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TIIVISTELMÄ 
Tutkimuksen tausta ja tavoitteet: Epilepsia on yleinen neurologinen sairaus, jolle on ominaista 

toistuvat epileptiset kohtaukset. Neuroinflammaatio ja tulehduksellisten sytokiinien epänormaalit 

pitoisuudet on havaittu olevan yhteydessä epilepsiaan. Eläinkokeet ja kliiniset tutkimukset ovat 

osoittaneet, että interleukiini (IL)-6 -sytokiinin pitoisuudet voivat kohota kohtausten jälkeen. Tieto 

IL-6:n vaikutuksista epilepsiakohtauksiin ja ihmisen hermosoluihin on kuitenkin vähäistä. Tämän 

työn tarkoituksena oli tutkia IL-6:n ja Hyper-IL-6 -fuusioproteiinin vaikutuksia ihmisen 

monikykyisistä kantasoluista erilaistettuihin aivokuoren hermosoluihin yhdessä 

kainaattihappokäsittelyn kanssa ja ilman sitä. Käsittelyn tarkoituksena oli aiheuttaa 

kohtaustyyppistä hermosoluaktiivisuutta. Työssä tutkittiin käsittelyiden vaikutuksia IL-6 

reseptorien ilmentymiseen, hermosolujen elinkykyyn ja hermosoluverkostojen toiminnallisuuteen.  

Menetelmät: Ihmisen monikykyisistä kantasoluista erilaistettuja aivokuoren hermosoluja viljeltiin 

viisi viikkoa, minkä aikana niiden aktiivisuutta seurattiin mikroelektrodihila-levyillä (engl. 

microelectrode array, MEA). Tämän jälkeen toiminnallisesti kypsyneet hermosolut käsiteltiin IL-

6:lla tai Hyper-IL-6:lla. Myöhemmin osa viljelmistä altistettiin kainaattihappokäsittelylle. IL-6 

reseptorien, IL-6R ja glykoproteiini 130 (gp130), ilmentyminen geeni- ja proteiinitasoilla 

määritettiin ennen käsittelyitä ja niiden jälkeen käyttämällä kvantitatiivista PCR-menetelmää ja 

immunosytokemiallisia värjäyksiä. Näillä värjäyksillä tutkittiin myös hermosoluille, astrosyyteille 

ja hermosolujen synapseille tyypillisten proteiinien ilmentymistä viljelmissä. Solujen elinkykyä 

käsittelyiden jälkeen tutkittiin elävät/kuolleet-värjäyksellä. Käsittelyiden vaikutusta 

hermosoluverkostojen aktiivisuuteen tutkittiin MEA-mittauksilla.  

Tulokset: Molemmat IL-6 reseptorit ilmentyivät ihmisen hermosoluviljelmissä geeni- ja 

proteiinitasoilla. Käsittelyiden seurauksena IL-6 reseptorien ilmentyminen geenitasolla muuttui 

hieman. Käsittelyt eivät olleet sytotoksisia soluille. Sytokiinikäsittelyt eivät vaikuttaneet suuresti 

tutkittuihin hermosoluverkostojen aktiivisuuden ominaisuuksiin. Kainaattihappokäsittely 

kuitenkin häiritsi hermosoluverkostojen aktiivisuutta ja samanlaisia vaikutuksia havaittiin myös 

viljelmissä, jotka oli käsitelty sytokiineilla ja kainaattihapolla yhdessä.  

Johtopäätökset: Työssä osoitettiin, että ihmisen aivokuoren hermosolut ilmentävät IL-6 

reseptoreita, joten niillä on mahdollisuus reagoida IL-6 signalointiin. Lisää tutkimustietoa tarvitaan 

IL-6:n vaikutuksista ihmisen hermosoluverkostoihin, jotta voidaan syvällisemmin mallintaa sen 

roolia epilepsiassa ja epilepsiakohtauksissa.  
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ABSTRACT 
Background and aims: Epilepsy is a common neurological disorder characterized by repetitive 

epileptic seizures. Neuroinflammation and abnormal inflammatory cytokine levels have been 

associated to epilepsy. Animal and clinical studies have revealed that the levels of interleukin-6 

(IL-6) cytokine can be elevated after seizures. However, the knowledge of the roles of IL-6 in 

seizures and its functions on human neurons is minimal. The aim of this work was to study the 

effects of IL-6 and Hyper-IL-6 fusion protein to human pluripotent stem cell (hPSC)-derived 

cortical neural cultures alone and in combination with kainic acid (KA) treatment. KA was used to 

induced seizure-like activity. The effects of these treatments on the expression levels of IL-6 

receptors, cell viability and functionality of the neuronal networks were investigated. 

Methods: hPSC-derived cortical neurons were cultured for five weeks and the functional activity 

development of neuronal networks was followed with microelectrode arrays (MEAs). Then, 

functionally maturated neuronal networks were treated with IL-6 or Hyper-IL-6 and subsequently 

a part of cultures was exposed to KA. The gene and protein expression levels of IL-6 receptors, IL-

6R and glycoprotein 130 (gp130), were determined before and after treatments with quantitative 

PCR and immunocytochemistry (ICC), respectively. ICC was used to determine the protein 

expression of neuronal, astrocytic and synaptic markers after treatments. Cell viability was studied 

after treatments with LIVE/DEAD assay. The effects of treatments on the activity of neuronal 

networks were investigated with MEA measurements. 

Results: Human neural cultures expressed both IL-6 receptors at the gene and protein level.  

Treatments slightly modulated the expression of IL-6 receptors. Treatments were not cytotoxic to 

the cells. Cytokine treatments did not cause major effects to the functionality of neuronal networks, 

when few activity features were studied. However, KA treatment disrupted the activity of neuronal 

networks and similar effects was seen when cultures were treated together with cytokines and KA. 

Conclusion: This study indicated that human cortical neurons express both IL-6 receptors thus 

they can respond to IL-6. More research is needed about the effects of IL-6 on the human neuronal 

networks for better modelling of its role in the human epilepsy and epileptic seizures. 
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1 Introduction 
 

The complexity of the human brain reflects to the complexity of its diseases. The brain together 

with the spinal cord form the central nervous system (CNS), which main cell types are neurons and 

glial cells: astrocytes, oligodendrocytes and microglia (Budday et al. 2015). The human brain 

consists of approximately one hundred billion neurons, and each neuron can communicate 

electrochemically with thousands of other neurons and form neuronal networks (Budday et al. 

2015). Abnormalities in the activity of neuronal networks can cause neurological disorders 

(Faingold & Blumenfeld 2014). One of such disorders is epilepsy which is caused by abnormal 

brain activity that leads to spontaneous epileptic seizures and often to other comorbidities (Devisky 

et al. 2018). Involvement of neuroinflammation and inflammatory cytokines in the 

pathophysiology of epilepsy is recognized, but their specific roles in epilepsy and seizure 

generation are still unclear (Vezzani et al. 2008, Vezzani et al. 2019). Neuroinflammation is a 

complex inflammatory response of the CNS that results from different insults, and it is mediated 

by several inflammatory factors such as inflammatory cytokines (DiSabato et al. 2016, Vezzani et 

al. 2019). Cytokines are an extensive group of small soluble proteins which can mediate cell 

communication via autocrine, paracrine and endocrine signaling, for example they are crucial for 

development, tissue homeostasis and immunity (Becher et al. 2017, Rose-John 2018). In general, 

all cytokines need to bind their specific extracellular receptors to mediate signals into the cells 

(Rose-John 2018). Additionally, cytokines are pleiotropic proteins, which refers that one cytokine 

can have several different target cells and mediate multiple actions (Becher et al. 2017). 

Interleukin-6 (IL-6) is one of those cytokines which is associated with epilepsy. Clinical and 

experimental studies of epilepsy have reported elevated IL-6 levels after epileptic seizures (Li et 

al. 2011, Liimatainen et al. 2009). However, its role in epilepsy and epileptic seizures and its effects 

to the human CNS are unclear. Majority of the data about cytokines in neuroinflammation is from 

animal models of human diseases (Becher et al. 2017). However, the human brain differs a lot from 

the animal brain, especially from the rodent brain, which is the most commonly used animal model 

(Avior et al. 2016, Shi et al. 2012). For better disease modelling, it is essential to study human 

diseases with human cells (Avior et al. 2016). Human pluripotent stem cells (hPSCs) provide 

unlimited human-based cell source for in vitro disease modelling since they can differentiate into 

all cell types in the human body including CNS cells (Avior et al. 2016). Advantages of in vitro 
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research with hPSCs are patient-specific cells, human-specific cell responses, cost-effectiveness, 

scalability and reduced number of ethical issues in comparison to animal models, to name a few 

(Avior et al. 2016, Tukker et al. 2020). 

 

The effects of IL-6 on neurons in vitro have been studied previously, but mainly with rodent 

neurons. Due this reason, it is essential to research its functions to neurons with human-based 

models. The aim of this work was to investigate the effects of IL-6 and Hyper-IL-6 on the 

characteristics and functionality in hPSC-derived cortical neuronal networks. Hyper-IL-6 is a 

fusion protein complex, which can be used to study the functions of IL-6 (Rose-John 2017). 

Moreover, in a part of networks seizure-like activity was induced with kainic acid (KA), and its 

effects after cytokine exposure were studied. Additionally, the gene and protein expression levels 

of IL-6 receptors in human neural cultures were determined in this study. Moreover, the cell 

viability was studied after treatments. In general, the effects of IL-6 on the functionality of human 

neuronal networks is less known. Therefore, the effects of IL-6, Hyper-IL-6 and KA treatments on 

the activity of hPSC-derived cortical neuronal networks were investigated with microelectrode 

arrays (MEAs), which enable repeatable and long-term measuring of the activity of neuronal 

networks (Ylä-Outinen et al. 2019). 
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2 Literature review 
 

2.1 Epilepsy 

 

2.1.1 Epilepsy and epileptic seizures 

 

Epilepsy is one of the most common neurological diseases affecting about 65 million people 

globally (Devinsky et al. 2018). It is characterized by an abiding predisposition for generation of 

unpredictable and unprovoked epileptic seizures caused by abnormally excessive or synchronous 

activity of neurons in the brain (Fisher et al. 2014). Main reason for abnormal activity of neurons 

is the imbalance between inhibitory and excitatory neurotransmission (Patel et al. 2019). An 

epileptic seizure is a temporary alteration of behaviour and it appears in multiple forms, durations, 

frequencies and severity levels (Devinsky et al. 2018). Symptoms can vary a lot: loss of 

consciousness, jerking, inability to move, absence, déjà vu or sensory changes. At worst, seizures 

can cause accidents such as drowning, or changes of autonomic functions leading to death. 

(Devinsky et al. 2018) 

 

Multiple epileptic seizure types as well as epilepsies are recognized and they have been classified 

in different ways (Fisher et al. 2017). Current classification of seizure types and epilepsies is based 

on The International League Against Epilepsy (ILAE) 2017 classification (Figure 1). Epileptic 

seizures can be classified into three main groups based on the seizure origin: focal, generalized and 

unknown onset. A focal seizure originates within networks in one hemisphere of the brain whereas 

a generalized seizure originates from both hemispheres. If the origin of a seizure in the brain is not 

identified, it can be classified as unknown onset. All seizure types can be divided into more specific 

subcategories according to the patient’s awareness and movements during a seizure. Focal onset 

can be classified into seizures with awareness or impaired awareness. All three main seizure onsets 

can be classified as motor or nonmotor seizures depending on movements during a seizure. In 

addition, focal seizures can be classified as a focal to bilateral tonic-clonic -seizure type according 

to its’ propagation pattern from one hemisphere to another. (Fisher et al. 2017) Tonic-clonic seizure 

proceeds in two phases during a seizure: a tonic phase with muscle contractions, which usually 

leads to falling, and a clonic phase with rhythmic jerking movements (Devinsky et al. 2018). 

Moreover, some seizures are divided into unclassified seizures due to deficient knowledge or 

inability to classify them to other categories (Fisher et al. 2017). Based on epileptic seizure types, 
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epilepsies are classified into generalized, combined generalized and focal as well as unknown 

epilepsies (Scheffer et al. 2017). 

 

 

Figure 1. Basic version of ILAE 2017 classification of seizure types. Figure is redrawn and 

modified from Fisher et al. (2017). 

 

Epilepsy is diagnosed based on unprovoked epileptic seizures (Devinsky et al. 2018). However, 

one seizure without other factors, such as known structural lesion, is not enough for epilepsy 

diagnosis. Diagnosis relies on a medical history, physical and neurological examination, 

electroencephalogram (EEG) and neuroimaging. Currently, there are many treatments available for 

epilepsy. The most common treatment is anti-seizure drugs (ASDs) which can control epileptic 

seizures, but they are not curative. Several different ASDs are available such as Carbamazepine, 

Valproic acid, Topiramate and Lamotrigine. (Devinsky et al. 2018) However, still almost 30% of 

patients have drug-resistant epilepsy. Patients with drug-resistant epilepsy do not respond to ASD 

treatments and they suffer from uncontrollable epileptic seizures which can impair the quality of 

their everyday life (Devinsky et al. 2018, Vezzani et al. 2011). In addition to ASDs, other treatment 

possibilities are epilepsy surgery, neurostimulation devices and different dietary therapies. 

However, epilepsy surgery is often not suitable for drug-resistant epilepsy patients. (Devinsky et 

al. 2018) 
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Epilepsy is present in all age groups and it can be caused by multiple factors (Scheffer et al. 2017). 

It can have structural, genetic, metabolic, infectious, immune as well as unknown etiology. For 

example, acute brain injury, stroke, gene mutations, viral infection or autoimmune-mediated CNS 

inflammation can cause epilepsy. (Scheffer et al. 2017, Vezzani et al. 2016) Evidence suggests, 

that there is a close and complex connection between the immune system and epilepsy (Li et al. 

2011, Vezzani et al. 2016). Despite enormous amount of epilepsy research, the pathophysiological 

mechanisms of epilepsy and epileptic seizures are still unclear and more research is needed 

(Devinsky et al. 2018, Vezzani et al. 2019). However, animal models have revealed various 

alterations on genetic, epigenetic, molecular, cellular as well as on functional level (Devinsky et 

al. 2018). These alterations occur in neuronal and non-neuronal cell types in the brain during 

epileptogenesis, which can also contribute to seizure generation. Epileptogenesis refers to the 

chronic process in which a healthy brain networks convert into a seizure generating networks. 

Alterations can be aberrant neurogenesis, ion channel dysfunction, reactive gliosis and blood-brain 

barrier (BBB) dysfunction, to name a few. (Devinsky et al. 2018) Moreover, one of these 

pathophysiological mechanisms is neuroinflammation, which is known to have an important role 

in epilepsy (Devinsky et al. 2018, Vezzani et al. 2019). 

 

2.1.2 Neuroinflammation and cytokines in epilepsy 

 

Neuroinflammation is a common phenomenon in many neurological disorders including epilepsy 

(Becher et al. 2016, Vezzani et al. 2019). It refers to broad and complex inflammatory responses 

within the CNS that results from tissue damage, autoimmune responses, infections, seizures or 

other insults (DiSabato et al. 2016, Vezzani et al. 2019). Multiple factors can mediate 

neuroinflammation such as pro-inflammatory cytokines, chemokines, growth factors, secondary 

messengers and reactive oxygen species (Figure 2) (DiSabato et al. 2016, Patel et al. 2019). These 

inflammatory mediators are secreted in the brain by activated microglia and astrocytes, which are 

resident CNS glia cells, and by neurons, endothelial cells and infiltrated peripheral immune cells 

(DiSabato et al. 2016, Vezzani et al., 2011). Secretion of inflammatory mediators is a normal 

response of the brain to an insult and an attempt to maintain homeostasis and prevent further 

damage within the brain (Patel et al. 2019, Vezzani et al. 2019). However, excessive and prolonged 

neuroinflammation is detrimental and causes abnormal cellular functions since inflammatory 

mediators affect transcriptional and post-transcriptional mechanisms (DiSabato et al. 2016, Patel 
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et al. 2019, Vezzani et al. 2019). For example, alterations associated to neuroinflammation are 

activation of astrocytes and microglia, increased production of cytokines and chemokines, BBB 

dysfunction such as leakage, and infiltration of peripheral immune cells into the brain (DiSabato et 

al. 2016).  

 

Studies indicate that multiple inflammatory pathways can be activated in the epileptic brain 

(Vezzani et al. 2019). Neuroinflammation can be a result of seizures, but studies have also 

suggested that it has a role in the seizure induction. For example, animal models have indicated 

that neuroinflammation can cause the threshold decrease for seizures, and therefore promote 

seizure generation and recurrence. (Vezzani et al. 2019) Experimental and clinical studies have 

reported that the activation of inflammatory cytokines and their abnormal levels are related to 

epilepsy and seizures (Li et al. 2011, Liimatainen et al. 2009). Several cytokines, such as 

interleukin-1β (IL-1β), tumour necrosis factor alpha (TNF-α) and IL-6, have shown to be 

associated with the pathology of epilepsy (Li et al. 2011). Clinical studies of epilepsy have shown 

increased IL-6 levels in the cerebrospinal fluid (CSF) and blood after seizures (Alapirtti et al. 2009, 

Lehtimäki et al. 2011, Liimatainen et al. 2009, Peltola et al. 2000). Additionally, it has been 

reported that IL-6 levels in the blood correlate with the levels in the CSF, and thus it has been 

suggested that the increased blood IL-6 originates from CNS (Alapirtti et al. 2009). For example, 

elevated IL-6 levels both in CSF and plasma after tonic-clonic seizures are reported but 

concentration and increase of IL-6 were greater in the CSF compared to plasma (Peltola et al. 

