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ABSTRACT 

 

 

DEVELOPMENT OF IN VITRO EPILEPTIC SEIZURE MODELS TO STUDY THE 

EXPRESSION AND POTENTIAL ROLES OF MICRORNAS IN EPILEPSY 

 

Thomas Parmentier 

University of Guelph, 2021

Advisors: 

Professor J. LaMarre 

Professor F. James 

Epilepsy is one of the most common brain disorders, occurring naturally in several 

mammalian species. Importantly, 20-30% of human and canine epileptic patients are not well 

controlled with current treatment for epilepsy, highlighting the need for disease-modifying 

therapies. One of the mechanisms underlying epilepsy progression and its associated cognitive 

dysfunction is the formation of new, abnormal neurons after seizures, a phenomenon known as 

seizure-induced neurogenesis. How neural stem cells respond to seizures to form these abnormal 

neurons is not well understood, partly due to the difficulty of accessing the brains of humans and 

dogs ante-mortem to study the underlying mechanisms. Among several potential mechanisms, 

microRNA-mediated control of gene expression after seizures is an attractive candidate as 

microRNAs (miRNAs) are important regulators of neurogenesis and are known to be 

dysregulated in epilepsy. In this dissertation, we first investigate if human cerebral organoids 

generated from induced pluripotent stem cells can generate seizure-like activity in vitro and if 

this activity influences neurogenesis. While human cerebral organoids did not fully recapitulate 



complex seizure-like events, the increase in neuronal activity was associated with increased 

neurogenesis and decreased gliogenesis. To study similar mechanisms in dogs, we attempted to 

generate canine cerebral organoids from canine embryonic stem cells (cESCs) using a similar 

protocol. Interestingly, the canine cerebral organoids generated did not recapitulate the layered 

organization of human cerebral organoids and more closely resembled neurospheres. However, 

canine neurons and glial cells could be obtained from cESCs in 2D (monolayer) culture. Finally, 

we explored the dysregulation of miRNA expression in human cerebral organoids and in cESC-

derived neural cells exposed to pro-epileptic conditions, as well as in the hippocampus of 

epileptic dogs. We identify miR-135a, a miRNA previously associated with neurogenesis, to be 

dysregulated in all three models. We then start to investigate potential functions of miR-135a to 

mediate activity-induced neurogenesis. Together, these epilepsy models pave the way to study 

the role of miRNA in epilepsy-induced neurogenesis which could lead to the identification of 

new therapeutic targets. 
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CHAPTER ONE: INTRODUCTION AND REVIEW OF LITERATURE  

 

1.1. EPILEPSY CAUSES THE FORMATION OF NEW NEURONS WITH ABNORMAL 

PROPERTIES  

 

Epilepsy is the most common chronic brain condition affecting around 0.6% of Canadians 

and 50 million people worldwide (https://www.who.int/news-room/fact-sheets/detail/epilepsy, 

https://www.epilepsy.ca/epilepsy-facts.html). This brain disorder is characterized by recurrent 

epileptic seizures during which the brain experiences, either generally or focally, a transient 

increase in excitation that overwhelms normal brain function (Berg et al., 2010). Clinically, an 

epileptic seizure manifests itself through a myriad of clinical signs such as impaired awareness, 

uncontrolled muscle contractions and movements of one or multiple regions of the body, as well 

as autonomic signs (e.g., hypersalivation, urination, defecation, mydriasis) resulting from 

different seizure types (Berg et al., 2010). Several disorders can trigger these epileptic seizures 

such as genetic mutations (Ran et al., 2015), congenital malformations (e.g. tuberous sclerosis, 

lissencephaly, focal cortical dysplasia), acquired brain lesions (e.g. cerebral vascular accidents, 

meningoencephalitis), toxins, and other unidentified causes (Berg et al., 2010). Despite the 

variety of conditions that are associated with epileptic seizures, all of them result in abnormal 

increases in neuronal activity and/or synchronization either in a focal brain region (focal seizure) 

or involving multiple brain areas and both cerebral hemispheres (generalized seizure, Fisher et 

al., 2005). This abnormal neuronal activity can be visualized by recording variations in the local 

field potentials using electrodes placed either on the surface of the skull (surface electrodes on or 

under the scalp), the cerebral cortex (cortical electrodes) or implanted in subcortical structures 

https://www.who.int/news-room/fact-sheets/detail/epilepsy
https://www.epilepsy.ca/epilepsy-facts.html
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(deep electrodes). These recordings, which are called electroencephalograms (EEG) and 

electrocorticograms, show the presence of typical epileptiform discharges during epileptic 

seizures (ictal) or in between seizures (interictal) in epileptic patients (St. Louis et al., 2016). 

Epileptiform discharges are the hallmarks of epilepsy and are the consequence of an imbalance 

between excitatory and inhibitory activity at the cellular and network levels in the brain 

(Scharfman, 2007). One intriguing discovery is that this epileptic activity stimulates the 

proliferation of neural stem/progenitor cells and their differentiation into neurons in the brain of 

epileptic individuals. This seizure-induced formation of new neurons may have important 

implications for the progression and treatment of epilepsy. 

 

1.1.1. Neurogenesis continues during adulthood and participates in cognitive functions 

Neurogenesis is the formation of new functional neurons from multipotent neural 

stem/progenitor cells (NSCs). Although the extent to which neurogenesis occurs after birth has 

recently been debated, a comprehensive body of evidence suggests that new neurons are formed 

and integrate in the brain throughout life in mammals such as rodents, humans and dogs 

(Kempermann et al., 2018; Moreno-Jiménez et al., 2019; Sorrells et al., 2018; Walton et al., 

2013; Zhao et al., 2008). Post-natal neurogenesis has been mainly identified in two distinct areas 

of the brain: the subventricular zone (SVZ) alongside the lateral ventricles, and the dentate gyrus 

of the hippocampus (Kempermann et al., 2015; Lim and Alvarez-Buylla, 2016). In the SVZ, the 

progenitor pool is composed of three major classes or types of proliferative cells. Slowly dividing 

Type B divide asymmetrically into another type B cell and a type C cell which are called 

transient amplifying progenitors and are the actively dividing progenitor population. Type C cells 

are multipotent NSCs that will ultimately form unipotent progenitors capable of differentiating 

into neurons, astrocytes, or oligodendrocytes. Type A cells are the neuronal offspring of Type C 
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cells and are called neuroblasts. Type A cells mature into interneurons as they migrate along the 

rostral migratory stream on their way to the olfactory bulb (Lim and Alvarez-Buylla, 2016, 

Figure  1). In the olfactory bulb, neuroblasts will form both granule cell and periglomerular cell 

interneurons secreting the inhibitory neurotransmitter γ-aminobutyric acid (GABA, Ventura and 

Goldman, 2007) Although this phenomenon was initially discovered in mice, a similar 

neurogenic pattern has been described in humans, although it is essentially restricted to the first 6 

Figure 1.1: Olfactory bulb neurogenesis 

Type B cells apical process contact the lateral ventricle. These cells divide asymmetrically to 

yield another Type B cell and a Type C daughter cell. Type C cells divide symmetrically and 

more rapidly than type B cells and give rise to type A cells that are committed to a neuronal fate. 

Type A cells migrate along the rostral migratory stream and differentiate progressively in granule 

cells and periglomerular interneurons of the olfactory bulb.  

VZ: ventricular zone; SVZ: subventricular zone; OB : olfactory bulb. Adapted from Lim and 

Alvarez-Buylla, 2016. 
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postnatal months (Sanai et al., 2011). Similarly, in the subgranular zone (SGZ) of the dentate 

gyrus, the slowly dividing NSCs are called type-1 cells. These cells also asymmetrically divide to 

self-renew as well as give rise to multipotent type-2 cells which will form neuroblasts (type-3 

cells), astrocytes and oligodendrocytes progenitors. Type-3 cells stop dividing and differentiate 

into post-mitotic granule cells with mature synaptic properties. The whole process of 

neurogenesis, from the initial division of a type-1 cell to a new granule cell with mature 

electrophysiological properties, takes about 7 weeks (Kempermann et al., 2015; Kriegstein and 

Alvarez-Buylla, 2009, Figure 2). Granule cells of the dentate gyrus are excitatory glutamatergic 

neurons residing in the granule cell layer of the dentate gyrus in the hippocampus. As with their 

counterparts formed during embryogenesis, new granule cells are functionally integrated in the 

hippocampal neuronal networks where they receive synapses from the entorhinal cortex and local 

interneurons and extend their axon to form synapses on the CA3 neurons (Kempermann et al., 

2015). A controversy exists on the extent of SGZ neurogenesis in humans as some studies have 

found new neurons only in children while others have shown the presence of new neurons in 

individuals over 80 years old (Boldrini et al., 2018; Moreno-Jiménez et al., 2019; Sorrells et al., 

2018). These contradictory results may stem from differences in tissue processing techniques, 

immunohistochemistry protocols, criteria for identifying new neurons and the relatively small 

size of cohorts studied.  
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Experiments ablating adult neurogenesis in the SVZ and SGZ provide direct proof of the 

important role of adult neurogenesis. Reducing post-natal neurogenesis in the SVZ impairs short-

term odor memory and odor discrimination in mice although contradictory results have been 

found in different studies on the exact functional significance of SVZ neurogenesis (Breton-

Provencher et al., 2009; Gheusi et al., 2000). Specifically, decreasing adult SVZ neurogenesis in 

female mice impaired their normal mating behaviour with male mice without affecting their 

maternal behaviour suggesting a role in sexual behaviour for the newly formed olfactory bulb 

neurons (Feierstein et al., 2010). The functional significance of neurogenesis in the SGZ of the 

dentate gyrus has been extensively studied due to the roles of the hippocampus in learning and 

Figure 1.2: Postnatal dentate gyrus neurogenesis 

Neuronal differentiation occurs through several steps. NSCs divide asymmetrically giving a 

transient amplifying progenitor and another NSC. Neuroblasts then migrate alongside NSC 

processes into the granule cell layer where they will progressively mature into new granule cells. 

NSC: Neural stem/progenitor Cell. Adapted from Kempermann et al., 2015. 
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memory. Several studies have found a correlation between the level of hippocampal neurogenesis 

and performance of animals in cognitive exercises that require or reflect hippocampal activity. 

First, different experiences such as exercise or exposure to enriched environments promote the 

proliferation and the survival of newborn neurons in adult mice while increasing the performance 

of mice in learning hippocampal-dependent tasks such as contextual fear conditioning and tests of 

long-term spatial memory (Deng et al., 2010; Garthe et al., 2016; Snyder et al., 2005; van Praag, 

2005; Zhao et al., 2008). Conversely, ablating neurogenesis through whole brain irradiation for 

example or silencing immature neurons with optogenetic techniques decreased the performance 

of mice in hippocampal-dependent tasks (Miller and Sahay, 2019). Interestingly, ablating 

hippocampal neurogenesis after training improved memory recall, suggesting that hippocampal 

neurogenesis also plays a role in memory clearance (Epp et al., 2016). A more comprehensive 

view has emerged showing that hippocampal neurogenesis is involved in the consolidation of 

new memories as well as the clearance of older memories, thereby decreasing the interference 

between old and new memories through increased pattern separation (Miller and Sahay, 2019).  

 

1.1.2. Neurogenesis is influenced by brain activity 

As introduced previously, environmental factors such as exercise and exposure to 

enriched environments induce neurogenesis in rodent models: several experiments showed 

increased proliferative activity of type 2 and type 3 progenitors under these physiologic 

conditions (Kronenberg et al., 2003; Zhao et al., 2008). In contrast, other conditions such as stress 

and aging are associated with a decrease in neurogenesis in the SGZ in rodents, humans and dogs 

(Moreno-Jiménez et al., 2019; Siwak-Tapp et al., 2007; Zhao et al., 2008). At the molecular level, 

several factors are necessary for both the maintenance of the NSC population and the formation 

of new neurons. These factors have been grouped into the term “stem cell niche” and comprise 
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soluble factors as well as insoluble extracellular matrix proteins secreted by the different cell 

types present in these microenvironments (Lim and Alvarez-Buylla, 2016; Zhao et al., 2008). 

Soluble growth factors such as basic Fibroblast Growth Factor (bFGF), Epidermal Growth Factor 

(EGF) or Brain-Derived Neurotrophic Factor (BDNF) as well as morphogens like Sonic 

Hedgehog (SHH) and Noggin have been shown to stimulate the proliferation and differentiation 

of neural stem cells both in vitro and in vivo (Lim and Alvarez-Buylla, 2016; Zhao et al., 2008). 

A regulatory feedback mechanism involving Notch expression and pleiotrophin secretion exists 

both in the SVZ and SGZ to regulate the number of newly formed neurons and maintain a pool of 

undifferentiated NSCs (Fuentealba et al., 2012; Tang et al., 2019). 

In addition to affecting cognition, neurogenesis is directly influenced by network activity. 

Olfactory experiences stimulate the survival of newborn neurons in the olfactory bulb and SVZ 

neurogenesis is increased by the secretion of prolactin during pregnancy in female mice 

suggesting a role for olfactive experiences in the modulation of SVZ neurogenesis (Shingo, 2003; 

Zhao et al., 2008). On the contrary, olfactory deprivation leads to decreased SVZ neurogenesis 

and atrophy of the olfactory bulb, a phenomenon that is reversible upon reintroduction of 

olfactory stimulation (Cummings et al., 1997). Similarly, cognitive tasks that increase 

hippocampal activity can modulate the proliferation and differentiation of SGZ stem cells. 

Hippocampal-dependent tasks (e.g., classical conditioning of the eyeblink response using a trace 

protocol and spatial navigation learning in a Morris Water Maze) increase the number of new 

neurons in the dentate gyrus whereas tasks that do not rely on the hippocampus (e.g., delayed 

protocol of the classical eyeblink conditioning, cue training or increased odor exposure, a 

stimulus known to increase neurogenesis in the SVZ) do not increase neurogenesis in the SGZ 

(Gould et al., 1999; Ma et al., 2009). Also, electrical stimulation of hippocampal circuits through 

the induction of long-term potentiation increases the proliferation of dentate gyrus progenitors 
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and the survival of 1-2 week-old neurons (Bruel-Jungerman et al., 2006). Hence, hippocampal 

neurogenesis requires specific activation of the hippocampal networks. 

One of the mechanisms by which neuronal activity influences neurogenesis is exposure of 

NSCs to different neurotransmitters. The hippocampus, for example, receives many different 

afferent connections resulting in the secretion of specific neurotransmitters in the SGZ NSC 

niche. The specific neurotransmitters released, the cell body location of the neurons secreting 

them and their effect on neurogenesis are summarized in Table 1. 

Table 1.1: Effect of neurotransmitters on neurogenesis 

 

Neurotransmitter Location of secreting 

neuron 

Effect on neurogenesis References 

GABA Dentate gyrus (local 

parvalbumin-positive 

interneurons), medial 

septum  

Decreased proliferation 

of type 1 and type 2 cells. 

Increased differentiation 

of type 2 cells. 

Integration of newly 

formed neurons. 

(Ge et al., 2006; 

Song et al., 2012; 

Tozuka et al., 

2005) 

Glutamate – 

AMPA receptors 

Dentate gyrus (local 

granule and mossy cells), 

entorhinal cortex 

Decrease proliferation of 

neocortical neuronal 

progenitors 

(LoTurco et al., 

1995) 

Glutamate -

NMDA receptors 

Dentate gyrus (local 

granule and mossy cells), 

entorhinal cortex 

Decreased proliferation 

of NSCs (in vitro) or 

increased proliferation of 

NSCs (in vivo). Increased 

differentiation of 

proliferating progenitors. 

Increased survival of 

newly formed neurons 

(Bruel-

Jungerman et al., 

2006; Cameron et 

al., 1995; 

Deisseroth et al., 

2004; Kitayama 

et al., 2004; 

Tashiro et al., 

2006) 

Glutamate – 

metabotropic 

receptor 5  

Dentate gyrus (local 

granule and mossy cells), 

entorhinal cortex 

Increases NSC 

proliferation 

(Di Giorgi-

Gerevini et al., 

2005; Zhao et al., 

2011) 

Serotonin Raphe nuclei Increases proliferation 

and differentiation of 

NSCs 

(Malberg et al., 

2000; Radley and 

Jacobs, 2002; 

Song et al., 2016) 

Dopamine Ventral tegmental area unknown (Song et al., 

2016) 
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Acetylcholine Septal nuclei Increases NSC 

proliferation, increased 

survival of newly formed 

neurons 

(Itou et al., 2011; 

Kaneko et al., 

2006; Song et al., 

2016) 

 

It is important to note that contrary to the hyperpolarization it induces in mature neurons, 

GABA provokes a depolarization of NSCs similarly to glutamate. This is due to the expression of 

the ion transporter NKCC1 by NSCs resulting in a high intracellular concentration of chloride 

ions causing a depolarization when GABA chloride channels are opened and a secondary influx 

of calcium ions (Sun et al., 2012; Tozuka et al., 2005). Taken together, these results suggest that 

NSCs can respond to a wide range of depolarizing stimuli in vivo.  

