury after TBI, some aspects remain relatively unknown, including the role of 
non-coding RNAs. We found higher expression of miR142 and miR155 in the 
perilesional cortex of rats 2 weeks post-TBI as compared to control rat cortex. 
This is in accordance with previous studies done in the hippocampus and cortex 
in animal models of TBI. This includes microarray-based studies, which reported 

higher miR142 expression 17,35,36 and studies which reported higher miR155 
expression in the hippocampus and cortex 18,37-39. Consistent with our 
observations of miR142 expression in microglia and neurons, miR142 was 
previously shown to be expressed in primary rat neurons and enriched in 
microglia 37. Although both -3p and -5p strands of miR142 have been shown as 
functional 23, we consistently observed a higher expression of miR-142-3p 
compared to its -5p counterpart. Despite accumulating evidence of increased 
expression of miR142 and miR155 in animal models post-TBI, a comprehensive 
cell-type specific characterization of these miRNAs in the human cortex post-
TBI is lacking, therefore we further investigated this. 
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miR142 is overexpressed in microglia, macrophages and infiltrating 
lymphocytes within the human cortex post-TBI  

miR142 is known as a miRNA enriched in the cells of hematopoietic origin 40 and 
yet the up-regulation of miR142 expression has been shown in various human 
neuropathological settings, including multiple sclerosis 41, autism spectrum 
disorder 42, tuberous sclerosis complex 43 and viral encephalitis 44. Although we 
could hardly observe miR142 expression in the control human cortex, multiple 
positive cells in the cortex post-TBI co-expressed markers of microglia, myeloid 
and lymphoid cells, but not of neurons and astrocytes. In accordance with our 
observations, previously miR142 was found to co-localize with the marker of 
microglia/macrophages CD163 in hippocampal sections of rhesus macaques 
infected with viral encephalitis 45. Moreover, upregulation of miR142 was 
closely associated with Iba1 in the experimental autoimmune encephalitis (EAE) 
46. However, in line with its hematopoietic origin, the strongest expression of 
miR142 was observed in CD8-positive cells, which could be cytotoxic T cells 
infiltrating the brain parenchyma or accumulating in the blood vessels in vicinity 
of lesions after TBI. Corroborating this hypothesis, miR142 increase has been 
shown in association with CD3-positive T cells present in cerebellar lesions of 
the mouse EAE model 46. Increased expression of miR142 has been also shown 
in T cells from patients with MS 41 and miR142 has been implicated in T cell 
differentiation 47. Thus, our results show that miR142 is overexpressed in the 
human cortex post-TBI and that the expression is associated with activated 
microglia and immune cells of both myeloid and lymphoid origin.   

Overexpression of miR142 in the human brain post-TBI may contribute to 
astrocyte reactivity 

Glial cells are a major source of inflammatory mediators in the brain 48,49 and 
the activation of astrocytes can be induced by pro-inflammatory signals from 
activated microglia 50. We found that inflammatory gene expression in 
astrocytes could be induced by the conditioned medium from miR142-
overexpressing macrophage-like cells. This suggests that miR142-
overexpressing cells observed in the brain post-TBI may promote pro-
inflammatory state in surrounding astrocytes. This is supported by the 
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observations that miR-142 knock-out in EAE mice was not associated with 
inflammation or neurological impairment in the cerebellum 46. Furthermore, a 
study on glioblastoma-infiltrating macrophages showed a higher expression of 
miR142 in the cytotoxic M1 phenotype compared to M2 and the 
overexpression of miR142 led to the M2 apoptosis 51. The overexpression of 
miR142 in the brain post-TBI may promote neuroinflammation via 
overproduction of pro-inflammatory cytokines, like TNF-α, in 
microglia/macrophages. The factors released by these cells could lead to the 
induction of pro-inflammatory state in astrocytes, which further become a 
secondary source of inflammatory mediators in the injured brain.   

miR155 is overexpressed in activated astrocytes, microglia and macrophages 
in the human cortex post-TBI 

miR155 is a miRNA known primarily for its involvement in the regulation of 
innate and adaptive immune responses in the cells of myeloid and lymphoid 
origin 22,52,53. Overexpression of miR155 in the brain accompanies various 
human pathologies, such as multiple sclerosis 54 and tuberous sclerosis complex 
24, temporal lobe epilepsy 25,26,55 and Down syndrome with Alzheimer’s disease 
56. We now report that miR155 overexpression is present in the human brain 
post-TBI in various cell types. However, it is especially prominent in activated 
astrocytes in the WM post-TBI compared to control. It is known that miR155 
expression could be induced in response to pro-inflammatory stimuli 57,58 and 
we previously showed miR155 induction in human astrocytes in response to IL-
1β stimulation 24. However, pro-inflammatory cytokines do not act in isolation 
in vivo, and here we demonstrate that a higher expression of miR155 in 
astrocytes could be evoked by pro-inflammatory conditioned medium from 
macrophage-like cells. Therefore, miR155-overexpression in astrocytes in the 
human brain post-TBI could be caused by pro-inflammatory stimuli released by 
surrounding macrophages/microglia and these interactions, rather than the 
effects of single inflammatory agents, should be further studied in the brain 
post-TBI in vivo. 
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Circulating miR142 and miR155 in the rat plasma post-TBI 

Circulating miRNAs in blood have been hypothesized to reflect 
neuropathological changes occurring after brain injury, and owing to their 
relative abundance and stability in biofluids, could serve as biomarkers 16,59,60. 
We did not find any biomarker potential for miR155 based on its expression in 
plasma 2 weeks post-TBI in our animal model, and previous studies done on 
human blood post-TBI support this conclusion 18,61. Although, the expression of 
miR142 did not differ in plasma of rats post-TBI, we observed that miR-142-3p 
was enriched in the plasma fractions associated with EVs, rather than proteins. 
This is in accordance with previous studies 34,62 and it has been shown that only 
a minor portion of circulating miRNAs are associated with EVs, whereas a 
majority of circulating miRNAs could be found as bound to Argonaute2 protein 
62. EVs, containing miRNAs and mRNAs, have been hypothesized to be actively 
released by the cells and participate in intercellular communication 63,64. Given 
the relative abundance of miR142 in the blood compared to the brain, the EV-
associated miR142 from blood may target brain cells, and vice versa the EVs 
containing miR142 in association with brain-specific markers may be found in 
the blood after TBI, representing an interesting substrate for further 
investigation. 

Conclusions 

Overexpression of miR142 and miR155 is associated with activated glial and 
immune cells in the rat and human post-TBI brain. The pro-inflammatory action 
of activated microglia/macrophages may be potentiated by higher miR142 
expression, leading to the induction of pro-inflammatory gene expression in 
astrocytes. We conclude that miR142 and miR155 may be involved in the 
secondary brain injury after TBI by promoting neuroinflammation via astrocyte 
activation.      
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Supplementary Figure 1. The expression miR-142-5p strand. (a) – TaqMan RT-qPCR showed higher miR-142-
5p expression (p < 0.05) in the rat cortex post-TBI compared to combined control (naïve + sham); (b) – the 
expression of miR-142-3p strand was higher than miR-142-5p strand (p < 0.001) in the rat control cortex and 
cortex post-TBI; (c) – miR-142-5p expression did not differ in the rat plasma post-TBI compared to control; (d) 
– miR-142-3p expression was higher (p < 0.01) in rat plasma compared to miR-142-5p; (e) – miR-142-5p was 
enriched in the late-eluting plasma fractions associated with proteins; (f) – miR-142-3p was higher expressed 
compared to miR-142-5p in the control human cortex; (g) – miR-142-5p was highly expressed in primary 
human T cells, PBMCs and microglia, as well as THP-1 cell line, but not in astrocytes; *p < 0.05, **p < 0.01, 
***p < 0.001; Mann-Whitney U-test in b, c, d, f; Kruskall-Wallis with Dunn’s post-hoc test in g. 

Supplementary Figure 2. Comparison of miR-142-3p expression between human cells. The expression of 
miR-142-3p in THP-1 cells was lower compared to the expression in T cells (p < 0.001), however did not differ 
from the expression in primary microglia and PBMCs and was higher than in astrocytes (p < 0.001); ***p < 
0.001; Mann-Whitney U-test.
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Supplementary Figure 3. The gene expression of pathological markers in the rat cortex post-TBI. Higher 
expression of Il1b, Tnf, Tgfb1, Gfap (all p < 0.001), as well as Pdgfrb (p < 0.05) was found in the perilesional 
cortex of rats; *p < 0.05, ***p < 0.001; Mann-Whitney U-test. 

INCREASED EXPRESSION OF MIR142 AND MIR155 IN GLIAL AND IMMUNE CELLS AFTER 
TRAUMATIC BRAIN INJURY MAY CONTRIBUTE TO NEUROINFLAMMATION VIA ASTROCYTE ACTIVATION
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CHAPTER 6 
Increased miR34 expression in tuberous sclerosis complex 

during early development impairs corticogenesis and down-
regulates cell adhesion molecule contactin-3 
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Abstract 

Tuberous sclerosis complex (TSC) is a multisystem genetic disorder that results 
from mutations in one of two tumor suppressor genes, TSC1 and TSC2 resulting 
in dysregulation of the mechanistic target of rapamycin (mTOR) signaling 
pathway. Sufferers of TSC frequently present with varying levels of cognitive 
disability, autism spectrum disorder and epilepsy. These neurological features 
of TSC are associated with cortical tubers – benign tumors in the brain. Many 
dysregulated protein coding and non-coding RNAs have been identified by 
transcriptomic analysis of cortical tubers resected from brain tissue of patients 
with TSC. This includes microRNAs (miRNA, miRs) – small non-coding RNAs 
regulating gene expression at post-transcriptional level.  

We previously demonstrated that the miR34 family was among of the 
most up-regulated in TSC. In this study we analyzed miR34a expression by 
TaqMan RT-qPCR and in situ hybridization in resected TSC tuber samples (n = 
37) and autopsy control tissue (n = 27). High expression of miR34a in TSC tubers
was observed particularly during the early postnatal period (0–4 years old), but
not at the later time points. In fetal TSC high miR34a expression was
accompanied by high expression of the tumor suppressor protein p53.
Overexpression of miR34a with a GFP-tagged plasmid in mice using in utero
electroporation at E14 led to a lower percentage of GFP-positive cells in the
upper cortical plate, indicating disturbed corticogenesis. Moreover, in vitro
overexpression of miR34a in the neuronal cell line SH-SY5Y resulted in a lower
expression of the target gene encoding for the cell adhesion molecule
Contactin-3 (CNTN3). Finally, western blot analysis showed a lower CNTN3
protein expression in TSC (n = 9) compared to age-matched controls (n=8)
during the early postnatal period. These data suggest that the increased
expression of miR34a during early brain development in TSC may affect normal
corticogenesis via down-regulation of CNTN3.

Thus, our study provides new insights into the molecular events that 
link miR34a overexpression to impaired neurodevelopment. 