2000). In addition, increased seizure frequency and severe intellectual disabilities were associated 

with higher serum IL-6 level in epilepsy patients (Lehtimäki et al. 2011). It is also found that 

epilepsy type affects cytokine levels e.g. studies have shown significant increase in serum level of 

IL-6 in temporal lobe epilepsy (TLE) patients compared to extra-TLE patients (Alapirtti et al. 2009, 

Liimatainen et al. 2009). However, more detailed knowledge of the neuroinflammation and IL-6 

functions in the CNS and their role in seizure generation and epilepsy is needed. 
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Figure 2. Effects of neuroinflammation on neuropathology. Inflammatory mediators are produced 

by CNS cells or by infiltrated peripheral immune cells after epileptogenic events. These factors can 

cause several transcriptional and post-translational effects leading to dysfunction of neurons and 

glial cells. Furthermore, dysfunctional cells can cause detrimental pathological effects. Figure is 

redrawn and modified from Vezzani et al. (2019). 

 

2.2 Interleukin-6 (IL-6) 
 

2.2.1 Interleukin-6 family of cytokines 

 

Interleukin-6 family of cytokines include IL-6, IL-11, IL-27, ciliary neurotrophic factor (CNTF), 

cardiotrophin 1 (CT-1), cardiotrophin-like cytokine (CLC), oncostatin M (OSM) and leukemia 

inhibitory factor (LIF) (Rose-John 2018). These cytokines belong to the same family since they 

mediate their effects through a common signaling receptor, glycoprotein 130 (gp130). However, 

cytokines cannot activate gp130 alone since activation of gp130 requires cytokine specific 

receptors which are listed in the Table 1. Certain IL-6 family cytokines bind first to specific binding 

receptors and then they can activate signaling receptors. Contrary, some of IL-6 family cytokines 

can directly activate their two signaling receptors without specific ligand-binding receptor. IL-6 

family cytokines have also structural similarities in their four-helix bundle structure with up-up–

down-down topology. In addition, they have many common as well as distinct biological functions. 

For example, they are involved in the regulation of lymphocyte functions, in metabolic regulation 

and in several neural functions. (Rose-John 2018)  
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Table 1. IL-6 family of cytokines and their receptors, which are required for cytokine signaling 

(Rose-John 2018).   

Cytokine Ligand-binding receptors Signaling receptors 

IL-6 IL-6R gp130 

IL-11 IL-11R gp130 

IL-27  gp130, WSX-1 

CNTF CNTF-R gp130, LIF-R 

CT-1 CT-1R? (possibly) gp130, LIF-R 

CLC CNTF-R gp130, LIF-R 

OSM  gp130, LIF-R/gp130, OSM-R 

LIF  gp130, LIF-R 

Abbreviations: IL=interleukin, gp130=glycoprotein 130, R=receptor, CNTF=ciliary neurotrophic 

factor, CT-1=cardiotrophin 1, CLC=cardiotrophin-like cytokine, OSM=oncostatin M, 

LIF=leukemia inhibitory factor. 

 

2.2.2 Interleukin-6 cytokine 

 

Initially, IL-6 was known with diverse names as B-cell stimulatory factor 2 (BSF-2), hepatocyte-

stimulating factor (HSF-2), hybridoma-plasmacytoma growth factor, interferon β2 (INFβ-2) or 26 

kDa protein (Rose-John 2018). Researchers found similarities as well as differences in biological 

functions between these proteins. Molecular cloning of the cDNA for these proteins confirmed that 

these are actually the same identical glycoprotein, and thus was renamed as IL-6 in the late 80’s. 

(Rothaug et al. 2016, Rose-John 2018) IL-6 is a small (21-30 kDa) pleiotropic cytokine which has 

many target cells and multiple actions around the body (Gruol 2015). For example, it is involved 

in inflammation, tissue regeneration, immune defence and many pathological processes (Rothaug 

et al. 2016). It has also functions in neural tissue, for example, its involvement in 

neurodevelopment, neuronal physiology, neuroprotection, neurotoxicity and neuropathology has 

been reported (Gruol 2015). However, its specific roles and molecular mechanisms in the CNS are 

not clear (Gruol 2015). Moreover, both pro- and anti-inflammatory properties have been reported 

for this multifunctional cytokine depending on the target cell type and signaling pathway (Scheller 

et al. 2011), which are described more detail in the chapter 2.2.3.  

 

Under normal conditions IL-6 levels are low in the CNS, whereas during pathological events its 

levels are often elevated (Erta et al. 2012, Gruol 2015). In addition to previously mentioned 

epilepsy, increased IL-6 levels in the brain or CSF have been reported e.g. in Alzheimer disease, 
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Parkinson’s disease, Huntington’s disease, major depression and autism (Erta et al. 2012). IL-6 is 

secreted by immune cells, such as B-cells, T-cells and microglia, but also by non-immune cells, 

such as neurons, astrocytes and endothelial cells (Erta et al. 2012, Rothaug et al. 2016). Main 

sources of IL-6 in the CNS are astrocytes and microglia (Gruol 2015). Neurons can also secrete it 

under specific conditions such as during robust neuronal activity, CNS injury or disease. 

Production of IL-6 by neurons is less studied than that by astrocytes, but it is known that IL-1β can 

induce IL-6 production in both cell types. (Gruol 2015) Also, several different cytokines, 

inflammatory mediators and other factors can induce production of IL-6 such as TNFα, 

lipopolysacharide (LPS), interferon gamma (IFN-γ), vascular endothelial growth factor (VEGF), 

granulocyte macrophage colony-stimulating factor (GM-CSF), OSM, mechanical injury, oxidative 

stress and hypoxia (Erta et al. 2012, Hodge et al. 2005, Hyvärinen et al. 2019a). Secreted IL-6 can 

affect various cell types which express specific extracellular receptors for its binding. These 

receptors and IL-6 signaling pathways are presented in the next chapter. 

 

2.2.3 Interleukin-6 receptors and signaling pathways 

 

IL-6 can transmit its biological actions through its receptors IL-6R and gp130 (Figure 3) (Rothaug 

et al. 2016). IL-6R (α-receptor, CD126) is a small ligand-binding glycoprotein (80kDa) which 

exists in membrane-bound (IL-6R) and soluble forms (sIL-6R, 50 kDa) (Kaur et al. 2020, Rose-

John 2017). Soluble IL-6R is produced by alternative splicing of IL-6R mRNA, or extracellularly 

by limited proteolysis of the membrane-bound IL-6R by metalloproteases ADAM10 and ADAM 

17 (Chalaris et al. 2011). Gp130 (β-receptor, CD130) is a transmembrane protein (130 kDa) which 

mediates signals from all IL-6 family cytokines (Table 1) (Kaur et al. 2020).  

 

Expression of membrane-bound IL-6R is considered to be more limited to specific cell types 

compared to gp130, which is ubiquitously expressed (Luo & Zheng et al. 2016, Rothaug et al. 

2016, Scheller & Rose-John 2006). Membrane-bound IL-6R is reported to be expressed 

predominantly on hepatocytes and leukocytes, but also on epithelial cells, microglia and some 

neuronal cells, but not on oligodendrocytes (Kaur et al. 2020, Rose-John 2017, Rothaug et al. 

2016). Contradictory results about IL-6R expression on astrocytes and neurons have been also 

reported (Erta et al. 2012, Gruol 2015, Rothaug et al. 2016). However, expression of IL-6R and 

gp130 on neurons and glial cells in many regions of rodent (Erta et al. 2012, Gruol 2015) and 
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human brain (Hampel et al. 2005) have been reported. Expression of IL-6 receptors on neurons 

have been determined in several rodent studies on mRNA and protein level (Ali et al. 2000, 

D’Arcangelo et al. 2000, Hattori et al. 2020, Nelson et al. 2002, Pieraut et al. 2011, Ropelle et al. 

2010, Vereyken et al. 2007, Vollenweider et al. 2003), but also in few studies with human neural 

stem cells (Sulistio et al. 2018), human embryonic stem cell (hESC)-derived neural progenitor cells 

(Hagman et al. 2019), human induced pluripotent stem cell (hiPSC)-derived neurons (Como et al. 

2018) and human brain autopsies (Hampel et al. 2005). Taken together, expression of IL-6 

receptors on neurons and glia have been reported. However, most of the studies have used rodent 

cells and expression of IL-6 receptors on hPSC-derived neurons is less studied.  

 

IL-6 can signal through classic- and trans-signaling pathways (Figure 3) (Rothaug et al. 2016). In 

classic signaling pathway, IL-6 binds to membrane-bound IL-6R, causing the dimerization and 

activation of membrane-bound gp130, which activates intracellular signaling. IL-6R is not 

ubiquitously expressed, but still cells which do not express membrane-bound IL-6R can respond 

to IL-6 via trans-signaling. In trans-signaling pathway, IL-6 forms a complex with sIL-6R. This 

protein complex can activate distant cells by binding to gp130, resulting in the dimerization and 

activation of gp130 and thereafter, downstream signaling. (Rothaug et al. 2016) Moreover, gp130 

can exist on soluble form, soluble gp130 (sgp130), which can inhibit trans-signaling by binding to 

IL-6/sIL-6R complex (Rose-John 2017). It is suggested that sIL-6R and sgp130 can act as a buffer 

for IL-6 in the circulation (Rose-John 2017).  
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Figure 3. IL-6 receptors and signaling pathways. A) IL-6 classic signaling. At first, IL-6 binds to 

membrane-bound IL-6R. This complex can activate gp130 signaling receptors, which leads to 

activation of intracellular signaling. B) IL-6 trans-signaling. IL-6 forms a complex with sIL-6R, 

which can activate gp130 receptors, leading to activation of intracellular signaling. Figure is 

redrawn and modified from Rose-John (2017). Abbreviations: IL-6=interleukin-6, IL-

6R=interleukin-6 receptor, gp130=glycoprotein 130, sIL-6R=soluble IL-6R. 

 

As mentioned, IL-6 can activate intracellular downstream signaling pathways through classic- or 

trans-signaling, in which gp130 mediate extracellular signal to the intracellular proteins. Activated 

intracellular tyrosin-kinases, such as Janus kinase (JAK), can activate three downstream signaling 

pathways: signal transducer and activator of transcription 3 (STAT3) pathway, RAS-RAF- 

(mitogen-activated protein kinase) MAPK pathway or phosphoinositol-3 kinase (PI3K)/Akt 

pathway which can activate nuclear factor-кB (NF-кB) (Erta et al. 2012, Kaur et al. 2020). 

Transcription factor NF-кB has an important role in the regulation of several immune and 

inflammatory responses, and its abnormal function can lead to many pathogenic functions (Liu et 

al. 2017). 

 

Effects of IL-6 can differ between the target cells and signaling pathways (Rothaug et al. 2016). 

Classic signaling is considered to induce more anti-inflammatory responses whereas trans-

singnaling is thought to induce more pro-inflammatory responses. Regenerative role has been 
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reported for classic signaling in neural tissue and hypothesized that it can mediate protective effects 

in rodent CNS. (Rothaug et al. 2016) Contrary, it is reported that in rodent CNS trans-signaling can 

mediate neuronal degeneration (Rothaug et al. 2016) and its blocking can reduce detrimental effects 

of IL-6 (Campbell et al. 2014). 

 

2.2.4 Hyper-IL-6 

 

Trans-signaling can be studied in vitro and in vivo with the designer fusion protein called Hyper-

IL-6 (Fisher et al. 1997, Rose-John 2017). Hyper-IL-6 consists of both IL-6 and sIL-6R which have 

been covalently linked together with a small and flexible peptide chain (Figure 4) (Fisher et al. 

1997). Since this fusion protein contains sIL-6R, it can activate directly gp130 expressing cells 

which do not express membrane-bound IL-6R (Rose-John 2017). Compared to unlinked IL-6 and 

sIL-6R, Hyper-IL-6 can be 100-1000 times more effective on gp130-expressing cells (Fisher et al. 

1997). Interestingly, neuroprotective effects of Hyper-IL-6 on rodent neurons and glial cells have 

been reported e.g. after mechanical nerve injury (Leibinger et al. 2016, Leibinger et al. 2019, 

Scheller & Rose-John 2006), although detrimental effects of trans-signaling in the CNS have been 

reported as mentioned in the previous chapter. 

 

Figure 4. Designer fusion protein Hyper-IL-6. Together IL-6, sIL-6R and a small protein linker 

form Hyper-IL-6 complex. Figure is redrawn and modified from Rose-John (2017). Abbreviations: 

IL-6=interleukin-6, sIL-6R=soluble IL-6 receptor. 

 

2.3 Stem cells 
 

2.3.1 Human pluripotent stem cells 

 

hPSCs consists of both hESCs and hiPSCs. hPSCs have unlimited self-renewal capacity, they are 

expandable and they can differentiate into all three embryonic germ layers: endoderm, mesoderm 

and ectoderm but not extra-embryonic tissues (Avior et al. 2016). hESCs are obtained from the 
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undifferentiated inner cell mass of blastocyst stage embryos (Thomson et al. 1998), whilst hiPSCs 

are generated from somatic cells with iPSC technology. This ground-breaking technology was 

published by Takahashi & Yamanaka in 2006 when they generated iPSCs from mouse somatic 

cells. They reprogrammed already differentiated mouse fibroblasts with four transcriptional 

factors, called OSKM or Yamanaka factors: octamer‐binding protein 3/4 (Oct3/4), Sex determining 

region Y-box 2 (Sox2), Krüppel‐like factor 4 (Klf4) and c-Myc (Takahashi & Yamanaka 2006). 

On the following year, first hiPSCs were generated from human fibroblast using retroviral 

transduction and Yamanaka factors (Takahashi et al. 2007) as well as using lentiviral transduction 

and Thomson factors including Oct3/4, Sox2, Nanog and Lin28 (Yu et al. 2007). Morphology, 

proliferation, telomerase activity as well as gene and protein expression of pluripotent markers 

were very similar with iPSCs and hESCs, even though they have different origin (Takahashi et al. 

2007, Yu et al. 2007). However, differences between hiPSCs and hESCs as well as within these 

cell lines have been found such as variation in DNA methylation, gene expression and 

differentiation capacity. Due to these differences, it is worthwhile to use several cell lines for 

experiments. (Avior et al. 2016, Sandoe & Eggan 2013, Toivonen et al. 2013) 

 

After invention of the iPSC technology, it has been used worldwide and hiPSCs have become 

common, powerful and promising tool for multiple applications such as disease modelling, drug 

discovery and regenerative medicine (Takahashi & Yamanaka 2016). Compared to hESCs, hiPSCs 

have many advantages. Since hiPSCs are generated from somatic cells, such as skin or blood cells, 

accessibility is much simpler, cell source is unlimited and research raises less ethical concerns 

compared to hESC which are obtained from surplus in vitro fertilization embryos (Shi et al. 2017). 

Both cell sources can be used to study human diseases, such as monogenic disorders (Avior et al. 

2016). For example, if hPSCs do not carry genetic disorders naturally, mutations can be generated 

by gene editing. Although the use and potential of hESC is more limited. (Avior et al. 2016) 

However, hiPSC are patient-specific and combined with modern gene editing technologies, they 

are advantageous tool for modelling of neurological disorders such as monogenic, neurotoxicity 

testing, drug discovery, personalized medicine and transplantation therapies (Grainger et al. 2018, 

Shi et al. 2017). 
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2.3.2 Cortical neuronal differentiation of human pluripotent stem cells 

 

Neurons of the cerebral cortex include excitatory glutamatergic neurons and inhibitory GABAergic 

neurons (Shi et al. 2012). Majority of cortical neurons are glutamatergic which develop from 

cortical stem and progenitor cells in the cortex whereas less prominent GABAergic neurons 

migrate to the cortex during the development. Rodent models are common and widely used to study 

the cerebral cortex. (Shi et al. 2012) However, they are not directly comparable with humans since 

rodent and human brain differ a lot in size, folding, complexity, developmental stage and neuron 

types, to name a few (Shi et al. 2012, Sun & Hevner 2014). For example, rodent cortex is smooth 

whereas human cortex is highly folded and thicker in comparison to rodents (Sun & Hevner 2014).  

Human PSC-derived cortical neurons are crucial for multiple research areas such as for modelling 

of development and function of human cerebral cortex, since human-based model systems are 

limited but still diseases associated to cerebral cortex are very common (Shi et al. 2012). 

 

In general, hPSCs can be differentiated into neural stem cells (NSCs) in adherent 2-dimensional 

(2D) cultures (neural rosettes), and in free-floating 3D cultures (neurospheres) (Hong & Do 2019). 

Tripotent NSCs can further differentiate into three neuronal lineages: neurons, oligodendrocytes 

and astrocytes (Hong & Do 2019). First reports of neural differentiation from hPSCs were 

published almost twenty years ago (Carpenter et al. 2001, Reubinoff et al. 2001, Zhang et al. 2001). 

In these studies, embryoid bodies (EBs), which are three-dimensional (3D) aggregates of hPSCs, 

were formed from hESCs, and later plated in 2D adherent culture with neuronal differentiation 

supporting medium. Cells were differentiated and they formed neural rosettes, which are neural-

tube resembling structures of neural precursor cells expressing neuroectodermal markers. Then, 

neural precursor cells were isolated, cultured and differentiated into neurons and glia cells. 

(Carpenter et al. 2001, Reubinoff et al. 2001, Zhang et al. 2001) Additionally, neural precursor 

cells can be obtained from hPSC in 3D culture using neurosphere method, in which hPSC clusters 

are cultured in neural induction medium (Lappalainen et al. 2010). Neurospheres can be expanded 

by dissociation and replating, and further differentiate when needed (Lappalainen et al. 2010). In 

addition to EBs and neurospheres, highly efficient, rapid and widely used neural induction protocol 

termed dual SMAD inhibition was published by Chambers et al. 2009. This feeder-free adherent 

culture protocol is based on inhibition of Lefty/Activin/Transforming growth factor beta (TGFβ) 

and Bone morphogenetic protein (BMP) signaling with combination of small molecules SB-
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431542 and Noggin or LDN193189, respectively (Chambers et al. 2009, Hyvärinen et al. 2019b). 

Moreover, differentiation protocols for complex in vivo mimicking 3D neuronal cultures such as 

free-floating cerebral organoids and cortical spheroids have been established (Gunhanlar et al. 

2018, Hong & Do 2019). 

 

Both hESCs and hiPSCs can be differentiated towards cortical neurons with multiple 2D protocols 

(Figure 5) (Hyvärinen et al. 2019b, McCaughey-Chapman & Connor 2018, Shi et al. 2012). 