The stimuli influencing neurogenesis can modulate the number of newly formed neurons 

by modifying the proliferation rate of NSCs but also the survival of new neurons. In cells birth-

dated with BrDU, a significant decrease in their numbers is seen within the first months 

suggesting that cell survival plays an important role in the final number of newly formed neurons 

(Kempermann, 2003; Winner et al., 2002). It was estimated that the difference in survival of new 

neurons in different mice accounts for 85% of the difference in the total number of new neurons 

after 4 weeks suggesting that survival of newly formed neurons is indeed the main factor 

influencing neurogenesis, at least in mice (Kempermann et al., 2006). Several studies have now 

shown that the main modulator of new neuron survival in the dentate gyrus is the neuron’s 

potential to integrate into the existing dentate circuitry. Inhibiting or increasing the formation of 

excitatory synapses on newly formed neurons decreases or increases their survival respectively 

(Krzisch et al., 2016; Tashiro et al., 2006). Moreover, a competition exists between granule cells 

already formed during embryonic development and newborn neurons in the dentate gyrus to 

receive synaptic inputs. As such, decreasing the formation of dendritic spines in existing granule 

cells by overexpression of Kruppel-like factor 9 improves the integration and survival of newly 
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formed neurons (McAvoy et al., 2016). The integration of new neurons in the existing dentate 

gyrus circuitry may be linked to their different electrophysiological properties compared to the 

surrounding mature granule cells. Indeed, immature neurons (less than 6 weeks old) have greater 

excitability, fire more frequently and possess a lower induction threshold for long-term 

potentiation. These unique properties are dependent both on n-methyl-d-aspartic acid (NMDA) 

receptors and decreased GABA sensitivity (Ge et al., 2007; Miller and Sahay, 2019). The 

electrophysiological properties of new neurons may facilitate their integration into the existing 

circuits and their survival (Kee et al., 2007). At the same time, integration of new neurons with 

different electrophysiological properties modifies the input on pre-existing mature granule cells 

and the organization of the dentate gyrus by re-distributing synapses among both mature and 

immature neurons, thereby modifying the hippocampal circuitry and contributing to the encoding 

of new memories (Adlaf et al., 2017; McAvoy et al., 2016).  

Not only are NSCs sensitive and responsive to external stimuli but this activity-induced 

neurogenesis is remarkably specific to the initial stimulus: newly formed mature neurons are 

preferentially activated in response to the same stimulus that was experienced during their 

immature state. Histological markers of neural activity have been used to determine the influence 

of activity-induced neurogenesis. Using the immediate early gene products cFOS and 

EGR1/Zif268 expressed only in neurons just recently depolarized, Tashiro et al. showed that 1-3 

week-old immature neurons exposed to a specific environment (enriched cage) depolarize 

preferentially after re-exposure to the same environment and not a different stimulus such as the 

Morris Water Maze Task once these neurons are mature (Tashiro et al., 2007). Moreover, 4-8 

week-old maturing neurons are more likely to be activated during spatial learning tasks compared 

to 1-2 week-old neurons or mature neurons older than 8 weeks (Kee et al., 2007). Hence, external 

stimuli can modulate the rate of formation of new granule cells, facilitate their integration in the 
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hippocampus and shape the response profile of these new neurons thereby contributing to the 

activity-induced plasticity of the hippocampal network. As the formation and integration of new 

neurons is tightly linked to hippocampal network activation and is critical for the function of 

hippocampus in physiological conditions, important and obvious questions emerge with respect 

to pathologically activated depolarization and its effects on neurogenesis in diseases involving 

abnormal network activity such as epilepsy. 

 

1.1.3. Epilepsy-induced neurogenesis and contribution of newborn neurons to 

epileptogenesis 

1.1.3.1. Epilepsy-induced neurogenesis 

Several diseases can affect neurogenesis. For example, neurodegenerative conditions such 

as Parkinson and Alzheimer diseases decrease neurogenesis in the SVZ and SGZ respectively 

(Moreno-Jiménez et al., 2019; Winner and Winkler, 2015). In addition, other neurological 

diseases such as epilepsy can also affect neurogenesis. One of the most common forms of 

epilepsy in humans is mesial temporal epilepsy where the epileptic seizure involves the 

hippocampus. Interestingly, seizure activity resulting in excessive activation of the hippocampal 

network increases neurogenesis. An increased number of proliferating cells and newly formed 

granule cells are noted in the dentate gyrus of several rodent models of epilepsy (Bengzon et al., 

1997; Jessberger et al., 2007b; Parent et al., 1997). Epilepsy-induced neurogenesis has also been 

described in spontaneous cases of epilepsy outside of the laboratory. Several studies have 

investigated these issues in humans and dogs resulting in controversial findings. While some 

revealed increased cell proliferation and neurogenesis in the hippocampus, others did not report 

similar findings and some actually noted a decrease in neurogenesis (Blümcke et al., 2001; 

Borschensky et al., 2012; Crespel et al., 2005; Fahrner et al., 2007; Liu et al., 2008; Mathern et 
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al., 2002). These different results can be explained by the relatively small size of the cohort 

examined, differences in the age of the patients in between studies, as well as the number of 

seizures patients experienced before analysis of the hippocampi. Indeed, the positive effect of 

epileptic seizures on neurogenesis is transient as cell proliferation rates decrease progressively 

with time and repeated seizures may deplete the neural stem cell pool and result in decreased 

neurogenesis over the long-term (Hattiangady et al., 2004; Parent et al., 1997). Previously, we 

have discussed differences in neural precursor responses to external stimuli depending on 

developmental states. The same observations hold true for neural precursors exposed to epileptic 

seizures. While only type-1 NSCs proliferate in response to physiological stimulus (running), 

both type-1 and type-3 cells show an increase in proliferation after seizures (Huttmann et al., 

2003; Jessberger et al., 2005; Lugert et al., 2010). Most proliferating cells mature into granule 

cells that integrate into the dentate gyrus even more rapidly after epileptic seizures than granule 

cells born under physiological conditions (Jessberger et al., 2005, 2007b; Overstreet-Wadiche, 

2006; Parent et al., 1997). By measuring the activity of mature or newborn neurons in the dentate 

gyrus of epileptic mice with two-photon calcium imaging, Sparks and colleagues showed that 

newborn neurons were more likely to be recruited by interictal epileptiform discharges than their 

mature counterparts (Sparks et al., 2020). 

The mechanisms behind epilepsy-induced neurogenesis likely involve similar 

mechanisms to physiological hippocampal neurogenesis along with additional pathways induced 

in the hippocampus by the seizures. Indeed, inducing epileptic seizures with electrical kindling in 

rats increases the secretion of BDNF by active neurons in the hippocampus, a known inducer of 

neurogenesis (Botterill et al., 2015). Moreover, seizure activity results in the secretion of several 

neurotransmitters such as Glutamate and GABA, which have a direct effect on neurogenesis as 

explained previously. 
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1.1.3.2. New neurons formed during epilepsy have altered properties 

Recent studies have shown that the morphology and synaptic firing properties of newly 

formed neurons depend on the degree of excitation of the hippocampus during their formation. 

Specifically, the response of newly formed neurons to the input that they receive from the 

entorhinal cortex depends on the stimuli they received earlier during their differentiation. For 

example, a 2-hour continuous seizure (status epilepticus, SE), which provoked an exaggerated 

release of glutamate in the dentate gyrus modifies the afferent connections received by new 

granule cells at one week of differentiation during SE. Newly formed neurons exhibit fewer 

excitatory post-synaptic currents (EPSCs), have a lower probability of release of glutamate and 

an increased probability of release of GABA from pre-synaptic neurons at their synapse 

compared to neurons formed after running, a physiological stimulus of neurogenesis (Jakubs et 

al., 2006). This contributed to an overall reduction in activity of these new neurons. Conversely, 

using a milder protocol of kindling consisting of shorter repetitive seizures without SE, neurons 

formed 1 week after this protocol showed increased frequency of EPSCs combined with a 

reduction of their intrinsic excitability compared to new neurons of rats which did not undergo 

kindling (Wood et al., 2011). These different studies show that the nature of the depolarizing 

stimulus will influence the input received by the new granule cells in a long-lasting fashion. 

While the decrease in activity and excitability of the newly formed neurons may play a protective 

role in epilepsy, some newly formed neurons show an increase in dendritic spine density and 

excitability (Murphy et al., 2011). Moreover, neurons formed after an epileptic seizure 

concurrently develop other abnormal features that increase the excitability of the dentate gyrus. 

For example, some neurons formed in the epileptic brain have a persistent abnormal morphology 

exhibiting long basal dendrites that extend to the hilus instead of the molecular layer and 

sprouting of their axons (Jessberger et al., 2007b; Murphy et al., 2011; Parent et al., 1997; 
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Shapiro et al., 2005). The basal hilar dendrites can form aberrant connections with neurons in the 

hilus and establish an abnormal recurrent network that may participate in sustained higher 

network activity (Murphy et al., 2011; Ribak et al., 2000). Axon sprouting can cause the 

formation of synapses with other granule cells also resulting in recurrent networks (Overstreet-

Wadiche, 2006). Not only do neurons formed during epileptic activity have an abnormal 

morphology but some also migrate abnormally to the hilus instead of the granule cell layer. These 

ectopic new granule cells receive abnormal connections with increased excitatory input from the 

surrounding neurons, exhibit hyperexcitability and even spontaneous epileptiform discharges 

(Althaus et al., 2019; Ribak et al., 2000; Scharfman et al., 2000). These abnormalities may 

participate in the abnormal hippocampal network formation after seizures. While some properties 

of newborn neurons can decrease the overall activity of the circuit, others such as the recurrent 

network formation may cause abnormally increased hippocampal activity, which participates in 

seizure generation. 

One of the mechanisms contributing to abnormal granule cell morphology and migration 

is overactivation of the mechanistic target of rapamycin (mTOR) pathway by seizures. mTOR is 

activated secondary to seizures in rats injected with the glutamate agonist kainic acid (Shima et 

al., 2015). Also, activation of mTOR through deletion of its inhibitor PTEN, specifically in 

newly-generated granule cells, resulted in the development of basal hilar dendrites, increased 

dendritic spines and abnormal migration into the hilus, all of which are characteristics of neurons 

that develop in epileptic hippocampi (Pun et al., 2012). Interestingly, overactivation of mTOR in 

only 9% of newborn granule cells was sufficient to cause recurrent spontaneous seizures in mice 

(Pun et al., 2012). This suggests the existence of a positive feedback loop where seizures over 

activate mTOR, which in turn participates in the morphological and functional abnormalities of 

newly formed neurons. Inhibiting mTOR after the establishment of these morphological 
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abnormalities did not result in seizure cessation, implying that neurons formed during epilepsy 

acquire abnormal but stable electrophysiological properties contributing to epileptogenesis 

(Shima et al., 2015). 

 

1.1.3.3. Epilepsy-induced neurogenesis alters hippocampal function and 

participates in epileptogenesis and cognitive comorbidities of epilepsy 

The defining feature of epilepsy is the development of spontaneous recurrent seizures. 

However, both human and dog epileptic patients also experience behavioural and cognitive 

impairments between seizure events, suggesting ongoing effects on brain function (Bell et al., 

2011; Hermann et al., 2008; Packer and Volk, 2015; Shihab et al., 2011). Interestingly, these 

abnormal behaviours are also encountered in other human diseases such as schizophrenia and 

autism, illustrating the potential for common underlying brain abnormalities between these 

different diseases (Hester and Danzer, 2014).  

As discussed previously., neurogenesis is central to normal hippocampal functions and 

seizures affect neurogenesis by promoting the development of neurons with abnormal properties 

modifying the hippocampal circuitry. It would therefore be expected that 1) epileptic patients and 

models exhibiting sustained epileptic seizures also show decreased performance in hippocampal-

dependent tasks relying on normal neurogenesis and 2) the hippocampal dysfunction in epileptic 

subjects could be rescued if seizure-induced neurogenesis is prevented. Indeed, whole-cell patch 

clamp recording of hippocampal granule cells in epileptic rats confirmed abnormal processing of 

perforant pathway input by granule cells. Furthermore, epileptic mice show deficits in 

hippocampal-dependent tasks, illustrating hippocampal circuit dysfunction in this epilepsy model 

(Artinian et al., 2015; Cho et al., 2015). Moreover Hester and Danzer showed that seizure 

frequency correlates with the severity of axonal sprouting and ectopic migration of newly formed 
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granule cells (Hester and Danzer, 2013). As a corollary, preventing neurogenesis either before or 

concurrently with the development of epilepsy in mice reduced the seizure frequency and rescued 

the cognitive deficits displayed by epileptic mice (Cho et al., 2015; Varma et al., 2019). 

However, only suppressing neurogenesis before induction of epilepsy resulted in long-lasting 

seizure reduction (Varma et al., 2019). This suggests that additional mechanisms to aberrant 

neurogenesis contribute to sustained epileptiform activity and/or that neurons formed around the 

time of an epileptic insult acquire permanent functional changes sustaining the recurrent seizures. 

The implication of aberrant neurogenesis in recurrent seizures and cognitive impairment paves 

the way for new potential therapeutic approaches targeting seizure-induced neurogenesis. The 

anti-seizure drug valproic acid, for example, decreases hippocampal neurogenesis and can reduce 

hippocampal deficits while also controlling seizures in a mouse model of epilepsy (Jessberger et 

al., 2007a). By understanding the cellular mechanisms behind seizure-induced neurogenesis and 

the formation of new, abnormal neurons, innovative approaches could be developed to further 

improve the treatment of epilepsy. One such strategy would be to reduce seizure-induced aberrant 

gene expression leading to the development of abnormal neurons. MicroRNAs (miRNAs) have 

emerged as important regulators of gene expression and can be dynamically modulated by stimuli 

such as seizures. Understanding their biology and implication in epilepsy-induced neurogenesis 

could be crucial in developing disease-modifying therapies. 

 

1.2. MICRORNAS PRODUCTION, FUNCTION AND REGULATION 

 

1.2.1. MicroRNAs are small non-coding RNA with a tightly regulated expression in cells 

MicroRNAs are a class of 19-25 nucleotide long, small non-coding RNAs, involved in 

regulating gene expression post-transcriptionally (Bartel, 2004). Originally discovered in C. 
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elegans, they have since been described in all mammals examined and are highly conserved 

between vertebrates, suggesting an important role in the regulation of gene expression (Kim et 

al., 2009). Since the identification of the first miRNA in the 1990s, thousands of miRNAs have 

been described in multiple species with 2654 mature miRNAs described in humans and 453 in 

the dog (miRBase 22 release). 

 MicroRNAs are transcribed from miRNA loci that are either independent (not associated 

with coding genes) or located within one or more introns of previously described messenger 

RNA (mRNA) precursors. Their transcription can be under the control an independent promoter 

or the promoter of the host gene (for those located in introns). Some miRNAs loci are present as a 

cluster and transcribed as a multicistronic transcript (Bartel, 2004). Others have multiple isoforms 

throughout the genome forming a family of related miRNAs. Families share similar nucleotides 

at position 2 to 7 from the 5’ end of the mature miRNA (seed sequence) and some isoforms 

overlap in their biological functions (Kim et al., 2009; Ventura et al., 2008). MicroRNAs are 

transcribed mostly by the Pol II RNA polymerase as a long transcript that folds on itself to form 

stem-loop structures called primary miRNAs (pri-miRNAs), although some miRNAs can be 

transcribed by the Pol III RNA polymerase. Pri-miRNAs are then cleaved into 60-70 nucleotide 

long precursor miRNAs (pre-miRNA) in the nucleus by the Drosha RNAse and its cofactor 

DGCR8, then exported to the cytoplasm Exportin-5 in a Ran-GTPase dependent process. Once in 

the cytoplasm, the pre-miRNA is cleaved into a double-stranded miRNA duplex of 19-25 

nucleotides by the Dicer RNAse which removes the loop of the pre-miRNA (Bartel, 2004). 

Different sites of cleavage of the pri-miRNA and pre-miRNA by Drosha and Dicer respectively 

will produce miRNA duplexes with slight differences in their length and/or sequence called 

isomiRs (Gebert and MacRae, 2019). The two strands of the duplex are then separated by an 

unidentified helicase and one of the strands, the mature miRNA, is incorporated to a protein 
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complex to form the RNA-Induced Silencing Complex (RISC, Figure 1.3). The complementary 

strand, named miRNA*, is less stable than the mature miRNA although it can also be separately 

incorporated in the RISC (Schwarz et al., 2003). The RISC is composed of several proteins 

capable of binding to mature miRNA and possesses an endonuclease activity responsible for 

RNA cleavage. A major component of RISC is an Argonaute protein family member, which 

encompasses the Ago and Piwi protein subfamilies. The Ago subfamily is composed of 4 proteins 

(Ago 1-4) in humans with some redundant activity (Chu et al., 2020). Ago proteins are 

characterized by three conserved domains, the PAZ and MIR domains that binds the mature 

miRNA at its 3’ and 5’ ends respectively and the PIWI domain responsible for the endonuclease 

activity (Kim et al., 2009). The protein Ago2 is likely responsible for the endonuclease activity of 

RNA interference in humans in vivo (Chu et al., 2020; Tang, 2005). The RISC also contains other 

components such as ribosomal proteins and the GW182 protein, which recruits additional factors 

involved in mRNA metabolism (Tang, 2005). From the processing by Dicer to their integration in 

the RISC, the miRNA pathway shares many similarities with the small interfering RNA (siRNA) 

pathway. Apart from this canonical miRNA pathway, some studies have shown multiple Drosha 

or Dicer-independent miRNA biogenesis pathways with pri-miRNA directly processed by Dicer 

or pre-miRNAs processed by Ago2 instead of Dicer (Yang and Lai, 2011). 
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Figure 1.3: miRNA biogenesis 

MicroRNAs are transcribed from a miRNA gene. Pri-miRNAs commonly form a stem-loop 

structure. Pri-miRNAs are cleaved by the Drosha/DGCR8 complex in the nucleus and Dicer in 

the cytoplasm. One strand of the miRNA duplex is the mature miRNA and binds to an Ago 

protein in the RISC complex. MicroRNA specifically recognize certain mRNA by base 

complementarity which facilitates the binding of the RISC complex and mRNA degradation or 

translation inhibition. Adapted from Bartel, 2004. 