176



541147-L-bw-Korotkov541147-L-bw-Korotkov541147-L-bw-Korotkov541147-L-bw-Korotkov
Processed on: 18-2-2020Processed on: 18-2-2020Processed on: 18-2-2020Processed on: 18-2-2020 PDF page: 177PDF page: 177PDF page: 177PDF page: 177

INCREASED MIR34 EXPRESSION IN TUBEROUS SCLEROSIS COMPLEX DURING EARLY DEVELOPMENT 
IMPAIRS CORTICOGENESIS AND DOWN-REGULATES CELL ADHESION MOLECULE CONTACTIN-3 

Introduction  

Tuberous sclerosis complex (TSC) – is a multisystem genetic disorder, 
associated with the development of multiple predominantly benign tumor 
lesions in various organs, including the brain 1. TSC pathology results from 
mutations in either one of the crucial negative regulators of the mechanistic 
target of rapamycin (mTOR), TSC1 2 or TSC2 3, causing a constitutive activation 
of the mTOR kinase complex 1 (mTORC1) signaling pathway 4. The mTOR 
pathway plays a fundamental role during mammalian development 5 and its 
normal functioning is essential for proper neural development 6. TSC is 
associated with severe intractable epilepsy in 60-90% of affected individuals, as 
well as with autism spectrum disorder, cognitive disability, and 
neuropsychiatric disorders 7-11. These neurological manifestations of TSC have 
been associated with cortical tubers, which are the malformations of cortical 
development representing areas of distorted cortical architecture 1,12,13.  

Our previous large-scale transcriptomic analysis of resected cortical 
tubers from patients with TSC and intractable epilepsy revealed vast changes in 
the expression of genes associated with cell adhesion, immune response, 
neurogenesis and synaptic transmission 14,15. However, the transcriptomic 
changes in TSC are not restricted to protein-coding genes alone and include 
dysregulations in the expression of small non-coding RNA species, of which the 
most abundantly represented species being microRNAs. MiRNAs is a class of 
small non-coding RNAs (18-22 nucleotides long) that have the ability to regulate 
gene expression at the post-transcriptional level, which in mammals often leads 
to a repressed target gene translation 16. Aberrant expression of miRNAs is 
associated with abnormal brain development and the pathogenesis of several 
neurodevelopmental diseases 17 due to the ability to regulate various 
neurodevelopmental processes, such as cell fate determination, neurogenesis, 
migration of neural progenitor cells (NPCs), neuronal polarization, 
dendritogenesis and synapse development 18,19. The miR34 family (miR34a, 
miR34b and miR34c) has been identified among the most overexpressed 
miRNAs in the cortical tubers 15,20. This family of tumor-suppressor miRNAs has 
been extensively studied in regard to its ability to regulate apoptosis 21, but it 
has also been implicated in the regulation of neurodevelopmental processes 
15,22,23. While cortical tubers can already be detected during embryonic brain 
development 24-26, the analysis of miRNA expression in cortical tubers has 
largely been restricted to relatively later time-points, which do not match well 
with the timing of many neurodevelopmental processes. Therefore, we 
hypothesized that miR34 overexpression in TSC is already present during early 
brain development and leads to disturbed corticogenesis, contributing to the 
neurologic manifestations of TSC.  
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 In order to study this, we analyzed the expression of miR34a and 
miR34b during development in fetal TSC brain as well as in the surgically 
resected TSC brain samples. We further immunohistochemically analyzed the 
expression of the major miR34 transcriptional activator p53 and the marker of 
mTOR activation pS6. The effect of miR34 overexpression on corticogenesis was 
assessed in mouse embryos. Finally, we analyzed the expression of the miR34a 
target Contactin-3 (CNTN3) and its modulation by miR34a in vitro.    
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Materials and methods 

Human samples 

The brain formalin-fixed paraffin-embedded (FFPE) tissue specimens included 
in this study were obtained from the archive of the department of 
Neuropathology of the Amsterdam University Medical Centers (Amsterdam 
UMC-Location AMC, the Netherlands), the University Medical Center Utrecht 
(UMCU, the Netherlands), Motol University Hospital (Prague, Czech Republic) 
and the Medical University Vienna (MUV, Austria). Informed consent was 
obtained for the use of brain tissue and for access to medical records for 
research purposes. The postnatal TSC cortical samples were obtained from the 
patients who underwent a resective surgery for the treatment of drug-resistant 
epilepsy (n = 44 for molecular analysis; n = 6 for histological analysis). The fetal 
TSC cortical samples were obtained from the autopsies of fetuses diagnosed 
with TSC (n = 4). All patients fulfilled the diagnostic criteria to define TSC 27. 
Postnatal control cortical samples were obtained after autopsies from patients 
without a history of neurological diseases (n = 27 for molecular analysis; n = 6 
for histological analysis) and fetuses following medically-induced abortions (n = 
15 for molecular analysis, n = 4 for histological analysis). All autopsies were 
performed within 24 h after death. There was no history of neurological 
diseases recorded for the control samples. Brain tissue was either frozen and 
kept at −80˚C or fixed in 10% buffered formalin and embedded in paraffin. The 
patient characteristics are summarized in Table 1 and Table2. Tissue was 
obtained and used in accordance with the Declaration of Helsinki and the 
Amsterdam UMC Research Code provided by the Medical Ethics Committee, 
and the study was approved by the local ethical committees of all participating 
medical centers. 

Experimental animals 

C57BL/6 mice (n = 3) were used, which were housed in isolator cages with food 
and water accessible ad libitum under a constant temperature of 23 °C on a 12 
h light-dark cycle (lights off at 7:00 p.m.). All procedures were approved by 
KAIST Institutional Animal Care and Use Committee.  
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Surgical TSC samples  Fetal autopsy control samples 

Sample N Age (mon) Gender Used for Region Mutation  Sample N Age (GW) Gender Used for Region 

TSC1 7 f TM/SYBR fr TSC2  FET1 15 f TM/SYBR br 

TSC2 8 m TM/SYBR/WB fr TSC1  FET2 18 m TM/SYBR fr 

TSC3 8 m TM/SYBR fr TSC2  FET3 20 m TM/SYBR br 

TSC4 8 m TM/SYBR/WB t/p TSC2  FET4 21 f TM/SYBR ctx 

TSC5 10 f TM/SYBR tp TSC2  FET5 22 f TM/SYBR ctx 

TSC6 11 f TM/SYBR tp TSC1  FET6 22 m TM/SYBR tp 

TSC7 12 f TM/SYBR tp TSC2  FET7 22 m TM/SYBR ctx 

TSC8 12 m TM/SYBR/WB fr TSC2  FET8 22 m TM/SYBR tp 

TSC9 23 m TM/SYBR fr TSC2  FET9 23 m TM/SYBR ctx 

TSC10 24 m TM/SYBR/WB fr TSC2  FET10 23 f TM/SYBR tp 

TSC11 24 m TM/SYBR/WB fr TSC2  FET11 23 f TM/SYBR tp 

TSC12 24 f TM/SYBR/WB tp TSC2  FET12 23 m TM/SYBR tp 

TSC13 27 f TM/SYBR t/p TSC1  FET13 25 m TM/SYBR tp 

TSC14 28 m TM/SYBR f/p TSC2  FET14 26 m TM/SYBR ctx 

TSC15 33 m TM/SYBR fr TSC2  FET15 41 f TM/SYBR fr 

TSC16 36 m SYBR tp TSC2  Postnatal autopsy control samples 

TSC17 37 m TM/SYBR tp TSC2  Sample N Age (mon) Gender Used for Region 

TSC18 37 f TM/SYBR/WB tp TSC2  CTRL1 0 m TM/SYBR/WB fr 

TSC19 37 m TM/SYBR/WB fr TSC2  CTRL2 0 m TM/SYBR fr 

TSC20 43 m TM/SYBR fr TSC1  CTRL3 1 m TM/SYBR/WB fr 

TSC21 48 m WB fr TSC2   CTRL4 2 f TM/SYBR/WB fr 

TSC22 49 f TM/SYBR fr TSC2  CTRL5 2 f TM/SYBR tp 

TSC23 67 m TM/SYBR fr TSC2  CTRL6 2 f TM/SYBR fr 

TSC24 73 f TM/SYBR fr TSC1  CTRL7 3 f TM/SYBR tp 

TSC25 97 m TM/SYBR fr TSC1  CTRL8 4 m TM/SYBR/WB fr 

TSC26 97 f TM/SYBR fr TSC1  CTRL9 7 f TM/SYBR/WB ctx 

TSC27 99 f TM/SYBR fr TSC2  CTRL10 12 f TM/SYBR/WB tp 

TSC28 110 f TM/SYBR fr TSC2  CTRL11 24 f TM/SYBR/WB tp 

TSC29 120 m SYBR fr TSC2  CTRL12 37 m TM/SYBR/WB fr 

TSC30 121 f TM/SYBR fr TSC2  CTRL13 49 f TM/SYBR tp 

TSC31 122 f TM/SYBR fr TSC2  CTRL14 85 f TM/SYBR fr 

TSC32 122 m TM/SYBR fr TSC2  CTRL15 85 m TM/SYBR fr 

TSC33 144 m SYBR fr TSC2  CTRL16 122 m TM/SYBR fr 

TSC34 158 f TM/SYBR fr TSC2  CTRL17 122 m TM/SYBR fr 

TSC35 168 f SYBR fr TSC2  CTRL18 158 m TM/SYBR fr 

TSC36 195 m TM/SYBR fr TSC2  CTRL19 158 f TM/SYBR tp 

TSC37 204 f SYBR tp TSC1  CTRL20 183 m TM/SYBR fr 

TSC38 210 f TM/SYBR p TSC1  CTRL21 207 f TM/SYBR tp 

TSC39 216 f SYBR fr TSC1  CTRL22 207 f TM/SYBR tp 

TSC40 292 f TM/SYBR fr TSC2  CTRL23 304 f TM/SYBR ctx 

TSC41 365 m TM/SYBR fr TSC2  CTRL24 377 m TM/SYBR ctx 

TSC42 366 f TM/SYBR fr TSC2  CTRL25 377 m TM/SYBR ctx 

TSC43 368 f TM/SYBR tp TSC1  CTRL26 475 f TM/SYBR fr 

TSC44 572 m TM/SYBR tp TSC2  CTRL27 535 f TM/SYBR p 

Table 1. Human samples used for RT-qPCR and western blot analysis. Surgical TSC samples (n = 44) were 
used for TaqMan qPCR (TM, n = 37), SYBR green RT-qPCR (SYBR, n = 43) and western blot (WB, n = 9); Fetal 
autopsy control samples were used for RT-qPCR (TM/SYBR, n = 15); Postnatal autopsy control samples were 
used for RT-qPCR (TM/SYBR, n = 27) and western blot (WB, n = 8); f − female, m-male, fr − frontal cortex, tp 
− temporal cortex, p − parietal cortex, t/p − tempo-parietal cortex, f/p − fronto-parietal cortex, br − whole 
brain, ctx − cortex, mon − months, GW − gestational weeks. 
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Fetal autopsy TSC samples 