Differentiation of hPSC towards electrophysiologically functional cortical neurons takes several 

weeks (Hyvärinen et al. 2019b, Shi et al. 2012). Neuronal induction for hPSCs can be performed 

with dual SMAD inhibition which directly differentiates cells into neuroectoderm. Generated 

neural stem and progenitor cells (NPCs) can be efficiently expanded and differentiated e.g. in 

medium containing fibroblast growth factor (FGF) towards neurons. Thereafter, neuronal 

maturation can be supported with a cocktail of neurotrophic factors for several weeks to achieve 

functionally mature neuronal networks. In addition to neurons with functional synapses, cultures 

can also contain astrocytes which number increase during the maturation of cultures. Astrocytes 

have an important role in cortical neural cultures since it is known that they can support 

synaptogenesis, functional maturation of neurons as well as synchronization of networks. 

(Hyvärinen et al. 2019b) 

 

 

Figure 5. Neuronal differentiation of hPSC. hESCs are obtained from inner cell mass of blastocysts 

whilst hiPSCs are reprogrammed from somatic cells. hPSCs can be differentiated into NPCs and 

further differentiated into functionally mature neural networks. Figure is redrawn and modified 

from Hyvärinen et al. (2019b). Abbreviations: hPSC=human pluripotent stem cell, NPC=neural 

progenitor cell. 
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2.4 Functionality of neuronal networks 
 

2.4.1 Introduction to functionality of neurons 

 

Neurons can communicate via electrical signals, called action potentials, and chemical signals 

(Alberts et al. 2014). Action potential is a rapid change in a membrane potential of a neuron. It can 

be generated when stimulus depolarizes membrane potential enough to reach threshold value. Then 

depolarization travels along axon followed by repolarization. Action potential propagates rapidly 

towards axon terminal, where electrical signal is transmitted via synapses. Neurons can have 

chemical synapses and less common electrical synapses, which transmit signalling via ions through 

gap junctions. In chemical synapses, action potential triggers the release of neurotransmitters from 

synaptic vesicles of presynaptic axon terminal into the synaptic cleft, where they can bind to 

specific cell surface receptors on the postsynaptic neuron. Binding of excitatory neurotransmitters 

cause small depolarization of postsynaptic neuron whilst inhibitory neurotransmitters cause small 

hyperpolarization. Depending on the sum of signals, new action potential can be generated in the 

postsynaptic neuron. (Alberts et al. 2014) Since electrical signalling is crucial for neuronal 

functions, functional analysis of neuronal networks is an essential part of neuronal studies (Heikkilä 

et al. 2009, Ylä-Outinen et al. 2010, Ylä-Outinen et al. 2019). Functionality of neurons can be 

measured in vitro with different techniques, such as patch clamp, calcium imaging and MEAs (Ylä-

Outinen et al. 2019). Patch clamp is a low to high-throughput (HTP) endpoint analysis which can 

be used to measure ion currents on single cell level with a micropipette (Obien et al. 2015, Ylä-

Outinen et al. 2019). Calcium imaging is fluorescence-based endpoint analysis, which can be used 

to determine cellular calcium signals on single cell or network level (Grienberger & Konnerth 

2012, Ylä-Outinen et al. 2019). 

 

2.4.2 Microelectrode arrays (MEAs) 

 

MEAs are useful and widely used tools to characterize the activity of cultured neuronal networks 

(Heikkilä et al. 2009, Hyvärinen et al. 2019a, Hyvärinen et al. 2019b, Paavilainen et al. 2018, Ylä-

Outinen et al. 2010). In addition, MEAs can be used in vivo but the focus here is on in vitro MEAs, 

which are cell culture dishes or different kind of microfluidics devices containing embedded 

microelectrodes on the bottom of the dish (Obien et al. 2015). Number of electrodes can vary a lot 
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from tens to thousands (Nam & Wheeler 2011). On MEAs, neurons can grow and freely form 

networks on top of the electrodes (Ylä-Outinen et al. 2019). MEAs can detect the changes in the 

extracellular ionic current flows at many sites of culture simultaneously, measuring extracellular 

action potentials (EAPs or spikes) and local field potentials (LFPs) (Nam & Wheeler 2011, Obien 

et al. 2015). 

 

This technology has many advantages and potential for many applications. Compared to patch 

clamp or calcium imaging, it is technically easier to perform. It is a non-invasive, label-free and 

repeatable method which enables the following of neuronal network activity levels from the same 

cultures in real time for long culture periods (Ylä-Outinen et al. 2019). In addition, with this HTP 

method multiple different neuronal cultures can be measured simultaneously with multiwell-MEAs 

(Hyvärinen et al. 2019b). In addition, the morphology of the cells and the organization of networks 

related to electrodes on MEAs can be followed during a culture period with a microscope if MEAs 

are transparent (Nam & Wheeler 2011). Figure 6 represents one of the multiwell-MEA 

measurements system (from Axion BioSystems) which provides visualized data from the activity 

of neuronal networks during MEA measurements.  

 

MEA measurements provide enormous amount of data about the activity of neuronal networks. 

With MEAs, it is possible to investigate several parameters such as number of active electrodes, 

spike rate, burst rate and burst duration, to name a few (Paavilainen et al. 2018, Hyvärinen et al. 

2019b). Active electrodes report how many electrodes detect determined number of spikes during 

the specific time e.g. 10 spikes per minute. Spike rate (also known as mean firing rate) reports 

detected spikes during the determined time, whilst burst rate describes a number of bursts, groups 

of very frequent spikes, during the time (Heikkilä et al. 2009, Hyvärinen et al. 2019b). During the 

maturation of hPSC-derived neurons, random spiking activity can develop to spike trains, bursts 

and synchronous network bursts, which can be observed during MEA measurements (Heikkilä et 

al. 2009, Hyvärinen et al. 2019b). Spike trains means several spikes with regular short time between 

them and synchronous bursts refer to bursts which can be detected simultaneously from several 

electrodes (Heikkilä et al. 2009).  
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Many commercial MEA systems are available but also non-commercial MEAs are widely used 

(Nam & Wheeler 2011, Obien et al. 2015, Ryynänen et al. 2018, Ryynänen et al. 2019). First MEA 

measurements for cell cultures were performed as early as the 1970’s (Thomas et al. 1972). In 

general, rodent networks have been considered as “golden standards” in the MEA field (Hyvärinen 

et al. 2019b). However, spontaneous neuronal network activity of hPSC-derived neurons has been 

detected on MEAs already more than ten years ago (Heikkilä et al. 2009, Ylä-Outinen et al. 2019). 

Since then, human neurons have been studied on MEAs (Ylä-Outinen et al. 2019). This technology 

can be used in many neuronal applications. For example, it can provide valuable information about 

the functionality of hPSC-derived neuronal cultures in vitro for developmental studies, 

neurotoxicity studies, drug screening as well as disease modelling (Grainger et al. 2018, Ylä-

Outinen et al. 2019).  

 

 

Figure 6. Example images of MEA measurements (Axion BioSystems) A) MEA plate on MEA 

measurement system. B) Heat map presents activity of neuronal cultures with different colours 

during MEA measurements. Each box (white box) indicates a single well from MEA 48-well plate. 

C) Spike detector shows activity patterns of neuronal cultures from one MEA well (16 electrodes). 

Each box (marked with white) indicates a single electrode. 

 

2.5 Epilepsy research and disease modelling 

 

2.5.1 Introduction to disease modelling  

 

Disease modelling attempts to clarify the pathological cellular and molecular mechanisms observed 

in the disease (Avior et al. 2016). Moreover, disease modelling includes the investigation of 

development of the disease, strategies for disease prevention as well as the search for possible 

treatment options. Diseases can be investigated using in vivo and in vitro models which are both 

invaluable tools. Multiple animal models, such as rodents, non-rodent species and non-human 

primates, with or without gene modifications have been used. (Avior et al. 2016, Xu & Zhong 
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2013) For in vitro disease modelling, different kind of cells, such as primary cells or stem cells, 

and culturing methods, such as 2D, 3D, co-cultures and PSC-derived organoids, can be used (Avior 

et al. 2016, Grainger et al. 2018). Rodent tissues and primary cells are widely used in disease 

modelling. Rodent-based ex vivo brain slices resemble in vivo conditions and contain functional 

networks but slice preparation and culturing can be challenging. Primary rodent CNS cultures also 

contain many in vivo cell types and have HTP compared to brain slices. (Grainger et al. 2018) 

However, these animal models or models with animal cells do not correlate directly with humans 

since they differ in the genetic, developmental, anatomical and physiological levels (Avior et al. 

2016, Xu & Zhong 2013). Due to these differences, human diseases are better to be modelled with 

human cells (Avior et al. 2016). However, use of human brain tissue is also problematic, since it is 

a highly limited cell source and usually the obtained brain tissue is unhealthy or post-mortem 

(Grainger et al. 2018, Xu & Zhong 2013). As mentioned, hPSCs have become very promising and 

powerful tools to model human diseases-in-a-dish (Avior et al. 2016, Thodeson et al. 2018, Xu & 

Zhong 2013). Possibly in the future, use of hiPSCs can overcome the challenges of animal studies 

and reduce the number of animals needed (Avior et al. 2016, Grainger et al. 2018). In addition, 

disease modelling with hiPSCs raises less ethical questions compared to animal studies or studies 

with human brain tissue or hESCs-derived neurons (Grainger et al. 2018). For in vivo and in vitro 

epilepsy research, all the above-mentioned model systems can be used. The next chapters describe 

a few in vivo studies related to epilepsy and IL-6. In addition, the effects of IL-6 on neuronal 

cultures in several in vitro studies are discussed. 

 

2.5.2 In vivo studies related to interleukin-6 and epilepsy 

 

Animal models have been used widely in epilepsy and seizure research (Devinsky et al. 2018, Li 

et al. 2011). Rodents are the most commonly used animals, but also non-rodent species such as 

rabbits, dogs, cats and zebrafish have been used (Devinsky et al. 2018, Vezzani et al. 2016). 

Epilepsy models can have epilepsy naturally, but usually it is induced. In rodent models, epilepsy 

can be caused with multiple methods such as various postnatal or in utero brain injuries, infectious 

agents or genetic modifications (Devinsky et al. 2018). Moreover, epilepsy can be induced with 

chemoconvulsants such as KA via systemic, intranasal or local administration (Devinsky et al. 

2018, Zheng et al. 2011). KA is an analog of glutamate, which is a major excitatory 

neurotransmitter in the CNS. KA can be used to activate excitatory neurotransmission since it is 
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an agonist for kainate receptors, which are a type of ionotropic glutamate receptors. (Zheng et al. 

2011) It is widely used in epilepsy research since it induces recurrent seizures, but it is also utilized 

in other neurological and neurodegenerative disease models related to excitotoxicity (Zheng et al. 

2011). The findings from a few experimental epilepsy studies related to IL-6 are presented in the 

next chapters.  

 

In many rodent models, the effect of IL-6 on seizures have been investigated (Table 2). In 

Lehtimäki et al. (2003) study, increase in gene expression levels of IL-6 and its receptors, IL-6R 

and gp130, have been reported in the brain after KA-induced seizures in adult rats. The study 

revealed that the location and timing of the expression of IL-6 and its receptors can vary in the 

brain after seizures. In controls, IL-6R mRNA was undetectable but gp130 was expressed. To 

conclude, mRNA levels of IL-6 and its receptors were low in controls but after seizures their 

expression was increased widely in the brain. (Lehtimäki et al. 2003)  

 

Kalueff et al. (2004) studied the effects of intranasal administrated IL-6 (400 ng) to 

pentylenetetrazole (PTZ) induced seizures in adult rats. Rats were treated with IL-6 one hour before 

seizure induction. PTZ was used to induce seizures since it inhibits inhibitory GABA signaling in 

the CNS. The severity of seizures was dramatically increased in IL-6 treated rats. Moreover, IL-6 

levels in the frontal lobe were elevated. Seizure severity was revealed by shorter latency time, 

longer duration of seizures and higher mortality rate. These results indicated that exogenous IL-6 

has proconvulsive effects in the brain. (Kalueff et al. 2004)  

 

Contrary, more anti-convulsive effects of exogenous IL-6 (500 ng and 50 ng) have been reported 

with developing rats, which seizures were induced by hyperthermia (Fukuda et al. 2007). In this 

study, IL-6 was administrated intra-nasally one hour before seizure induction. IL-6 treated rats had 

longer latency time and shorter seizures, especially with higher IL-6 dose. In addition, they treated 

rats with IL-6 and aminophylline which is an adenosine receptor antagonist. Results from these 

studies suggested that IL-6 have anti-convulsive effects via the adenosine system in this 

experimental model. (Fukuda et al. 2007)  
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In a study with IL-6 knockout (KO) mice, number of KA-induced seizures and mortality rate were 

higher in IL-6 KO group compared to controls (Penkowa et al. 2001). After seizures, IL-6 was 

increased in hippocampus of control mice, but in IL-6 KO mice it was undetected as expected. 

Moreover, hippocampal damage, neuronal death and oxidative stress were increased, and glial 

responses were reduced after seizures in the brain of IL-6 KO mice. (Penkowa et al. 2001). Another 

study with IL-6 KO mice, investigated the effects of different chemoconvulsants to seizure 

susceptibility (De Sarro et al. 2004). The study showed that IL-6 KO mice were more sensitive to 

seizures which were caused by impairing GABAergic or increasing glutamatergic 

neurotransmission (e.g. with KA). In addition, same group reported that IL-6 KO mice are more 

vulnerable to audiogenic seizures and neuroactive amino acid level changes in the brain (De Luca 

et al. 2004). A study with transgenic mice producing elevated levels of IL-6 from astrocytes showed 

increased sensitivity to glutamatergic (KA and N-methyl-d-aspartate, NMDA)-induced seizures 

and higher mortality compared to controls (Samland et al. 2003). Transgenic mice had also 

increased mean frequency and duration of KA -induced seizures (Samland et al. 2003).  

 

In conclusion, in vivo studies indicate that IL-6 has a complex role in seizures since both pro- and 

anti-convulsive properties have been reported. Diverse and dual effects of IL-6 may depend on the 

different experimental models and context (Erta et al. 2012, Kalueff et al. 2004). However, the role 

and mechanisms of IL-6 in seizures and epilepsy are not clear yet. 
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Table 2. In vivo rodent studies related to IL-6 and epilepsy. 

Study Animals Seizure 

induction 

Exogenous 

IL-6 

Main findings 

De Sarro 

et al. 2004 

IL-6 

knockout 

mice 

several 

chemo-

convulsants 

e.g. KA 

- IL-6 increased seizure susceptibility 

to some chemoconvulsants, 

especially to glutamatergic KA, 

NMDA and AMPA. 

Fukuda et 

al. 2009 

developing 

rats 

hyperthermi

a 

intranasal, 

50 ng & 

500 ng 

Longer latency time and shorter 

seizures in IL-6 group, indicating 

more anticonvulsive effects. 

Kalueff et 

al. 2004 

adult rats PTZ intranasal, 

400 ng 

Shorter latency time, longer seizures 

and higher mortality in IL-6 group, 

indicating more proconvulsive 

effects. 

Lehtimäki 

et al. 2003 

adult rats KA - Gene expression levels of IL-6, IL-

6R and gp130 increased in the brain 

after seizures. 

Penkowa 

et al. 2001 

IL-6 

knockout 

mice 

KA - More seizures, higher mortality and 

increased neuronal injury in IL-6 KO 

mice after seizures. 

Samland 

et al. 2003 

transgenic 

GFAP-IL6 

mice 

KA, 

NMDA, 

pilocarpine 

- Enhanced sensitivity to 

glutamatergic-induced seizures and 

higher mortality in transgenic mice. 

Abbreviations: KA=kainic acid, NMDA=N-methyl-d-aspartate, AMPA=α-amino-3hydroxy-5-

methyl-4-isoxazolepropionate, PTZ=pentylenetetrazole. 

 

2.5.3 In vitro studies related to interleukin-6 and neurons 

 

With in vitro studies, the investigation of local seizure generating networks is possible whilst in 

vivo studies offer only a limited access to the brain circuitry (Devinsky et al. 2018). However, 

pharmacology or electrical stimulation is required to induce seizure-like activity in in vitro studies 

(Devinsky et al. 2018). Currently, there are many possible in vitro seizure models such as rodent 

based acute slice assays, organotypic slice cultures and primary CNS cultures, as well as less used 

but highly potential human-based iPSCs-derived cultures (Grainger et al. 2018). The generation of 

seizure-like activity has been studied in multiple primary in vitro models and brain slice studies, 

but also in some hiPSC-derived neural cultures, by modulating the ion levels or neurotransmission 

of heathy cells/tissues inducing seizure generation. The modulation of ion levels, such as 

potassium, magnesium and calcium levels, can increase neuronal activity and seizure-like activity 
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since ion gradients control neuronal excitability. In addition, seizure-like activity can be induced 

pharmacologically by modulating excitatory and inhibitory neurotransmission. (Grainger et al. 

2018) For example, excitatory neurotransmission can be potentiated with KA, whilst inhibitory 

neurotransmission can be reduced with gabazine which is an antagonist of GABAA receptor 

(Grainger et al. 2018, Zheng et al. 2011). In vitro findings related to the effects of IL-6 on neuronal 

cultures, their viability and functionality are discussed in the next chapters and listed in the Table 

3.  

 

Neuroprotective effects of IL-6 have been reported in a study which used mice cortical neurons 

mixed with glial cells, as well as near pure mice cortical neuronal cultures containing <5% glial 

cells (Ali et al. 2000). In this study, IL-6 mRNA level was increased in a time-dependent manner 

after NMDA and ionomycin treatment, but the expression of IL-6 receptors was unchanged. When 

cultures were treated with IL-6 (50 ng/ml for 24 h), it protected neurons dose-dependently against 

NMDA-induced neuronal death, but not against serum deprivation- or staurosporine-induced 

apoptotic cell death, or α-amino-3hydroxy-5-methyl-4-isoxazolepropionate (AMPA)- or kainate-

mediated excitotoxicity. (Ali et al. 2000) 

 

Moreover, a study with rat cortical neurons indicated that IL-6 has neuroprotective properties as it 

regulates voltage-gated Na+ channels (Xia et al. 2015). Patch-clamp measurements revealed that 

IL-6 (0.1, 5, 1 or 10 ng/ml for 24 h) can reduce Na+ currents dose-dependently, but also time-

dependently (IL-6 10 ng/ml, between 2-48 h) through its receptors. Reduction of Na+ currents was 

greatest after 24 hours. Additionally, IL-6 treatments did not affect Na+ channel activation or 

inactivation. However, IL-6 treatments reduced the amplitude of APs but not the threshold of APs. 