The expression of miRNAs is remarkably dependent on the cell type and its development 

stage. In the brain, for example, some miRNAs are exclusively expressed in neurons while others 

are found preferentially in astrocytes. Other miRNAs are more ubiquitous (Smirnova et al., 

2005). At specific stages of differentiation cells demonstrate specific miRNA profiles. The 

regulation of miRNA expression to specify such cell-specific miRNA profiles occurs at several 

steps during miRNA biogenesis. First, cell-restricted transcription factors can modulate the level 

of expression of a given miRNA based on sequences in the promoter. In the brain specifically, 

such transcription factors/repressors include REST for miR-124, cAMP-Responsive Element 

Binding Protein (CREB) for miR-132, PITX3 for miR-133b and YY1 for miR-134 in neurons 
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whereas N-MYC drives the expression of miR-9 in neuroblastoma cells (Conaco et al., 2006; 

Gao et al., 2010; Ma et al., 2010; Nudelman et al., 2009; Wayman et al., 2008b). Transcription of 

miRNA genes is also controlled through DNA methylation and histone modifications in 

mammalian cells in a similar way to protein coding genes (Glaich et al., 2019; Morales et al., 

2017). Second, regulation of miRNA expression can be mediated post-transcriptionally through 

the regulation of Drosha, Dicer or their cofactors. Such regulators include RNA-binding proteins 

(RBPs) and long noncoding RNAs (lncRNA, Treiber et al., 2019). Moreover, post-translational 

modification of the proteins involved in miRNA biogenesis such as phosphorylation, 

ubiquitination or SUMOylation of Drosha for example, affect the level of these proteins and their 

miRNA processing activity (Treiber et al., 2019). Finally, editing of miRNAs can also modify the 

expression levels of mature miRNAs. First, editing can occur by adenosine deaminases that act 

on RNA (ADARs) which modifies pri-miRNAs and pre-miRNAs processing by Drosha and 

Dicer through conversion of adenosine to inosine thereby regulating the level of mature miRNA 

in cells (Krol et al., 2010b). Another mechanism of miRNA editing is through the methylation of 

adenosine to N6-methyladenosine (m6A). Pri-miRNA are bound by the methylase METTL3 and 

m6A methylated at a GGAC motif which increases their binding to DGCR8 and subsequent 

processing to pre-miRNA by Drosha (Alarcón et al., 2015). Consistent with these findings, 

knocking down METTL3 increases the level of pri-miRNA and decreases the levels of pre-

miRNA and mature miRNA (Alarcón et al., 2015).  

All of these mechanisms contribute to the expression profiles for specific mature miRNAs 

in relation to cell type, developmental stage and in response to different environmental signals 

(Krol et al., 2010b). By specifying the temporal and spatial expression of miRNAs, these signals 

utilize the miRNA machinery to modulate gene expression accordingly. 
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1.2.2. MicroRNAs regulate gene expression through several mechanisms 

MicroRNAs have emerged as important regulators of gene expression in mammals by 

interacting with mRNAs. MicroRNAs do not target any mRNA but interact specifically with 

certain mRNAs only and this specificity depends on several factors. The most important factor is 

determined by the sequence of nucleotides 2 to 7-8 from the 5’ end of the miRNA, called the seed 

sequence. The presence of one or more complementary sequences to the miRNA seed region in 

the 3’ untranslated region (UTR) of the mRNA will determine the binding capacity of the 

miRNA to that mRNA and its processing by the RISC. Other factors will influence binding of the 

miRNA to its target mRNA such as the rest of the miRNA sequence, the location of the binding 

site within the 3’-UTR and presence of AU-rich regions (Bartel, 2009; Broughton et al., 2016) 

These factors likely increase miRNA targeting efficiency by increasing the accessibility of the 

binding site on the mRNA to the RISC. 

After specific pairing of the miRNA to its mRNA target, the RISC can inhibit translation 

of the mRNA into protein with or without degrading the mRNA. Degradation of the mRNA is 

mediated by the endonuclease activity of the Ago2 protein which cleaves the mRNA between the 

nucleotides paired to the 10th and 11th nucleotides of the miRNA. Cleavage of the mRNA occurs 

when there is a high complementarity between the miRNA and the mRNA whereas translational 

repression without changes in mRNA levels occurs when the complementarity is lower (Bartel, 

2004; Bushati and Cohen, 2007). However, miRNA-mediated translational repression without 

mRNA degradation seems to be the most important mechanism of gene expression regulation by 

miRNA as no correlation between RISC binding on mRNA and mRNA levels is observed by 

using Ago-knockout cells (Chu et al., 2020). How the miRNAs inhibit translation without 

necessarily degrading mRNAs is still under investigation. Several studies show that miRNAs 

inhibit mRNA translations either by blocking translation initiation or translation elongation 
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through removal of translation initiation factors and recruitment of translation repressors by the 

RISC (Iwakawa and Tomari, 2015; Nottrott et al., 2006; Pillai, 2005). Moreover, by targeting 

mRNAs coding proteins involved in histone modifications, DNA methylation or transcription 

factors, miRNAs can also regulate indirectly gene expression through the interplay of these 

different pathways. Indeed, miRNAs frequently regulate the expression of transcription factors 

and thereby regulate gene expression predominantly through transcriptional rather than post-

transcriptional mechanisms (Conaco et al., 2006; Gosline et al., 2016; Ma et al., 2010). Added to 

the facts that any one miRNA can target several mRNA and that it has been estimated that almost 

60% of all protein-coding genes are targeted by at least one miRNA, miRNAs have emerged as 

central components in the regulation of gene expression (Friedman et al., 2008).  

Most studies on miRNAs show that miRNA-mediated RISC binding to a target mRNA 

results in a decrease of translation of that mRNA. However, some miRNAs increase mRNA 

translation upon their binding. This is the case, for example, for miR-218 that binds the glutamate 

receptor α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) subunit A2 mRNA 

and increases its translation in dendrites (Rocchi et al., 2019). 

 Specific cellular miRNA profiles can influence gene expression in two important ways. 

The first is suppression of unnecessary or detrimental gene expression by preventing the 

translation of target mRNAs, thereby reducing the levels of the corresponding protein below a 

functional threshold (Bartel, 2009). This likely acts to restrict the expression of specific proteins 

to a certain temporal and spatial patterns in cells. Here, the expression of miRNA and the protein 

encoded by its targets are mutually exclusive. This biological function of miRNAs has been 

termed a “binary switch” and is necessary to change or maintain cellular identity during and after 

differentiation respectively (Bartel, 2009). For example, knocking down the expression of 

neuron-specific miR-124 maintains the NSCs in undifferentiated states while over-expression 
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increases the formation of new neurons from NSCs, illustrating the effect of miR-124 in 

determining neuronal fate of NSCs (Cheng et al., 2009). Similarly, overexpressing miR-124 in 

non-neuronal cells induces the expression of neuron-specific mRNAs in these cells 

(Mondanizadeh et al., 2015; Tu et al., 2014). A second role for miRNAs is fine-tuning of gene 

expression, which reduces protein expression “noise”. In this case, both the miRNA and its 

targets are expressed in the same cell. Cells of the same cell type exposed to the same 

environment will have comparable levels of a certain protein. During fine-tuning, expression of a 

miRNA will have a more modest effect on the level of protein, decreasing or increasing protein 

level to some optimal level without completely inhibiting expression (Bartel, 2009; Schmiedel et 

al., 2015). This fine-tuning by miRNAs is involved in regulating the level of protein in a 

particular context such as in response to external cues. In neurons for example, miR-134 

regulates the expression of limk1, which participates in dendritic spine development. Upon 

exposure to BDNF, the inhibition of limk1 mRNA translation by miR-134 is decreased leading to 

an increase in limk1 protein level and dendritic spine size (Schratt et al., 2006). This study shows 

that within the same cell, a miRNA and its mRNA targets can be co-expressed, and the level of 

protein produced is influenced by the activity of the miRNA. Since miRNAs are expressed and 

modulated in response to intra- and extracellular cues and influence gene expression, this 

suggests that miRNA function can be regulated to dynamically adapt the cellular response to 

these cues.  

  

1.2.3. Regulation of miRNA activity 

Given the broad and important effects of miRNAs on gene expression and cellular 

function, the miRNA pathway is tightly regulated at several stages. As described previously, the 

regulation of miRNA activity can occur at the level of biogenesis. Increasing or decreasing the 
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expression of certain miRNAs will have some effect on the level of expression of their targets. 

Importantly, miRNAs are frequently involved in feedback and feedforward loops with their 

targets where both the miRNAs and the protein coded by the target mRNA can modulate each 

other’s transcription (Krol et al., 2010b; Tsang et al., 2007). The regulation of miRNA activity 

can also occur during RISC formation as RISC proteins are actively targeted by miRNA forming 

another feedback loop. Post-translational modifications of RISC proteins and loading of miRNA 

into the RISC are other important regulatory mechanisms (Golden et al., 2017; Horman et al., 

2013; Jee and Lai, 2014; King et al., 2014; Quévillon Huberdeau et al., 2017; Smibert et al., 

2013; Wang et al., 2020). 

 MicroRNA activity can also be regulated by increasing or decreasing the stability of 

miRNA. MicroRNAs are considered stable molecules, but their decay can be hastened in certain 

circumstances. In neurons for example, the decay of certain miRNAs is increased after neuronal 

stimulation by neurotransmitters such as glutamate or serotonin (Krol et al., 2010b, 2010a; 

Rajasethupathy et al., 2009). The mechanisms by which miRNA decay is modulated are not well 

known but some evidence indicate that extensive complementarity between a miRNA and its 

mRNA target enhances the degradation of the miRNA, a process termed target RNA-directed 

miRNA degradation (TDMD, Ameres et al., 2010; Gebert and MacRae, 2019). 

Finally, the effect of a miRNA on its mRNA target can be influenced by the probability 

that this miRNA will find and bind the mRNA which is directly correlated to the levels of the 

miRNA, its target mRNA and the number of miRNA target sites present on other RNAs, a model 

known as the competing endogenous RNA (ceRNA) theory (Denzler et al., 2014; Gebert and 

MacRae, 2019). Increasing the level of an RNA containing miRNA target sites will act as a 

“sponge” and preferentially bind the miRNA thereby decreasing the chance it will bind to targets 

that are not as highly expressed, decreasing the effect of the miRNA on them. Some of these 
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miRNA “sponges” include non-coding RNAs such as lncRNAs and circular RNAs (circRNAs) 

(Gebert and MacRae, 2019). While extensive experimental evidence for the endogenous RNA 

theory is lacking, some non-coding RNAs have been shown to act as miRNAs “sponges” in vivo 

and can be used in vitro to sequester a specific miRNA and decrease its binding on its targets 

(Cesana et al., 2011; Denzler et al., 2014; Gebert and MacRae, 2019; Poliseno et al., 2010). 

 In conclusion, miRNA activity depends on their expression, the expression of their targets 

as well as the RISC formation and activity all of which can be regulated at multiple levels. 

Moreover, miRNAs interact with transcription factors as well as epigenetic and 

epitranscriptomics pathways that regulate gene expression also on multiple levels revealing 

complex but tightly regulated networks of control of gene expression in which miRNAs play an 

important role. Several intra- and extracellular cues direct these networks by changing the 

expression and activity of miRNAs which then have important consequences for cellular 

phenotype. We will now concentrate on the roles of miRNAs for proper brain formation and 

function as well as the impact of epilepsy on miRNA expression and how this in turns 

participates in abnormal brain activity. 

 

1.3. MICRORNAS ARE CRITICAL FOR NORMAL BRAIN DEVELOPMENT AND 

FUNCTION AND ARE DYSREGULATED IN EPILEPSY 

  

1.3.1. MicroRNAs implication in neurogenesis and brain function. 

As we have seen previously, neurogenesis is tightly controlled both by an intrinsic genetic 

program in stem cells as well as extracellular cues. These signals activate or repress 

developmental programs within the stem cell to regulate proliferation, differentiation, migration 

as well as integration into the existing brain network.  
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The importance of functional miRNAs for neurogenesis is illustrated by studies on the 

effects of knock-out or overexpression of essential components of the miRNA biogenesis 

machinery such as Drosha, DGCR8 or Dicer, impairing the production of most miRNAs. 

Suppression of DGCR8 or Dicer in mouse embryos or embryonic stem cells results in impaired 

differentiation or in embryonic death because of the loss of the embryonic stem cell population, 

respectively (Bernstein et al., 2003; Wang et al., 2007). Conditional knock-out mice and cells 

have been engineered with suppression of key miRNA-associated enzymes in specific cell types 

and at specific stages of development. Conditional knock-out of Drosha in hippocampal NSCs of 

adult mice impairs NSC maintenance and proliferation along with decreasing the number of new 

neurons formed and increasing the formation of new oligodendrocytes (Rolando et al., 2016). 

However, this effect is not solely because of the lack of mature miRNA in these cells but rather 

the cleavage of transcription factor nuclear factor IB (NFIB) directly by Drosha (Rolando et al., 

2016). DGCR8 associates with Drosha for miRNA processing. Deletion of DGCR8 in mouse 

cortical neural progenitors leads to decreased cortical size with increased apoptosis while 

increasing the proportions of deep-layer neurons (Marinaro et al., 2017). In contrast, 

overexpressing DGCR8 in mouse embryonic telencephalon increased NSC proliferation and 

decreased the numbers of neurons formed (Hoffmann et al., 2018). Again, some of these effects 

are likely caused by actions of DGCR8 independent of miRNA generation. Similarly Dicer 

suppression in NSCs in the mouse resulted in cortical atrophy, decreased NSC proliferation, 

increased cell death and abnormal migration of NSCs and neurons with loss of cortical layering 

(Li et al., 2011; McLoughlin et al., 2012; Nowakowski et al., 2011). Interestingly, conditional 

deletion of Dicer in GFAP-positive astrocytes in mice does not impair brain development initially 

but a rapid, progressive neurological decline is seen after the 5th postnatal week in mutant mice 

and is clinically characterized by cerebellar ataxia, seizures, and premature death. Widespread 
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neuronal degeneration caused by impaired astrocytic glutamate uptake and secondary glutamate 

excitotoxicity is observed in mutant mice (Tao et al., 2011). The differential effects of Drosha, 

DGCR8 and Dicer deletions on neurogenesis emphasize the existence of enzymatic functions 

other than miRNA processing. Similarly, overexpressing an enzyme may lead to targeting of 

substrates that are not normally processed by this enzyme at normal cellular expression levels.  

The effect of specific miRNAs on neurogenesis has been studied both in vitro and in vivo. 

The expression of several miRNAs changes substantially throughout brain development. For 

example in rats, the expression of miR-9, miR-124, miR-125b and miR-131 progressively 

increases throughout embryonic brain development and into adulthood while miR-19b is only 

expressed in the pre-natal brain (Krichevsky, 2003; Smirnova et al., 2005). Several studies have 

illustrated the roles of specific miRNAs through manipulation of their expression both in cell 

culture and in mice, identifying a network of miRNAs and their targets involved in neuronal 

differentiation (Bielefeld et al., 2017; Olde Loohuis et al., 2012; Schratt, 2009; Volvert et al., 

2012). For example, miR-9 is expressed as early as embryonic day 9 in mice and decreases the 

expression of the transcription factors NR2E1 and REST which are active in NSCs to maintain 

proliferation and inhibit neuronal differentiation. MiR-9 mediated repression of those 

transcription factors induces the differentiation of NSCs into neurons (Bielefeld et al., 2017; 

Radhakrishnan and Anand, 2016). Moreover, miR-9-KO mice have malformed cortices with 

increased proliferation of progenitors and a decrease in mature neurons compared to wild-type 

controls, an effect mimicked via targeting of transcription factors Foxg1, Meis2, and Gsh2 

(Shibata et al., 2011). MicroRNAs Let-7b and miR-137 also target NR2E1 which, when 

decreased, deactivates the Wnt pathway and promotes neurogenesis (Bielefeld et al., 2017; 

Brennan and Henshall, 2020; Volvert et al., 2012). The expression of miR-124, a miRNA 

involved in neurogenesis, is inhibited by REST, which decreases progressively during 
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neurogenesis. This gradual loss of REST inhibition induces an increase in miR-124 expression 

and miR-124-mediated inhibition of non-neuronal genes (Conaco et al., 2006). Specifically, miR-

124 inhibits Sox9 expression in NSCs, inducing their differentiation into neurons (Cheng et al., 

2009). Moreover, miR-124 enforces the neuronal fate of NSC differentiation by decreasing the 

expression of Ezh2, a transcription factor that steers differentiation towards the glial lineage (Neo 

et al., 2014). Other miRNAs target important factors in differentiating neurons such as Nestin and 

DCX targeted by miR-125b and miR-134, respectively (Cui et al., 2012; Gaughwin et al., 2011). 

MiR-19 is expressed in NSCs but not in mature neurons and is involved in appropriate migration 

of NSCs through the control of Rapgef2 (Han et al., 2016).  