Sample N Age (GW) Gender Used for Region Mutation 

HF_TSC1 23 m ISH ctx TSC2 

HF_TSC2 27 f ISH fr TSC2 

HF_TSC3 32 f ISH fr TSC2 

HF_TSC4 34 f ISH fr TSC2 

Postnatal surgical TSC samples 

Sample N Age (y) Gender Used for Region Mutation 

HP_TSC1* 2 m IHC fr TSC2 

HP_TSC2 4 f IHC fr TSC1 

HP_TSC3 3 m IHC tp TSC2 

HP_TSC4 16 m IHC tp TSC2 

HP_TSC5 13 f IHC fr TSC2 

HP_TSC6 9 m IHC fr TSC2 

Fetal control samples  

Sample N Age (GW) Gender Used for Region  

HF_CTRL1 22 m ISH ctx  

HF_CTRL3 28 f ISH fr  

HF_CTRL4 31 f ISH fr  

HF_CTRL5 35 f ISH fr  

Postnatal autopsy control samples  

Sample N Age (y) Gender Used for Region  

HP_CTRL1* 2 m IHC fr  

HP_CTRL2 2 f IHC fr  

HP_CTRL3 10 m IHC tp  

HP_CTRL4 15 m IHC fr  

HP_CTRL5 17 f IHC fr  

HP_CTRL6 10 m IHC fr  

Table 2. Human samples used for histological analysis. Fetal autopsy TSC samples (n = 4) and fetal autopsy 
control samples (n = 4) were used for in situ hybridization (ISH); Postnatal surgical TSC samples (n = 6) and 
autopsy control samples (n = 6) were used for immunohistochemistry (IHC); * indicates samples represented 
in Fig. 6; f − female, m − male, fr − frontal cortex, tp − temporal cortex, ctx − cortex; y − years, GW − gestational 
weeks. 
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Preparation of plasmids 

MiRNA-expressing vectors were prepared by cloning the DNA fragments 
encoding for mature miRNA sequences flanked by ~100−200bp regions into the 
multiple cloning site (MCS) of the pCIG (pCAG-MCS-IRES-eGFP) plasmid using 
EcoRI and SmaI restriction sites. The DNA fragments were amplified from the 
mouse genomic DNA using the following primers: mir34a (forward, 5’-
TAAGCAGAATTCGCCTCTCCATCTTCCTGTGA-3’; reverse, 5’-
TGCTTACCCGGGCGTTGCTGACCTCTGACCTT-3’) and mir34b (forward, 5’- 
TAAGCAGAATTCGAGCCTGAGGCACCTCTC-3’; reverse, 5’-
TGCTTACCCGGGGCTTTCTGCGGAGTCAGTG-3’). For the negative control the 
DNA fragment encoding for cel-miR-59 flanked by ~100bp regions was 
amplified from the C. elegans genomic DNA using the following primers: 
forward, 5’-TAAGCAGAATTCTACACATGGCGCCAATAAAA-3’; reverse, 5’-
TGCTTACCCGGGTTGAAAACTCTCGCTTACCG-3’). The amplification was done 
using a high-fidelity DNA polymerase Immolase (Bioline, London, UK). DNA 
extraction from agarose gel (1.8%) was done with NucleoSpin Gel and PCR 
Clean-up kit (Machinery-Nagel, Düren, Germany). The transformation of Stbl3 
bacteria was done according to the standard procedure. The bacterial colonies 
were grown on LB agar plates in the presence of ampicillin (100 µg/mL). The 
single positive colonies were inoculated in liquid culture and the plasmid DNA 
was isolated using NucleoBond PC100 Midi Kit (Machinery-Nagel, Düren, 
Germany). The concentration and quality of DNA was measured using a 
Nanodrop 2000 spectrophotometer (ThermoFisher Scientific, Wilmington, DE, 
USA). Sanger sequencing was used to confirm that the DNA fragments were 
cloned in the vector.  

In utero electroporation 

In utero electroporation was performed as previously described 28,29. In short, 
timed pregnant mice (E14) were anesthetized with isoflurane (0.4 L/min of 
oxygen and isoflurane vaporizer gauge 3 during surgery operation). The uterine 
horns were exposed, and the lateral ventricle of each embryo was injected 
using a pulled glass capillary with 2 µg/mL Fast Green (F7252, Sigma-Aldrich, St. 
Louis, MO, USA) combined with 2–3 µg of plasmids. Plasmids were 
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electroporated on the head of the embryo by discharging 50 V with the ECM830 
electroporator (BTX-Harvard apparatus, Holliston, MA city, USA) in five electric 
pulses of 50 ms at 950-ms intervals. Embryonic mice were electroporated at 
E14, and then their brains were harvested after 4 days of development (E18) 
and fixed in freshly prepared phosphate-buffered 4% paraformaldehyde 
overnight, cryoprotected overnight in 30% buffered sucrose, then embedded in 
gelatin (7.5% gelatin in 10% sucrose/PB) and stored at −80 °C. Cryostat-cut 
sections (15 μm thick) were collected and placed on glass slides.  

Cell culture  

The human SH-SY5Y neuroblastoma cell line was maintained in culture medium 
containing Dulbecco's Modified Eagle Medium DMEM/F-12 
(Gibco/ThermoFisher Scientific, Waltham, MA, USA), supplemented with 2mM 
L-glutamine, 100 units/mL penicillin, 100 µg/mL streptomycin and 10% heat-
inactivated fetal calf serum (FCS) (Gibco, Life Technologies, Grand Island, NY, 
USA). The cells were maintained in a 5% CO2 incubator at 37°C.  

For the miR34a overexpression experiments SH-SY5Y cells were plated 
at a density of 1 × 105 cells/well in 12-well plates and were transfected with 
miR34a (ID: MC11030) or miR34b (ID: MH10743) mimic (mirVana miRNA 
mimics, Applied Biosystems, Carlsbad, CA, USA). The oligonucleotides were 
delivered to the cells using Lipofectamine 2000 transfection reagent (Life 
Technologies, Grand Island, NY, USA) at a final concentration of 50 nM for a 
total of 48 h. Lipofectamine transfection was used as negative control.  

For the differentiation of SH-SY5Y cells an adapted retinoic acid (RA) 
differentiation protocol was used 30,31. The cells were plated at a density of 5 × 
104 cells/well in 12-well plates and left for 24 h to attach. For the next 4 days 
FCS was reduced to 1% and the medium was supplemented with 10 µM all-
trans-Retinoic acid (RA) (Sigma-Aldrich, St. Louis, MO, USA). The cells were re-
plated and cultured for another 4 days in the medium with 0% FCS, 10 µM RA, 
B27 supplement (Gibco/ThermoFisher Scientific, Waltham, MA, USA), 20mM 
KCL, 2mM dibutyryl-cyclic adenosine monophosphate (db-cAMP, Stemcell 
Technologies, Köln, Germany) and 50 ng/ml human recombinant brain-derived 
neurotrophic factor (BDNF, Stemcell Technologies, Köln, Germany). The control 
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cells were maintained in standard medium with 1% FCS. The cells were 
harvested for RNA isolation.  

RNA isolation, reverse transcription (RT) and quantitative polymerase chain 
reaction (qPCR) 

RNA isolation from the human frozen brain tissue and cell culture material was 
done using the miRNeasy Mini kit (Qiagen Benelux, Venlo, the Netherlands) 
according to manufacturer’s instructions. The concentration and purity of RNA 
were determined using a Nanodrop 2000 spectrophotometer (ThermoFisher 
Scientific, Wilmington, DE, USA). The RNA was stored at −20˚C until use.  

For mRNA, total RNA (2000 ng for brain tissue or 250 ng for cell culture 
material) was reverse-transcribed using oligo-dT primers in 25 μL of mix. The 
cDNA was further diluted with RNase-free water (10 times for brain tissue or 3 
times for cell culture material) and stored at −20°C un l use. For miRNA, total 
RNA (50 ng) was reverse-transcribed using primers for hsa-miR-34a (assay # 
000426), hsa-miR-34b-5p (assay # 000427) or U6 small nuclear RNA (RNU6) 
(assay #001973). Reverse transcription was performed using a T100 Thermal 
Cycler (Bio-Rad Laboratories Inc, Hercules, CA, USA). 

To evaluate mRNA expression each qPCR reaction contained 1 µl cDNA, 
2.5 µl of FastStart Reaction Mix SYBR Green I (Roche Applied Science, 
Indianapolis, IN, USA), 0.4 µM of both reverse and forward primers. The final 
volume was adjusted to 5 µl with RNase-free water. The cycling conditions were 
carried out as follows: initial denaturation at 95°C for 5 min, followed by 45 
cycles of denaturation at 95°C for 15 s, annealing at 65 °C for 5 s and extension 
at 72 °C for 10 s. The fluorescent product was measured by a single acquisition 
mode at 72 °C after each cycle. The primers used for the qPCR were: CNTN3 
(forward: 5’- GAGGGGATGGGACCAGTAGT-3’; reverse: 5’-
GTGGACATTCGAGATGGCTGA-3’), Elongation factor 1 alpha (EF1a, forward: 5’-
ATCCACCTTTGGGTCGCTTT-3’; reverse: 5’-CCGCAACTGTCTGTCTCATATCAC-3’), 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH, forward: 5’- 
AGGCAACTAGGATGGTGTGG-3’; reverse: 5’- TTGATTTTGGAGGGATCTCG-3’). 
The geometric mean of EF1a and GAPDH expression was used for the 
normalization of RT-qPCR. To evaluate mature miRNA expression TaqMan 
microRNA assays (Applied Biosystems, Foster City, CA, USA) were used 
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according to manufacturer’s instructions. The data was normalized to the 
expression of RNU6. 

RT-qPCRs for all samples were performed in triplicates. The PCRs were 
run on the Roche LightCycler 480 (Roche Applied Science, Basel, Switzerland) 
with a 384-multiwell format. Quantitation of data was performed using 
LinRegPCR software 32 as previously described 33.  

Protein isolation and western blot analysis 

Protein extraction from human brain tissue was done by homogenization of 
tissue in lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM of NaCl, 1% NP-40, 0.5% 
sodium deoxycholate) supplemented with the mixture of the EDTA-free 
protease and phosphatase inhibitors (Roche Diagnostics, Almere, the 
Netherlands). The homogenates were centrifuged at 12,000 x g for 10 min and 
the supernatant was used for further analysis. Protein content was determined 
using the bicinchoninic acid method.  