(Xia et al. 2015) 

 

Another study with rat cerebellar granule neurons (CGNs) reported neuroprotective effects of 

chronic IL-6 exposure (40 or 120 ng/ml for 8 days) against NMDA-induced apoptosis, when 

expression levels of anti-apoptotic Bcl-2, pro-apoptic Bax and apoptosis marker caspase-3 were 

investigated and apoptotic nuclei were counted (Liu et al. 2011). Results also suggested that the 

protective effects of IL-6 were mediated by JAK/STAT3 and PI3K/Akt pathways (Liu et al. 2011). 

Later, the same group found that IL-6 (120 ng/ml for 24 h) can decrease calcium influx via NMDA-
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receptor, inward current and neuronal death on NMDA-treated CGNs, and the results suggested 

that the effects of IL-6 were mediated by JAK/calcineurin (CaN) pathways (Ma et al. 2015). 

Additionally, controversial findings about effects of IL-6 have been published. A study with rat 

hippocampal neurons reported that IL-6 (5 ng/ml) increases the calcium influx through NMDA-

receptor rapidly, which was mediated by the JAK/STAT pathway (Orellana et al. 2005). 

 

Moreover, the effects of IL-6 and Hyper-IL-6 on neural differentiation have been studied. A study 

with mice NSCs presented that Hyper-IL-6 can enhance neurogenesis and gliogenesis (Islam et al. 

2009). Hyper-IL-6 increased the expression of gp130 dose-dependently and increased the 

expression neuronal and astrocytic markers. It also reduced proliferation of NSCs and expression 

of stem cell markers but did not cause apoptosis. However, IL-6 did not cause similar effects on 

cultures, which was explained with undetected IL-6R. The study suggested that the effects of IL-6 

are dependent on the expression of sIL-6R. (Islam et al. 2009) Later, the same group studied the 

effects of IL-6 on differentiation of hiPSC-neural cultures showing that co-stimulation with IL-6 

and sIL-6R also enhance the neurogenesis and gliogenesis of hiPSC-derived NSCs (Sulistio et al. 

2018). Functionality of the differentiated neurons was determined with patch-clamp (Sulistio et al. 

2018). 

 

In a few in vitro studies, human neurons have been treated with IL-6. The effects of IL-6 and two 

other inflammatory cytokines on the hPSC-derived NPCs have been investigated recently (Hagman 

et al. 2019).  Study reported that IL-6 treatment (1, 10 or 100 ng/ml for 12-72 h) did not affect cell 

viability nor neuronal migration of NPCs, but it induced secretion of inflammatory factors VEGF 

and IL-10 (Hagman et al. 2019). Moreover, a study with hiPSC-derived neural aggregates showed 

that IL-6 treatment (100 ng/ml for 24 h) can increase the expression of astrocytes, decrease the 

expression of early-born neurons and increase the expression of phosphorylated STAT3 (Zuiki et 

al. 2017). IL-6 did not affect the size of aggregates or expression of apoptotic marker, cleaved-

caspase 3 (Zuiki et al. 2017). 

 

A recent study investigated the effects of IL-6 on the functionality of adult mouse dorsal root 

ganglia (DRG) neurons on MEAs (Black et al. 2018). Study revealed that IL-6 treatment (100 

ng/ml for 3, 24 or 48 h) can increase spontaneous and stimulus-evoked (capsaicin or temperature 
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stimulus) activity of sensory neurons. Moreover, spontaneous hyperexcitability of IL-6 cultures 

was reduced with cercosporamide, which is a MAPK-interacting kinase 1/2 inhibitor. The study 

also suggested that the explanation for increased stimulus-evoked activity after IL-6 treatment 

might be the increased expression of capsaicin and temperature-sensitive cation channel transient 

receptor potential vanilloid 1 (TRPV1). Additionally, this study stated that the effects of IL-6 on 

neuronal functionality are still unclear, but MEA technology is promising for several applications 

even though repeatable long-term functionality studies can be challenging. (Black et al. 2018) 

Additionally, a study with lesioned mice organotypic hippocampal slice cultures on MEAs reported 

that IL-6 (150 ng/ml for six days) can potentiate functional recovery after injury and increase the 

expression of growth associated protein 43 (GAP-43) suggesting a regenerative role of IL-6 in the 

CNS (Hakkoum et al. 2007). 

 

The effects of chronic exposure of IL-6 on rodent CNS cultures have been investigated in several 

studies where neurons were treated with IL-6 for 1-14 days with 1-10 ng/ml. These findings are 

not listed in Table 3. Studies have indicated that IL-6 can alter the electrical properties and calcium 

signaling (Nelson et al. 2002, Nelson et al. 2004) as well as modulate the expression levels of 

several proteins on neurons (Gruol et al. 2011) such as synaptic proteins (Vereyken et al. 2007). 

Moreover, chronic IL-6 can decrease cell viability and cause neuronal loss on developing neurons 

(Conroy et al. 2004). Interestingly, it has been also reported that chronic IL-6 exposure can have 

antiviral effects on hiPSC-derived neurons (Como et al. 2018).  

 

Taken together, in vitro studies indicate that exogenous IL-6 treatment can cause wide range of 

effects on neuronal cultures. Clear conclusion about IL-6 effects on neuronal cultures is difficult 

to state since different cell sources, culture times, experimental designs, and IL-6 concentrations 

and exposure times have been used. Additionally, it seems that effects of IL-6 on hPSC-derived 

neuronal cultures have not been studied much and more research is needed. 
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Table 3. In vitro neuronal studies related to IL-6. 

Study Cells IL-6 

stimulation 

Functionality 

assays 

Cell viability 

assays 

Main findings 

Ali et al. 

2000 

mouse 

cortical 

neurons and 

glia 

IL-6 (5-50 

ng/ml for 

24 h) 

- trypan blue 

dye staining, 

lactate 

dehydrogenase 

release 

IL-6 protects 

against NMDA 

induced neuronal 

death, but not 

AMPA- or kainate 

mediated 

excitotoxicity.  

Black et 

al. 2018 

adult mouse 

dorsal root 

ganglia 

(DRG) 

neurons 

IL-6 (100 

ng/ml for 3, 

24 or 48 h) 

MEA (Axion 

BioSystems) 

- IL-6 increases 

spontaneous and 

stimulus-evoked 

activity, and 

increases TRPV1 

expression. 

Hagman 

et al. 2018 

hESC-

derived 

neural 

progenitor 

cells (NPCs) 

IL-6 (1, 10 

or 100 

ng/ml for 

12-72 h) 

- LIVE/DEAD 

assay, time-

lapse imaging 

IL-6 does not 

affect cell viability 

nor neuronal 

migration. IL-6 

induces secretion 

of inflammatory 

molecules. 

Hakkoum 

et al. 2007 

mice 

lesioned 

organotypic 

hippocampal 

slice 

cultures 

IL-6 (150 

ng/ml for 6 

d) 

MEA - IL-6 promotes 

functional 

recovery. 

Liu et al. 

2011 

rat 

cerebellar 

granule 

neurons 

(CGNs) 

IL-6 (40 or 

120 ng/ml 

for 8 days) 

- RT-qPCR & 

Western blot 

(Bcl-2, Bax, 

and caspase-

3), Hoechst 

33342 staining 

IL-6 protects 

against NMDA-

induced apoptosis, 

may be mediated 

by JAK/STAT3 

and PI3K/Akt 

pathways. 

Ma et al. 

2015 

rat 

cerebellar 

granule 

neurons 

(CGNs) 

IL-6 (120 

ng/ml for 

24 h) 

Calcium 

imaging, 

patch clamp 

TUNEL assay IL-6 decreases 

NMDA-receptor 

mediated Ca2+ 

influx and 

neuronal death.  
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Study Cells IL-6 

stimulation 

Functionality 

assays 

Cell viability 

assays 

Main findings 

Orellana 

et al. 2005 

rat 

hippocampal 

neurons 

IL-6 (5 

ng/ml) 

Calcium 

imaging 

- IL-6 increases Ca2+ 

influx through 

NMDA-receptor, 

may be mediated 

by JAK/STAT 

pathway.  

Sulistio et 

al. 2018 

hiPSC-

derived 

NSCs 

IL-6 and 

sIL-6R 

(100 ng/ml) 

- - IL-6 + sIL-6R 

enhances 

neurogenesis and 

gliogenesis. 

Islam et 

al. 2009 

mouse 

NSCs 

IL-6 or 

Hyper-IL-6 

(50-480 

ng/ml) 

- CellTiter-Glo 

Luminescent 

Cell Viability 

Assay 

Hyper-IL-6, but 

not IL-6 only, 

enhances 

neurogenesis and 

gliogenesis. 

Hyper-IL-6 

induces gp130 

expression. 

Zuiki et 

al. 2017 

hiPSC-

derived 

neural 

aggregates 

IL-6 (100 

ng/ml for 

24 h) 

- Western blot 

(cleaved-

capase-3) 

IL-6 increases the 

area ratio of 

astrocytes and 

decrease the area 

ratio of early-born 

neurons. IL-6 

increase STAT3 

levels. 

Xia et al. 

2015 

rat cortical 

neurons 

IL-6 (0.1, 

1, 5 and 10 

ng/ml for 

24 h & 10 

ng/ml for 2, 

4, 8, 24 and 

48 h) 

Patch-clamp - IL-6 reduces Na+ 

currents dose- and 

time-dependently 

through its 

receptors. IL-6 

reduces amplitude 

of APs, but not 

threshold. 

Abbreviations: NMDA=N-methyl-d-aspartate, AMPA=α-amino-3hydroxy-5-methyl-4-

isoxazolepropionate, MEA=microelectrode array, TRPV1=transient receptor potential vanilloid 

1, RT-qPCR=quantitative reverse transcription PCR, AP=action potential. 
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3 Objectives 
 

The aim of this study was to investigate the effects of exogenous IL-6 and Hyper-IL-6 on the 

characteristics and functionality of hPSC-derived cortical neurons and networks. Moreover, the 

effect of KA as potentiating factor of seizure-like activity after cytokine treatments was explored. 

 

More specific aims were: 

 

1. To determine the gene and protein expression levels of IL-6 receptors, IL-6R and gp130, in 

human neural cultures. 

 

2. To investigate the effect of IL-6, Hyper-IL-6 and KA on the cell viability. 

 

3. To explore the effect of IL-6, Hyper-IL-6 and KA on the neuronal network activity using MEAs.  
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4 Materials and methods 
 

4.1 Experimental design of the study 
 

In this study, effects of IL-6, Hyper-IL-6 and KA on hPSC-derived cortical neurons were 

investigated (Figure 7). For cell experiments, differentiated neurons were plated on culture plates 

as well as on MEA plates at day 0 and cultured for five weeks until the treatments with cytokines 

and KA were initiated. During the five-week culturing, neurons on MEA were followed for the 

development of spontaneous activity. Thereafter, functionally maturated neuronal networks were 

pretreated with 100 ng/ml IL-6 (PeproTech, Rocky Hill, NJ, USA) or 100 ng/ml Hyper-IL-6 (a 

kind gift from Prof. Dr. Stefan Rose-John, Germany). After 24 hours, a part of the cultures was 

exposed to 5 M KA (Sigma-Aldrich) for an additional 24 hours without medium change. In total, 

each experiment has six treatment groups: controls, IL-6 only, IL-6 + KA, Hyper-IL-6 only, Hyper-

IL-6 + KA and KA only.  

 

Additionally, the gene and protein expression levels of IL-6 receptors were studied during the 

maturation phase (days 0 and 7) with quantitative reverse transcription PCR (RT-qPCR) and 

immunocytochemistry (ICC), respectively. Furthermore, the gene expression levels of IL-6 

receptors were studied 24 hours after KA addition (day 37). Protein expression of neuronal, 

synaptic and astrocytic markers was also investigated with ICC at the same time points. Moreover, 

the effects of treatments on the cell viability and the neuronal network activity were studied with 

LIVE/DEAD assay and MEA measurements, respectively. Summary of used methods is presented 

in Table 4. 
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Figure 7. Experimental design of the study. A) hPSC-derived cortical neurons were plated on 

culture plates as well as on MEA plates at day 0 and cultured for five weeks. Activity of neuronal 

networks was followed with MEA measurements during the culture. B) At day 35, neurons were 

treated with IL-6 or Hyper-IL-6 for 24 hours prior to exposure of KA for an additional 24 hours. 

Effects of the treatments were investigated with several methods at different time points which are 

marked to the figure. Timeline is not-to-scale. Abbreviations: hPSC=human pluripotent stem cell, 

MEA=microelectrode array, IL-6=interleukin-6, ICC=immunocytochemistry, RT-

qPCR=quantitative reverse transcription PCR. 

 

 

Table 4. Summary of used methods with hESC (08/023)- and hiPSC (10212.EURCCs)-derived 

cortical neural cultures. 

Method Cell line Subject of evaluation Culture time 

ICC 08/023, 

10212.EURCCs 

Protein expression: neuronal, 

astrocytic and synaptic markers, and 

IL-6 receptors 

1-7 weeks 

RT-qPCR 08/023, 

10212.EURCCs 

Gene expression: IL-6 receptors 1-5 weeks 

LIVE/DEAD 

assay 

08/023, 

10212.EURCCs 

Cell viability 5 weeks 

MEA 10212.EURCCs Activity of neuronal networks 5 weeks 

Abbreviations: ICC=immunocytochemistry, RT-qPCR=quantitative reverse transcription PCR, 

MEA=microelectrode array. 
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4.2 Human pluripotent stem cell derived cortical neurons 
 

Both hESC- and hiPSC-derived cortical neurons were used in this study. In-house derived cell lines 

were 08/023 (hESC) (Skottman 2010) and 10212.EURCCs (hiPSC) (Kiamehr et al. 2019). Both 

human pluripotent stem cell (hPSC) lines were expanded and cultured in feeder-free and xeno-free 

culture according to Hongisto et al. (2017). Faculty of Medicine and Health Technology has 

consent from the Finnish Medicines Agency (FIMEA) for human stem cell research (Dnro 

1426/32/300/05) and supportive statements from the regional ethics committee of Pirkanmaa 

Hospital District to derivate, culture and differentiate hESCs (R05116) and iPSCs (R08070). 

 

4.2.1 Cortical neuronal differentiation and culture 

 

hPSCs were differentiated towards cortical neurons according to protocol of Hyvärinen et al. 

(2019b). During neural differentiation, the cells were cultured in the neural maintenance medium 

(N3, Table 5) supplemented with different components depending on the differentiation phase. 

Cells were cultured on poly-L-ornithine (PLO) and human recombinant laminin LN521 coated cell 

culture plates. Before each plating, culture plates were coated with 100 g/ml PLO (Sigma-Aldrich, 

Saint Louis, Missouri, USA) in 0.1 M borate buffer for one hour at +37 C, thereafter PLO was 

washed away three times with sterile water and let it air dried. Then, plates were incubated 

overnight with 15 g/ml LN521 (Biolamina, Sundbyberg, Sweden) in 1×Dubecco’s phosphate-

buffer saline (DPBS) containing calcium and magnesium (Thermo Fisher Scientific, Waltham, 

Massachusetts, USA) at +4C. 

 

At the first differentiation phase, neural induction (differentiation days 1-12; here differentiation 

day 0 refers day -32 in Figure 7), hPSC-medium was replaced with N3 medium supplemented with 

100 nM LDN193189 hydrochloride (SML0559, Sigma-Aldrich) and 10 M SB431542 (S4317, 

Sigma-Aldrich). At differentiation day 12, the cells were passaged with StemPro Accutase 

(A1110501, Thermo Fisher Scientific) and cultured in neural induction medium with 10 M ROCK 

inhibitor (Y-27632, Stemcell Technologies, Vancouver, Canada). On the following day, neural 

proliferation phase (differentiation days 13-25) was started with N3 medium supplemented with 

20 ng/ml recombinant human fibroblast growth factor-2 (FGF2, 234-FSE, R&D Systems, 

Minneapolis, Minnesota, USA). Moreover, the cells were passaged and replated at differentiation 
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days 17, 21 and 25 as described earlier. NPCs were cryopreserved at differentiation day 21 and 

thawed for experiments when needed. This enables efficient and fast yield of neurons directly from 

the master NPC banks. In neural maturation phase (from differentiation day 26 to the end of 

experiments, days 37 or 49), the cells were in neural maturation medium (NMM) containing N3 

medium supplemented with 20 ng/ml brain-derived neurotrophic factor (BDNF, 248-BDB, R&D 

Systems), 10 ng/ml glial-derived neurotrophic factor (GDNF, 212-GD, R&D Systems), 500 M 

dibutyryl cyclic adenosine monophosphate (db-cAMP, D0627, Sigma-Aldrich) and 200 M L-

Ascorbic acid (AA, A5960, Sigma-Aldrich). 

 

Final plating for experiments was performed at day 0. Neurons were plated on 24-well and 48-well 

Thermo Scientific™ Nunc™ Cell-Culture Treated plates (Thermo Fisher Scientific) or glass 

coverslips at cell density 50 000 cells/cm2 in NMM with ROCK inhibitor. For glass coverslips 

LN521 concentration was 50 g/ml. Plating and culturing on MEA plates is described in chapter 

4.6.1. The cells were cultured in the Thermo Scientific Forma Steri-Cycle i160 CO2 incubator 

at 37 °C in 5% CO2 atmosphere. NMM was changed three times per week and cells were imaged 

weekly with Nikon Eclipse Ti-S inverted microscope equipped with a Nikon digital sight DS-Fi2 

camera (both from Nikon, Minato, Tokyo, Japan). 
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Table 5. Ingredients of the neural maintenance medium (N3). 