In immature neurons, miRNAs play important roles in the formation of synapses and 

integration of new neurons into the existing network. The role of specific miRNAs in synapse 

formation and modulation has been extensively reviewed (Hu and Li, 2017; McNeill and 

Van Vactor, 2012; Olde Loohuis et al., 2012; Schratt, 2009). Development of dendritic spines 

which receive excitatory inputs from other neurons are controlled by miRNAs such as miR-132 

and miR-134 through repression of p250GAP and Limk1 respectively (Schratt et al., 2006; 

Wayman et al., 2008b). Another mechanism by which miRNAs influence synapse formation and 

function is through the modulation of specific synaptic receptors. Specifically, miRNAs regulate 

the expression of glutamate receptor subunits, thereby defining which receptors are expressed and 

modulating their properties by switching their subunit composition. For example, miR-125b 

decreases the expression of the NMDA receptor subunit NR2A while miR-223 targets the mRNA 

of the NMDA receptor subunit NR2B and the AMPA receptor subunit GluA2 (Edbauer et al., 

2010; Hu and Li, 2017). miR-137 and miR-92a on the other hand target the mRNA of the AMPA 

receptor subunit GluA1 (Hu and Li, 2017; Letellier et al., 2014). In neurites, miR-218 facilitates 

the local translation of the AMPA receptor subunit GluA2 (Rocchi et al., 2019). By modulating 
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the number of synaptic receptors and their subunit composition, miRNAs can change synaptic 

strength and neuronal excitability, critical factors in immature neuron integration and survival. 

If miRNAs indeed control synaptic plasticity, a phenomenon that is highly dependent on 

neuronal activity, then the activity of these miRNAs may also be controlled by neuronal activity 

itself to adapt synaptic strength to extracellular signals received by a neuron. In support of this, 

the expression and activity of specific miRNAs have been found to be regulated by neuronal 

activity. Several mature miRNAs show a rapid change in expression within an hour after 

neuronal depolarization in vitro and in vivo (Eacker et al., 2011; Sim et al., 2014; van Spronsen et 

al., 2013). A rapid increase in expression of mature miRNAs is caused both by increase in pri-

miRNA transcription as well as pre-miRNA processing leading to increased levels of mature 

miRNA. For example, increasing neuronal activity either with the GABAA receptor antagonist 

bicuculline or pilocarpine-induced seizure induces a rapid increase in pri-miR-132 and pre-miR-

132 levels followed by a decrease of pre-miR-132 expression and an increase in mature miR-132 

levels (Nudelman et al., 2009; Wayman et al., 2008b). This de novo transcription of miR-132 is 

mediated by the transcription factor CREB (Nudelman et al., 2009; Wayman et al., 2008b). The 

expression of other miRNAs such as miR-212 is also dependent on CREB activation (Sim et al., 

2014). Myocyte enhancing factor 2 (Mef2) is another transcription factor shown to induce 

neuronal activity-dependent transcription of miRNAs, the miR-379-410 cluster which includes 

miR-134 and regulates dendritic outgrowth by targeting Pumilio2 mRNA (Fiore et al., 2009). 

Changes in miRNA levels after neuronal depolarization are also induced by changes in miRNA 

processing which subsequently influences mature miRNA levels without new miRNA 

transcription. For example, some pre-miRNAs and mature miRNAs are localized preferentially in 

dendrites compared to the soma, along with Dicer, illustrating localized miRNA processing. 

Moreover, Dicer activity is increased after stimulation of NMDA receptors illustrating a potential 
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mechanism for increased mature miRNA production specifically at active synapses (Lugli et al., 

2005, 2008). Sambandan and colleagues further demonstrated the spatial and temporal 

relationship between synaptic activity and miRNA processing by using a pre-miR-181a 

fluorescent probe and single synapse activation (Sambandan et al., 2017). MicroRNA 

degradation was also shown to be induced by increased neuronal activity in retinal neurons 

leading to decreased levels of several miRNAs upon neuronal activation (Krol et al., 2010a). 

Finally, RISC activity can also be modulated in synapses after synaptic activation. The RISC is 

present at synapses in post-synaptic neurons and one of its proteins, MOV10, is degraded after 

NMDA activation. Degradation of MOV10 increased the local translation of CaMKII, Limk1 and 

Lypla1 mRNA (Banerjee et al., 2009). The mechanisms leading to correct sub-cellular 

localization of miRNAs are mostly unknown except for miR-134 for which it relies on DEAH-

box helicase DHX36 which binds pre-miR-134 and transports it to dendrites (Bicker et al., 2013). 

The regulation of local protein translation in response to synaptic activity by miRNAs has 

prompted the investigation of their roles in synaptic processes such as long-term potentiation 

(LTP) and depression (LTD), which are the cellular basis of learning and memory. Activity-

induced expression of specific miRNA will modulate the expression of targets involved in 

neurotransmitter receptors and dendritic spine size, thereby affecting synaptic strength, long-term 

potentiation and learning and memory (Figure 1.4, Fiore et al., 2009; Gao et al., 2010; Ho et al., 

2014; Hu and Li, 2017; Letellier et al., 2014; Puig-Parnau et al., 2020; Rocchi et al., 2019; 

Schratt et al., 2006; Sengupta et al., 2013; Wayman et al., 2008a). 
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Figure 1.4: Role of microRNAs in synaptic plasticity 

At the basal state, low CREB activity, mTOR activity and SIRT1 expression allow the expression 

of miR-134 which further represses CREB and CREB-induced BDNF expression as well as 

decreases translation of positive regulators of dendritic spine growth Limk1 and Pumilio2. Upon 

neuronal stimulation, increased expression of SIRT1 represses miR-134 expression and reverses 

its effect. Moreover, activation of CREB increases expression of BDNF and miR-132. Mir-132 

inhibits the translation of p250GAP, a negative regulator of dendritic spine growth. Finally, 

activation of BDNF receptor and mTOR inhibits the miR-134 repression of Limk1 translation. 

Altogether, this activity-dependent modulation of miR-134 and miR-132 results in dendritic spine 

development, facilitates long-term potentiation (LTP) and enhances learning and memory. 

Adapted from Fiore et al., 2009, Gao et al., 2010, Puig-Parnau, 2019, Schratt et al., 2006, 

Wayman et al., 2008. 
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In conclusion, miRNAs play important roles early in the embryonic development of the 

brain and neurogenesis by regulating the proliferation, differentiation, and migration of neural 

stem cells. In immature and mature neurons, miRNAs can modulate synaptic strength in an 

activity-dependent manner as their expression and activity is influenced by neuronal activity and 

they control the expression of proteins involved in synaptic transmission and strength. We will 

now focus on the role of miRNAs in epilepsy, which is characterized by pathologically increased 

neuronal excitability and synchronization, two processes that rely on proper neuronal network 

formation and synaptic activity. 

 

1.3.2. MicroRNAs are dysregulated in epilepsy 

The search for potential biomarkers and new therapeutic strategies has led to the study of 

miRNAs in epileptic patients and laboratory models of epilepsy. As miRNA expression is 

modified by external factors such as neuronal activity, it is not surprising that several studies 

have identified changes in miRNA expression between epileptic and non-epileptic individuals. In 

mesial temporal lobe epilepsy, the most common form of epilepsy in humans, hippocampi 

resected from epileptic patients showed changes in expression of multiple miRNAs compared to 

non-epileptic hippocampi (Kaalund et al., 2014; Kan et al., 2012). This finding has been largely 

replicated in rodent models of epilepsy where seizures are triggered chemically or electrically 

with changes in miRNA expression either acutely or several weeks after the epileptogenic insult 

compared to control animals (Gorter et al., 2014; Korotkov et al., 2017; Pichardo-Casas et al., 

2012; Roncon et al., 2015). These changes may be driven by factors such as CREB (Beaumont et 

al., 2012; Rakhade et al., 2005) which lead to secondary increase in expression of miRNAs such 

as miR-132 (Nudelman et al., 2009). Processing of miRNA may also be affected by seizure 

activity. In support of this, decreased Dicer protein expression and increased Ago2 protein 
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expression were measured in the hippocampus of epileptic patients and mice treated with the 

convulsant kainic acid. Moreover, a global decrease in mature miRNA levels was measured 

whereas a few selected pri-miRNAs did not show any change in their expression between 

epileptic and normal samples (McKiernan et al., 2012). This suggests that decreased miRNA 

processing because of decreased Dicer expression is evident in human and experimental epilepsy. 

Importantly, changes in the proportion of neurons and glial cells in epileptic brain compared to 

normal brain could contribute to this, perhaps explaining in part why the miRNA profile differs 

between epileptic hippocampi with or without hippocampal sclerosis (Kan et al., 2012).  

The dysregulation of miRNA expression may contribute directly to epilepsy-induced 

neurogenesis and aberrant hippocampal reorganization. Several miRNAs were shown to be 

differentially expressed between hippocampal epileptic foci showing abnormal neurogenesis and 

paired temporal neocortex from the same patients (Haenisch et al., 2015). Among the 

differentially expressed miRNAs, Let-7 and miR-184 have been associated with neurogenesis 

experimentally (Bielefeld et al., 2017). Moreover, miR-212 was downregulated in hippocampal 

regions with epilepsy-induced neurogenesis and targeted the mRNA of pro-neurogenic Sox11 

transcription factor in cultured mice neurons (Haenisch et al., 2015). Several miRNAs 

dysregulated in epileptic patients or rodents model have been linked to NSC proliferation, 

differentiation, neuronal migration and synaptic plasticity (Brennan and Henshall, 2018; Cattani 

et al., 2016; Jimenez-Mateos and Henshall, 2013). 

 

1.3.3. Modulating the expression of miRNAs changes neuronal excitability and is a 

promising approach in the treatment of epilepsy 

As discussed above, miRNA expression and activity are linked with neuronal activity and 

can in turn modulate synaptic strength. Furthermore, miRNA expression and activity are 
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modified in neurons and brain of epileptic patients and laboratory models compared to neurons 

and brain of non-epileptic subjects. If miRNAs also participate in the pathophysiology of 

epilepsy, changing the level of certain miRNAs would be expected to induce seizures in non-

epileptic neurons and modify seizure frequency in epileptic neurons. Decreasing the level of 

miR-128 in neurons in vitro using a miRNA sponge increases the firing rate and neuronal burst 

and spike frequency illustrating its potential role in controlling neuronal excitability (McSweeney 

et al., 2016). In support of this, mice with selective knock out of the miR-128-2 gene in 

CaMKIIa-positive forebrain neurons show early onset of seizures (Tan et al., 2013). A similar 

effect on neuronal excitability was observed in miR-223-KO mice which showed increased 

AMPA receptor subunit GluA2 and NMDA receptor subunit NR2B expression as well as 

increased NMDA-mediated calcium influx in neurons (Harraz et al., 2012). Moreover, transiently 

decreasing the level of miR-101 in the hippocampus of mice on post-natal day 2, led to the 

formation of hyperexcitable neuronal networks in adult mice and seizure-like events recorded in 

the hippocampi with microelectrode arrays, patch-clamping and live-cell calcium imaging. MiR-

101 controlled network excitability through multiple pathways including the repression of 

NKCC1 expression (Lippi et al., 2016). Therefore, changing the level of some miRNAs is 

sufficient to trigger seizure-like activity in vitro and in laboratory animals. 

On the other hand, experimentally increasing or decreasing the level of certain miRNAs 

can also rescue the phenotype of epileptic neurons by preventing the onset of seizures or 

decreasing seizure frequency in epileptic animals. Incubation of rat neurons in magnesium-free 

medium induced status epilepticus-like discharges in vitro, which increased the expression of 

miR-134. Inhibiting miR-134 activity by transducing neurons with a lentiviral vector containing a 

miR-134 sponge prior to incubating the neuron in magnesium-free medium prevented the 

development of status epilepticus-like discharges (Wang et al., 2014). The potential of miRNAs 
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to improve epilepsy in vivo was also investigated in several rodent models of epilepsy. 

Overexpressing miR-137 or miR-124, or inhibiting the expression of miR-132 before the onset of 

recurrent spontaneous epileptic seizures in mice treated with pilocarpine delayed the onset of 

recurrent seizures and decreased seizure frequency and severity compared to control animals 

(Wang et al., 2018, 2016; Yuan et al., 2016). Similar findings were observed in the intra-

amygdala kainate injection and pentylenetetrazol mouse models of epilepsy where both seizure 

frequency and duration were reduced when the mice where injected with a miR-134 antagomir 

(Jimenez-Mateos et al., 2012; Reschke et al., 2017). Because epileptic mice were treated with 

miRNA agonists or antagonists before the onset of recurrent spontaneous seizures in these 

studies, this may not be as relevant in a clinical context as epileptic patients are typically 

identified in the chronic phase of epilepsy, after the onset of recurrent seizures. However, 

decreasing the activity of miR-135a by injecting an antagomir in the chronic phase of epilepsy in 

the intra-amygdala kainate mouse model did rescue the epilepsy-induced increase in expression 

of miR-135a and reduced both the number and the length of seizures compared to controls 

(Vangoor et al., 2019). Moreover, treatment of epileptic mice with specific miRNA agonists or 

antagonists decreased the development of pathological hallmarks of epilepsy such as excitotoxic 

neuronal death, gliosis and excessive dendritic spine number compared to untreated epileptic 

mice (Harraz et al., 2012; Jimenez-Mateos et al., 2012; Vangoor et al., 2019). These findings 

suggest that specific miRNA agonists and antagonists have potential anti-epileptogenic effects 

and could represent promising treatments in epileptic patients. 
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1.4. MODELS OF EPILEPTIC SEIZURES TO STUDY THE ROLE OF MIRNAS IN 

EPILEPTOGENESIS 

 

1.4.1. Overview of current in vitro models of epilepsy 

The study of epilepsy in humans or pets has been hindered by the difficulty of accessing 

the brain in these species in vivo to investigate the cellular and molecular mechanisms of 

epilepsy. Studies on human samples have used tissue from epileptic patients undergoing resection 

of part of their hippocampus as a treatment for drug-resistant epilepsy (Hsiao et al., 2015). In 

these studies, it is obviously difficult to control at which stage of epileptogenesis the tissue is 

obtained and the presence or absence of concurrent pathologies such as hippocampal sclerosis. 

Nevertheless, recordings of epileptiform discharges have been obtained from human epileptic 

tissue both as acute slices and organotypic slices where the resected tissue is maintained in 

culture for up to 4 weeks (Eugène et al., 2014; Hsiao et al., 2015). Because these limitations and 

the potential variation in between patients’ age, epilepsy stage and concurrent morbidities that 

could influence results of cellular and molecular investigations, models of human epilepsy have 

been developed by triggering epilepsy in laboratory animals or using cell culture techniques in 

vitro. While in vivo models of epilepsy allow the clinical and behavioural investigation of the 

mechanisms and epilepsy-induced changes, in vitro models are better suited for investigations at 

the cellular and molecular levels. An ideal in vitro model of epilepsy or epileptic seizures would 

recapitulate key electrophysiologic features of epilepsy that have been described in epileptic 

patients to increase its translational potential.  

Brain tissue and cells can be obtained from neurologically normal laboratory animals, 

genetically engineered animals with an epilepsy-associated mutation or animals in which 

epileptic seizures or epilepsy have been triggered through pharmacological or electrical 
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stimulation. Recurrent seizures can be triggered in rodents by administration of convulsant drugs 

or electrical stimulation delivered in specific brain areas through electrodes (Löscher, 2017; 

Nirwan et al., 2018).  

In laboratory animals, different ex vivo preparations can be obtained depending on the 

brain regions resected and the preservation of connections between regions. The model with the 

highest preservation of connectivity is the isolated Guinea pig brain model. In this preparation, 

the whole brain of the Guinea pig is isolated and perfused through a vertebral artery. This allows 

the preservation of connections between different brain regions as well as the vascular system of 

the brain and the blood-brain barrier (de Curtis et al., 2016; Mühlethaler et al., 1993). Seizure-

like activity is then induced in the isolated brain by electrical stimulation or perfusion of pro-

epileptic agents such as GABA receptor antagonists, glutamate receptor agonists, muscarinic 

agonists, or potassium-channel blocker 4-aminopyridine (4AP). The brain can also be isolated 

from animals after recurrent seizures have been established through intrahippocampal injection of 

kainic acid (Carriero et al., 2012). Other in vitro preparations include the hippocampus that can 

be intact or sliced as well as thalamocortical slices or olfactory bulb slices (Avoli and Jefferys, 

2016). This allows the study of a particular regions while preserving short-range connections. 

Slices can also be cultured in an incubator for several weeks (organotypic slices, Eugène et al., 

2014). Preparations that include the hippocampus are of particular interest to study the effect of 

epileptic seizures on post-natal neurogenesis (Fahrner et al., 2007; Jessberger et al., 2007b; Parent 

et al., 1997). It is important to note that brain slices of epileptic animals and humans do not 

exhibit spontaneous epileptiform discharges in vitro and epileptiform activity needs to be 

triggered in these slices with the use of proconvulsant drugs, by increasing the concentration of 

potassium or removing magnesium from the extracellular fluid (Dulla et al., 2018; Eugène et al., 

2014; Hsiao et al., 2015). 
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Lastly, neural cells can be dissociated from the isolated brain or generated from 

pluripotent stem cells and cultured in vitro. While original connections that may be important for 

the study of epilepsy are lost, neuronal activity can be followed in individual or multiple neurons 

to study the effects of pro/anti-convulsant drugs on neuronal activity (Pacico and Mingorance-Le 

Meur, 2014). By using induced pluripotent stem cells (iPSCs) reprogrammed from patients with a 

specific genotype or phenotype, it is also possible to culture iPSC-derived human neurons and 

study the effect of that particular genotype or phenotype on neuronal activity in vitro (Kirkeby et 

al., 2012; Niu and Parent, 2019; Shi et al., 2012).  