Equal amounts of proteins (20 µg/lane) were separated using sodium 
dodecyl sulfate polyacrylamide gel electrophoresis on the gradient Bolt 4-12% 
Bis-Tris Plus gel (ThermoFisher Scientific, Wilmington, DE, USA). Subsequently, 
separated proteins were transferred onto polyvinylidene difluoride membranes 
(Immobilon-P; Merck, Darmstadt, Germany) for 90 min at 100 V, using a wet 
electroblotting system (BioRad, Hercules, CA, USA). The blots were blocked for 
1 h in 5% non-fat dry milk in Tris-buffered saline-Tween20 (TBS-T; 20 mM Tris, 
150 mM NaCl, 0.1% Tween 20, pH 7.5). Blots were incubated overnight at 4 °C 
with primary antibodies: anti-contactin-3 (1:200 goat polyclonal, AF5539, R&D 
Systems, Minneapolis, United States) and anti-β-actin (1:30,000, mouse 
monoclonal, clone C4, Merck, Darmstadt, Germany). After several washes in in 
TBS-T, blots were incubated with secondary antibodies donkey anti-goat 
immunoglobulin-HRP (1:2,500, Rockland Immunochemicals, Limerick, PA, USA) 
or goat anti-mouse immunoglobulin-HRP (1:2,500, Dako, Glostrup, Denmark) 
for 1 h. After several washes in TBS-T, immunoreactivity was visualized using 
ECL PLUS Western blotting detection reagent (GE Healthcare Europe, Diegen, 
Belgium). The expression of β-actin was used as loading control. 
Chemiluminescent signal was detected using ImageQuant LAS 4000 analyzer 
(GE Healthcare, Eindhoven, the Netherlands). Precision Plus Protein Dual Color 
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Standards (Bio-Rad, Richmond, CA, USA) was used to determine the molecular 
weight of the proteins. For the quantitative analysis of the blots the band 
intensities were measured densitometrically using ImageJ software (U.S. 
National Institutes of Health, Bethesda, MD, USA). 

In situ hybridization 

FFPE brain tissue was deparaffinised in xylene and rinsed in ethanol (2x 100%, 
1x 70%) and sterile water. Antigen retrieval was performed using a pressure 
cooker in sodium citrate buffer, pH 6.0, at 121°C for 10 min. The oligonucleotide 
probe that hybridizes to hsa-miR-34a-5p was: 5′ DIG-
AcaAccAgcTaaGacAcuGccA-DIG-3′ (Exiqon A/s, Vedbaek, Denmark) (capital 
letter = locked nucleic acid modification, small letter = 2-o-methyl modification, 
DIG = digoxygenin label). Sections were incubated with the probe at 100 nM in 
hybridization mix (600 mM NaCl, 10 mM HEPES, 1 mM EDTA, 5x Denhardts, 50% 
formamide) for 1 h at 60 °C. Sections were washed with 2x saline-sodium citrate 
buffer (SSC) for 2 min, 0.5x SSC for 2 min, 0.2x SSC for 1 min (in agitation). After 
washing with sterile PBS, sections were blocked for 15 min with 1% bovine 
serum albumin (BSA), 0.02% Tween 20 and 1% normal goat serum. 
Hybridization was detected with sheep alkaline phosphatase (AP)-labelled anti-
DIG antibody (1:1,500, Roche Applied Science, Basel, Switzerland). Nitro-blue 
tetrazolium chloride (NBT)/5-bromo-4-chloro-3'-indolyphosphate p-toluidine 
salt (BCIP) was used as chromogenic substrate for AP (1:50 diluted in NTM-T 
buffer: 100 mM Tris, pH 9.5; 100 mM NaCl; 50 mM MgCl2; 0.05% Tween 20). 
Negative control assays were performed without probes (sections were blank). 

Immunohistochemistry 

Immunohistochemistry was performed on 10 µm-thick FFPE tissue. The 
sections were deparaffinized in xylene, rinsed in ethanol (100%, 95%, 70%), and 
incubated in 0.3% hydrogen peroxide in methanol for 20 min. Antigen retrieval 
was performed using a pressure cooker in 0.1 M citrate buffer with the pH 6.0 
at 121 °C for 10 min. Slides were washed with phosphate-buffered saline (PBS; 
0.1 M, pH 7.4) and incubated overnight with the primary antibody in normal 
antibody diluent (Klinipath, Olen, Belgium) at 4 °C. The primary antibodies used 
were: anti-contactin-3 (1:300 rabbit polyclonal ab203592, Abcam, Cambridge, 
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UK), anti-p53 (1:100 mouse monoclonal, clone DO-7, M7001, Dako, Glostrup, 
Denmark), anti-phospho-S6 (pS6, 1:100 rabbit monoclonal, Ser235/236, clone 
91B2, Cell Signaling #4857, Leiden, The Netherlands). After that the sections 
were washed in PBS and incubated with the corresponding secondary 
antibodies using a polymer-based peroxidase immunocytochemistry detection 
kit (Brightvision plus kit, ImmunoLogic, Duiven, the Netherlands). After 
washing, the sections were stained with 3,3′-diaminobenzidine 
tetrahydrochloride (50 mg DAB, Sigma-Aldrich, St. Louis, MO, USA) in the 
presence of hydrogen peroxide in Tris-HCl buffer. The sections were 
counterstained with hematoxylin, dehydrated in alcohol and xylene, and 
coverslipped. 

Immunohistochemistry on mouse brain sections was done as follows: 
cryostat-cut sections on glass slides were blocked in PBS with 0.2% gelatin and 
0.2% (v/v) Triton X-100 (PBS-GT) or PBS with 3% BSA and 0.2% (v/v) Triton X-
100 (PBS-T) for 1 h at room temperature and stained with the following primary 
antibodies: anti-Cut Like Homeobox 1 (Cux-1, 1:400, rabbit polyclonal, sc13024, 
Santa Cruz, Dallas, USA) and anti-GFP (1:500, mouse monoclonal, clone 9F9.F9, 
AB1218, Abcam, Cambridge, UK). After three washes with PBS, they were 
incubated with the secondary antibodies for 2 h: Alexa Fluor 594-conjugated 
goat anti-mouse (1:200, A11005) and Alexa Fluor 488-conjugated goat anti-
rabbit (1:200, A11008) immunoglobulins (ThermoFisher Scientific, Wilmington, 
DE, USA). The Prolong Gold Antifade reagent with DAPI (ThermoFisher 
Scientific, Wilmington, DE, USA) was used to stain nuclei. The images were 
acquired using a Zeiss LSM510 confocal microscope.  

For in situ hybridization with double labelling, slides were washed with 
PBS after the NBT/BCIP colour development and processed according to the 
described immunohistochemistry protocol. The visualization of the antibody-
antigen binding was done using 3-amino-9-ethylcarbazole (AEC; Sigma-Aldrich, 
St. Louis, MO, USA), which in the presence of hydrogen peroxide undergoes 
chromogenic oxidation catalysed by HRP with the formation of a red 
precipitate. The slides were coverslipped with VectaMount (Vector 
laboratories, H-5000-60, Burlingame, CA, USA).  
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Statistical analysis 

Statistical analyses were performed using Graphpad prism 5 (Graphpad 
Software, San Diego, CA, USA). The Mann-Whitney U-test or Kruskal-Wallis non-
parametric test with Dunn’s post-hoc test were used for comparisons between 
groups. A value of p < 0.05 was assumed to indicate significant difference.    
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Results 

Increased miR34a and miR34b expression in the cortex of TSC patients during 
early postnatal development  

The expression of miR34a and miR34b was evaluated in the resected cortical 
tubers from the patients with TSC (n = 37) in comparison to autoptic cortical 
control samples (n = 27). TaqMan RT-qPCR analysis showed a higher expression 
of miR34a (p < 0.001; Fig. 1a) and miR34b (p < 0.05; Supplementary Fig. 1a) in 
TSC as compared to controls. Higher expression of miR34a (p < 0.001; Fig. 1b) 
and miR34b (p < 0.05; Supplementary Fig. 1b) was only observed during early 
infancy (at the ages 0−4 years old), but did not differ between TSC and age-
matched controls at the age of 4−12 years old and >12 years old.  

Higher expression of miR34a (p<0.001; Fig. 1c) and miR34b (p<0.01; 
Supplementary Fig. 1c) was observed in the human postnatal autoptic control 
tissue compared to fetal autoptic control tissue, indicating that miR34a and 
miR34b expression increases after birth. The analysis of miR34a expression 
during the fetal period also showed a trend to increase over time (Fig. 1d), in 
contrast to miR34b (Supplementary Fig. 1d). We further focused on miR34a, 
since it was higher expressed than miR34b in both fetal and postnatal control 
tissue (Supplementary Fig. 1e, f) and studied whether the expression of miR34a 
was changed during the fetal development in TSC. 

Increased miR34a expression in the cortex of fetuses with TSC 

In situ hybridization (ISH) was performed using autoptic frontal cortex samples 
from fetuses with TSC. The miR34a in situ hybridization signal (IHS) was stronger 
in various layers of the developing TSC cortex during gestational weeks (GW) 
23, 27, 32 and 34) as compared to age-matched controls (GW 22, 28, 31, 35; 
Fig. 2a-h). In controls, a moderate miR34a IHS was observed in the cells forming 
the upper layers and deep layers of the cortical plate (respectively the panels 
labelled CP UL and CP DL in Fig. 2a, c, e, f). A strong IHS was observed in the 
individual cells with the morphology of migrating neural progenitor cells in the 
intermediate zone and subventricular zone (respectively the panels labelled IZ 
and SVZ in Fig. 2a, c, e, f). In TSC, a stronger miR34a IHS was observed at all  
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Figure 1. Increased miR34a expression in the cortex of TSC patients during early postnatal development. 
(a-d) TaqMan RT-qPCR analysis of miR34a expression; (a) miR34a was higher (p < 0.001) in resected cortical 
tubers from TSC patients (n = 37) compared to autoptic control tissue (n = 27); (b) MiR34a was higher (p < 
0.001) in the TSC age group of 0–4 years old (n = 19) compared to the age-matched control group (n = 13), 
but the expression did not differ between TSC and age-matched controls at the ages 4–12 years old (n = 11 
vs n = 5) and >12 years old (n = 8 vs n = 10); (c) MiR34a expression was higher in postnatal controls (n = 27) 
compared to fetal controls (GW15–41, n = 15); (d) MiR34a expression increases over time during prenatal 
development; GW – gestational week; ***p < 0.001; Mann-Whitney in a, c, d and Kruskal-Wallis with Dunn’s 
post-hoc test in b. 
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analyzed GW as compared to the corresponding age-matched controls (Fig. 2b, 
d, f, h). The miR34a IHS was stronger in both upper and deep layers of the 
cortical plate (Fig. 2b, d, f, h panel CP UL and CP DL). Additionally, a sub-layer of 
large miR34a-expressing cells was observed in the deep layers, which was not 
present in controls (Fig. 2b, d panel CP DL). Multiple miR34a-expressing cells 
with a strong IHS were observed along the migration lines in the intermediate 
zone at GW 23-32 (Fig. 2b, f panel IZ; Fig. 2d upper IZ panel) and in giant cells 
(Fig. 2d, h upper IZ panel; Fig. 2f panel IZ). A stronger IHS was also observed in 
individual cells in the subventricular zone at GW 23 (Fig. 2b panel SVZ), but not 
at other GW.  