Ingredients Concentration Manufacturer 

D-MEM/F-12 (Dulbecco's 

Modified Eagle Medium/Nutrient 

Mixture F-12) with GlutaMAX 

0.5× Thermo Fisher Scientific, 31331-028 

Neurobasal Medium 0.5× Thermo Fisher Scientific, 21103-049 

N-2 supplement 0.5% Thermo Fisher Scientific, 17502-048 

B-27  1% Thermo Fisher Scientific, 17504-044 

GlutaMAX Supplement 0.5 mM Thermo Fisher Scientific, 35050-061 

Non-Essential Amino Acids 

Solution (NEA) 

0.5% Thermo Fisher Scientific, 11140-050 

2-mercaptoethanol 50 M Thermo Fisher Scientific, 31350-010 

Insulin 2.5 g/ml Sigma-Aldrich, I9278 

Penicillin-Streptomycin antibiotic 0.1% Lonza, DE-602E 

 

4.3 Gene expression analysis 

 

The gene expression levels of IL-6 receptors, gp130 and IL-6R, and the housekeeping gene 

glucuronidase beta (GUSB) were investigated during maturation phase (days 0 and 7) and during 

the cytokine and KA treatment (day 37) (Figure 7) using real-time RT-qPCR. Before gene 

expression analysis, RNA was isolated from cell samples and it was converted into complementary 

DNA (cDNA). 

 

4.3.1 RNA isolation 

 

Cortical neuronal cultures were lysed and total RNA was isolated with a NucleoSpin RNA kit 

(Macherey-Nagel, Düren, Germany). At the plating day (day 0), cell samples were collected by 

centrifugation (5 min, 300 × g) and lysed with Buffer RA1 with 1% -mercaptoethanol (Sigma-

Aldrich). For plated and cultured cells, two to three wells from 24-well plates were lysed with RA1 

with 1% -mercaptoethanol (Sigma-Aldrich) and then pooled together. All lysed cell samples were 

stored at -80C until use. Total RNA was isolated from thawed cell lysates according to the 

manufacturer’s instructions. Briefly, the lysate was cleared by filtrating through a NucleoSpin 
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Filter (1 min, 11, 000 × g). Then 70% ethanol was added on the lysate to adjust RNA binding 

conditions and lysates were transferred to NucleoSpin Colum silica membrane and centrifuged 

for 30 sec, 11, 000 × g. Silica membrane was desalted with membrane desalting buffer (MDB) (1 

min, 11, 000 × g). DNA was removed from membrane by incubating rDNase reaction mixture for 

15 min at RT. Thereafter, membrane was washed with Buffer RAW2 (30 sec, 11, 000 × g), Buffer 

RA3 (30 sec, 11, 000 × g) and dried with Buffer RA3 (2 min, 11, 000 × g). Finally, RNA was 

eluted in 60 l RNase-free water (1 min, 11, 000 × g) and the concentration and quality of RNA 

were measured with a NanoDrop 1000 UV-Vis spectrophotometer (Thermo Fisher Scientific). 

Isolated RNA samples were stored at -80C.  

 

4.3.2 cDNA synthesis 

 

200 ng of total RNA from each sample was reverse transcribed into cDNA with a High-Capacity 

cDNA Reverse Transcription kit (Applied Biosystems, Thermo Fisher Scientific) according to the 

manufacturer’s instructions. Briefly, 10 l Reverse Transcription (RT) Master Mix and 10 l 

isolated RNA diluted in nuclease free water were used for each reaction. 10 l RT Master Mix 

contained 2 l 10X RT Buffer, 2 l 10X RT Random Primers, 0,8 l 25X dNTP Mix (100 mM), 1 

l MultiScribe® Reverse Transcriptase (50 U/µL), 0,25 l RiboLock RNase Inhibitor (40 U/µL) 

and 3,95 l nuclease free water. Reverse transcription was performed in Eppendorf MasterCycler 

EP Gradient Thermal Cycler (Eppendorf, Hamburg, Germany) under the following conditions: 

25C for 10 min (primer annealing), 37C for 120 min (DNA polymerization), 85C for 5 min 

(enzyme inactivation) and then samples were chilled to 4C. cDNA samples were stored at -20C 

until use.  

 

4.3.3 TaqMan real-time quantitative reverse transcription-PCR 

 

Gene expression analysis of IL-6R, gp130 and GUSB was performed with TaqMan® gene 

expression assay (Applied Biosystems), following the manufacturer’s instructions. Each 15 l 

reaction contained 15 ng thawed cDNA diluted in nuclease free water, 0.75 l 20×TaqMan Gene 

Expression Assay primers (Table 6), 7.5 l 2× TaqMan Gene Expression Master Mix and 3.75 l 

nuclease free water on MicroAmp Optical 96-Well Reaction Plates (Applied Biosystems). In 
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addition, no template controls (NTCs) were included in each run. RT-qPCR analysis was carried 

out on ABI7300 Real-Time PCR System (Applied Biosystems) using following conditions: 50C 

for 2 min, DNA denaturation step at 95C for 10 min, the annealing and extension step repeated 

40 times at 95C for 15 secs and at 60C for 1 min. Data analysis for the raw data was performed 

in ABI 7300 Real-Time PCR System Software. Each sample had three technical replicates. 

Relative gene expression levels were calculated with the comparative deltadelta Ct method (2-Ct) 

which indicates the gene expression difference between two genes. These relative quantification 

(RQ) values (also called fold change) were determined for each sample as following: RQ=2-Ct, 

where Ct=Ctsample-Ctcalibrator and Ct=Ctgene - Ctendogenous control. Housekeeping gene GUSB was 

used as an endogenous control. 

 

Table 6. TaqMan Gene Expression Assay primers used in the RT-qPCR.  

Gene Marker type ID Manufacturer 

GUSB Housekeeping gene Hs00939627_m1 Thermo Fisher Scientific 

gp130 

(IL6ST) 

Interleukin-6 signal transducer 

gene 

Hs00174360_m1 Thermo Fisher Scientific 

IL-6R Interleukin-6 receptor gene Hs01075664_m1 Thermo Fisher Scientific 

 

4.4 Cell viability assay 
 

4.4.1 LIVE/DEAD assay 

 

Effects of IL-6, Hyper-IL-6 and KA treatments on the cell viability were analysed with a 

fluorescence-based LIVE/DEAD viability/cytotoxicity kit for mammalian cells (Thermo Fisher 

Scientific) (Hyvärinen et al. 2019a). LIVE/DEAD assay was performed once for treated 08/023 

cells after seven-week culture (day 49) and twice for treated 10212.EURCCs cells after five-week 

culture (day 37). The cells were plated on 48-well plate, cultured and treated as described 

previously. The culture medium was replaced in every well with 200 l dye solution containing 

0.1 M calcein-AM and 0.5 M EthD-1 in culture medium. Live cells were stained green with 

Calcein-AM and dead cells red with ethidium homodimer-1 (EthD-1) indicating functional 

intracellular esterase activity and damaged cell membrane, respectively. Dyes were incubated light 

protected 30 minutes at room temperature (RT) on a shaker. Thereafter, cell viability was 

determined immediately with Olympus IX51 inverted fluorescence microscope (10× 

magnification) equipped with an Olympus DP30BW Microscope Digital Camera (Olympus 
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Corporation, Shinjuku, Tokyo, Japan). Each experiment contained five to six treatment groups, 3-

4 wells were included in each group and 3-4 images were taken from each well. CellProfiler (3.1.8) 

was used for quantification of live and dead cells (Carpenter et al. 2016). Mean area coverage of 

live and dead cells from the total culture area was calculated and compared between each treatment 

group (Hyysalo et al. 2017). 

 

4.5 Immunocytochemistry (ICC) 

 

4.5.1 ICC staining 

 

Protein expression of neuronal and astrocytic markers as well as IL-6 receptors were investigated 

with indirect ICC. Both control and treated samples were stained similarly as previously described 

(Lappalainen et al. 2010). Samples were fixed with 4% paraformaldehyde (PFA) in phosphate-

buffer saline (PBS) for 15 min, washed twice in PBS for five minutes and stored in PBS at +4C. 

Nonspecific antigen binding sites were blocked with 10% normal donkey serum (NDS), 0.1% 

TritonX-100, 1% bovine serum albumin (BSA) in PBS for 45 min at RT and was washed with 1% 

NDS, 0.1% TritonX-100, 1% BSA in PBS. The primary antibodies (Table 7) were diluted with the 

same washing solution, added to the cells and incubated overnight at +4C on a shaker. On the next 

day, the cells were washed twice in 1% BSA in PBS for five minutes. Secondary antibodies (Table 

8), diluted with 1 % BSA in PBS solution, were added to the cells and incubated light protected 1 

hour in RT. Then, the cells were washed twice in PSB for five minutes and once in phosphate 

buffer (PB) for five minutes. The cells were mounted with ProLong™ Gold Antifade Mountant 

with DAPI (Thermo Fisher Scientific) and covered by a coverslip. 4′,6-diamidino-2-phenylindole 

(DAPI) binds to DNA and stains nuclei blue. Mounted samples were kept light protected at +4C. 

Fluorescence imaging was performed using an Olympus IX51 inverted fluorescence microscope 

equipped with an Olympus DP30BW Microscope Digital Camera (Olympus Corporation, 

Shinjuku, Tokyo, Japan) and confocal imaging was performed with an LSM780 laser scanning 

confocal microscope (Carl Zeiss, Oberkochen, Germany). 
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Table 7. Primary antibodies used in the immunocytochemistry.  

Primary antibody Expression Dilution Origin Manufacturer & Cat. no. 

anti-MAP2 Neuronal 

marker 

1:400 rabbit Merck Millipore, AB5622 

anti-MAP2 Neuronal 

marker 

1:400 chicken Novus Biologicals, 

NB300-213 

anti--tubulin 3  

(-Tub) 

Neuronal 

marker 

1:1000 mouse Sigma-Aldrich, T8660 

anti--tubulin 3 

(-Tub) 

Neuronal 

marker 

1:200, 1:4000 

for synaptic 

staining 

chicken Abcam, ab41489 

anti-GFAP Astrocyte 

marker 

1:4000 chicken Abcam, ab4674 

anti-Synaptophysin Presynaptic 

marker  

1:2000 rabbit Abcam, ab32127 

anti-PSD95 Postsynaptic 

marker 

1:50 mouse Abcam, ab2723 

anti-IL-6R Interleukin-

6 receptor  

subunit  

1:100, 1:200, 

1:500 

rabbit Abcam, ab128008 

anti-IL-6R Interleukin-

6 receptor  

subunit  

1:50, 1:100, 

1:200, 1:500 

mouse R&D Systems, MAB2271 

anti-gp130 (IL6ST) Interleukin-

6 signal 

transducer 

1:50, 1:200, 

1:500 

mouse Santa Cruz, sc-376280 
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Table 8. Secondary antibodies used in the immunocytochemistry.  

Secondary antibody Dilution Origin Manufacturer & Cat. no. 

Alexa Fluor® 488 

anti-mouse IgG 

1:200, 1:400 donkey Thermo Fisher Scientific, A21202 

Alexa Fluor® 488 

anti-rabbit IgG 

1:200, 1:400 donkey Thermo Fisher Scientific, A21206 

Alexa Fluor® 568 

anti-mouse IgG 

1:200, 1:400 donkey Thermo Fisher Scientific, A10037 

Alexa Fluor® 568 

anti-rabbit IgG 

1:200, 1:400 donkey Thermo Fisher Scientific, A10042 

Alexa Fluor® 568 

anti-chicken IgY 

1:200, 1:400 goat Thermo Fisher Scientific, A11041 

Alexa Fluor® 647 

anti-chicken IgY 

1:200 goat Thermo Fisher Scientific, A21449 

Alexa Fluor® 647 

anti-rabbit IgG 

1:200 donkey Thermo Fisher Scientific, A31573 

 

4.5.2 Antibody optimization and validation 

 

Optimization for antibodies against IL-6 receptors was performed since these antibodies were used 

for the first time for hPSC-derived cortical cultures. Anti-IL-6R antibody (ab128008, Abcam) and 

anti-gp130 antibody (sc-376280, Santa Cruz) were tested with 08/023 cell line at 7-day time point 

using three different staining protocols and several antibody concentrations as well as at five-week 

time point (day 35) with peptide blocking test. Additionally, peptide blocking test for anti-gp130 

was repeated with 10212.EURCCs cell line. Tested staining protocols, concentrations and peptide 

blocking tests are described in the next chapters. Moreover, to confirm similar staining pattern, 

another anti-IL-6R antibody from R&D Systems was tested with 10212 EURCCs cell line at two-

week time point (day 14) using normal ICC protocol (chapter 4.5.1) and different antibody 

concentrations (1:50, 1:100, 1:200).  

 

Different ICC conditions and antibody concentrations. Tested ICC protocols for IL-6 receptors 

were otherwise similar as described in previous chapter (4.5.1) but different permeabilization 

reagents were used. All three staining conditions are listed in Table 9. Permeabilization reagents 

were 0.1% TritonX-100 and 1% saponin. Moreover, staining without permeabilization reagent was 

tested. Tested primary antibody dilutions for anti-IL-6R (Abcam) were 1:100, 1:200 and 1:500, 

and for anti-gp130 (Santa Cruz) 1:50, 1:100 and 1:200. 
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Table 9. Tested immunocytochemistry conditions in the antibody optimization. 

Condition Blocking solution Primary antibody 

and wash solution 

Secondary antibody 

and wash solution 

1 (control) 10% NDS, 0.1% TritonX-100, 

1% BSA in PBS 

1% NDS, 0.1% 

TritonX-100, 1% BSA 

in PBS 

1% BSA in PBS 

2 10% NDS, 1% saponin, 1% 

BSA in PBS 

1% NDS, 1% saponin, 

1% BSA in PBS 

1% saponin, 1% BSA in 

PBS 

3 10% NDS, 1% BSA in PBS 1% NDS, 1% BSA in 

PBS 

1% BSA in PBS 

Abbreviations: NDS=normal donkey serum, BSA=bovine serum albumin, PBS=phosphate buffer 

solution. 

 

Peptide blocking test. Specificity of anti-IL-6R (Abcam) and anti-gp130 (Santa Cruz) antibodies 

was investigated with peptide blocking test. In peptide blocking test, primary antibody is incubated 

overnight with a blocking peptide before staining. During incubation, antibody will recognize and 

bind to an epitope of the blocking peptide. After their binding, antibody cannot bind to the proteins 

of the cells and therefore a signal of the staining is weaker if antibody is specific. Solutions 

containing 0, 10, 20, 50 µg/ml recombinant human gp130 protein (228-GP, R&D Systems) and 

1:50 (4 µg/ml) anti-gp130 antibody (Santa Cruz) or 0, 1, 10, 50 µg/ml recombinant IL-6R protein 

(ab50082, Abcam) and 1:200 (5 µg/ml) anti-IL-6R antibody (Abcam) in 1% NDS, 0,1% TritonX-

100, 1% BSA in PBS were incubated overnight in separate eppendorf tubes at +4C. Peptide-

antibody solutions (150 µl/well) were added to the cells. For both antibodies, two replicates were 

used for each peptide concentration. As controls, in addition to 0 µg/ml peptide samples, secondary 

antibody controls without primary antibodies were performed and few wells were stained with anti-

IL-6R and -gp130 using standard ICC protocol (chapter 4.5.1). All samples were incubated 

overnight at +4C. Thereafter, the samples were washed, stained with 1:400 Alexa Fluor® 488 

anti-mouse IgG or Alexa Fluor® 488 anti-rabbit IgG secondary antibody, washed and mounted as 

described in the chapter 4.5.1. Samples were imaged with an Olympus IX51 inverted fluorescence 

microscope equipped with an Olympus DP30BW Microscope Digital Camera (Olympus 

Corporation).  
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4.6 Microelectrode arrays (MEAs) 

 

4.6.1 Coating, plating and cell maintenance of MEAs 

 

The activity of neuronal networks was studied using MEAs as previously described (Hyvärinen et 

al. 2019b). At first, CytoView MEA 48 (Axion BioSystems, Atlanta, GA, USA) plates were 

washed with 70% ethanol, rinsed with sterile water and air dried. Thereafter, MEAs were coated 

as a 10 l droplet with 0.1% polyethylenimine (PEI, Sigma-Aldrich) in 0.1 M borate buffer for one 

hour at +37 C, PEI was washed three times with sterile water and air dried. Thereafter, 10 l 

droplet of 50 g/ml LN521 (Biolamina) in 1×DPBS was incubated overnight at +4C. Next day 

(day 0), the coating solution was removed without rinsing, and neurons were plated as a 10 l 

droplet of 80 000 cells in NMM with ROCK inhibitor. After half an hour, 500 l NMM with ROCK 

inhibitor was added. MEAs were cultured in the incubator at 37 °C in 5% CO2 atmosphere, NMM 

were changed four times per week and cells were imaged weekly with Zeiss Axio Observer A1 

equipped with an Axiocam 506 color camera (Carl Zeiss).  

 

4.6.2 MEA measurements 

 

Extracellular neuronal network activity was measured using CytoView MEA 48 plates and an 

Axion Maestro MEA system integrated with heating system, temperature controller and real-time 

signal monitoring AxIS software (all from Axion BioSystems) as previously described (Hyvärinen 

et al. 2019b). CytoView MEA 48 plates have 16 electrodes in each well and total number of 

electrodes per plate is 768. Development of spontaneous neuronal activity was followed with MEA 

measurements twice a week for 10 minutes at +37C, for five weeks. Prior to the recordings, the 

MEA plates were equilibrated for five minutes in the Maestro system. 

 

At fifth culture week (days 35-37), effects of IL-6, Hyper-IL-6 and KA on the neuronal network 

activity were investigated (Figure 7). At days 35 and 36, experiment measurements were performed 

just before IL-6, Hyper-IL-6 or KA treatments (baseline measurement), immediately after (acute 

effect) as well as three hours and six hours after treatments. At day 37, endpoint measurement was 

performed 48h after the first treatment. Medium change was not performed during experiments. 