 

1.4.2. Epileptiform discharges recapitulated in vitro 

At the level of the individual neuron, epileptiform activity is represented by a paroxysmal 

depolarizing shift (PDS) which is a sustained depolarization of the neuronal membrane (40-

400ms) that elicits a burst of action potentials and is followed by a prolonged hyperpolarization 

period (Hotka, 2019; Matsumoto and Marsan, 1964). This sustained depolarization is initiated by 

opening of ligand-gated sodium channels such as AMPA glutamate receptors and then prolonged 

by opening of calcium channels such as NMDA glutamate receptors and voltage-gated calcium 

channels. The subsequent hyperpolarization is mediated by opening of voltage-gated potassium 

channels (Hotka, 2019; Stiglbauer et al., 2017). PDS can be triggered either by increasing the 

intrinsic excitability of neurons through modulating their membrane potential or through pre-

synaptic mechanisms by increasing the release or concentration of neurotransmitters. Initially, 

PDS were discovered by focal application of penicillin on the cortex of cats and monkeys, which 

at high doses blocks GABAA receptors (Matsumoto and Marsan, 1964). The excitability of a 

neuron is also directly related to its resting membrane potential which, in turn, is regulated by the 

ionic concentrations in the extracellular and intracellular space and selective permeability of the 
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cell membrane to these ions following the Nernst and Goldman-Hodgkin-Katz equations 

(Rutecki, 1992). Neuronal activity increases the extracellular concentration of potassium which, 

in turn, contributes to neuronal depolarization and increased activity if left unchecked. In the 

normal brain, extracellular potassium concentration is tightly regulated by astrocytes and (to a 

lesser extent) neurons through potassium channels, sodium-potassium-chloride co-transporters as 

well as Na+/K+ ATPase pumps (Kofuji and Newman, 2004). Hence, increasing potassium 

concentration or blocking potassium channels with blockers such as 4AP increases neuronal 

activity both by increasing the membrane potential of neurons and increasing release of 

neurotransmitters by neighbouring neurons (Gonzalez-Sulser et al., 2011; Rutecki et al., 1987). 

Exposing neurons to higher concentrations of excitatory neurotransmitters or lower 

concentrations of inhibitory neurotransmitters can also modulate excitability by acting on 

synaptic and extrasynaptic receptors. Some neurotransmitters such as glutamate are labeled as 

excitatory as they typically result in neuronal depolarization and an increase in axon potential 

firing rate whereas others such as GABA are considered inhibitory as they lead to neuronal 

hyperpolarization and a decrease in axon potential firing rates (Hassel and Dingledine, 2012; 

Olsen and Li, 2012). Glutamate and GABA are the main excitatory and inhibitory 

neurotransmitters in the brain respectively and have received much attention due to their 

involvement in epilepsy, although many other neurotransmitters regulate neuronal activity. PDS 

have been recorded both in brain slices and dissociated neuronal cultures in vitro. For example, 

addition of glutamate to dissociated rat hippocampal cultures or 4AP to rat hippocampal slices 

induces PDS (Rutecki et al., 1987; Sun et al., 2001). Removing magnesium from the extracellular 

medium also induces PDS in both dissociated neurons plated on a glial layer and hippocampal 

slices by activating NMDA receptors (Sombati and Delorenzo, 1995; Tancredi et al., 1990). 
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Surprisingly perhaps, excessive activity in individual neurons is insufficient to cause 

epileptic seizures as the synchronized activity of multiple neurons undergoing abnormally high 

activity is needed. When multiple neurons undergo PDS simultaneously, it is recorded on a scalp 

EEG as an interictal spike (Ayala et al., 1973). The in vitro correlate of an interictal spike is a 

population burst of synchronized neurons. Several mechanisms exist underlying neuronal 

synchronization in epileptic seizures. One of the potential mechanisms is the coupling of 

neuronal activity between neighbouring neurons through gap junctions (Traub et al., 2004). 

Synaptic strengthening of repeatedly activated synapses can also play a role in synchronizing the 

activity of connected neurons. This is illustrated by the generation of epileptic seizures through 

repetitive electrical stimulation, also known as kindling (Albensi et al., 2007). It involves 

performing repeated electrical stimulation of certain brain regions such as the amygdala resulting 

in increased activation of excitatory synapses until the animal develops epileptic seizures. 

Interestingly, these protocols also initially elicit LTP, a form of synaptic plasticity that involves 

an increase in glutamatergic synapse strength through activation of NMDA receptors and 

addition of AMPA receptors. It is a fundamental property of certain glutamatergic synapses 

associated with learning and memory (Albensi et al., 2007). It is therefore likely that some 

mechanisms involved in normal brain function may participate in seizure generation if left 

unbalanced. Similarly, GABA receptor endocytosis has been described in vitro in circumstances 

of increasing neuronal activity, thereby decreasing GABAergic synapse strength and contributing 

to the maintenance of seizure-like activity (Blair et al., 2004). Surprisingly, GABA can 

depolarize a subset of neurons. This is due to a high intracellular concentration of chloride, 

secondary to either to the expression of the NKCC1 chloride transporter expressed on NSCs (Sun 

et al., 2012) or overwhelming the cation-chloride transporters following prolonged periods of 

GABA receptor activation (Staley and Proctor, 1999). Inhibitory GABAergic transmission can 
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also participate in neuronal synchronization. As individual GABAergic interneurons are 

connected to a large number of glutamatergic pyramidal neurons, synchronized activity of these 

pyramidal neurons occurs when inhibition is interrupted by cessation of the activity of their 

common interneuron (Cobb et al., 1995). This GABAergic signaling is the basis for oscillations 

in the theta range (4-7 Hz) in the hippocampus and for high frequency oscillations that may 

precede seizures in the cortex and can be blocked by GABAA receptor antagonists (Avoli and de 

Curtis, 2011). Moreover, neuronal hyperpolarization through activation of GABAB receptors 

activates T-type calcium channels of thalamo-cortical neurons, allowing the generation of 

calcium-mediated bursts in these neurons and the synchronized stimulation of post-synaptic 

cortical neurons leading to absence seizures (Liu et al., 1992; McCormick and Contreras, 2001). 

Abnormally increased neuronal activity and synchronization between neurons triggers the 

occurrence of interictal epileptiform discharges that last for less than 250ms (Staley and Dudek, 

2006).  

Synchronization of neurons in vitro and the generation of brief population bursts similar 

to interictal epileptiform activity in vivo have been recorded with extracellular electrodes both in 

dissociated neuronal cultures and brain slices. In brain slices, synchronized bursts are recorded 

after stimulation with bicuculline, 4AP, removal of magnesium from the medium or a 

combination of these (Gonzalez-Sulser et al., 2011; Heuzeroth et al., 2019; Hongo et al., 2015). 

Dissociated hippocampal neurons in vitro develop spontaneous population-wide synchronized 

network bursts of stable frequency around 0.2 Hz (Penn et al., 2016). The frequency of these 

network bursts can be modified by modulating the excitability of neurons with different ion 

concentrations, neurotransmitter agonists/antagonists or anti-seizure drugs (Pacico and 

Mingorance-Le Meur, 2014; Penn et al., 2016). Human neurons derived from iPSCs can also 

generate synchronized bursts of spikes and intracellular calcium transients but only when co-
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cultured with iPSC-derived astrocytes illustrating the role of glial cells in network formation 

(Ishii et al., 2017; Sakaguchi et al., 2019). 

The link between interictal epileptiform activity and ictal activity is still widely debated, 

with contradictory evidence on the association between interictal epileptiform discharges 

frequency and seizures (Avoli et al., 2006; Engel and Ackermann, 1980; Karoly et al., 2016; 

Staley and Dudek, 2006). Mechanisms driving the transition from interictal to ictal activity are 

not well understood but several studies suggest that it is a slow process involving the loss of 

resilience of the neuronal network surrounding epileptic foci (Chang et al., 2018). This loss of 

resilience displays features similar to a phenomenon termed critical slowing down. Specifically, 

interictal epileptiform discharges are initially prevented from evolving into a seizure by 

homeostatic mechanisms. As more interictal epileptiform discharges are generated, the 

homeostatic mechanism efficiency decreases and the probability of an epileptiform discharge 

generating a seizure increases (Chang et al., 2018; Maturana et al., 2020). Indeed, high frequency 

oscillations in the hippocampus of epileptic rats are initially spatially constrained by feedback 

inhibition and then allowed to spread as GABAergic inhibition becomes reduced by bicuculline 

(Bragin et al., 2002). This model is still controversial as features of critical slowing down 

(increase in variance and autocorrelation) have not been identified in a study using long-term 

electroencephalographic recordings of epileptic patients (Wilkat et al., 2019). Experimentally, 

excessive, synchronized neuronal activity can lead to seizure-like events if it becomes self-

sustaining for several seconds. Propagation of this epileptiform activity and further 

synchronization between neurons is facilitated by re-entrant circuits and feed-forward loops. 

These can be caused by axonal sprouting and hilar basal dendrites observed in the hippocampus 

of human patients and animal models of temporal lobe epilepsy (Cavarsan et al., 2018; Kelly and 

Beck, 2017; Ribak et al., 2000). Intracranial recordings from epileptic patients identified 7 
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different electroencephalographic patterns of seizure onset: low-voltage fast activity >13Hz, 

hypersynchronous pattern/low-frequency high amplitude periodic spikes, sharp activity < 13Hz, 

spike-and-wave activity at 2-4Hz, burst of high-amplitude polyspikes, burst suppression patterns 

and delta brush (Perucca et al., 2014). Of these patterns, several have been faithfully replicated in 

vitro suggesting that ictal activity can be generated in in vitro preparations. For example, low-

voltage fast seizure-like events similar to human recordings are obtained after perfusion of 

bicuculline in isolated Guinea pig brains or by 4AP in rat slices (Dulla et al., 2018; Gnatkovsky et 

al., 2008). Hypersynchronous patterns can be elicited as well in brain slices and whole isolated 

brains by removal of magnesium and 4AP whereas spike-and-wave patterns can be recorded in 

vitro in thalamocortical slices (Mody et al., 1987; Sorokin et al., 2017). While these seizure-like 

events can be recorded in preparations such as acute slices that preserve connections between 

different brain regions, it is unclear how well dissociated neuronal cultures can mimic these 

seizure-like events. Seizure-like activity has been proposed in dissociated hippocampal neurons 

in a magnesium-free medium where increased individual neuron spike-frequency and bursts were 

observed. Pairs of neurons were also shown to be synchronized, but population-wide bursts of 

activity involving neurons across a culture well were not observed with extracellular electrodes 

(Sombati and Delorenzo, 1995). Micro-electrode arrays have been used to evaluate seizure-like 

activity in dissociated neuronal cultures and the activity of pro/anti-convulsant compounds can be 

screened using these cultures. An increase in population burst rate, duration and synchrony is 

seen with exposure to bicuculline, 4AP or NMDA  (Bradley et al., 2018; Colombi et al., 2013) 

and can be used to approximate seizure-like events recorded in slices or in vivo, although the 

different seizure patterns cannot be evaluated. 

In conclusion, several different epileptiform discharges can be replicated in vitro. 

Dissociated cell cultures can replicate epileptiform activity at the cellular level with PDS and 
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interictal-like activity. However, specific patterns of seizure-like events reminiscent of in vivo 

epileptic activity have only been evaluated in brain slices and isolated brains of laboratory 

animals.  

 

1.4.3. Epilepsy-induced changes in gene expression in vivo and in vitro 

Apart from electrophysiological seizure-like activity, in vitro models can be used to study 

the regulation of gene expression induced by epileptiform activity. To characterize the 

mechanisms by which the abnormal morphologies associated with epilepsy and described above 

develop, it is important to understand the changes in gene expression induced by epileptic 

activity. The expression of specific genes in epilepsy may be due to the primary epileptic 

mechanism or secondary to the seizures themselves or the associated hyperthermia, 

hypoglycemia, acidosis, and inflammation. Activity-induced changes in gene expression that are 

responsible for the development of epileptic seizures are of particular interest, as they should be 

observed before the development of seizures compared to changes in gene expression that are 

secondary to epilepsy associated physiological changes.  

Activity-induced changes in gene expression of specific genes have been well 

documented in neurons both in vitro and in vivo. Successive waves of gene expression changes 

are observed in response to neuronal stimulation. First, rapid primary response genes (PRGs) 

show an increase in expression around 15 minutes after stimulation which is not blocked by the 

translation inhibitor cycloheximide suggesting that their increase in expression does not require 

de novo translation (Fowler et al., 2011). These rapid PRGs include well known immediate early 

genes (IEG) such as Arc, cFOS, cJUN and EGR1. Second, a delayed wave of PRGs is observed 

including genes such as BDNF, which peaks 6 hours after the onset of neuronal depolarization. 

Finally, a third wave of gene expression is noted with a peak around 6 hours as well. However, 
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this specific wave can be blocked with cycloheximide and represents the induction of secondary 

response genes (SRGs) that depend on de novo translation to be expressed. Interestingly, not all 

waves of gene expression are induced with brief neuronal activity. A brief depolarization (several 

minutes) of neurons in culture with KCl or visual cortex neurons through visual stimulation only 

induced the first wave of gene expression, whereas sustained stimulation for several hours 

induced all three waves (Tyssowski et al., 2018). Importantly, genes expressed after neuronal 

stimulation in vitro were also induced after stimulation in vivo. However, the gene Nr4a3 did not 

share the same kinetics between in vitro and in vivo data being rapidly induced in vitro but 

delayed in vivo illustrating some difference between the two models (Tyssowski et al., 2018).  

The transduction of neuronal depolarization to gene transcription is largely dependent on 

voltage-gated calcium channels, particularly those of the L-type (Rajadhyaksha et al., 1999). The 

level of depolarization generates a graded signal through Cav1, with higher membrane potentials 

increasing its “open probability” and generating intracellular calcium bursts with increasing 

frequency. This frequency is sensed by calmodulin and calcium/calmodulin (CaM)-dependent 

protein kinases (CaMK) such as CaMKII and CaMKIV, which are activated by phosphorylation 

and can in turn phosphorylate the transcription factor CREB in a voltage-dependent manner (Ma 

et al., 2011). CREB phosphorylation can also be induced through the MAPK/ERK pathway 

(Hardingham et al., 2001). Moreover, activation of the MAPK/ERK pathway is necessary 

specifically for the transcription of rapid PRGs as inhibiting this pathway with a MEK inhibitor 

suppresses the transcription of rapid but not delayed PRGs both in vitro and in vivo whereas 

inhibiting the Calcium/Calmodulin-dependent protein kinase kinase (CAMKK) had no effect of 

rapid PRG transcription (Tyssowski et al., 2018). This finding contrasts with other studies 

showing that MAPK/ERK signaling has slower kinetics of CREB phosphorylation compared to 

CaMKII upon neuronal stimulation, which suggests the MAPK/ERK pathway is a less likely 
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candidate for rapid PRG induction (Murphy et al., 1994; Wu et al., 2001). These disparities may 

stem from differences in the type of neuron studied (cortical or hippocampal, Murphy et al., 

1994). Therefore, CREB phosphorylation is dependent on multiple cellular signaling pathways 

that can influence which activity-dependent genes are activated. Interestingly, as mentioned 

above, persistent CREB activation has been observed in tissue resected from epileptic patients 

(Beaumont et al., 2012; Rakhade et al., 2005). This finding was not replicated in a recent study 

which employed a different control method (non-epileptic patients compared to non-epileptic 

adjacent tissue, De Santis et al., 2020). Moreover, in human epileptic tissue, a positive correlation 

was observed between the frequency of interictal spikes and the expression of the activity-

dependent genes EGR1, EGR2 and cFOS, which are known to be induced by CREB activation. 

Interestingly, the level of expression of the activity-dependent genes was not correlated to seizure 

frequency (Rakhade et al., 2007). Although a statistically significant correlation between seizure 

frequency and gene expression might be missed due to the small sample size (12 patients), it is 

also possible that the level of gene expression is more closely correlated to overall neuronal 

activity, which is better reflected by the frequency of interictal spikes than the actual seizure 

frequency. Indeed, interictal spike frequency correlates only weakly with seizure frequency and a 

decrease in interictal spikes can precede a seizure in some patients but not others (Asadollahi et 

al., 2020; Karoly et al., 2016). 

Transcription factors other than CREB are also activated by neuronal activity. For 

example, Serum Response Factor (SRF) binds to promoters of certain PRGs upon seizures in 

mice induced by kainic acid (Kuzniewska et al., 2016). Conditional deletion of SRF in 

glutamatergic CaMKII neurons of mice given pilocarpine reduces the induction of PRGs Arc, 

Fos and EGR1, reduces status epilepticus severity and associated neurodegeneration and axonal 

sprouting. However, SRF-deficient mice developed more spontaneous recurrent seizures after the 
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initial status epilepticus (Lösing et al., 2017). Therefore, SRF contributes to the development of 

some pathological features induced by status epilepticus, through the induction of some activity-

induced PRGs. Some of these features may represent protective mechanisms against the 

development of recurrent seizures. Indeed, SRF also induces the expression of the dual specific 

phosphatases DUSP5 and DUSP6 upon seizures which initiate a negative feedback mechanism 

by deactivating ERK (Lösing et al., 2017). Decrease of this negative feedback mechanism may be 

responsible for sustained MAPK/ERK activation, leading to increased neuronal survival and 

aberrant expression of activity-induced PRGs beyond the initial status epilepticus in SRF-

deficient mice. Other transcription factors involved in activity-dependent regulation of gene 

expression include REST, MeCP2 and MEF2 which have also been shown to inhibit or activate 

activity-induced gene expression upon neuronal depolarization or seizures (Benito and Barco, 

2015; Chmielewska, 2020; Flavell et al., 2008).  