Figure 2. Increased miR34a expression in the cortex of fetuses with TSC. (a-h) In situ hybridization for miR34a 
in human fetal autoptic cortex; (a, c, e, g) The miR34a in situ hybridization signal (IHS) was moderate in control 
autoptic cortex (GW22, 28, 31, 35) with the strongest IHS observed in the cortical plate and in individual cells 
in the intermediate zone; (b, d, f, h) The miR34a IHS was stronger in TSC fetal cortex (GW23, 27, 32, 34), 
especially in individual cells in the cortical plate, intermediate zone and subventricular zone, as well as in giant 
cells (d, h upper IZ panel, f IZ panel); CP – cortical plate, UL – upper layers, DL – deep layers, IZ – intermediate 
zone, SVZ – subventricular zone, GW – gestational week, scale bar in large panels – 100 μm, in insets – 10 μm. 
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Increased miR34a expression in fetal TSC brain tissue is associated with p53 and 
pS6 expression 

We further analyzed the expression of p53 – the major transcriptional activator 
of miR34a and phospho-S6 (pS6) – the marker of mTOR activation and TSC 
pathology. Weak p53 immunoreactivity was observed in the control (GW 28) 
cortex in cells that were sparsely present in the intermediate and subventricular 
zones (Fig. 3a panels IZ and SVZ). In fetal TSC brain tissue (GW 27) p53 
immunoreactive cells were abundantly present and distributed throughout the 
cortex (Fig.3b panel CP UL). Strong immunoreactivity was particularly observed 
in the deep layers of the cortical plate (Fig. 3b panel CP DL). P53-
immunoreactive cells with the morphology of migrating neural progenitor cells 
were also observed in the intermediate zone (Fig. 3b upper panel IZ) as well as 
in giant cells (Fig. 3b lower left panel IZ). Strong p53 immunoreactivity was also 
observed in the subventricular zone (Fig. 3b panel SVZ). Double-labeling of p53 
with miR34a showed the co-localization in all analyzed regions (Fig. 3b insets in 
panels CP UL, CP DL, IZ, SVZ and lower right panel IZ).  

The expression of pS6 was low throughout the control cortex, and 
individual cells expressing pS6 were sparsely detected in the intermediate zone 
with the morphology of migrating neural progenitor cells (Fig. 3c panel IZ) and 
in the subventricular zone (Fig. 3c panel SVZ). Higher pS6 immunoreactivity was 
detected in the TSC cortex. Strong pS6 immunoreactivity was observed mostly 
in the intermediate zone, in cells with the morphology of the migrating neural 
progenitor cells (Fig. 3d left panel IZ) and in giant cells (Fig. 3c right panel IZ).  
Double-labelling of pS6 with miR34a showed co-localization in individual cells 
throughout the cortex (Fig. 3d inset panel CP UL, inset right IZ panel).   

miR34a overexpression affects corticogenesis during embryonic brain 
development in mice 

We next assumed that overexpression of miR34 in fetal brain may lead to 
aberrations in cortical development. Therefore, a GFP-tagged miR34a, miR34b 
or negative control-overexpressing vectors were delivered into the brain of 
mouse pups by in utero electroporation at E14. The expression of GFP was  
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Figure 3. Increased miR34a expression in fetal TSC brain tissue is associated with increased p53 and pS6 
expression. (a-d) Immunohistochemistry for p53 and pS6 in fetal cortex; (a) P53 immunoreactivity was low 
in the control fetal cortex (GW28) with sparse individual cells expressing p53; (b) P53 immunoreactivity was 
higher in the TSC fetal cortex (GW27) and co-localized with with miR34a (insets); (c) Weak pS6 
immunoreactivity was observed in the control fetal cortex with individual positive cells (insets), (d) Stronger 
pS6 immunoreactivity was observed in the TSC fetal cortex, with individual positive cells (insets), co-localized 
with miR34a IHS. The strongest expression of pS6 was observed in cells with the morphology of migrating 
neural progenitor cells (d left IZ panel) and in the giant cells in the intermediate zone (d right IZ panel); Scale 
bar in large panels – 100 μm, in insets – 10 μm and 50 μm. 

assessed at E18, and the majority of GFP-positive cells expressing negative 
control vector were located in the upper layer of the cortical plate and co-
localized with the marker of upper-layer neurons Cut Like Homeobox 1 (Cux1) 
(Fig. 4a, b). In contrast, the majority of GFP-positive cells overexpressing 
miR34a were not located in the upper layers, but were rather split in two  
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Figure 4. miR34a overexpression affects corticogenesis during fetal brain development in mice. (a-b) 
Immunohistochemistry for GFP and Cux1 in the mouse cortex at E18: (a) GFP IR co-localized with Cux-1 and 
was mostly observed in the upper layers of the cortical plate after transfection with the negative control 
plasmid; (b) Immunoreactivity for GFP co-localized with Cux1 and was observed in the subventricular zone, 
lower cortical plate and marginal zone, but almost absent in the upper cortical plate after transfection with 
miR34a-overexpressing plasmid; (c) The percentage of GFP positive cells located in the upper cortical plate 
was 77% (135 of 174, n = 3) for the negative control group; 7% (4 of 44, n = 3) for miR34a, representing a 
lower percentage (p < 0.001) of cells compared to negative control; arrows indicate the upper cortical plate; 
arrowheads indicate aberrantly migrated cells; NC – negative control, uCP – upper cortical plate, lCP – lower 
cortical plate; ***p < 0.001; Mann-Whitney U-test. 

clusters: the first located in the subventricular zone and lower part of the inner 
cortical plate and the second located in the marginal zone (Fig. 4b). The GFP-
positive cells overexpressing miR34b were seen in the subventricular zone, 
inner cortical plate and upper cortical plate, but not in the marginal zone 
(Supplementary Fig. 2a, b). Quantitative analysis showed that the percentage 
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of GFP-positive cells located in the upper layers of the cortical plate was 77% 
(135 of 174, n = 3) for the negative control vector, 7% (4 of 44, n = 3) for the 
miR34a vector and 27% (42 of 159, n = 3) for the miR34b vector, representing 
a decrease  (p < 0.001) after miR34a (Fig. 4c) or miR34b (Supplementary Fig. 2c) 
overexpression compared to the negative control. Bioinformatical analysis was 
also performed, which revealed an enrichment of genes associated with 
neuronal migration among the potential targets of miR34a (hypergeometric 
test, p < 0.001 for targets in 3’UTR, 5’UTR and CDS). 

miR34a overexpression in human neuronal cell line down-regulates CNTN3 
expression 

We further investigated the expression of miR34a in vitro. The differentiation 
of the neuronal cell line SH-SY5Y with retinoic acid resulted in a higher 
expression (p < 0.001) of miR34a (Fig. 5a), recapitulating the increase observed 
in normal human brain during development. The differentiation also led to a 
higher expression (p < 0.001) of miR34a predicted target gene CNTN3 (Fig. 5b). 
The transfection of cells with miR34a mimic resulted in lower (p < 0.001) 
expression of CNTN3 (Fig. 5c).  

Decreased CNTN3 protein expression in the cortex of patients with TSC during 
the early postnatal period 

Finally, we investigated CNTN3 expression in the cortex of patients with TSC. 
Since the expression of CNTN3 has been shown to increase around birth 34, we 
focused on the early postnatal period. CNTN3 expression in control cortex was 
strong in neurons in layers II-VI, and weak expression was observed in the white 
matter (Fig. 6a). In TSC, weak to moderate expression was observed in neurons, 
however, individual dysmorphic neurons were strongly stained for CNTN3 (Fig. 
6b, panel V-VI) and a higher expression was observed in the white matter (Fig. 
6b, panel WM). Western blot analysis showed lower CNTN3 expression in all 
but one TSC samples (n = 9) compared to age-matched controls (n = 8) (Fig. 6c). 
Optical density measurements showed lower expression of CNTN3 in TSC (p < 
0.05) (Fig. 6d). The analysis of mRNA expression in a cohort of resected TSC 
cortical samples (n = 43) compared to autoptic controls (n = 27) showed no 
difference in CNTN3 gene expression (Fig. 6e). 
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Figure 5. Overexpression of miR34a in neuronal cell line leads to a lower expression of CNTN3. (a) TaqMan 
RT-qPCR showed higher expression (p < 0.001, n = 6) of miR34a following retinoic acid-induced 
differentiation; (c) RT-qPCR showed higher expression (p < 0.001, n = 6) of CNTN3 following retinoic acid-
induced differentiation; (d) RT-qPCR showed that CNTN3 expression was lower (p < 0.001, n = 5) after 
transfection with miR34a mimic; **p < 0.01, ***p < 0.001; Mann-Whitney U-test. 
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Figure 6. Decreased CNTN3 protein in the cortex of patients with TSC during the early postnatal period. (a, 
b) Immunohistochemistry for CNTN3 in the resected cortex from TSC patients: (a) Strong neuronal expression 
of CNTN3 was observed in different layers of control cortex, but low expression was observed in the white 
matter; (b) Weak neuronal expression was observed in TSC, with sparse dysmorphic cells (indicated by arrow) 
highly expressing CNTN3 and higher expression in the white matter; (c) Western blot for CNTN3 in TSC during 
early post-natal period; (d) Optical density analysis for TSC (n = 9) and control (n = 8) cortex showed lower 
expression (p < 0.05) of CNTN3 in TSC; (e) RT-qPCR analysis showed that CNTN3 expression in TSC (n = 43) did 
not differ from the control (n = 27) showed no difference; ns – not significant; *p < 0.05; Mann-Whitney U-
test.  
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Discussion 

We investigated the expression of miR34 family in resected cortical tubers from 
TSC patients with drug-resistant epilepsy and found higher miR34a expression 
during prenatal and early postnatal brain development. This was associated 
with p53 activation, not only in the giant cells, but also in the morphologically 
normal cells across the developing cortex. Overexpression of miR34a in the 
mouse fetal brain cortex resulted in disrupted corticogenesis. Moreover, the 
expression of a miR34a target CNTN3 was lower in the postnatal TSC cortex and 
overexpression of miR34a in vitro could decrease the expression of CNTN3. In 
the following paragraphs, these findings will be discussed  in more detail. 