All experiment recordings were performed similarly at +37C with 5% CO2 supplier for 15 

minutes. 16 MEA wells per treatment group were measured. 
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4.6.3 MEA data analysis 

 

For detecting neuronal spikes, the data was analysed with an in-house made script (Hyvärinen et 

al. 2019b) for MATLAB adapted from Mayer et al. 2018. Electrodes which detected more than 10 

spikes per minute were “active electrodes”. Burst detection was then analysed using the R-package 

meaRtools (Gelfman et al. 2018) with the spike timestamps using the log ISI algorithm adapted 

from Pasquale et al. 2010 with additional modifications (Hyvärinen et al. 2019b). MEA data was 

analysed by PhD student Mzezewa and detailed data analysis is described in Hyvärinen et al. 

(2019b).   

 

4.7 Statistical analysis 
 

Gene expression data was analysed with GraphPad Prism 8 (GraphPad Software, San Diego, USA) 

and cell viability data was analysed with IBM SPSS Statistics, Version 26.0 (IBM, Armonk, New 

York, USA). Distributions of the data were studied using Shapiro-Wilk test which showed that all 

the data were not normally distributed. Therefore, the nonparametric Mann-Whitney U test with 

Bonferroni correction was used for the gene expression data to study statistical significance. Cell 

viability data was analysed with Mann-Whitney U test. MEA data was analysed with GraphPad 

Prism 5 and IBM SPSS Statistics, Version 25.0 (IBM, Armonk, New York, USA) by PhD student 

Mzezewa. Statistical tests for the MEA data were performed with SPSS Statistics using the one-

way ANOVA with Bonferroni post hoc test. P-values lower than 0.05 were considered statistically 

significant. All the graphs were created with GraphPad Prism.  
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5 Results 
 

5.1 Characterization of hPSC-derived neural cultures 

 
Both hESC- and hiPSC-derived cortical neural cultures were used in this study. Before the cytokine 

and KA treatments, hESC-derived neurons were cultured for five or seven weeks and hiPSC-

derived neurons were cultured for five weeks. Cultures were followed with phase-contrast 

microscope imaging (Figure 8) and ICC by staining neuronal (MAP-2, -Tub) and astrocytic 

(GFAP) markers (Figure 9). All cultures expressed neuronal markers whilst GFAP-positive 

astrocytes were detected on some culture areas at five- and seven-week time points (days 35 and 

49).  

 

 
Figure 8. Phase-contrast microscopy images of hESC (08/023)- and hiPSC (10212.EURCCs)-

derived cortical neural cultures after one, three and five-week culture before cytokine and KA 

treatments. The scale bar is 50 m in all images. 
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Figure 9. ICC characterization of hESC (08/023)- and hiPSC (10212.EURCCs)-derived cortical 

neural cultures at different time points before cytokine and KA treatments. Both cell lines 

expressed neuronal markers MAP-2 and -Tub after neuronal differentiation. In some culture areas, 

also GFAP-positive astrocytes were detected at fifth- and seventh culture week. DAPI stained 

nuclei blue. The scale bar is 50 m in all images. 

 

5.2 Expression of IL-6 receptors on hPSC-derived neural cultures 

 

5.2.1 hPSC-derived neural cultures express IL-6 receptors at gene level 

 

Gene expression levels of IL-6 receptors, IL-6R and gp130 were determined with RT-qPCR during 

the maturation phase (days 0, 7 and 37). The expressions of receptors were investigated in both 

hESC- and hiPSC-derived cortical neural cultures. Representative gene expression data is 

presented in Figure 10 (n=2 with three technical replicates from one experiment with hiPSC-

cultures, statistical tests were not performed due to the low number of replicates). Results indicated 

that both cell lines express IL-6R and gp130. Already at day 0, threshold cycle values (Ct values) 

of gp130 were lower compared to Ct values of IL-6R, indicating that the gene expression level of 

gp130 is higher compared to IL-6R expression (Figure 10 A). Moreover, the gene expression levels 
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of both IL-6R and gp130 were elevated during the five-week culture compared to the expression 

levels of day 0 (Figure 10 B-C). Increase in the expression levels was higher in IL-6R. However, 

IL-6R expression was lower compared to the gp130 expression after five-week culture (day 37). 

To conclude, both hPSC-derived cortical neural cell lines expressed IL-6R and gp130 at the gene 

level. The gene expression levels of both IL-6 receptors increased during the neuronal maturation 

and the expression of gp130 was higher compared to the expression of IL-6R. 

 

 

Figure 10. Gene expression levels of IL-6 receptors IL-6R and gp130 on hiPSC-derived cortical 

neural cultures. A) Both IL-6 receptors were expressed in the beginning of the experiments (day 

0). Gp130 expression is higher in comparison to the expression of IL-6R as demonstrated by lower 

Ct value. B) Gene expression of IL-6R increased during the five-week culture. C) Gene expression 

of gp130 also increased during the five-week culture. In the B and C, fold changes are calculated 

from Ct values by comparing to the day 0 expression. The data is from one experiment and it is 

presented as the mean  SD (n=2 with three technical replicates) in all graphs. 

 

5.2.2 Antibody optimization and validation 

 

ICC optimization for antibodies against IL-6 receptors, IL-6R and gp130 was performed as 

described above (4.5.2), since IL-6 receptors were stained for the first time on hESC (08/023)- and 

hiPSC (10212.EURCCs)-derived cortical cultures. Two antibodies against IL-6R (from Abcam and 

Santa Cruz) and one against gp130 (from Santa Cruz) were tested. ICC images from these 

optimizations are presented in Appendices.  

 

Different permeabilization reagents and antibody concentrations were tested for anti-IL-6R and 

anti-gp130 antibodies. TritonX-100, saponin and staining without permeabilization reagent were 

tested (Appendix 1 & 3). Based on the staining results TritonX-100 was chosen for the following 

IL-6R and gp130 stainings. Staining with saponin or without permeabilization reagent were dim 
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compared to the staining with TritonX-100. For anti-IL-6R (Abcam) 1:100, 1:200 and 1:500 

dilutions were tested. Staining with 1:200 dilution was considered to be most optimal (Appendix 

1). 1:200 dilution was also optimal for another anti-IL-6R antibody (R&D Systems), when 1:50, 

1:100, 1:200 and 1:500 dilutions were tested (Appendix 2). Staining patterns of both anti-IL-6R 

antibodies were quite similar. For anti-gp130 (Santa Cruz), 1:50, 1:200 and 1:500 dilutions were 

tested, from which 1:50 dilution was the most optimal (Appendix 3). Moreover, peptide blocking 

test was performed to investigate the specificity of anti-IL-6R (Abcam) and anti-gp130 (Santa 

Cruz) antibodies (Appendix 4 & 5). IL-6R expression seemed to be slightly decreased with the 

highest blocking peptide concentration (Appendix 4). In addition, very bright fluorescence signal 

was detected from some neurons only in the cultures without blocking peptide (Appendix 5). In 

conclusion, after antibody optimization TritonX-100 was used as a permeabilization reagent and 

antibody dilutions were 1:200 for both anti-IL-6R antibodies and 1:50 for anti-gp130.  

 

5.2.3 IL-6 receptors are expressed on hPSC-derived neurons at protein level 

 

After optimization of IL-6 receptor ICC staining, receptors were co-stained with neuronal MAP-2 

and -Tub and astrocytic GFAP markers to investigate the localization of IL-6 receptors on hPSC-

derived cortical neural cultures. As reported above, gene expression analysis already confirmed 

that IL-6 receptors are expressed in these cultures. However, determination of protein expression 

was also important because in the later experiments the cultures were treated with cytokines which 

mediate their effects through IL-6 receptors. ICC results indicated that both hESC- and hiPSC-

derived cortical neurons express IL-6R and gp130 after one-week (day 7) and five-week (day 37) 

cultures. Representative images of IL-6R and gp130 protein expression on hiPSC-derived cultures 

are presented in Figure 11. In both time points, IL-6R expression seemed to be higher compared to 

the gp130 expression. Expression of both receptors, particularly IL-6R, was higher on soma part 

of neurons, around the nuclei, as seen in Figure 10.  However, both receptors seemed to be 

expressed also along axons and dendrites. Moreover, very weak expression of IL-6R (Figure 11) 

and gp130 on GFAP-positive astrocytes were detected (Figure 14). Taken together, IL-6R and 

gp130 are expressed on hPSC-derived cortical neuronal cultures, mainly on neurons, before 

cytokine and KA treatments. 
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Figure 11. Protein expression of IL-6 receptors, IL-6R and gp130, on hiPSC-derived cortical 

neuronal cultures. Both IL-6 receptors are expressed with after one- and five-week culture before 

cytokine and KA treatments. Moreover, cultures are positive for neuronal (MAP-2 and -Tub) and 

astrocytic (GFAP) markers. DAPI stained nuclei blue. The scale bar is 50 m in all images. 

 

5.3 Development of spontaneous neuronal network activity of hPSC-derived neural 

cultures 
 

Functionality of hiPSC-derived cortical neural cultures was studied with MEA measurements. 

First, neural cells were cultured for five weeks on MEAs and the development of spontaneous 

neuronal network activity was followed twice a week. Moreover, networks were followed weekly 

with phase-contrast microscopy, which indicated how cultures changed from dense to more 

aggregated cultures (Figure 12 A). MEA data from two separate experiments (Exp1 and Exp2 both 

consist of two 48-well MEA plates, referred as A-B and C-D) with 10212.EURCCs cell line 

showed how the activity of neuronal networks increased during the five-week culture (Figure 12 

B-E). MEA enables continuous measurement of the activity of neuronal networks in real time. 

Representative images of heat map of 48-well MEA measurements indicated that the cultures were 

more active at five-week time point (day 36) in comparison to the one-week point (day 7) (Figure 

12 B). Each box in heat map represents a single well (as explained in Figure 6), and activity is 

represented as a color-coded spike rate (colour scale indicates 0-5 spikes/second). Representative 

images of spontaneous neuronal network activity from one well of the culture (16 electrodes/well) 

at one-week (day 7) and five-week time point (day 35) represent how the activity patterns changed 

during the neuronal network maturation (Figure 12 C). Activity patterns changed from spontaneous 
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spiking to spike trains, smaller burst and finally synchronous network bursts (Figure 12 C). During 

the five-week culture the number of active electrodes (>10 spikes/min) per MEA wells increased 

slightly in Exp1, but in another experiment Exp2 the number of active electrodes stayed quite stable 

over follow-up (Figure 12 D). The median spike rate per MEA well increased in each plate up to 

day 21 after which a slight decrease followed by an increase was seen (Figure 12 E). At day 31, 

spike rate of A-D plates was approximately 5-7 Hz. 

 

 

Figure 12. Development of spontaneous neuronal network activity of hiPSC-derived cortical 

neurons was investigated with MEA measurements during a five-week culture. A) Phase-contrast 

images of cultures on MEAs after one-week and five-week culture. The scale bar is 50 m in both 

images. B) Representative images of heat map of 48-well MEA measurements at day 7 and 35 

show a spike rate of neuronal cultures with different colours. Each box indicates a single well in 

both images. C) Representative images of the activity patterns from one well at day 7 and 35. Each 

box indicates a single electrode in both images. D) Number of active electrodes on MEA wells 

during five-week culture. Total number of electrodes in each well is 16. E) Development of the 

spike rate (Hz) during five-week culture. In both graphs, A-B and C-D values are from two separate 

experiments Exp1 and Exp2, and A-D represent different 48-well MEA plates. The data is 

presented as the median and range (n=48 wells/plate). 
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5.4 Expression of IL-6 receptors on hPSC-derived neural cultures after IL-6, Hyper-

IL-6 and KA treatments 
 

Functionally maturated hPSC-derived cortical neural cultures were treated with IL-6 or Hyper-IL6 

for 24 hours at five-week time point (day 35). Then, part of the cultures was treated with KA for 

additional 24 hours to induce seizure-like functionality (Figure 7). Thereafter, the effects of 

treatments on gene expression levels of IL-6 receptors, IL-6R and gp130, were investigated with 

RT-qPCR (day 37). The aim of this study was to investigate whether IL-6, Hyper-IL-6 or KA alone 

can affect gene expression levels of IL-6 receptors, and if cytokine treatments together with KA 

exposure can change expression levels. Gene expression levels were investigated once with hESC 

(08/023) and twice with hiPSC (10212.EURCCs) derived cultures. Results from both cell lines 

followed the same trend and had statistically significant differences between treatment groups 

compared to controls (Figure 13). Results are presented in next chapters. Shapiro-Wilk test 

indicated that all the data is not normally distributed, therefore the nonparametric Mann-Whitney 

U test was used with Bonferroni correction. 

 

When cultures were treated alone with IL-6 or Hyper-IL-6, the following effects were detected in 

comparison to untreated controls from the same time point (day 37). After IL-6 treatment, 

difference in IL-6R expression was not detected, but gp130 expression was increased in 08/023 

derived cultures (p<0.01) (Figure 13 A-B). In 10212.EURCCs line, IL-6 treatment increased IL-

6R expression (p<0.01), and gp130 expression increased slightly (p>0.05). (Figure 13 C-D). Hyper-

IL-6 treatment caused elevated IL-6R and gp130 levels (p0.0001 for both) in 08/023 line (Figure 

13 A-B.). Moreover, IL-6R (p<0.01) and gp130 levels were also upregulated in Hyper-IL-6 treated 

10212.EURCCs cultures, but the change in gp130 expression levels was not statistically significant 

(p>0.05) (Figure 13 C-D).  

 

In KA treated cultures, major changes in gene expression levels in comparison to untreated controls 

from the same time point (day 37) were not observed. However, the increase of gp130 expression 

was statistically significant (p<0.01) in KA treated 10212.EURCCs cultures in comparison to 

controls (Figure 13 D). Additionally, cytokine treatments with KA induction modulated gene 

expression levels of IL-6R and gp130 compared to controls. IL-6R expression was increased 
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(p<0.01) and gp130 levels were unchanged in IL-6+KA treated 08/023 cultures (Figure 13 A-B). 

In 10212.EURCCs cultures, IL-6R and gp130 levels were slightly increased after IL-6+KA 

treatments but differences were not statistically significant (Figure 13 C-D). Although, Hyper-IL-

6+KA treatment elevated both IL-6R and gp130 levels in 08/023 (p0.0001 for both) and 

10212.EURCCs cultures (IL-6R: p<0.01, gp130: p0.0001). When compared differences between 

of IL-6 and IL-6+KA treatments and similarly Hyper-IL-6 and Hyper-IL-6 treatments, small 

difference in expression levels could be seen. However, statistically significant differences in the 

gene expression levels between these groups were not detect in either cell lines.  

 

Additionally, protein expression of IL-6 receptors with neuronal and astrocytic markers on hiPSC 

(10212.EURCCs)-derived cortical neural cultures were studied with ICC after treatments at five-

week time point (day 37) (Figure 14). Both IL-6R and gp130 positive neurons were detected in all 

treatment groups. In general, IL-6R protein expression seemed to be higher in each group compared 

to gp130 protein expression. Major changes in IL-6R or gp130 expression between treatment 

groups were not detected. However, it seemed that Hyper-IL-6 and Hyper-IL-6+KA treatments 

could upregulate IL-6R expression, which is also in line with the gene expression data. 

 

In conclusion, results indicate that IL-6, Hyper-IL-6 and KA treatments, especially H-IL-6, can 

modulate the gene expression levels of IL-6 receptors in both hESC-and hiPSC-derived cortical 

neural cultures. At protein level both IL-6 receptors were detected after all treatments. Even though 

there seems to be no great differences between groups, some treated cultures exhibited slightly 

different expression profiles. 
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Figure 13. The gene expression levels of IL-6 receptors, IL-6R and gp130, after IL-6, Hyper-IL-6 

and KA treatments at five-week time point (day 37). A-B) Fold change of IL-6R and gp130 mRNA 

on hESC (08/023)-derived cortical neural cultures compared to control group. The data is from one 

experiment and it is presented as the mean  SD (n=3 with three technical replicates in each group). 

C-D) Fold change of IL-6R and gp130 mRNA on hiPSC (10212.EURCCs)-derived cortical 

neuronal cultures compared to control group. The data is combined from two experiment and it is 

presented as the mean  SD (n=5 with three technical replicates in each group). Mann-Whitney U 

test with Bonferroni correction was used to determine statistical significance between different 

groups compared to control group (* p<0.05, ** p<0.01, *** p<0.001 and **** p0.0001). 
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Figure 14. ICC staining of IL-6 receptors, IL-6R and gp130, on hiPSC-derived cortical neuronal 

cultures after IL-6, Hyper-IL-6 and KA treatments at five-week time point (day 37). Cultures are 

stained also with neuronal (MAP-2 and -Tub) and astrocytic (GFAP) markers. DAPI stained 

nuclei blue. The scale bar is 50 m in all images. 
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5.5 Effects of IL-6, Hyper-IL-6 and KA treatments on the cell viability of hPSC-

derived neural cultures  
 

Effects of IL-6, Hyper-IL-6 and KA treatments on the neuronal networks were studied with ICC 

by staining neuronal (MAP-2 and -Tub) and astrocytic (GFAP) markers after treatments at five-

week time point (day 37) (Figure 15). ICC staining shown that both neuronal markers and astrocytic 

markers, on some culture areas, are expressed in all the cultures and differences in the neuronal 

networks between control and treatment groups could not be seen.  

 

Moreover, effects of treatments on the cell viability of hPSC-derived cortical neural cultures were 

analysed with a LIVE/DEAD viability/cytotoxicity assay. Cell viability assay was performed once 

for hESC (08/023)-derived neurons after seven-week culture (day 51) and twice for hiPSC 

(10212.EURCCs)-derived neurons after five-week culture (day 37) after IL-6, Hyper-IL-6 and KA 

treatments. Visible differences between the controls and treated cultures were not detected during 

the LIVE/DEAD imaging. Representative LIVE/DEAD assay images are presented in Figure 16 

A. Most of the cells were viable (stained green) but also dead cells (stained red) were detected in 

all the cultures in each experiment. Cell viability was quantified by calculating the percentage area 

coverage of live or dead cells from the total culture area (Figure 16 B-C). In both cell lines, the 

area coverage of the live cells was higher compared to the dead cells, and the area coverage of the 

dead cells was very low in controls and all treated cultures. Statistical significance for live and dead 

cells was calculated with Mann-Whitney U-test, but no significant (p<0.05) differences between 

control and treated groups were detected. Taken together, major differences in the cell viability or 

neuronal networks were not detected after IL-6, Hyper-IL-6 and KA treatments. 