Epigenetic modifications also participate in the fast induction of PRG transcription upon 

neuronal depolarization. Rapid PRGs have a more open chromatin state characterized by higher 

levels of histone acetylation and pre-bound RNA pol II even in unstimulated neurons compared 

to delayed PRGs or SRGs (Tyssowski et al., 2018). This explains the faster induction of 

transcription of rapid PRGs compared to delayed PRGs. Histone marks such as acetylation are 

also dynamically regulated by neuronal activity. For example, histone h4 acetylation at the BNDF 

promoter is induced 3 hours after status epilepticus in mice, which may then participate in the 

increased expression of BDNF triggered by seizures (Huang et al., 2002). These activity-induced 

epigenetic modifications can alter chromatin conformation allowing activity-dependent changes 

in gene expression (Beagan et al., 2020). The effect of epileptic seizures on three-dimension (3D) 

genome conformation has not been studied yet. It is interesting to note the overlap between 

physiological activity-induced and seizure-induced changes in CREB activation and gene 
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expression. Activity-induced genes have been implicated in regulation of synaptic plasticity, 

which is also modified after epileptic seizures. Changes in the expression of these activity-

dependent genes after seizures may therefore contribute to the progression of epilepsy or may 

represent compensatory mechanisms. Some have suggested a positive feedback loop in which 

epileptic seizures drive an ongoing process of neuronal plasticity, and the same mechanisms that 

underlie this plasticity may be responsible for the progression of epilepsy (Scharfman, 2002; 

Scharfman and Buckmaster, 2014).  

When developing a new model for seizures and epilepsy, it is important to consider 

whether the model can also recapitulate the relevant changes in gene expression upon increasing 

neuronal activity. Studying these mechanisms in a controlled way to determine whether they 

participate in epileptogenesis or the circumstances under which they can be manipulated to stop 

the progression of epilepsy will be central to the development of relevant disease-modifying 

therapies. Importantly in this respect, not all models necessarily show the same variation in gene 

expression observed in vivo after epileptic seizures. This has recently been investigated in a 

meta-analysis of miRNA expression in human epileptic tissues and rodent models of epilepsy. 

This study showed that only 31 miRNAs were dysregulated in both rodent models and human 

epileptic tissues representing a less than 30% overlap. As expected, differentially expressed 

miRNAs depended on the model of epilepsy used (kainic acid injection, pilocarpine or electrical 

stimulation) as well as the time point at which the expression was measured (acute: < 72h, latent: 

7-11 days, chronic: >28 days, Korotkov et al., 2017). However, some miRNAs were consistently 

dysregulated across models and species at specific time points. The activity-dependent expression 

of miRNAs has also been evaluated in dissociated cell cultures. In one study, the activity-

dependent expression of miRNAs was evaluated after 4 and 48 hours of bicuculline treatment of 

dissociated rat hippocampal neurons. While 16 miRNAs showed differential expression in at least 
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one of two time points compared to control neurons, only 3 miRNAs were also dysregulated in 

the in vivo rat models of epilepsy representing a 5% overlap and only 1 miRNA was dysregulated 

in the acute stage of the in vivo models (Korotkov et al., 2017; van Spronsen et al., 2013). Despite 

this lack of consistency between in vivo models and in vitro models, several miRNAs shown to 

be differentially expressed after seizures in vivo have been studied in vitro. For example, miR-

132, which is consistently elevated after epileptic seizures in vivo also has an increased 

expression after bicuculline or magnesium-free medium exposure in dissociated neuronal cultures 

(Korotkov et al., 2017; Nudelman et al., 2009; Wayman et al., 2008a; Xiang et al., 2015). This 

low overlap between differentially expressed miRNAs in human epileptic tissue, in vivo rodent 

models of epilepsy and dissociated neuronal culture illustrate the potential limitations of these 

models to study the role of miRNAs in epilepsy.  

 

1.4.4. Organoids for modelling epilepsy 

Studying epilepsy in species such as humans or dogs is limited by access to brain tissue 

and the level of in vivo manipulation that is ethically appropriate in these species. Cellular and 

molecular investigations can, however, be performed in humans by utilizing reprogrammed 

somatic cells from individuals with a specific mutation or phenotype to iPSCs and subsequently 

differentiating iPSCs to neurons and glial cells (Jiao et al., 2013). While dissociated neurons 

show PDS and synchronization in vitro as seen previously, they do not replicate the complex 

seizure-like events seen in brain slices or in vivo. This is likely due in part to the loss of the 

layered organization that exists in the cortex and the intricate connections formed during 

development. A new cell culture technique has emerged recently that takes advantage of the self-

organization capabilities of pluripotent stem cells when grown in 3D aggregates (Eiraku et al., 

2008; Kadoshima et al., 2013; Lancaster and Knoblich, 2014). These aggregates, called cerebral 
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organoids, recapitulate early brain development in both layered organization and cell types (Paşca 

et al., 2015; Qian et al., 2016; Quadrato et al., 2017; Tanaka et al., 2020). Pluripotent stem cells 

are aggregated as embryoid bodies and differentiated into neuroectodermal cells either through 

spontaneous differentiation or directed into specific neuronal types with growth factors and small 

molecules (Tanaka et al., 2020). Depending on the protocol used, organoids containing neuronal 

phenotypes from the dorsal forebrain (cortex), thalamus, midbrain, hippocampus or even 

cerebellum can be generated and even fused  (Lancaster and Knoblich, 2014; Monzel et al., 2017; 

Sakaguchi et al., 2015; Silva et al., 2020; Sloan et al., 2018). Single-cell RNA sequencing to 

characterize individual cell types showed that most of the cell types present in the developing 

brain are generated in cerebral organoids as well (Tanaka et al., 2020; Velasco et al., 2019). 

However, one study pointed out that specific subtypes of radial glial cells and neurons were 

lacking in organoids compared to fetal brain along with a reduction of upper layer neurons and 

the lack of non-ectoderm derived cells such as microglia and vascular cells (Bhaduri et al., 2020). 

These differences in cellular specificity and the disparity between organoids and fetal brain were 

attributed in part to increased activation of the endoplasmic reticulum stress and glycolysis 

pathways, a suspected artefact of in vitro culture, as the expression of stress markers was reduced 

upon transplantation of the organoids into mouse brains (Bhaduri et al., 2020). Although this 

study found limited correlation between the age of the organoid and the age of fetal brain based 

with weighted gene co-expression network analysis (WGCNA), others found similar expression 

of gene modules between cerebral organoids and fetal/postnatal brain over 600 days of organoid 

development (Gordon et al., 2021). Interestingly, the transcriptome of organoids matched 

important transitions similar to the human brain in vivo, with a postnatal signature of gene 

expression in organoids around 250-300 days. Moreover, a significant correlation was found 

between the time in culture for the organoids and their age based on the DNA methylation status 
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of CpG islands, a method used to predict age of tissue in vivo, also termed the epigenetic clock 

(Gordon et al., 2021). 

Importantly for the study of epilepsy, cerebral organoids contain functional neurons and 

glial cells that organize in an active network. During organoid maturation in vitro, synapses 

between neurons develop and they acquire mature electrophysiological properties with the 

abilities to generate action potentials and miniature excitatory post-synaptic potentials (Paşca et 

al., 2015; Yakoub and Sadek, 2019). The formation of network activity follows the same 

sequence as in the developing brain, with network bursts being initially triggered by GABA and 

glutamate. As organoids mature, GABA loses its depolarizing effects on neural progenitors and 

immature neurons as observed in vivo. Moreover, synchronization between cells increases and 

neurons exhibit features of synaptic plasticity upon stimulation with long-term potentiation and 

depression which are mature electrophysiological properties (Zafeiriou et al., 2020). The 

complexity of organoid electrical activity increases over several months in culture and they 

develop oscillatory activity with some characteristics in common with pre-natal infant EEG 

(Trujillo et al., 2019). Similar to the situation in vivo or in brain slices, the frequency of network 

bursts is governed by glutamatergic transmission while the oscillatory activity in dependent on 

GABAergic synapses in organoids after 6 months in culture (Avoli and de Curtis, 2011; Trujillo 

et al., 2019). 

As organoids can acquire complex network activity, they represent a potentially powerful 

model to study the effects of specific disease states on brain development and activity. Hence, 

several neurodevelopmental disorders, some of which exhibit epileptic seizures among key 

clinical signs, have been investigated with cerebral organoid models. Neurological genetic 

diseases associated with epilepsy such as Timothy syndrome, Angelman syndrome, mTORopathy 

(e.g. megalencephaly, tuberous sclerosis complex), UDP-6-glucose dehydrogenase deficiency 
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developmental epileptic encephalopathy, lissencephaly, Rett syndrome and WW domain 

containing oxydoreductase-related epileptic encephalopathy (WOREE syndrome) have all been 

modeled very recently with cerebral organoids (Birey et al., 2017; Blair et al., 2018; Dang et al., 

2021; Hengel et al., 2020; Repudi et al., 2021; Sun et al., 2019; Trujillo et al., 2021). This 

technique has allowed the study of the effect of the respective mutations on the neural 

progenitors’ proliferation and differentiation. Some studies have also evaluated the changes in 

neuronal excitability in mutant organoids providing some insights on the mechanisms underlying 

epileptic seizures in these diseases. Specifically, in Angelman syndrome, caused by a mutation in 

the ubiquitin protein ligase E3A (UBE3A), loss of function of UBE3A leads to an increase in 

voltage-gated big potassium channel activity, neuronal excitability, firing frequency and 

synchronization (Sun et al., 2019). In Timothy syndrome, clinical signs compatible with autism 

and epileptic seizures are due to a gain-of-function mutation in the CACNA1C gene encoding an 

L-type voltage-gated calcium channel subunit. Cerebral organoids generated from iPSCs of 

patients with Timothy syndrome showed increased residual intracellular calcium concentration in 

neurons after stimulation and a decreased migration of inhibitory interneurons, two potential 

mechanisms underlying the seizure predisposition (Birey et al., 2017). Cerebral organoids can 

also be utilized to screen drugs for reversal of certain phenotypes. For example, cerebral 

organoids with a MeCP2-KO mutation to model Rett syndrome were used to evaluate the effect 

of several drugs on neuronal activity that is decreased in mutant organoids compared to controls 

(Trujillo et al., 2021).  

As organoids closely replicate many features of brain development during the pre-natal 

period, they have mostly been used to study neurodevelopmental disorders compared to acquired 

types of epileptic disorders. However, some neurodegenerative and acquired conditions 

associated with epilepsy have also been modelled with organoids such as Alzheimer’s disease 
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and traumatic brain injury highlighting the broad potential of cerebral organoids (Ghatak et al., 

2019; Raja et al., 2016a; Shi et al., 2021).  

Ultimately, cerebral organoids represent promising models to study epilepsy in vitro. 

Neurons generated in organoids follow a developmental sequence that closely mirrors fetal 

development and cerebral organoids contain the broad neuronal phenotypes observed in vivo 

although some subtypes may be lacking. Moreover, the formation of functional complex 

networks has been described with similarities to fetal brain neuronal activity and neuronal 

activity is impaired in organoids generated from iPSCs of patients with neurodevelopmental 

epileptic syndromes. How well cerebral organoids recapitulate other types of epilepsy such as 

acquired syndromes like temporal lobe epilepsy has not been investigated yet. This new cell 

culture platform would allow the investigation of cellular and molecular mechanisms of these 

syndromes as well as screen for new therapeutic targets in human neurons. 

 

1.4.5. Current limitations of cerebral organoids 

Cerebral organoids have the potential to bridge the gap between animal models of human 

diseases and neuronal cultures derived from human iPSCs. As explained in the previous section, 

cerebral organoids better recapitulate neuronal and glial development while organizing into 

functional networks that exhibit complex oscillatory activity similar to the developing human 

brain. However, some limitations of cerebral organoids may ultimately constrain their use until 

progress is made to improve these drawbacks.  

The first obvious limitations of cerebral organoids stem from those inherent in the iPSCs 

that are typically used as the starting material. Studies using iPSCs to investigate neurological 

disorders usually employ a limited number of patient and control donors as generating and 

validating iPSCs is both time consuming and expensive. However, a significant amount of 
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variation in neuronal differentiation potential has been observed in between iPSC lines from 

different donors as well as different batches from the same iPSC lines. This variability was 

highlighted in a study using cerebral organoids derived from patients with Alzheimer’s disease 

wherein differences in cell composition and APOE expression was observed between cell line 

and batches (Hernández et al., 2021). This variability might potentially be reduced by employing 

isogenic controls and gene editing in patient-derived iPSCs if the implicated gene is known or 

suspected. Some directed protocols also limit inter-donor and batch-to-batch variability by 

removing undefined factors and stochastic differentiation of pluripotent stem cells during 

unguided differentiation. The reproducibility of one guided protocol for generation of cerebral 

organoid was evaluated using 15 different cell lines from 13 different donors and showed high 

consistency in cellular composition of organoids in between donors and batches (Yoon et al., 

2019). Overall, this variability between iPSC lines and batches of organoids, coupled with the 

limited number of different cell lines availability currently decreases to some extent the statistical 

power and reproducibility of studies between laboratories using different cell lines. 

Cerebral organoids follow a similar developmental timeline to fetal brain, which suggests 

that even with culture times of several months, cerebral organoids maturity is closer to prenatal 

brain and may therefore lack some of the characteristics of the postnatal or mature brain. This 

may limit the use of organoids to study acquired diseases that happen later in life such as 

temporal lobe epilepsy. This limitation may be circumvented by even longer culture times that 

could prove experimentally cumbersome. In fact, cerebral organoids cultured for more than a 

year were composed of cells where gene expression correlated with that seen in the postnatal 

brain (Gordon et al., 2021). New protocols or culture technique that accelerate organoid 

maturation while conserving the same developmental stages may help extend the use of 

organoids to diseases that manifest later in life. 
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Finally, in terms of limitations, cerebral organoids show a variety of neural progenitors, 

neuronal types, astrocytes, and oligodendrocytes. Due to the induction of embryoid bodies into 

neuroectodermal cells, cells from the mesodermal and endodermal lineages are not present in 

typical cerebral organoids. However, these cells are known to play important roles in normal 

brain function and disease. For example, cerebral organoids lack microglial cells which are 

essential in establishing correct neuronal connections through synapse pruning, a process that is 

disrupted in schizophrenia patients and iPSC-derived neurons from patients with schizophrenia 

(Paolicelli et al., 2011; Sellgren et al., 2019). The lack of blood vessels and a blood-brain barrier 

is also important in organoids and may explain the significant necrosis that occurs in the center of 

organoids as they grow. Directed protocols to obtain microglia, vascular endothelial cells and 

choroid plexus cells from iPSCs before combining these cells into cerebral organoids are being 

developed and may ultimately overcome these limitations in more complex brain organoids 

(Abreu et al., 2018; Banerjee et al., 2020, 2020; Pellegrini et al., 2020; Shi et al., 2020; 

Wörsdörfer et al., 2019). Incorporating non-neuroectodermal cell types in cerebral organoids, 

fusing organoids modelling different brain regions and improved maturation protocols for 

cerebral organoids represent essential advances that will be ultimately necessary to study 

effectively study brain function and the mechanisms of neurological diseases in the human 

genetic and epigenetic contexts.  

 

1.5. CONCLUSIONS 

During fetal development and adulthood, newly formed neurons receive extracellular stimuli 

that influence their future properties and their successful integration into the surrounding neural 

networks. Many of these extracellular stimuli are linked to the activity of the mature neurons 

surrounding the developing neurons. Pathological activity of the brain as seen in epilepsy, where 
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mature neurons undergo phases of abnormal hyperexcitability and hypersynchrony, causes 

immature neurons to acquire altered electrophysiological properties, migrate ectopically, and 

develop abnormal neuronal connections with other neurons. These acquired abnormalities have 

lasting effects on hippocampal function and preventing their formation decreases seizure 

frequency and rescues the behavioural abnormalities induced by seizures. Thus, seizure-induced 

changes in immature neurons are one of the mechanisms of epileptogenesis that contribute to 

recurrent seizures and the associated cognitive impairment. Understanding how the extracellular 

stimuli delivered to immature neurons during periods of hyperexcitability are transduced to the 

pathological changes in immature neurons could help in the development of disease-modifying 

therapies.  

Neuronal development is tightly controlled by intracellular factors such as miRNAs. In turn, 

miRNA expression and activity are regulated by extra and intracellular factors and can modify 

the translation of their target mRNA, thereby regulating gene expression in response to these 

stimuli. MicroRNA transcription, processing as well as RISC functions are directly influenced by 

neuronal activity and frequently act in feedback loops to regulate neuronal activity by modifying 

neuronal electrophysiological properties. Therefore, miRNAs emerge as potential factors that 

transduce specific stimuli associated with epilepsy into abnormal development and functional 

properties of immature neurons. Investigating how epileptic seizures modify the miRNA 

landscape specifically in immature neurons as they develop and whether changes in miRNA 

expression lead to abnormal neuronal properties will shed light on the role of miRNAs in 

epileptogenesis. To investigate the role of miRNAs on seizure-induced neurogenesis in non-

laboratory animal species, the development of an epilepsy model recapitulating key features of 

epileptic seizures is necessary. Cerebral organoids represent such a promising model due to their 
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ability to replicate neurogenesis following similar stages as seen in vivo as well as their 

organization into functional network exhibiting complex network activity. 