Increased expression of miR34a in TSC cortex: focus on the early development 

The members of the miR34 family have tumor-suppressor functions and can be 
transcriptionally regulated by p53 protein 35-39. MiR34a is the most highly 
expressed miRNA of the miR34 family and is one of the most abundantly 
expressed miRNAs in the adult brain 21. MiR34a relative expression in the 
human brain cortex increases steadily throughout postnatal development and 
during life 40. Accordingly, we found that miR34a expression in humans 
increases over the course of fetal brain development and expressed even higher 
postnatally. We previously used an unbiased RNA-Seq-based approach, which 
identified miR34 family among the most dysregulated miRNAs in cortical tubers 
in TSC 15. Increased miR34a and miR34b expression in TSC tubers has been first 
shown by Dombkowski et al., and the authors pointed at the importance of 
considering the age of subjects when assessing miR34 expression 20. Indeed, we 
found a higher expression of miR34a during early postnatal brain development 
(about 0–4 years old) compared to age-matched controls. However, the 
expression did not differ later in life. Furthermore, miR34a overexpression 
could be seen in fetal TSC brain cortex, as early as 23 GW. The dysregulations 
of miR34a expression have been implicated in several processes that take place 
during brain embryonic development, such as epithelial-mesenchymal 
transition, apoptosis, differentiation and migration 21-23,41-43 and it has been 
shown that inhibition or knockout of miR34 family members causes 
developmental defects 44,45.   
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Increased miR34a during fetal cortex development may affect neuronal 
migration 

The overexpression of miR34a in mouse embryonic cortex led to an aberrant 
corticogenesis, characterized by lower percentage of neurons present in the 
upper layers of the cortical plate. This could be explained by disturbed 
migration of neural progenitor cells. Our bioinformatical analysis revealed the 
enrichment of genes associated with migration among the potential targets of 
miR34a. Overexpression of miR34a was shown to inhibit the motility of human 
neural progenitor cells derived from umbilical cord mesenchymal stem cells 46 
and the overexpression of miR34a in mice could lead to a decreased migration 
of neuroblasts, potentially through reduction of the miR34a target doublecortin 
42. Mutations in doublecortin cause lissencephaly – a cortical malformation 
disorder associated with severe mental retardation and epilepsy (Harding 
1996), as well as subcortical laminar heterotopia SCLH (des Portes et al. 1998b). 
Thus, normal migration could be disturbed or delayed in miR34a-expressing 
cells observed in the intermediate zone, both with normal morphology and 
giant cells. 

The mTOR-p53-miR34a axis in giant cells 

Giant cells have a glioneuronal phenotype, and they retain the expression of 
developmental markers even in the adult brain 47. Furthermore, they display 
high expression of mTOR activation markers 24,48. Tubers, consisting of giant 
cells are estimated to appear as early as 10-20 weeks of gestation 24-26,49-53. We 
also showed that giant cells overexpress miR34a, and that miR34a co-localized 
with pS6. Mutations in TSC1 or TSC2 and the constitutive activation of mTOR 
lead to the accumulation of phosphorylated p53 and the increase in p53 was 
shown in human angyomyolipomas 54-56. Therefore, a strong miR34a expression 
observed in giant cells could be an indirect consequence of mTOR activation 
and be driven by p53. The activation of mTOR is also associated with the 
pathogenesis of neurological diseases, such as epilepsy, autism spectrum 
disorder and mental disability 6,57,58. Whether the increased miR34a expression 
contributes to or counteracts mTOR activation and the development of 
neurologic consequences – remains to be elucidated.  
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mTOR-independent miR34a increase in TSC 

Higher miR34a expression in TSC compared to control was observed not only in 
giant and migrating cells, but also in the cells of cortical plate and in the 
subventricular zone. mTOR activation in fetal TSC is mainly limited to giant cells 
59-61, but the morphologically normal cells appear to have weak or no 
immunoreactivity for pS6. However, these cells co-expressed miR34a and p53, 
implying that the higher miR34a in these cells may be independent of mTOR 
activation. These cells may be only haploinsufficient for TSC1 or TSC2 due to a 
monoallelic germline mutation, but lack a second-hit necessary for a strong 
mTOR activation. The somatic mutations that can serve as a second-hit could 
be found in no more than 35% of cortical tubers, suggesting that cortical 
malformations may arise from a monoallelic TSC1 or TSC2 inactivation 62. 
Furthermore, it has been shown in vitro that even a loss of one allele of TSC2 
could be enough for p53 activation 63. The activation of p53 occurs in response 
to DNA damage 64 and may be linked to oxidative stress 65. Interestingly, we 
recently showed increased expression of oxidative stress markers in 
dysmorphic neurons, glia and giant cells in TSC tubers 66 and the potential 
contribution of oxidative stress to the increased p53 and miR34a should be 
further explored. Thus, increased expression of miR34a in the cells without 
obvious morphological alterations may be a consequence of p53 activation and 
occur independently of mTOR activation. 

The prematurely increased miR34a expression in TSC brain may also 
lead to aberrant corticogenesis during early postnatal brain development. The 
gradual increase of miR34a expression over time in the adult brain has been 
associated with down-regulation of neuronal genes 40 and overexpression of 
miR34a has been associated with the regulation of neurite outgrowth and spine 
morphology through targeting synaptic genes 22,67. Furthermore, miR34a was 
identified among the miRNAs most associated with copy number variants in 
autism risk genes 68. We also previously showed that the increase in miR34 
family overexpression in TSC tubers is associated with the genes involved in 
glutamatergic neurotransmission 15. One of the potential targets identified in 
this gene network was contactin-3 (CNTN3). CNTNs are a family of  cell-
adhesion molecules of the immunoglobulin superfamily, the 6 members of 
which have been involved in the neural cell migration, axon guidance, and the 
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organization of myelin subdomains 69. We found that in TSC brain the protein 
expression of CNTN3 is down-regulated during early postnatal development, 
before the maximal synaptic density is reached in the human frontal cortex 70. 
CNTN3 has been shown to be specifically expressed in the brain 71 shortly after 
birth in rats 34. Accordingly, we showed that CNTN3 expression can be increased 
in a neuronal cell line following differentiation with a combination of retinoic 
acid and brain-derived growth factor (BDNF), which leads to an inhibition of 
proliferation and extension of neurites. The expression of miR34a is also 
increased following this protocol, recapitulating the increase seen over 
development in humans. Thus, the excessive miR34a expression during 
neuronal differentiation may down-regulate the CNTN3 expression. CNTN3 has 
been demonstrated to have a neurite outgrowth promoting activity 34 and 
linked to autism 72,73. Thus, overexpression of miR34a in TSC during early 
postnatal development may be associated with the abnormal wiring of cortical 
neurons after birth and contribute to the development of autism spectrum 
disorders and mental disability in children with TSC.   

Conclusions 

MiR34a is overexpressed in TSC during fetal and early postnatal brain 
development. This overexpression is likely driven by p53 activation and is not 
directly related to mTOR activation. The overexpression of miR34a and down-
regulation of its target CNTN3 may interfere with the formation and refinement 
of the developing neural networks during corticogenesis. Whether the 
increased expression of miR34a may contribute to the complex and variable 
clinical phenotypes encountered in TSC patients, deserves further investigation. 
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Supplementary Figure 1. Increased miR34b expression in the cortex of TSC patients during early 
development. (a-d) TaqMan RT-qPCR analysis of miR34b expression; (a) miR34b was higher (p < 0.05) in the 
resected cortical tubers from TSC patients (n = 37) compared to autoptic controls (n = 27); (b) miR34b was 
higher (p < 0.05) in the TSC age group of 0–4 years old (n = 19) compared to the age-matched control group 
(n = 13), but no difference was found at the ages 4–12 years old (n = 11 vs n = 5) and >12 years old (n = 8 vs 
n = 10); (c) miR34b expression was higher in postnatal controls (n = 27) compared to fetal controls (GW 15-
41, n = 15); (d) miR34b expression did not show a clear directional trend over time during prenatal 
development; (e-f) miR34b was lower expressed compared to miR34a in fetal control tissue (e, p < 0.001) and 
in postnatal control tissue (f, p < 0.001); GW – gestational week; *p < 0.05, ***p < 0.001; Mann-Whitney in 
a, c, d and Kruskal-Wallis with Dunn’s post-hoc test in b. 
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Supplementary Figure 2. miR34b overexpression affects corticogenesis during fetal brain development in 
mice. (a-b) Immunohistochemistry for GFP and Cux1 in the mouse cortex at E18: (a) Immunoreactivity for 
GFP co-localized with Cux-1 and was observed in the upper layers of the cortical plate after transfection with 
the negative control plasmid; (b) Immunoreactivity for GFP co-localized with Cux1 and was observed in the 
subventricular zone, lower cortical plate and upper layers of the cortical plate after transfection with miR34b-
overexpressing plasmid; (c) The percentage of GFP positive cells located in upper cortical plate was 77% (135 
of 174, n = 3) for the negative control group and 27% (42 of 159, n = 3) for miR34b, representing a lower 
percentage (p < 0.001) of cells observed compared to the negative control; NC – negative control, uCP – upper 
cortical plate, lCP – lower cortical plate; ***p < 0.05; Mann-Whitney U-test. 
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Supplementary Figure 3. RT-qPCR analysis in SH-SY5Y neuroblastoma cell line showed increased expression 
of miR34a (a, p < 0.001) and miR34b (b, p < 0.001) after stimulation with 100μM H2O2 for 24 h as compared 
to control; no overexpression of miR34a or miR34b was seen when a scavenger of reactive oxygen species 
sodium pyruvate (Na Pyr) was applied to cells together with H2O2; *p < 0.05, ***p < 0.001, Mann-Whitney U-
test. 
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MicroRNAs in epileptogenesis 

Progress in epilepsy research over the past decades has led to the discovery and 
characterization of the major pathogenic processes associated with 
epileptogenesis. MiRNAs have emerged as important modulators of signaling 
pathways associated with these processes in the brain. The involvement of 
miRNAs in the pathogenesis of epilepsy has been supported by a large number 
of studies that reported dysregulation of miRNA expression in human 
epileptogenic brain tissue and in animal models of epileptogenesis 1-3. 
Dysregulation of miRNAs may represent both a consequence of pathological 
changes in the brain as well as a contributing factor to the pathology, leading 
to the idea that modulation of miRNAs in the brain may be useful in treatment 
and prevention of epilepsy 4. However, the identification of these miRNAs and 
accurate dissection of each miRNA’s contribution to epileptogenesis is a 
challenging task. From more than 2000 mature miRNAs described in mammals 
5,6, hundreds of differentially expressed miRNAs have been identified in animal 
models of epileptogenesis. Each of these miRNAs may be able to influence the 
expression of multiple mRNA targets, and even entire pathways, in a cell type-
specific manner 7. The deregulated expression of miRNAs can change 
dynamically during epileptogenesis and also varies depending on the brain 
region of assessment 8. Furthermore, the differences between methodologies 
employed by various laboratories, such as the use of different animal models of 
epileptogenesis, appear to produce heterogeneous outcomes 9,10. As a result of 
these factors, the profiles of miRNA expression have yielded largely discordant 
results 2,4, representing context-dependent pieces of an intricate, yet 
incomplete, mosaic.  