 



 53 

 

Figure 15. ICC staining of neuronal and astrocytic markers on hiPSC-derived cortical neuronal 

cultures after IL-6, Hyper-IL-6 and KA treatments at five-week time point (day 37). Neuronal 

markers MAP-2 and -Tub and astrocytic marker GFAP were expressed in all treatment groups. 

DAPI stained nuclei blue. The scale bar is 50 m in all images. 

 



 54 

 
Figure 16. LIVE/DEAD analysis of hPSC-derived cortical neuronal cultures after IL-6, Hyper-IL-

6 and KA treatments. A) Representative LIVE/DEAD assay images of hiPSC- derived neurons at 

five-week time point (day 37). The scale bar is 50 m in all images. B) Quantification of the cell 

viability of the hESC (08/023)-derived neurons at the seven-week time point (day 49). The data 

presented as Tukey boxplots represent live/dead cell area coverage from the total culture area. Two 

individual points are outliers which have values higher than 75th percentile plus 1.5IQR. The data 

is from one experiment (n=8-12 images in each group). C) Quantification of the cell viability of 

the hiPSC (10212.EURCCs)-derived neurons at the five-week time point (day 37). The data is from 

two experiment (n=26-30 images in each group) and it is presented similarly as B. 
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5.6 Effects of IL-6, Hyper-IL-6 and KA treatments on the functionality of hiPSC-

derived neural cultures 
 

After the five-week culture, functionally maturated neuronal networks were treated with IL-6 or 

Hyper-IL-6 for 24 hours (pre-treatments at day 35), and on the next day some of the cultures were 

treated with KA for additional 24 hours (KA induction) to induce seizure-like functionality. The 

activity of neuronal networks was studied with MEA measurements just before treatments 

(baseline), immediately (acute), and 3, 6 and 24 hours after treatments (Figure 7). Effects of IL-6 

or Hyper-IL-6 pre-treatments on spike and burst rates are presented in Figure 17 A-B. Both 

normalized spike rate and bursts per minute values are presented as median percentage changes by 

comparing measured values to the baseline measurements. Statistical analyses for all spike and 

burst rates were performed using the one-way ANOVA with Bonferroni post hoc test. In pre-

treatments, spike and burst rates followed the same trend in IL-6 and Hyper-IL-6 treated cultures 

as well as in control cultures from baseline to the 24-hour time point (Figure 17 A-B). However, 

the spike rate of IL-6 treated cultures was higher in comparison to control and Hyper-IL-6 treated 

cultures at 24-hour time point, but the difference was not statistically significant (p>0.05). 

Moreover, after pre-treatments the burst rate was slightly decreased in Hyper-IL-6 treated cultures 

in comparison to controls (p>0.05) and IL-6 treated (p<0.05) cultures at 24-hour time point (Figure 

17 B). 

 

Effects of KA treatment on the spike and burst rates during 24 hours are presented in Figures 17 

C-D. Moreover, figures show the spike and burst rates of control, IL-6 and Hyper-IL-6 treated 

cultures during this same 24-hour period. In general, cultures treated only with IL-6 or Hyper-IL-

6 followed similar trend with controls, and cultures treated with cytokines and KA followed similar 

trend with KA only treated cultures. 

 

Spike rate of IL-6, Hyper-IL-6 and control cultures was slightly increased at acute time point, 

although these cultures were not treated with KA (Figure 17 C). Difference between IL-6 and 

control cultures at acute time point was statistically significant (p<0.05). At other time points, 

differences between IL-6 and Hyper-IL-6 treated cultures in comparison to controls or each other 

were not detected. However, in each time points KA treatment caused statistically significant 

(p<0.001) reduction on the spike rates of IL-6+KA, Hyper-IL-6+KA and KA only treated cultures 



 56 

in comparison on controls. Differences on spike rates were not detected between IL-6+KA and 

Hyper-IL-6+KA cultures in comparison to KA only treated cultures. Moreover, statistically 

significant differences on spike rates between IL-6+KA and Hyper-IL-6+KA treated cultures were 

not detected (p>0.05).  

 

Burst rates did not change statistically significantly (p>0.05) between treatment groups during KA 

induction (Figure 17 D). However, it seems that at first KA induction increased the burst rate, 

especially in cultures which were treated only with KA, and during the time burst rate decreased. 

After 24-hour KA exposure (endpoint), the burst rate was lower in KA only treated cultures in 

comparison IL-6+KA and Hyper-IL-6+KA treated cultures (Figure 17 D). Moreover, during the 

MEA measurements KA addition seemed to disorganize synchronous network bursts back to spike 

trains. Taken together, the activity of hiPSC-derived cortical neuronal networks developed and 

increased during the five-week culture on MEAs. The spike and burst rates of IL-6 or Hyper-IL-6 

only treated cultures resembled control cultures, and cytokine and KA treated cultures followed 

similar trend with KA only cultures. 
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Figure 17. Effects of IL-6, Hyper-IL-6 and KA treatments on functionality of hiPSC-derived 

cortical neural cultures at five-week time point (days 35-37). A) Spike rate change in percentages 

compared to baseline after IL-6 or Hyper-IL-6 pre-treatments. Treatments were added just before 

“acute” MEA measurement. B) Number of bursts per minute change in percentages compared to 

baseline after IL-6 or Hyper-IL-6 pre-treatments. Treatments were added just before “acute” 

measurement. C) Spike rate change in percentages compared to baseline measurement after KA 

induction. KA was added to cultures just before “acute” measurement, but not to IL-6 and Hyper-

IL-6 only cultures. D) Number of bursts per minute change in percentages compared to baseline 

after KA induction. KA was added to the cultures just before “acute” measurement. IL-6 and 

Hyper-IL-6 only cultures are also measured but they were not treated with KA. In all graphs, the 

data is presented as the median and range, and it is combined from two separate experiments (n=32 

wells in each treatment group). 
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Additionally, the expression of synaptic proteins on hiPSC-derived cortical neural cultures was 

investigated since synapses are crucial for neuronal functionality. After IL-6, Hyper-IL-6 and KA 

treatments, cultures were stained with presynaptic synaptophysin (Syn), postsynaptic density 

protein 95 (PSD-95) and neuronal marker -Tub (Figure 18). Expression of both synaptic proteins 

and their co-localization was detected in control and treated cultures. Moreover, it seemed that 

there was more synaptic staining in the IL-6 treated cultures. 

 

 
Figure 18. Confocal microscope images of synaptic markers on hiPSC-derived cortical neurons 

after five-week culture (day 37). Presynaptic synaptophysin (Syn) and postsynaptic density protein 

95 (PSD-95) proteins were expressed in all the treatment groups. Arrows indicate co-localization 

of synaptic proteins. DAPI stained nuclei blue. The scale bar is 10 m in all images.  
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6 Discussion 
 

The aim of this work was to study the effects of exogenous IL-6 and Hyper-IL-6 on the 

characteristics and functionality of hPSC-derived cortical neural cultures after five-week culture. 

Additionally, part of the cultures was exposed to neuroexcitatory KA after cytokine treatments to 

induce seizure-like activity. First, the gene and protein expression levels of IL-6 receptors were 

determined during culturing and after IL-6, Hyper-IL-6 and KA treatments. Moreover, ICC 

staining of IL-6 receptors was optimized. Secondly, the effects of treatments on the cell viability 

were investigated. Thirdly, development of neuronal network activity was followed for five weeks 

with MEA measurements. Thereafter, the effects of treatments on the activity of functionally 

maturated neuronal networks were investigated. 

 

6.1 Expression of IL-6 receptors on hPSC-derived neural cultures 
 

Multifunctional IL-6 cytokine can mediate its effects via IL-6R and gp130 receptors (Kaur et al. 

2020). IL-6 can bind to membrane-bound IL-6R or sIL-6R, and this complex can activate 

transmembrane signaling receptor gp130 (Kaur et al. 2020). Expression of IL-6 receptors on hPSC-

derived neurons is not extensively studied (Como et al. 2018, Hagman et al. 2019, Sulistio et al. 

2018). Here, the expression of IL-6R and gp130 on hESC- and hiPSC-derived neural cultures was 

investigated during maturation phase, before cytokine and KA treatments, at gene and protein 

expression levels. Moreover, antibody optimization for ICC staining of IL-6 receptors was 

performed, since the receptors were stained for the first time on these human neural cultures. All 

results from both cell lines followed a similar trend. In general, hESC- and hiPSC-derived neurons 

had similar morphology and expression of neuronal and astrocytic markers were quite similar 

during the culture. 

 

6.1.1 Methodological considerations 

 

ICC stainings for antibodies against IL-6R and gp130 on hESC- and hiPSC-derived neural cultures 

were optimized, and suitable staining conditions and antibody concentrations were determined. 

Cell line differences between the staining patterns of receptors were not detected. Staining patterns 

of both used anti-IL-6R antibodies were quite similar, and stainings were clear and bright, whist 

gp130 stainings were weaker and had more non-specific background in comparison to both IL-6R 
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stainings. Testing of another antibody against gp130 would be beneficial to achieve less blurry and 

dim ICC staining.  

 

Moreover, the specificity of primary antibodies against IL-6 receptors was studied with peptide 

blocking test. Tests did not show dramatic decrease in IL-6R or gp130 signal even with the highest 

blocking peptide concentrations. However, it seemed that the expression of both receptors was 

slightly reduced with the highest blocking peptide concentrations. Although, the use of peptide 

blocking test and its reliability has been criticized, and other primary antibody controls is 

recommended to use with this method (Burry 2000, Burry 2011). Other methods to verify the 

specificity of primary antibody are genetic approaches, such as KO or transfected cells, Western 

blot (WB) analysis or co-localization staining with an additional label which shows that antibodies 

bind to the same location (Burry 2011). In fact, we noticed that both tested anti-IL-6R antibodies 

had quite similar staining patterns but co-staining was not performed. Moreover, the evaluation of 

IL-6 receptor stainings was challenging because availability of comparative ICC data from studies 

with hPSC-derived neurons (Como et al. 2018, Sulistio et al. 2018) was limited, as discussed in the 

next chapters. 

 

6.1.2 IL-6 receptors are expressed on hPSC-derived neural cultures 

 

This study indicated that both hESC- and hiPSC-derived cortical neural cultures expressed IL-6R 

and gp130 at gene level during five-week culture at days 0, 7 and 37 (results only from hiPSC-

derived cultures are presented in Figure 10). Gene expression levels of both receptors increased 

during the neuronal maturation. Moreover, gp130 expression was higher in comparison to the IL-

6R expression in each studied time point. Gene expression results were in line with the literature. 

Similarly, higher gene expression level of gp130 compared to IL-6R was also reported on hESC-

derived NPCs cultures (Hagman et al. 2019). Additionally, a study with mouse cortical neurons 

showed that cultures expressed both receptors, and the gene expression of gp130 was slightly 

higher than the gene expression of IL-6R (Ali et al. 2000). They also showed that in mouse astrocyte 

cultures both IL-6 receptors were expressed at gene and protein level. In our hPSC-derived cortical 

neural cultures, astrocytes were also detected at some culture areas but neurons were still the major 

cell type as shown earlier (Hyvärinen et al. 2019b). Presence of astrocytes may still affect gene 

expression results.  
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However, according to staining of IL-6 receptors, IL-6 receptors were mainly expressed on neurons 

in hPSC-derived neural cultures and cell line differences on the staining patterns were not detected. 

Protein expression of IL-6 receptors was mainly detected on soma part of neurons but also on 

neuronal processes. Especially, the area near the nucleus was highly positive for IL-6R. Moreover, 

protein expression of IL-6R was higher in comparison to gp130 expression. Protein expression 

results were not in line with gene expression results, which showed that the gene expression levels 

of gp130 are higher in comparison to the gene expression levels of IL-6R. However, it is known 

that direct comparison of gene and protein expression levels may not be beneficial, although gene 

and protein levels correlate, the correlation is often not strong (Liu et al. 2016, Vogel & Marcotte 

2012). In general, transcriptional, post-transcriptional and translational regulation as well as protein 

degradation can affect these levels (Liu et al. 2016, Vogel & Marcotte 2012). 

 

In many reviews, it is stated that gp130 is expressed on almost all cell types but the expression of 

membrane-bound IL-6R is more limited (Kaur et al. 2020, Luo & Zheng 2016, Rothaug et al. 

2016). Therefore, it was a quite surprising result that the protein expression of IL-6R was higher 

than the protein expression of gp130. Although, expression of both receptors on neurons, mainly 

on rodent studies, are described in the literature (Erta et al. 2012, Gruol 2015). However, few 

studies have shown protein expression of IL-6 receptors on hPSC-derived neurons with ICC (Como 

et al. 2018, Sulistio et al. 2018) A study with hiPSC-derived NSCs showed that IL-6R and gp130 

are expressed on hiPSC-derived NSCs. Moreover, they used the same anti-gp130 antibody but anti-

IL-6R antibody was different than we used (Sulistio et al. 2018). However, staining pattern of IL-

6 receptors is difficult to compare to our results since their cells were less mature than neurons that 

we used. Additionally, protein expression of IL-6R on hiPSC-derived neurons has been shown in 

a staining with neuronal marker -Tub, but expression of gp130 was not studied (Como et al. 2018). 

In this study, protein expression of IL-6R seems quite similar with our results since IL-6R was 

highly expressed near the nucleus but also neurites were slightly stained.  

 

Although, in rodent studies protein expression of IL-6 receptors has been studied more than human 

neurons. Ali et al. (2000) showed that mouse cortical neurons and astrocytes express both receptors 

at protein level. Both receptors were strongly expressed on the soma part of neurons but neurites 
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were also stained (Ali et al. 2000). Additionally, Nelson et al. (2002) presented that rat Purkinje 

and granule neurons express both receptors on the soma and dendrites. Contrary to our results, they 

showed that protein expression of IL-6R is lower than the protein expression of gp130. However, 

they reported also that the protein expression of IL-6 receptors is low on astrocytes. (Nelson et al. 

2002) Moreover, another rodent study also showed similar staining pattern for IL-6 receptors on 

hippocampal neurons: both receptors were expressed mainly on the soma but also slightly on 

neurites (Vereyken et al. 2007). Controversial results are also presented in mouse NSC cultures 

with WB in a study which reported that only gp130 was expressed at low levels and IL-6R was not 

detectable (Islam et al. 2008).  

 

In conclusion, this study indicated that both IL-6 receptors are expressed on hPSC-derived cortical 

neural cultures, mainly on neurons. The gene expression of gp130 was higher in comparison to IL-

6R, which was in line with the literature. Although, the protein expression of gp130 seemed to be 

quite weak. Protein expression of IL-6 receptors is essential for IL-6 signaling, thus this needs to 

be studied further with these cells. It seems that the expression of IL-6 receptors on hPSC-derived 

neurons is not well described in the literature. However, few studies which have investigated 

expression of IL-6 receptors on hPSC-derived neurons (Como et al. 2018, Hagman et al. 2019, 

Sulistio et al. 2018) are in line with our results. Although, more knowledge about the expression 

of IL-6 receptors on human neurons is needed, and it is essential to determine expression levels of 

receptors, when the effects of IL-6 are investigated with hPSC-derived neurons.  

 

6.2 Development of spontaneous neuronal network activity of hPSC-derived neural 

cultures 
 

Functionality of hiPSC-derived neural cultures was followed for five-weeks with multiwell-MEAs 

which enable repeatable HTP measurements of the activity of neuronal networks. Additionally, the 

cell morphology and the protein expression of neuronal and astrocytic markers were followed with 

light microscope and ICC on the cultures from normal culture plates. During neuronal maturation, 

the length of neurites increased, neurons formed neuronal networks and all cultures expressed 

neuronal markers. Moreover, after five-week culture neuronal networks expressed synaptic 

markers and astrocytes were observed at some culture areas as described earlier (Hyvärinen et al. 

2019b). MEA results indicated that the spontaneous neuronal network activity developed and 
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enhanced during the neuronal network maturation, which is in line with the recent work describing 

the functional development of similarly differentiated human neural cultures (Hyvärinen et al. 

2019b). Change in the activity patterns was visually observed during the MEA measurements, 

when spontaneous spiking developed to spike trains, bursts and synchronous network bursts, 

similarly as described previously with hPSC-derived neurons on MEAs (Heikkilä et al. 2010, 

Hyvärinen et al. 2019b, Paavilainen et al. 2018). Major changes in the number of active electrodes 

per MEA well were not detected, but in the first experiment (Exp1) slight increase was observed. 

After five-week culture, at least half of the electrodes were active in each plate. Hyvärinen et al. 

(2019b) reported similar, or slightly higher, percentages of active electrodes for hPSC-derived 

cortical networks after five-week culture. The spike rate per MEA well followed similar increased 

trend in each plate but small decreases were also observed. In both experiments the spike rate 

increased from ~2 Hz to ~5-7 Hz during the five-week maturation. The trend in detected spike rates 

during the five-week culture is quite similar with hPSC-derived cortical networks presented by 

Hyvärinen et al. (2019b), but they reported slightly lower spike rate values. Additionally, Odawara 

et al. 2016 reported that the spike rate increased in hiPSC-derived cortical neurons on MEAs during 

culturing. However, they reported that the spike rate was ~1 Hz after five-week culture and it 

reached ~5-7 Hz after 17-23 weeks (Odawara et al. 2016). According to these parameters, it seems 

that the activity of our neuronal networks was higher after five-week culture. 