 

STUDY RATIONALE  

Neurogenesis is strictly regulated by intracellular and extracellular factors, during both the 

embryonic stage and adulthood (Zhao et al., 2008). A critical phase exists when newly formed 

neurons are immature and sensitive to their surrounding network state through the action of 

neurotransmitters and growth factors that are released concurrently with neuronal activity (Ge et 

al., 2007; Tashiro et al., 2007). In epilepsy, the neuronal network exhibits hyperexcitability and 

hypersynchrony, which overwhelm normal brain function and lead to spontaneous, recurrent 

seizures. As explained above, epileptic seizures also have important effects on the differentiation 

and maturation of developing neurons, leading to abnormal properties that contribute to the 

recurrence of seizures (Cho et al., 2015; Jessberger et al., 2007b; Kron et al., 2010; Walter et al., 

2007). The cellular mechanisms that underlie abnormal neuronal development after epileptic 

seizures remain unknown. One potential pathway contributing to this involves changes in the 

expression of specific genes after seizures, thereby driving changes in the levels of proteins that 

are important for neuronal development. MicroRNAs have emerged as central regulators of gene 

expression (Bartel, 2018). Importantly, the expression and activity of miRNAs is regulated by 

factors such as neuronal activity and is dysregulated in epileptic animals and the tissue of 

epileptic patients. (Eacker et al., 2011; Jimenez-Mateos and Henshall, 2013). This suggests that 

miRNAs are potential candidates to mediate the changes in neuronal differentiation, migration, 

morphology, and function in immature neurons that occur secondary to epilepsy. We therefore 

propose to investigate the roles of miRNAs in epilepsy-induced changes in developing neurons. 
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Our focus will be in two species that suffer from similar naturally occurring types of epilepsy: 

humans and dogs (Chandler, 2006; Potschka et al., 2013). 

Like the human brain, the brain of canine patients is inaccessible to researchers during the 

patients’ lifetime, which hampers studies on the cellular and molecular mechanisms of 

neurological disorders in these species. To circumvent this, complex in vitro models of brain 

development such as cerebral organoids have been developed using human induced pluripotent 

stem cells (iPSCs). The generation of brain organoids from dog pluripotent stem cells has yet to 

be published. Importantly for our study, organoids recapitulate the neurogenic niche with its 

diversity of neural stem and progenitor cell subtypes alongside neurons at different 

developmental stages as well as glial cells (Quadrato et al., 2017). How well organoids can 

recapitulate hallmarks of epilepsy in vitro is not known yet. In this study, we will therefore first 

investigate the potential of cerebral organoids to recapitulate key features of epilepsy such as 

neuronal hyperexcitability and hypersynchrony and its impact on neurogenesis in organoids. We 

will then compare the formation of organoids in humans and dogs to investigate the similarities 

and differences in neurogenesis between the two species. Finally, we will use these epilepsy 

models to evaluate the effect of seizure-like activity on the expression of miRNA and the effect 

of the changes in miRNA expression on neurogenesis as well as neuronal excitability. These 

findings will deepen our understanding on the role of miRNAs in seizure-induced changes in 

neurogenesis and neuronal excitability. 
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Hypothesis:  

Aberrant expression of miRNAs after seizure-like activity impairs neuronal differentiation 

and excitability and contributes to the progression of epilepsy. These changes can be effectively 

modelled in organoid models of canine and human brain development. 

 

OBJECTIVES 

1. Determine the effects of pro-epileptic conditions (mimicking a seizure) on neuronal 

excitability, synchronization, and neurogenesis in human cerebral organoids.  

2. Describe the development of canine cerebral organoids and compare the similarities 

and difference of human and canine cerebral organoids  

3. Determine the effect of seizure-like activity on miRNA expression and identify mRNA 

targets of dysregulated miRNAs in canine embryonic stem cell-derived neurons and 

hippocampus.  
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CHAPTER TWO:  ACTIVITY-DEPENDENT NEUROGENESIS AND 

EXPRESSION OF ACTIVITY-DEPENDENT GENES IN HUMAN CEREBRAL 

SPHEROIDS UNDER PRO-EPILEPTIC CONDITIONS 

 

2.1. ABSTRACT 

Neurogenesis is influenced by both internal and external cues during brain development 

and the addition of new neurons postnatally. These intrinsic and environmental factors shape 

neurogenesis partly through the modulation of local network activity, which in turn releases 

several neurotransmitters and growth factors. An important consequence of this activity-induced 

neurogenesis is illustrated in epilepsy where seizure-induced neurogenesis participates in the 

progression of epilepsy and the behavioural comorbidities. The lack of accessibility to the human 

brain at the cellular and molecular levels ante-mortem impedes our understanding of the exact 

mechanisms of activity-induced neurogenesis, which could help identify mechanisms of epilepsy 

and potential targets for its treatment. Using cerebral spheroids derived from human induced 

pluripotent stem cells, we investigated the effect of increased neuronal activity on neurogenesis. 

We hypothesize that, when subjected to the pro-epileptic drug 4-aminopyridine (4AP), cerebral 

spheroids would demonstrate increased neurogenesis. Here, we show that while 4AP triggered 

synchronized network events in 160-day-old cerebral spheroids, it increased neuronal activity 

without eliciting synchronized network events in 90-day-old cerebral spheroids as measured with 

multi-electrode arrays, calcium imaging and expression of activity-dependent genes known to be 

dysregulated in human epileptic tissue. However, an increase in new neurons and a decrease in 

new glial cells formed after 4AP exposure is observed in 90-day-old spheroids, suggesting that 

activity-induced neurogenesis can be recapitulated in human cerebral spheroids. We then 
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explored a potential mechanism for this activity-induced neurogenesis by measuring the 

expression of several microRNAs that are involved in neurogenesis and dysregulated in epileptic 

tissue. We identified a decrease in the expression of miR-135a, a miRNA previously implicated 

in exercise-induced neurogenesis. MiR-135a is predicted to regulate the SMAD2/3 and BDNF 

pathways, and therefore represents a promising candidate for the regulation of activity-induced 

neurogenesis. Together, the results of this study suggest that cerebral spheroids are a suitable 

model to study some aspects of activity-induced neurogenesis, a phenomenon previously 

described in only the postnatal brain. 

 

2.2.INTRODUCTION 

The development of the human brain is a highly organized process resulting in a complex 

network of neurons and glial cells responsible for normal brain function. Brain development 

occurs in several stages, starting with the generation of neurons from neural stem and progenitor 

cells (neurogenesis), then the generation of glial cells (gliogenesis) and finally the integration of 

the neurons and glial cells into a functional network through the formation and refinement of 

synapses (synaptogenesis and synaptic pruning, Kriegstein and Alvarez-Buylla, 2009; Silbereis et 

al., 2016). While neurogenesis and gliogenesis occur for the most part during human prenatal 

development, synaptogenesis and synaptic plasticity start during the 6-7th post-conception week 

and extend into the second decade of postnatal life (Silbereis et al., 2016). Because neurogenesis 

mainly occurs in utero, studying neurogenesis in humans and understanding how it may 

participate in certain neurological disorders is particularly challenging. The discovery that 

neurogenesis continues in certain discreet regions of the adult brain such as the dentate gyrus of 

the hippocampus has improved our knowledge of the factors that modulate neurogenesis and the 

functional implication of adding new neurons to existing neuronal network (Deng et al., 2010; 
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Moreno-Jiménez et al., 2019; Snyder et al., 2005; Tashiro et al., 2007). Many studies using 

rodent models have now implicated neurogenesis in the formation and loss of memories (Garthe 

et al., 2016; McAvoy et al., 2016; Miller and Sahay, 2019). Interestingly, hippocampal 

neurogenesis is enhanced by different stimuli that increase activity in the hippocampus such as 

hippocampal-dependent learning tasks, long-term potentiation or physical exercise (Bruel-

Jungerman et al., 2006; Gould et al., 1999; van Praag, 2005). Epileptic seizures, during which the 

brain undergoes a pathological increase in neuronal activity, also increase the formation of new 

neurons (Jessberger et al., 2007b; Parent et al., 1997). This activity-dependent formation of new 

neurons is due to both an increase in proliferation and differentiation of neural stem cells and an 

increase in the survival of newly formed neurons (Bruel-Jungerman et al., 2006; Tashiro et al., 

2007).  

The cellular and molecular mechanisms underlying activity-dependent neurogenesis and 

how they relate to human brain development in utero are not well understood. Neural stem cells 

have been shown to respond to neurotransmitters and growth factors released by neurons which 

then can influence the proliferation and differentiation of these neural stem cells both in vitro and 

in vivo (Bao et al., 2017; Botterill et al., 2015; Deisseroth et al., 2004; Tozuka et al., 2005). 

Because of the difficulties in probing the developing human brain and the scarcity of human fetal 

brain samples, it is unknown by which mechanism neurotransmitters influence neurogenesis and 

how neuronal activity modulates human brain development. Recently, a new cell culture 

technique has been described using human pluripotent stem cells to generate cerebral organoids 

that recapitulate key milestones of human brain development (Eiraku et al., 2008; Gordon et al., 

2021; Lancaster and Knoblich, 2014; Paşca et al., 2015). Cerebral organoids contain the diversity 

of cell types that are present in the developing human brain and that self organize similarly in this 

model (Paşca et al., 2015; Quadrato et al., 2017; Tanaka et al., 2020; Velasco et al., 2019). 
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Moreover, with increasing time in culture, cerebral organoids generate complex oscillatory 

activity that cannot be recapitulated with more simple culture methods such as neurospheres, 3D 

aggregates that lack the layered organization of cerebral organoids (Trujillo et al., 2019). Given 

their ability to recapitulate key features of human brain development, cerebral organoids have 

recently been used to model several neurodevelopmental disorders in vitro and study the effect of 

impaired neurogenesis on neuronal network activity (Birey et al., 2017; Sun et al., 2019; Trujillo 

et al., 2021).  

The mechanisms of activity-dependent neurogenesis have not been studied yet in human 

cerebral organoids. Moreover, as activity-dependent neurogenesis has been described following 

epileptic seizures, it is unknown whether pharmacological manipulations that trigger epileptic 

activity in vivo and in human brain slices ex vivo can also cause seizure-like events in cerebral 

organoids and seizure-induced neurogenesis. We therefore hypothesized that, when exposed to 

pro-epileptic drugs, cerebral spheroids, a type of cerebral organoid, will generate seizure-like 

activity and seizure-induced neurogenesis.  

In this study, we explore the effect of the pro-epileptic drug 4AP on the neuronal activity 

in cerebral organoid and investigate its effect on neurogenesis. We then examine the changes of 

specific microRNAs (miRNAs) that have been shown to be dysregulated in epilepsy and 

associated with neurogenesis in vivo. This study provides a platform for the investigation of 

activity-dependent neurogenesis in a complex model of human brain development. 

 

2.3.MATERIAL AND METHODS 

2.3.1. Cerebral spheroid generation 

Human iPSCs were generated from neurologically normal individuals as described 

previously (Zimmerman et al., 2020). Briefly, iPSCs were generated from dermal skin punch 
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(3mm3)-derived fibroblasts obtained with informed written consent from healthy adult control 

subjects at the Massachusetts General Hospital (MGH), Department of Psychiatry, and 

reprogrammed as iPSCs using a nonintegrative, mRNA-based technology by Cellular 

Reprogramming, Inc. (www.cellular-reprogramming.com). The study protocol was approved by 

the Institutional Review Board of the Massachusetts General Hospital in accordance with U.S. 

Common Rule ethical guidelines. Induced pluripotent stem cells were cultured in Essential 8 

medium (ThermoFisher, Waltham, MA USA) or Nutristem hPSC XF medium (Biological 

Industries, Kibbutz Beit-Haemek, Israel) plated on Matrigel (Corning, Glendale, AZ USA) or 

Laminin-521 (Stemcell technologies, Vancouver, BC Canada) depending on cell line. Cortical 

spheroids were generated from iPSCs following a previously described protocol with slight 

modifications. This guided protocol was chosen as it was shown to generate cortical spheroids 

with relatively low variation in cell type composition over different cell lines and batches (Yoon 

et al., 2019). iPSCs were dissociated into single cells using Accutase (Gibco ThermoFisher). 

Cells were resuspended in Essential 8 medium supplemented with Y26732 ROCK inhibitor 

(Selleckchem, Houston, TX USA) at 10 µM, counted with an automated cell counter (Bio-rad, 

Hercules, CA USA) and 10,000 cells were added to each well of an ultra-low attachment, U-

bottom 96-well plate (ThermoFisher) to reaggregate overnight. The next day (noted as D0), 

medium was changed for E6 (Stemcell technologies) supplemented with 10 µM SMAD inhibitor 

SB431542 (Tocris, Bristol UK) and 2.5 µM SMAD inhibitor Dorsomorphin (Sigma-Aldrich, St. 

Louis, MO USA). This medium was replaced every day for 5 days. On day 6, spheroids were 

transferred to an ultra-low attachment 6-well plate placed on an orbital shaker at 65 rpm and 

medium was changed for Neurobasal medium (Gibco ThermoFisher) supplemented with 2% B27 

supplements (Gibco ThermoFisher), 1% Penicillin/Streptomycin 10000 U/L (Gibco 

ThermoFisher) and 1% GlutaMax (Gibco ThermoFisher). Basic Fibroblast Growth Factor (bFGF; 
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20 ng/ml, Stemcell technologies) and Epidermal Growth Factor (EGF; 20 ng/ml, Stemcell 

technologies) were added from day 6 to day 25. Medium was changed every day until day 15 and 

then every other day until day 25. On day 25, bFGF and EGF were replaced by Brain-derived 

Neurotrophic Factor (BDNF; 20 ng/ml, Stemcell technologies) and Neurotrophin-3 (NT-3; 20 

ng/ml, Stemcell technologies) and the culture medium was changed every 3-4 days. On day 43, 

BDNF and NT-3 supplementation was stopped, and medium was changed every 3-4 days until 

spheroids were collected. Figure 2.1 illustrates the cerebral organoid generation protocol. Use of 

the patient-derived iPSC line and generation of cerebral organoids was approved by the 

University of Guelph Research Ethics Board (REB 17–11–012). 

2.3.2. Immunohistochemistry 

At selected time points, spheroids were collected, washed once in Dulbecco’s Phosphate 

Buffered Saline (PBS), and fixed in 4% paraformaldehyde (PFA) overnight. Spheroids were then 

washed with PBS and dehydrated overnight in a 30% sucrose solution before being embedded in 

a 1:1 solution of 30% sucrose and Optimal Cutting Temperature (OCT) solution (ThermoFisher). 

Embedded spheroids were flash frozen in a dry ice/ethanol slurry and kept at -80°C. Twenty 

micrometers cryosections were acquired with a cryostat. Sections were permeabilized and 

blocked with 1% Bovine Serum Albumin (BSA, Sigma-Aldrich) and 0.3% Triton-X 

(FisherScientific) in PBS for 1 hour at room temperature before incubation with primary 

antibodies (Supplementary Table 1) diluted in PBS with 0.5% BSA and 0.2% Triton-X overnight 

at 4°C. Sections were washed with PBS before being incubated with Alexa Fluor 488 or 594-

conjugated secondary antibodies (Supplementary Table 2) diluted in PBS with 0.5% BSA and 

0.2% Triton-X 100, for 2 hours at room temperature in the dark. Cells were then counterstained 

with 4′,6-diamidino-2-phenylindole (DAPI) and sections were mounted in Vectashield anti-fade 

mounting medium (Vector laboratories, Burlingame, CA USA) and covered with a glass 
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coverslip. For Ki67 immunohistochemistry, a heat-mediated antigen retrieval step was performed 

by incubating the slide in a sodium citrate buffer (10 mM sodium citrate, 0.05% Tween-20, pH = 

6) for 20 minutes in a water bath at 95°C prior to primary antibody incubation. Z-stacks were 

acquired on a FV1000 Olympus confocal microscope running Olympus Fluoview software 

version 4.3 (Olympus, Tokyo, Japan). All stacks were acquired with the same settings between 

different biological replicates. Z-stacks and multi channel images were reconstructed using 

ImageJ (version 1.52e, Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, 

Maryland, USA, https://imagej.nih.gov/ij/, 1997-2018). 

Cells expressing each antigen were manually counted using ImageJ. Negative controls were 

performed by omitting the primary antibodies to control for non-specific binding of the secondary 

antibodies.  

2.3.3. EdU labelling 

The EdU staining proliferation kit was used according to manufacturer’s 

recommendations (Abcam). Briefly, spheroids were incubated with 20 µM EdU for 2 hours 

before being exposed to 100 µM 4AP or vehicle (water). Two weeks later, spheroids were fixed, 

dehydrated and cryosectioned. Sections were then permeabilized and EdU was tagged using the 

fluorescent azide i647 before being incubated with primary and secondary antibodies as 

described above. Images were acquired and processed as described above.  

2.3.4. Electrophysiology 

For whole cell patch clamp, spheroids were collected at selected time points and 

embedded in 3% Agarose. Embedded organoids were then cut in 400 µm thick slices with a 

vibrating microtome (Leica Microcystems, Wetzlar, Germany) and slices were transferred in 

artificial cerebrospinal fluid 1 (aCSF-1:128 mM NaCl, 10 mM D-glucose, 26 mM NaHCO3, 2 

mM CaCl2, 2 mM MgSO4, 3 mM KCl, 1.25 mM NaH2PO4, pH = 7.4) bubbled with 95% O2 and 



 

  67  
 

5% CO2 at 30°C for 1 hour to recover. Slices were then transferred to a recording chamber 

(Warner Instruments, Hamden, CT USA) mounted on the stage of an Axioskop FS2 Microscope 

(Carl Zeiss, Oberkochen, Germany). Slices were superfused continuously with aCSF-1 bubbled 

with 95% O2 and 5% CO2 at room temperature. Spheroids smaller than 2 mm were not sliced and 

recorded as intact spheroids. Whole-cell recordings of putative neurons were performed with a 

borosilicate glass pipette electrode filled with an internal solution containing 120 mM K-

gluconate, 5 mM KCl, 2 mM MgCl2, 4 mM K2-ATP, 400 μM Na2-GTP, 10 mM Na2-

phosphocreatine and 10 mM HEPES buffer (adjusted to pH 7.3 with KOH). Pipette resistance 

was 4-6 MΩ). Whole-cell recordings were acquired at 20 kHz and lowpass filtered at 2 kHz using 

a Multiclamp 700B amplifier and Digidata 1440A digitizer (Molecular Devices, San Jose, CA, 

USA). Neuronal intrinsic excitability (input/output curve, rheobase) was assessed in current 

clamp mode by injecting 500 ms positive current steps. Spontaneous action potential firing 

frequency was measured in current clamp mode at resting membrane potential. Putative miniature 

excitatory post-synaptic currents (mEPSCs) were recorded in voltage clamp mode. 