How can we pinpoint the most relevant miRNAs in epileptogenesis that 
could be of therapeutic value for the treatment of epilepsy? In chapter 2 we 
performed a meta-analysis across the published miRNA expression profiles 
during experimental epileptogenesis and created a database of more than 400 
differentially expressed miRNAs 11. Using a stringent bioinformatical approach 
we were able to find the most common differentially expressed miRNAs, that 
formed only a small subset of total analyzed miRNAs. These miRNAs were 
consistently deregulated across the expression profiles, despite the 
heterogeneity of factors involved. The identified miRNAs appear to be 
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associated with the key pathological processes linked to epileptogenesis, such 
as immune response/inflammation and remodelling of the extracellular matrix 
(ECM), and these processes represent commonalities in diverse animal models 
and human epilepsy 12. Immune response is mediated by the evolutionarily 
conserved pathways that have been recently targeted in search for novel anti-
epileptogenic therapy. Moreover, the activation of the innate immune 
response and inflammation is responsible for the alterations in the ECM. The 
miRNAs identified by the meta-analysis, as well as other inflammation-related 
miRNAs have a potential to modulate epileptogenesis through the regulation of 
these processes. Therefore, we focused our study on the expression of these 
miRNAs in various epileptogenic pathologies and the regulation of the 
pathogenic signaling pathways by these miRNAs in brain cells. 

Inflammation-associated miRNAs are expressed by activated glial and 
immune cells during epileptogenesis 

Several miRNAs identified by the meta-analysis and previous observations, 
including miR132, miR146a, miR155 and miR142 have been associated with the 
regulation of the immune response and inflammation 11,13-16. These miRNAs are 
evolutionarily conserved and their genomic locations are not associated with 
any protein-coding genes. Knock-out experiments in mice have shown that the 
lack of these miRNAs may lead to abnormal phenotypes associated with brain 
development or immune system dysfunctions 7. In chapters 3, 4 and 5 we 
validated the increased expression of these miRNAs in human epileptogenic 
pathologies, including temporal lobe epilepsy (TLE) and traumatic brain injury 
(TBI), as well as in animal models of TLE and TBI.  

MiRNAs in the brain display cell-type specific expression and functions 
17. One of the most commonly up-regulated miRNAs during epileptogenesis is a 
brain-specific miR132, which has been studied extensively in neurons 18-22. We 
demonstrated that miR132 can be up-regulated in astrocytes and microglia in 
the epileptogenic hippocampus. This suggests that miR-132 may be involved in 
the regulation of inflammation in the activated glial cells. The expression of 
miR146a and miR155 was found in various cell types, including the expression 
in neurons at basal level, however, their overexpression in the brain of humans 
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and animals with TLE or TBI is associated with activated astrocytes and 
microglia, where they function as potent inflammatory regulators. MiR142 is 
different from others because it is hardly expressed in the brain under normal 
conditions due to its hematopoietic origin 23. However, we are the first to 
demonstrate that it is expressed by activated microglia and macrophages after 
TBI, as well as by infiltrating T cells, but not by neurons or astrocytes. These 
findings were also corroborated by the observations in brain tissue of patients 
with TLE (Fig. 1). Thus, the miRNAs that are commonly up-regulated during 
epileptogenesis are expressed in activated glial and immune cells, which are the 
main cells capable of mediating the innate immune response in the brain.  
 

Figure 1. Higher miR142 expression in the human hippocampus. In situ hybridization for miR142 did not 
reveal the in situ hybridization signal (IHS) in the control hippocampus. In contrast, the stronger IHS was 
observed in the hippocampus of patients with TLE without hippocampal sclerosis (TLE no HS) (b) as well as in 
patients with TLE and hippocampal sclerosis (TLE-HS) (c). Arrows indicate individual cells expressing miR142; 
(d) Double labelling of miR142 with cell type-specific markers showed a weak IHS co-localized with NeuN and 
GFAP, stronger IHS co-localized with Iba-1 and TMEM119 and the strongest IHS co-localized with CD68 and 
CD8; Scale bar in a-c 50 µm and in d 10 µm. 

Regulation of inflammation by miRNAs 

The overexpression of inflammation-related miRNAs in the epileptogenic brain 
is also accompanied by increased expression of the markers of inflammation IL-
1β, TNF-α and TGF-β1. The activated inflammatory pathways in astrocytes, 
microglia and macrophages are responsible for the transcriptional activation of 
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miRNAs, which are further involved in regulatory networks within these 
pathways. The selected miRNAs may be broadly divided into pro-inflammatory 
and anti-inflammatory. In human astrocytes the expression of miR146a and 
miR155 could be increased in response to stimulation with pro-inflammatory 
cytokines IL-1β and TNF-α, upon which they are involved in the feedback 
regulation of signal transduction pathways that result in NF-κB and AP-1 
activation 24,25. It has been previously shown that miR146a and miR147b 
(another miRNA with anti-inflammatory properties) have prominent action in 
astrocytes, where they suppress the activation of inflammatory signaling 26-28. 
However, the overexpression of miR155 in human astrocytes leads to mixed 
results, with some inflammatory targets decreased and other – increased (Fig. 
2). There is also no consensus in the literature on this account, with existing 
evidence supporting both pro-inflammatory 29 and anti-inflammatory 30 actions 
of this miRNA. This could be explained by the multitude of target genes in cross-
reacting pathways depending on cellular context and time-point of assessment.  

 
 
 
 
 
 
 
 
 

 

Figure 2. The regulation of miR155 target genes in human astrocytes. RT-qPCR analysis of miR155 target 
gene expression involved in inflammation in human primary astrocytes (n = 5) showed a lower expression of 
TAB2 (p < 0.001), IKBKE (p < 0.001), SOCS1 (p < 0.05) and RELA (p < 0.01), but higher expression of IL6 (p < 
0.001) and NFKB1 (p < 0.01) as compared to control cells following IL-1β stimulation; Mann-Whitney U-test, 
*p < 0.05, **p < 0.01,***p < 0.001. 

MiR132 has also been associated with inflammation via targeting 
acetylcholinesterase in neurons and promoting cholinergic anti-inflammatory 
signaling 16,31. Following our findings that miR132 is expressed in glia in the 
epileptogenic brain, we demonstrated that miR132 can negatively regulate  
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IL-1β-mediated inflammatory signaling in astrocytes 32, which is corroborated 
by a previous report that miR132 can negatively regulate inflammatory 
signaling in an astrocytic cell line 33. A potential mechanism for such regulation 
could be through the down-regulation of its target COX-2. COX-2 expression is 
increased in both neurons and astrocytes in TLE 34,35 and could be involved in 
the pathogenesis of epilepsy 36. Moreover, miR132 may be involved in the 
regulation of TGF-β pathway since its expression in human astrocytes is 
increased by the stimulation with TGF-β1 and the predicted target of miR132 
TGF-β2 is down-regulated following miR132 overexpression 32. TGF-β signaling 
pathway in astrocytes has been shown to be an important contributor to 
epileptogenesis 37-39. Thus, in addition to its functions in neurons, miR132 may 
act to suppress pro-inflammatory signaling in activated astrocytes in TLE.   

MiR142 does not appear to be highly expressed in neurons or 
astrocytes, but it is found in microglia and macrophages, where its 
overexpression can lead to an increased production of TNF-α. This can both 
contribute directly to brain inflammation and can activate nearby astrocytes 40. 
Indeed, human astrocytes show a higher expression of pro-inflammatory genes, 
including IL1B, TNF and PTGS2, when treated with the culture medium from 
miR142-overexpressing macrophage-like cells as compared to astrocytes 
treated with the medium from control macrophage-like cells. This suggests that 
miR142-overexpressing cells observed in the brain post-TBI may promote a pro-
inflammatory state in surrounding astrocytes. This is in line with previous 
observations that miR-142 knock-out mice exhibit less inflammation in the 
cerebellum in the experimental autoimmune encephalomyelitis 41. Thus, the 
overexpression of miR142 in the human brain may promote inflammation after 
a brain insult, which may further contribute to epileptogenesis. 

The activation of astrocytes and loss of their homeostatic functions is 
one of the hallmarks of epileptogenesis 42. Reactive astrocytes and microglia 
provide a major source of pro-inflammatory molecules including IL-1β and TNF-
α during brain pathology 42,43. The studied miRNAs act to modulate the pro-
inflammatory signaling in astrocytes directly (miR146a, miR155, miR132) or 
indirectly (miR142). Through such modulation, these miRNAs could act not only 
to suppress their direct targets, but also influence the expression of the down-
stream targets of inflammatory pathways, such as cytokines, prostaglandins, 
growth factors and ECM molecules.  

216



541147-L-bw-Korotkov541147-L-bw-Korotkov541147-L-bw-Korotkov541147-L-bw-Korotkov
Processed on: 18-2-2020Processed on: 18-2-2020Processed on: 18-2-2020Processed on: 18-2-2020 PDF page: 217PDF page: 217PDF page: 217PDF page: 217

GENERAL DISCUSSION 

 

 

Regulation of the ECM by inflammation-related miRNAs 

The ECM is the non-cellular component of the brain, which is produced by 
neurons and glial cells, and the alterations in the ECM composition and 
structure play an important role in establishing epileptogenic networks 44, 
contributing to processes such as mossy fiber sprouting, granule cell dispersion 
and gliosis 45. Among the deregulated pathways in TLE, the pathways related to 
the remodeling of the ECM form one of the two largest clusters along with the 
pathways related to inflammation 46. Matrix metalloproteinases (MMPs) are 
the major enzymes responsible for the remodeling of the ECM 47 and their up-
regulation in epileptogenic tissue may lead to the degradation of PNNs and BBB, 
as well as promote neuroinflammation. The increased expression of 4 MMPs 
(MMP2, MMP3, MMP9 and MMP14) could be observed in human TLE and TSC 
tissue 48-50 and the increased expression of MMP genes could be observed in 
the rat hippocampus shortly after SE and during the latent and chronic phases 
49,51.  

The transcriptional activation of MMP expression is largely dependent 
on pro-inflammatory stimuli 52-55. In human astrocytes MMP3 gene expression 
could be activated by such stimuli as pro-inflammatory IL-1β, TNF-α and TGF-
β1, as well as reactive oxygen species-producing hydrogen peroxide stimulation 
(Fig. 3). In addition, MMP3 transcription was strongly activated in a 
macrophage/microglia cell model following a classic lipopolysaccharide (LPS) 
stimulation and the conditioned medium from these cells could induce MMP3 
gene expression, but not other MMP genes, in human astrocytes. Moreover, 
Mmp3 was the only metalloproteinase gene with increased expression in the 
cortex of rats 2 weeks post-TBI. MMP3 is normally expressed in astrocytes at 
low level, but is increased in response to a pro-inflammatory stimulation 56-59. 
Thus, MMP3 appears to represent an inflammation-sensitive pathological 
marker in the brain.  

Since miRNAs can modulate pro-inflammatory signaling in astrocytes, 
they could have a modulatory effect on MMP expression. The overexpression 
of the anti-inflammatory miR146a and miR132, as well as inhibition of miR155 
attenuated the increased expression of MMP3 in human astrocytes. Thus, in 
addition to modulation of inflammation, miRNAs have a potential to modulate 
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the alterations in the ECM during epileptogenesis through the control of MMP3 
expression.  