 

During experiments, some variation in the activity of neuronal networks was observed between 

two experiments but also within MEA plates. However, the cell line and the differentiation batch 

were the same but cells were thawed and plated at different times. Although each experiment was 

performed similarly, e.g. thawing, coating, plating, MEA plate, medium changes and imaging can 

affect the activity of neuronal networks. Moreover, the number of astrocytes and the ratio of 

excitatory and inhibitory neurons in each culture can affect the activity of neuronal networks 

(Tukker et al. 2020). For example, it is reported that astrocytes can enhance spiking activity, and 

cultures containing high numbers of excitatory glutamatergic neurons can cause more synchronous 

bursting in comparison to cultures with low number of these neurons (Tukker et al. 2020). In 

conclusion, the functionality of hiPSC-derived cortical neuronal cultures maturated during five-

week culture. Development of the activity was essential, since the effects of IL-6, Hyper-IL-6 and 

KA on the functionally mature neuronal networks were investigated in the following experiments.   
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6.3 Expression of IL-6 receptors on hPSC-derived neural cultures after IL-6, Hyper-

IL-6 & KA treatments 
 

The effects of IL-6, Hyper-IL-6 and KA treatments on the gene and protein expression levels of 

IL-6 receptors IL-6R and gp130 on functionally maturated hPSC-derived neural cultures were 

investigated with RT-qPCR and ICC, respectively. Comparative studies which have treated hPSC-

derived neurons with these cytokines and then determined gene expression levels of IL-6 receptors 

were not found. Gene expression analysis indicated that treatments, particularly Hyper-IL-6, 

increased the gene expression levels of IL-6 receptors in both hESC- and hiPSC-derived neural 

cultures. As mentioned, staining of IL-6 receptors indicated that IL-6 receptors are mainly 

expressed on neurons, thus it seems that hPSC-derived cortical neurons can respond to IL-6 via 

classic- and trans-signaling. KA treatment, alone or combined with cytokines, did not cause 

dramatic effects to the expression of IL-6 receptors and in general, results had similar trend with 

cultures which were treated only with cytokines. However, IL-6+KA treatment slightly increased 

the gene expression levels of IL-6R on both cell lines in comparison to controls but also IL-6 only 

treated cultures. Lehtimäki et al. (2003) showed also that the gene expression levels of IL-6 and its 

receptors were elevated after KA-induced seizures in the rat brain. However, comparison of in vivo 

and in vitro results is not straightforward since in vivo models are much complicated. Although, 

they showed that expression of IL-6 and IL-6R was highest after 12 and 6 hours after seizures, 

respectively. Based on these results, it would be also noteworthy to determine the expression levels 

of IL-6 and IL-6 receptors sooner than 24 hours after KA induction. To add this, it would be good 

to have e.g. 24-hour time point after cytokine additions since here we measured levels of IL-6 

receptors only 48 hours after IL-6 and Hyper-IL-6 treatments. Ali et al. (2000) investigated gene 

expression levels of IL-6 and its receptors 0.5, 1 hour and 3 hours after glutamatergic NMDA or 

AMPA treatments in mouse cortical neurons. However, they did not detect change in gene 

expression levels of IL-6R or gp130, but IL-6 upregulation was detected after NMDA treatment.  

 

Both IL-6 receptors were also expressed at protein level after treatments, but major changes 

between treatment groups were not observed with ICC. ICC is not a quantitative method, but it 

seems that Hyper-IL-6 and Hyper-IL-6+KA may upregulate the protein expression of IL-6R. 

Although, more replicates and results from repeated experiments would be needed to study this 
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more. It would be also interesting to quantify the fluorescent signal from IL-6 receptor stainings, 

but it requires more replicates and images per well. Moreover, it would be beneficial to investigate 

the protein expression levels of IL-6 receptors after treatments using WB analysis. For example, 

Islam et al. (2009) demonstrated with mouse NSC cultures using WB analysis that Hyper-IL-6 

treatment increase protein expression of gp130, but not IL-6R which was undetected also in control 

conditions and after cytokine treatment. Additionally, they showed that neurons responded more 

effectively to Hyper-IL-6 than IL-6 treatments (Islam et al. 2009) which is logical if NSC did not 

express IL-6R. 

 

Taken together, this study indicated that IL-6, Hyper-IL-6 and KA treatments can modulate the 

gene expression levels of IL-6 receptors on functionally maturated hPSC-derived cortical neural 

cultures. However, more research is needed since findings from gene or protein expression changes 

in IL-6 receptors in human neural cultures after IL-6 or Hyper-IL-6 treatments have not been found. 

 

6.4 Effects of IL-6, Hyper-IL-6 & KA treatments on the cell viability of hPSC-

derived neural cultures  
 

Cell viability was investigated after cytokine and KA treatments with ICC and LIVE/DEAD assay, 

which indicated that the treatments did not cause major differences in the viability of hPSC-derived 

neuronal networks in comparison to controls. According to ICC staining, treated neuronal networks 

showed similar staining pattern in comparison to controls. However, differences in neuronal 

networks or astrocytes between the treatment groups might be possible. For example, Islam et al. 

(2009) reported that IL-6 and especially Hyper-IL-6 treatments increased protein expression levels 

of -Tub and GFAP on mouse NSCs. Additionally, increased astrocytic expression has been 

observed in hiPSC-derived neural aggregates after IL-6 treatment, indicating that IL-6 has a role 

in astrogliosis (Zuiki et al. 2017). For future studies, it would be interesting to further investigate 

the effects of treatments to gene or protein expression levels of neuronal and astrocytic markers. 

 

Similarly with the results of ICC, fluorescence-based LIVE/DEAD assay showed that IL-6, Hyper-

IL-6 and KA treatments were not cytotoxic for the cells. In our experiments, we used 100 ng/ml 

IL-6 or Hyper-IL-6, and 5 M KA. It is known that high KA doses can cause neuronal death (Zheng 

et al. 2011), thus it was essential to study that the used KA dose did not cause excessive cell death 
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because its purpose was to induce seizure-like activity. However, after treatments most of the cells 

were viable but also dead cells were observed at low levels in all groups. Significant differences 

between control and treated groups were not detected in live nor dead cells. In line with our cell 

viability results, Hagman et al. (2019) showed with the same LIVE/DEAD assay that IL-6 did not 

affect the viability of hESC-derived NPCs. Additionally, Islam et al. (2009) showed also that IL-6 

or Hyper-IL-6 treatments did not cause apoptosis in mouse NSCs, which was detected measuring 

protein expression of apoptotic markers (caspase-3 and cleaved caspase-3) with WB. Similar 

effects were observed after IL-6 treatment in hiPSC-derived neural aggregates, when protein 

expression of cleaved caspase-3 was investigated with WB (Zuiki et al. 2017). 

 

Moreover, Hagman et al. (2019) reported that secretion of inflammatory factors VEGF and IL-10 

was detected after IL-6 treatment on hESC-derived NPCs cultures. It is known that VEGF has 

neuroprotective effects and IL-10 can regulate both pro- and anti-inflammatory functions (Hagman 

et al. 2019). Additionally, anti-convulsive effects have been suggested for IL-10 but its role in 

epilepsy is not clear (Li et al. 2011). In further studies, it could be beneficial to investigate if IL-6, 

Hyper-IL-6 and KA induce secretion of pro- or anti-inflammatory factors, or neuroprotective or 

neurotoxic factors.  

 

Currently, it seems that effects of IL-6 or Hyper-IL-6 exposure on the cell viability of functionally 

maturated hPSC-derived neurons is less studied. Most of the studies have used rodents or rodent 

neurons, and both neuroprotective (Ali et al. 2000, Hakkoum et al. 2007, Leibinger et al. 2016, 

Leibinger et al. 2019, Liu et al. 2011, Ma et al. 2015, Xia et al. 2015) and neurotoxic (Conroy et 

al. 2004, Kalueff et al. 2004, Samland et al. 2003) effects have been reported. Here, results 

indicated that IL-6, Hyper-IL-6 and KA treatments were not cytotoxic with used concentrations 

and exposure times. However, more detailed research is needed if the neuroprotective or neurotoxic 

effects of IL-6 or Hyper-IL-6 on human neurons are to be determined and clarified. 

 

6.5 Effects of IL-6, Hyper-IL-6 & KA treatments on the functionality of hPSC-

derived neural cultures  
 

When functionally mature neuronal network activity was achieved after five-week culture, cultures 

were pre-treated with IL-6 or Hyper-IL-6 and seizure-like activity was induced with KA, which is 
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a commonly used chemoconvulsant agent (De Sarro et al. 2004, Lehtimäki et al. 2003, Penkowa et 

al. 2001, Samland et al. 2003, Zheng et al. 2011). The aim was to investigate the effects of cytokine 

treatment alone and in combination with KA on the activity of human neural cultures using MEA 

measurements. Previously, the effects of exogenous IL-6 (100 ng/ml for 3, 24 or 48 hours) exposure 

on the functionality of rodent sensory neurons on MEAs have been reported (Black et al. 2018), 

but it seems that the effects of IL-6 on the activity of hPSC-derived neurons are less studied. For 

example, studies where the effects of IL-6 or Hyper-IL-6 on the functionality of hPSC-derived 

neurons were investigated with MEAs were not found. Neither studies related to epilepsy, where 

hPSC-derived neurons were treated with these cytokines and seizure-like functionality was induced 

e.g. with chemoconvulsant agent KA were not found. 

 

In general, MEA results indicated that the spike and burst rates of IL-6 or Hyper-IL-6 treated 

cultures followed similar trend with controls, whereas cultures treated with cytokines and KA 

followed similar trend with cultures treated only with KA. Results indicated that IL-6 or Hyper-

IL-6 treatments did not cause dramatic change in the spike or burst rates acutely or during 48 hours. 

However, minor changes were detected such as that Hyper-IL-6 treatment slightly decreased the 

burst rate compared to IL-6 treatment or controls at 24-hour time point, and both cytokine 

treatments caused little decrease in the burst rates after 48 hours. Moreover, the spike rate of IL-6 

treated cultures was also slightly increased after 24 hours. Interestingly, Black et al. (2018) reported 

also that IL-6 treatment (100 ng/ml for 3, 24 and 48 hours) increased spiking activity in mouse 

sensory neurons on MEAs. 

 

Here, results showed that KA induction alone and combined with cytokines disrupted the activity 

of neuronal networks. After KA induction, the spike rate decreased statistically significantly during 

24 hours and it disorganized the bursts similarly as Hyvärinen et al. (2019b) described recently 

with KA treated hPSC-derived networks. Although, according to the spike and burst rates it seems 

that IL-6 or Hyper-IL-6 treatment did not affect much to the activity changes caused by KA since 

significant changes were not detected between IL-6/Hyper-IL-6+KA and KA only treated cultures. 

Based on these results, pro- or anti-convulsive properties for IL-6 is not possible to state. 
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Moreover, results showed that at the same time point when KA was added to some well, change in 

the spike and burst rate was also observed in the control cultures, although only the same volume 

of culture medium was added to them. Similarly, Hyvärinen et al. (2019a) showed that the spike 

and burst rate can change in control cultures when small volume of medium was added and other 

cultures were treated with different compounds. These results indicate that MEAs are very sensitive 

and even the control cultures are not fully stable during measurements (Black et al. 2018, 

Hyvärinen et al. 2019a). 

 

Several in vivo rodent studies have reported that IL-6 has effect on seizures (De Sarro et al. 2004, 

Fukuda et al. 2009, Kalueff et al. 2004, Lehtimäki et al. 2003, Penkowa et al. 2001, Samland et al. 

2003). Moreover, many in vitro study with rodent neurons have investigated the effects of IL-6 on 

the neuronal functionality (Black et al. 2018, Ma et al. 2015, Orellana et al. 2005, Xia et al. 2015), 

as described earlier in this work. However, it seems that there is a lack of functionality studies 

where the effects of IL-6 on hPSC-derived neuronal networks are investigated. In general, it is 

challenging to compare our results but also other studies together since each research has different 

cell sources, experimental designs, treatment concentrations, culture and treatment times, as well 

as functionality assays and data analysis. Here, results indicated that IL-6 or Hyper-IL-6 treatments 

do not have major effects to the activity of neurons when two parameters, the spike and burst rates, 

were analysed from the enormous amount of data from MEA measurements. Still, there are 

multiple other parameters from MEA data which can be studied to achieve more detailed 

information about the effects of IL-6 and Hyper-IL-6 on the control networks as well as KA 

induced networks. Additionally, it might be that the used concentration (100 ng/ml) for IL-6 and 

Hyper-IL-6 was too low, and a higher concentration can possibly cause clearer effects. The 

concentration used here is quite common in many rodent studies as reported earlier, for example, 

Black et al. (2018) used the same concentration for rodent sensory neurons on MEAs (10 000 

cells/well), but it may not be enough to high density hiPSC-derived neurons on MEAs (80 000 

cells/well).  

 

Taken together, effects of IL-6, Hyper-IL-6 and KA treatments on the activity of functionally 

maturated hiPSC-derived neural cultures were studied with multiwell-MEAs, which were very 

useful for these experiments with a long culture time and high sample number. Major changes in 
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the activity of neuronal networks were not detected after cytokine treatments, but KA exposure 

alone and together with cytokines disturbed the activity of neuronal networks. However, the effects 

of IL-6 on the functionality of hPSC-derived neuronal networks is less studied and more knowledge 

is needed with human neurons. 

 

In addition to MEA measurements, also the expression of synaptic proteins was confirmed in each 

treatment group since they are essential for the functionality of neuronal networks. Co-localization 

of pre- and post-synaptic proteins was detected on neurons in each treatment group. Moreover, it 

seemed that IL-6 and IL-6+KA treatment potentially increased the synaptic staining, but 

fluorescence signal was not quantified in these experiments. In fact, rodent in vitro and in vivo 

studies have reported that IL-6 can regulate synaptic functions such as synaptic transmission and 

plasticity (Gruol 2015). For example, Wei et al. (2012) reported an increase in excitatory synapses 

and a decrease in inhibitory synapses in IL-6 over-expressing mice leading to imbalance between 

excitatory and inhibitory synaptic transmission. Moreover, Vereyken et al. (2007) reported that 

chronic IL-6 treatment in developing rat hippocampal neuron cultures and IL-6 over-expressing 

mice can reduce protein expression of Group-II metabotropic receptors (mGluR2/3) and L-type 

Ca2+ channels affecting altered functionality of neurons (Vereyken et al. 2007). For further studies, 

it would be beneficial to study more the effects of IL-6 or Hyper-IL-6 on the expression of synaptic 

proteins. Moreover, it would be interesting to study if change in excitatory and inhibitory synapses 

happen after treatments, since also in epilepsy, imbalance between excitatory and inhibitory 

neurotransmission cause abnormal brain functionality (Patel et al. 2019).  
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7 Conclusion 
 

The aim of this master’s thesis was to study the effects of IL-6 and Hyper-IL-6 treatments on the 

characteristics and functionality of hPSC-derived cortical neural cultures. Additionally, the effect 

of KA as potentiating factor of seizure-like activity was studied after IL-6 or Hyper-IL-6 

treatments. Gene and protein expression analysis indicated that hPSC-derived neural cultures 

express both IL-6 receptors IL-6R and gp130. The gene expression levels of gp130 were higher in 

comparison to the expression of IL-6R, but protein expression results were controversial. 

Moreover, results indicated that IL-6, Hyper-IL-6 and KA treatments can modulate the gene 

expression levels of both receptors. Additionally, the cell viability assay indicated that neural 

cultures had good cell viability after five-week culture and treatments were not cytotoxic. MEA 

measurements showed that the spontaneous neuronal network activity developed and enhanced 

during the neuronal maturation. The effects of IL-6, Hyper-IL-6 and KA treatments on the activity 

of functionally maturated neuronal networks was investigated with MEAs by studying the spike 

and burst rates. MEA results showed that KA induction disrupted the activity of neuronal networks. 

Moreover, MEA results indicated that IL-6 and Hyper-IL-6 treated cultures had relatively similar 

activity with controls whereas cytokine treatments combined with KA induction caused similar 

trend in the activity than KA alone. All in all, this study indicated that hPSC-derived neural cultures 

together with MEA technology are promising tools for in vitro epilepsy modelling and HTP 

pharmacology testing. In the future, more research is needed about the effects of IL-6 on the 

functionality of healthy and epileptic hiPSC-derived neuronal networks to better understand its role 

in seizures. 
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Appendices 
 

Antibody optimization and validation 

 

 
Appendix 1. ICC optimization of anti-IL-6R (Abcam). hESC-derived cortical neurons were stained 

with anti-IL-6R antibody (1:100, 1:200 and 1:500) after one week culture using TritonX-100 or 

saponin as a permeabilization reagent. Staining without both permeabilization reagents was also 

tested. Based on these results, 1:200 dilution with TritonX-100 was chosen for the following 

stainings. DAPI stained nuclei blue. The scale bar is 50 m in all images. 
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Appendix 2. ICC optimization of anti-IL-6R (R&D Systems). hiPSC-derived cortical neurons were 

stained with anti-IL-6R antibody (1:50, 1:100, 1:200 and 1:500) after two-week culture with 

normal ICC protocol (TritonX-100 as a permeabilization reagent). 1:200 dilution was considered 

as optimal for the following stainings. DAPI stained nuclei blue. The scale bar is 50 m in all 

images. 
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Appendix 3. ICC optimization of anti-gp130 (Santa Cruz). hESC-derived cortical neurons were 

stained with anti-gp130 antibody (1:50, 1:200 and 1:500) after one week culture using TritonX-

100 or saponin as a permeabilization reagent. Staining without both permeabilization reagents was 

also tested. The most optimal staining was achieved with 1:50 dilution and TritonX-100. DAPI 

stained nuclei blue. The scale bar is 50 m in all images. 
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Appendix 4. Peptide blocking test for anti-IL-6R antibody (Abcam). hESC-derived neurons were 

stained with IL-6R (1:200) and different concentrations of IL-6R blocking peptide after five-week 

culture. Secondary control shows that secondary antibody is not detected without primary antibody. 

DAPI stained nuclei blue. The scale bar is 50 m in all images. 

 

 
Appendix 5. Peptide blocking test for anti-gp130 antibody (Santa Cruz). hiPSC-derived neurons 

were stained with gp130 (1:50) and different concentrations of gp130 blocking peptide after five-

week culture. DAPI stained nuclei blue. The scale bar is 50 m in all images. 