 
 
 
 
 

Figure 3. The heatmap of MMP gene expression in vitro. RT-qPCR analysis in human primary astrocytes and 
THP-1 cell line showed that of MMP2, MMP3, MMP9 and MMP14 could be induced by various pathological 
stimuli in human cells; H2O2 – 100 µm hydrogen peroxide; MCSM – conditioned culture medium from THP-1 
cells following stimulation with lipopolysaccharide (LPS); Mann-Whitney U-test, variable n =3–5; **p < 
0.01,***p < 0.001. 

miR34a overexpression may affect cerebral cortex development in TSC 

Apart from the regulation of processes, such as inflammation and ECM 
remodeling, which contribute to epileptogenesis in the adult brain, miRNAs can 
also regulate neurodevelopmental processes, the dysregulation of which may 
lead to malformations of cortical development and early-onset epilepsy 60. 
Previously we identified miR34 family (miR34a, miR34b and miR34c) among the 
most up-regulated miRNAs in TSC cortical tubers compared to autoptic control 

218



541147-L-bw-Korotkov541147-L-bw-Korotkov541147-L-bw-Korotkov541147-L-bw-Korotkov
Processed on: 18-2-2020Processed on: 18-2-2020Processed on: 18-2-2020Processed on: 18-2-2020 PDF page: 219PDF page: 219PDF page: 219PDF page: 219

GENERAL DISCUSSION 

 

 

brain cortex 61. A follow-up study performed in chapter 6 showed that 
overexpression of miR34a in TSC was observed during fetal and early postnatal 
brain development and may have an impact on corticogenesis and contribute 
to the pathology in several ways. First of all, the overexpression of miR34a in 
mice led to a disturbed migration of neural progenitor cells. The genes 
associated with neuron migration showed a strong enrichment among the 
predicted targets of miR34a and previous reports have linked miR34a to 
aberrant migration 62,63. Further, miR34a is normally highly expressed in the 
adult brain, but the prematurely high expression during the first years of life 
may affect neurite outgrowth, as miR34a has been shown to regulate this 
process 64. In addition, miR34a can down-regulate the expression of a cell-
adhesion molecule contactin-3 (CNTN3) in vitro. This CAM has been shown to 
possess a neurite outgrowth-promoting activity 65 and its expression is lower in 
TSC during the first years of life compared to the age-matched controls. Both 
overexpression of miR34a and the defects in CNTNs, including CNTN3, have 
been linked to ASD 66,67 and ASD frequently accompanies TSC 68. Lastly, miR34a 
has been known as a pro-apoptotic miRNA, since it can be activated by p53 
protein and is further involved in the feed-forward regulation of p53 69. 
Apoptosis is a paramount process for both embryonic neurogenesis and 
postnatal brain development 70. However, we did not observe an increase in 
apoptotic cells following miR34a overexpression in mice, suggesting that the 
increase of miR34a alone may be insufficient for triggering apoptosis.  

It is important to note that miR34a overexpression in fetal brain could 
be observed not only in giant cells, but also in other cells throughout the 
developing cortex. The increase in miR34a was contingent on the activation of 
p53 in the developing cortex, whereas pS6 activation was mostly restricted to 
giant cells. This suggests that miR34a overexpression in TSC cortex may not be 
directly related to mTOR pathway activation, but rather depend on the 
pathological microenvironment in the brain areas affected by tuber formation. 
One of such factors could be oxidative stress, since miR34a could be increased 
in vitro by stimulation of neuronal cells with hydrogen peroxide, and we have 
previously shown an increased expression of oxidative stress markers in TSC 
tubers 71.     
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Future outlook and therapeutic potential of miRNAs 

Epilepsy is a complex pathology produced by multiple intricately interwoven 
pathogenic processes.  MiRNAs are estimated to target more than 45,000 sites 
in the 3’ untranslated regions of about 60% of all existing messenger RNAs 72, 
and thus the evolutionarily conserved miRNAs deserve to be considered as 
major components of the gene regulatory units in epileptogenic networks. The 
dysregulation of many miRNAs during epileptogenesis represents an additional 
level of complexity to the gene expression analysis, but also provides an 
opportunity for therapy 3,73 or diagnostics as biomarkers 74-76. MiRNAs are 
network regulators of gene expression, and the development of new 
bioinformatics methods and statistical analysis may help to predict the most 
potent “master regulators” among them.  
 The current knowledge of the differentially-expressed miRNAs in 
epileptogenesis is mostly based on microarray- and qPCR array-based studies. 
This knowledge is waiting to be confirmed and refined by the studies using the 
more advanced and unbiased high-throughput RNA-Seq techniques. The 
benefits of RNA-Seq include a transcriptome-wide scale and the analysis of 
isomiRs – variants of mature miRNA sequences with minute differences in 
nucleotide composition at the 3’and 5’ends 77. Further, the advent of the singe-
cell expression analysis will further deepen our understanding of miRNA 
expression in a cell type- and context-specific manner. This is essential, since 
even miRNAs established to be expressed in certain cell types may be expressed 
in different cells depending on pathological states. One example is a neuronal 
miR132, the inhibition of which has been proposed as a potential 
neuroprotective treatment based on a study in a post-SE model 78. Our findings 
suggest that miR132 is expressed and may have anti-inflammatory functions in 

astrocytes during epileptogenesis 32, whereas its inhibition may promote 

inflammation and potentially aggravate the pathology. 
The field of non-coding RNA biology is a relatively young branch of 

science, but it has already produced results that are translatable to the clinics 
79-81. This includes treatment of epilepsy, since the use of an RNA-based 
inhibitor may soon enter the phase II of clinical trials for the treatment of the 
drug-resistant epilepsy in Dravet syndrome 
(https://dravetsyndromenews.com/cur-1916/). Studies in preclinical models of 
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epilepsy have shown an efficacy of modulation of neuronal miRNA expression 
in modification of epileptogenesis 82,83. Our results described in chapter 6 allow 
us to hypothesize that normalization of neuronal miR34a levels in the 
developing TSC brain may be of therapeutic value. Furthermore, the potential 
to combine inhibition of miR34a with the established drugs like rapamycin or 
everolimus, as well as anti-oxidant treatments, could be further explored in 
order to achieve a synergistic therapeutic effect in treatment of TSC and 
associated neurological impairments (Fig. 4). In a similar manner, the 
overexpression of miR146a, aimed at suppression of brain inflammation in 
order to alleviate epileptogenic pathology, has shown some promising results 
in vivo 84,85. The administration of miR132 or inhibition of miR155 may also have 
an anti-epileptogenic action through the modulation of pro-inflammatory 
signaling and down-stream targets, such as IL-1β, COX-2 and MMP3. Indeed, 
silencing of miR155 in vivo has been shown to reduce seizure frequency in rats 
and mice post-SE 86,87 (Fig. 4).  

 

221



541147-L-bw-Korotkov541147-L-bw-Korotkov541147-L-bw-Korotkov541147-L-bw-Korotkov
Processed on: 18-2-2020Processed on: 18-2-2020Processed on: 18-2-2020Processed on: 18-2-2020 PDF page: 222PDF page: 222PDF page: 222PDF page: 222

CHAPTER 7 

Figure 4. MiRNA regulation of processes associated with epileptogenesis. The activation of glial cells in the 
adult epileptogenic brain leads to the production of inflammatory mediators, such as IL-1β, TNF-α, TGF-β1. 
The overexpression of miR142 in the microglia and macrophages may lead to an increased production of at 
least one of them – TNF-α, which results in the overexpression of pro-inflammatory genes in astrocytes. This 
leads to the loss of astrocytic homeostatic functions and further perpetuation of neuroinflammation. The 
pro-inflammatory cytokines also increase the expression of miR146a, miR155 and miR132 in astrocytes. In 
the developing brain of patients with TSC, the overexpression of miR34a is dependent not only on mTOR 
activation, but also on p53 activation. The overexpression of miR34a during fetal and early post-natal brain 
development may lead to a decreased expression of neuronal molecules, such as CNTN3 and overall aberrant 
corticogenesis. The inhibition or overexpression of these miRNAs may help to normalize dysregulated 
signaling pathways and rescue pathological consequences of epileptogenic structural lesions. The 
combination treatment with the established AEDs may have a synergistic effect to alleviate epileptogenesis. 
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Conclusions 

In this thesis we aimed to investigate the involvement of miRNAs in 
epileptogenesis through the regulation of pro-epileptogenic processes in the 
brain, including immune response and inflammation, alterations in the ECM and 
corticogenesis during neural development. Furthermore, we aimed at the 
identification of novel therapeutic targets and miRNA-based approaches for 
prevention or modification of acquired epilepsy. The miRNAs miR132, miR146a, 
miR155 and miR142 are primarily involved in the regulation of innate immune 
response and inflammation in activated glial cells and can modulate the 
expression of pro-epileptogenic factors, such as pro-inflammatory cytokines 
and MMPs. The increased expression of miRNAs associated with 
neurodevelopmental processes, such as miR34a and miR34b, can lead to 
aberrant corticogenesis in the immature brain, which may contribute to 
epileptogenesis and cognitive impairment in TSC. The ability to modulate key 
pathological processes associated with epileptogenesis suggests that 
overexpression or inhibition of these miRNAs may be considered for use as a 
novel therapeutic approach in treatment of epilepsy and associated co-
morbidities. 
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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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Portfolio 

Name PhD student: Anatoly Korotkov 

PhD period: October 2015 – December 2019 

Promotor: Prof. Dr. E.M.A. Aronica   

Co-promotors: Dr. ing. E.A. van Vliet 

Dr. J.D. Mills 

 

1. PhD training Year Workload 

(Hours/ECTS) 

General courses   

Introductory course ONWAR 2015 24/0.9 

Specific courses   

Introductory Course on Glial Cell Biology 2016 8/0.25 

Seminars, workshops and master classes   

Weekly department seminars 2015-
2019 

16/0.5 

Swammerdam Lectures 2015-
2019 

20/0.7 

Annual PhD student retreats 2015, 
2018 

50/1.8 

ECMED workshop, Understanding Epilepsy, 
DZNE, Magdeburg, Germany 

2015 41/1.5 
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ECMED advanced Training School, A cell 
biologist’s view on active synapses and the 
perisynaptic Extracellular Matrix, LIN, 
Magdeburg, Germany 

2016 52/1.8 

ECMED workshop, The use of virus vectors in 
Neuroscience: virus-mediated gene-delivery into 
the rodent brain, 6 June 2016, IIT, Genova, Italy 

2016 23/0.8 

ECMED practical workshop, Development of 
strategies to transport CNS drugs across the BBB 
and biotechnology entrepreneurship, 24 
October 2016, CERIMED Marseille, France 

2016 35/1.2 

ECMED advanced Training course 2, In Vivo 
Assessment of Plasticity during Epileptogenesis 

2017 44/1.6 

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”, 
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2018 12/3.0 

Mariana de Castro Martins Cunha: “Evaluation 
of miR-124 expression in the human 
hippocampus with focus on Alzheimer’s 
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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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the master’s program Applied Physics, track of Biophysics and Physiology. 
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Molecular Mechanisms of Neuronal Functioning, Sechenov Institute of 
Evolutionary Physiology and Biochemistry of the Russian Academy of Sciences 
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generation of spontaneous seizures in rats prone to audiogenic seizures under 
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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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