For multielectrode array (MEA) recordings, a single whole spheroid was transferred into 

each well of a 6-well MEA with 64 low-impedance platinum microelectrodes (Axion Biosystems, 

Atlanta, GA USA) previously coated with 100 µg/ml poly-d-lysine (Sigma-Aldrich) and 10 

µg/ml Laminin (Sigma-Aldrich). Before recording, culture medium was aspirated so that only a 

minimum amount of medium (approximately 200 µL) covered the spheroid to minimize 

detachment and movement of the spheroid. Recordings were performed on a Maestro Edge 384 

channel system (Axion Biosystems) and AxIS software Spontaneous Neural Configuration 

(Axion Biosystems). Recordings were performed in culture medium at 37°C with 5% CO2 for 10 

minutes. Baseline recordings were obtained and then spheroids were incubated with 4AP at 

100µM (Sigma-Aldrich). This dose of 4AP was chosen based on previous publications 
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(Gonzalez-Sulser et al., 2011; Heuzeroth et al., 2019; Hsiao et al., 2015). Analysis of the MEA 

recordings was performed in the Axion Biosystems Neural Metrics Tool and Matlab scripts 

(version R2021a). Spikes were detected using an adaptative threshold of 5.5 times the standard 

deviation of the estimated noise for each electrode. Electrode bursts were defined as a minimum 

of 5 spikes with a maximum inter-spike interval of 100 ms. A network burst was defined as a 

minimum of 10 spikes under a maximum inter-spike interval of 100 ms with a minimum of 20% 

active electrodes (Trujillo et al., 2019). 

2.3.5. Calcium imaging 

Whole organoids were incubated for 30 minutes in culture medium with 2 µM of Fluo4-AM. 

Organoids were then washed with aCSF-2 and imaged on a FV1000 Olympus confocal 

microscope running Olympus Fluoview software version 4.3 (Olympus, Tokyo, Japan) using a 

488nm excitation laser. Images were acquired every 0.5 s for 3 minutes. After acquiring baseline 

recordings, organoids were stimulated with 100 µM of 4AP diluted in aCSF-2 (145 mM NaCl, 

2.5 mM KCl, 3 mM MgCl2, 15 mM Glucose, 10 mM HEPES, 2 µM glycine, osmolarity adjusted 

to 315-325 mOsm and pH of 7.3). The fluorescence of individual neurons was followed over time 

by manually drawing a region-of-interest (ROI) around each neuron and measuring the mean ROI 

fluorescence for each frame using ImageJ. Background fluorescence was subtracted from each 

measure and the change in fluorescence of each neuron was expressed as  
F−F0

F0
 where F 

represents the mean fluorescence of a neuron at a particular time and F0 represents the minimum 

fluorescence of that neuron. The change in fluorescence was plotted over time and calcium peaks 

were identified using custom Python scripts (version 3.8, Python Software Foundation, 

http://www.python.org) to identify local maxima. Only peaks with a prominence of 0.3 

(representing an increase of 30% in fluorescence compared to the nearest local minima) were 

http://www.python.org/
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kept, discarding peaks due to noise only. Traces were visually inspected to confirm automatic 

peak detection. The calcium peak frequency, number of calcium peaks per cell and the number of 

cells showing at least one peak (active cells) were counted. The mean amplitude and duration of 

calcium transients for each cell was also recorded.  

2.3.6. RT-qPCR 

Total RNA of individual spheroids was isolated with the miRNeasy mini Kit (Qiagen, 

Hilden, Germany) according to manufacturer’s instructions. An on-column DNase digestion was 

performed with the RNase-free DNase set (Qiagen). RNA was quantified with the Nanodrop 

2000c (ThermoFisher). For both mRNA and miRNA, 500 µg of total RNA was reverse 

transcribed. Messenger RNAs were reverse transcribed with qScript complementary DNA 

(cDNA) SuperMix (Quantabio, Berverly, MA USA). MicroRNAs were first polyadenylated and 

then reverse transcribed using the qScript miRNA cDNA Synthesis kit (Quantabio). Real-Time 

quantitative Polymerase Chain Reaction (RT-qPCR) was performed using a CFX96 Touch Real-

Time PCR Detection System (Bio-Rad Laboratories) using 3 ng of cDNA per reaction and 

Sensifast SYBR No-ROX mix (Bioline Corporation, Alvinston, ON, Canada). Complementary 

DNA of mRNA was amplified using a pair of specific forward and reverse primers 

(Supplementary Table 3). MicroRNAs were amplified using a specific forward primer and 

PerfeCTa Universal PCR primer (Quantabio). Standard curves were performed for each primer 

pair to calculate primer efficiency. Primer specificity was assessed by performing a melting 

curve, examining the melting curve for multiple peaks, and separating the PCR products on a 1% 

Agarose gel and assessing the products for multiple bands. The stability of reference gene 

expression was evaluated using the GeNorm method (Vandesompele et al., 2002). GAPDH and 

HPRT were utilized as references for mRNA targets while miR-17 and miR-181c were utilized 

for miRNA normalization. 
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2.3.7. MicroRNA target functional annotation enrichment analysis 

To investigate the functional significance of these changes, validated mRNA targets of 

differentially expressed miRNAs were retrieved from the databases miRecords, miRTarbase v8 

and Tarbase v8 (Huang et al., 2019; Sethupathy, 2005; Xiao et al., 2009). Enrichment for specific 

biological processes, molecular function and cellular compartment GO terms, as well as KEGG 

pathway was analyzed with the ToppFunn module of the ToppGene suite using a probability 

density function with Benjamini-Hochberg False Discovery Rate (FDR) correction (Chen et al., 

2009).  

2.3.8. Statistical analysis 

Graphing and statistical analyses were performed with GraphPad Prism 7 (GraphPad 

Software, La Jolla, CA USA). Normal distribution of data was verified with a Shapiro Wilk Test. 

If the data was normally distributed, differences between means were analyzed by Student’s two-

tailed t-test, analysis of variance (ANOVA) with Holm Sidak correction for multiple comparisons 

when there were more than 2 groups. If the data was not normally distributed, a Wilcoxon Rank 

Sum test was performed. For proportions, a logit-transformation was performed and a Student’s t-

test was used on the logit transformed-data. Gene expression data from RT-qPCR was calculated 

using the ΔΔCT method using qbase+ software, version 3.2 (Biogazelle, Zwijnaarde, Belgium - 

www.qbaseplus.com) and log2 transformed to assume a normal distribution (Pfaffl, 2001). 

Correlations between gene expression were performed using a Pearson correlation. The number 

of independent biological replicates is indicated in each figure. A p-value < 0.05 was considered 

statistically significant. Data shown represent the mean +/- standard error of the mean (SEM). No 

prior sample size calculation was performed. For each batch, spheroids were divided into equal 

numbers between the different experimental and control groups.  
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2.4. RESULTS 

2.4.1. Recapitulation of neurogenesis and gliogenesis in cerebral spheroids  

Different protocols have been used to generate organoids from human pluripotent stem 

cells. To help increase consistency in cerebral organoid generation in between cell lines and 

batches, we used a guided protocol that was designed to obtain neurons with a cortical phenotype. 

A 

B 

Figure 2.1:Overview of cerebral spheroid development 

(A) Schematic of cerebral spheroid protocol. Adapted from Yoon et al., 2019. 

(B) Representative bright field images over time in culture. Bar = 1mm 

BDNF: brain-derived neurotrophic factor, bFGF: basic fibroblast growth factor, DM: 

dorsomorphin, EGF: epidermal growth factor, iPSC: induced pluripotent stem cells, NB: 

Neurobasal medium, NT3: neurotrophin 3,  P/S: Penicillin/Streptomycin. 
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This protocol was shown to reliably generate cerebral organoids termed “cortical spheroids” by 

dual SMAD inhibition to direct pluripotent stem cells to a neuroectodermal phenotype and then 

neurons with a dorsal forebrain identity (Yoon et al., 2019). We first confirmed that the slight 

modifications of our protocol did not impair the development of spheroids with 

immunohistochemical staining identification of cell types using different iPSC lines. Embryoid 

bodies were successfully formed from all 3 iPSC lines and spheroids progressively increased in 

size during culture (Figure 2.1). Upon dual SMAD inhibition, cells expressed the 

neuroectodermal cell marker SOX2 and organized into polarized neural tube-like structures. 

Neural progenitor cells expressing the marker Nestin and proliferative marker Ki67 were present 

in these neural tube-like structures and were radially organized (Figure 2.2). Neural progenitor 

cells progressively differentiated into neuroblast expressing the marker DCX as well as post-

mitotic neurons expressing MAP2 and NeuN localized at the periphery of the neural tube-like 

structures. Glial cells expressing GFAP appeared around day 60 and progressively increased in 

number (Figure 2.3 and Figure 2.4). 
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A 

B C 

Figure 2.2: Neural progenitor cells in cerebral spheroids 

(A) SOX2-positive NSCs organize in neural tube-like structures, which decrease in thickness and  

number over time in culture. NSCs in these neural tube-like structures are proliferative as noted 

by Ki67 staining. 

(B) NSCs express the neural stem cell marker Nestin. A spheroid at day 30. 

(C) Enlargement of white square in (B) showing that Nestin-positive NSCs are radially organized 

in a neuroepithelium-like structure. 

Bars = 100µm 
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Figure 2.3: Neurogenesis and gliogenesis in cerebral spheroids 

Representative immunohistochemical staining images of spheroids at day 30 and 120. Sections 

were stained for the neuroblast marker DCX, the post-mitotic neuronal marker NeuN and MAP2 

as well as the glial cell marker GFAP. An increase in post-mitotic neurons and glial cells is noted 

with time in culture. 

Figure 2.4: Cellular composition of 

developing spheroids 

Quantification of cells expressing specific 

markers for proliferation (Ki67), neurogenesis 

(NeuN) and gliogenesis (GFAP). Mean +/- 

SEM, 3 different iPSC lines. 
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To verify that neurons acquired functional properties, we performed whole-cell recordings 

of putative neurons in cerebral spheroids between days 70-80 and days 115-120. Neuronal 

maturation was observed through an increase in action potential amplitude, a decrease in 

membrane resistance and a trend towards an increase in rheobase as neurons matured (Table 2.1). 

Also, all excitable cells that were patched between days 70-80 went into a depolarization block 

when injected 100pA (3/3) whereas only 2/5 excitable cells underwent a depolarization block 

upon the same stimulation at day 115-120. Overall, we were not able to patch a large number of 

cells and only 3/11 and 8/21 cells successfully patched where excitable at day 70-80 and 115-120 

respectively (Table 2.1). This low success rate could be due to low cell survival, immaturity of 

the neurons in spheroids at these time points and the technical difficulty of whole-cell patch 

clamping in spheroids. Nevertheless, several neurons with mature electrophysiological properties 

could be recorded confirming the reliability of the chosen protocol. 

 

Table 2.1: Electrophysiological properties of patched cells across time in culture 

Time in 

culture 

(days) 

Number 

excitable 

cells/ 

number 

patched 

cells 

Resting 

membrane 

potential 

(mV) 

Mean +/- 

(SEM) 

Membrane 

resistance 

(MΩ) 

Mean +/- 

(SEM) 

Spike 

amplitude 

(mV) 

Mean +/- 

(SEM) 

Rheobase 

(pA) 

Mean +/- 

(SEM) 

mEPSCs 

amplitude 

(pA) 

Mean +/- 

(SEM) 

70-80 3/11 -53.33 +/- 

12.13 

1367 +/-

145.3 

32.94 +/- 

11.09 

8.333 +/- 

3.333 

-20.47 +/- 

0.4487 

115-120 8/21 -59.75 +/- 

3.138 

(p=0.4719) 

850.5 +/-

104 

(p=0.0255) 

59.75 +/- 

2.28 

(p=0.0211) 

19.38 +/- 

2.903 

(p=0.0642) 

-22.12 +/- 

2.905 

(p=0.4970) 
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A B 

C 

 

D 

E 

Figure 2.5: Electrophysiological properties of neurons in cerebral spheroids 

(A) Putative neuron recorded with whole-cell patch clamp in current clamp mode. 100pA of 

injected current triggers a burst of action potentials in a neuron 

(B) Putative immature neuron recorded with whole-cell patch clamp in current clamp mode 

showing a depolarization block 

(C) Input-output curves as a measure of excitability in spheroids at different times of culture. 

Neurons in spheroids show a maximum action potential frequency around 50-100pA of injected 

current after which a depolarization block is observed. No statistically significant difference is 

observed between the different times in culture. 

(D) Representative trace in current clamp mode showing spontaneous action potentials. 

(E) Representative trace in voltage-clamp mode showing spontaneous putative mEPSCs. 
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2.4.2. Effect of 4AP on neuronal excitability in cortical spheroids 

Several conditions can increase neuronal activity and elicit epileptiform activity in brain 

slices in vitro. To investigate whether cerebral spheroids could recapitulate epileptiform activity, 

we treated 90-day-old spheroids with 4AP which causes well described seizure-like activity in 

brain slices as well as epileptic seizures in vivo (Gonzalez-Sulser et al., 2011; Heuzeroth et al., 

2019; Hsiao et al., 2015). We followed neuronal activity in individual cells with fluorescent 

calcium imaging. As expected, 4AP resulted in an approximately 4-fold increase in the number of 

active cells (67.1956% vs 17.2247%, p = 0.0003187, Student’s t-test) and the frequency of 

calcium waves (71.7704mHz vs 16.1405mHz, p = 0.01515, Wilcoxon rank sum test) in active 

cells of spheroids. Calcium waves had larger amplitudes but a shorter mean duration in 4AP-

treated spheroids compared to controls (Figure 2.4). To assess neuronal activity with higher 

temporal resolution and evaluate the characteristics of potential seizure-like events in spheroids, 

as well as potential synchronization of different spheroid regions, we placed individual 90-day 

old spheroids on multi-electrode arrays (MEA). MEA recordings also showed increases in the 

spike frequency after exposure to 4AP although it did not reach statistical significance as high 

variability in the firing rate was observed between individual spheroids (Figure 2.5). Moreover, 

spheroids demonstrated bursts of activity after exposure to 4AP, which were not observed before 

exposure (electrode burst average frequency 19.3mHz). These bursts had an average duration of 

199ms +/- 2ms. However, neuronal activity remained unsynchronized even after stimulation with 

4AP (mean synchrony index: 0.0040 vs 0.0126 before and after 4AP exposure respectively, p = 

0.2080, paired Student’s t-test). Seizure-like episodes characterized by network bursts lasting 

several seconds were not observed. Overall, 4AP increased neuronal activity in 90-day-old 

cerebral spheroids without fully recapitulating seizure-like events characterized by high network 

synchronization. 



 

  78  
 

 

A B 

C D E F 

Figure 2.6:  Effect of 4AP on neuronal activity in 90-day-old spheroids 

(A)Heatmap of calcium-associated fluorescence over time in a spheroid before exposure to 4AP 

(upper) and after exposure to 4AP (lower). Each line represents a different cell and the color 

bar represents the fold-change in calcium-associated fluorescence over each cell’s baseline 

(B) Representative individual traces of calcium-associated fluorescence over time 

(C) Proportion of active cells before and after treatment with 4AP. Student’s t-test. 

(D) Calcium wave frequency in active cells exposed or not to 4AP. Wilcoxon Rank Sum test. 

(E) Mean calcium transient amplitude. Wilcoxon Rank Sum test. 

(F) Mean calcium transient length. Wilcoxon Rank Sum test. 
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To verify whether a longer time in culture was needed to be able to elicit seizure-like 

episodes in cerebral organoids, we repeated the MEA recordings on 160-day-old spheroids 

A B 

C 

Figure 2.7: Effect of 4AP on neuronal excitability and synchronization in 

90-day-old spheroids 

(A)Representative raster plot of neuronal spikes before (upper) and after (lower) 

exposure to 100µM 4AP. Each line represents an individual electrode. 

(B) Mean firing rate upon exposure to 4AP. ANOVA repeated measures with 

Holm Sidak correction for multiple comparisons. 

(C) Example traces of local field potentials recorded before (upper) and after 

(lower) 10-minute exposure to 4AP showing an increase in spikes (arrow) as 

well as the presence of bursts (*). 
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(Figure 2.6). We observed a trend towards an increase in the mean firing rate (77mHz vs 962mHz 

before and after exposure respectively, p = 0.2327, paired Student’s t-test) as well as the mean 

electrode burst frequency (2.8mHz vs 61.4mHz before and after exposure respectively, p = 0.175, 

paired Student’s t-test) after exposure to 4AP although it did not reach statistical significance. 

Electrode bursts were 376ms +/- 6.7ms in duration. Compared to 90-day-old spheroids, 4AP 

increased synchronization of activity in 160-day-old spheroids by about 12-fold without reaching 

Figure 2.8: Effect of 4AP on neuronal excitability and synchronization in 160-day-old 

cerebral spheroids. 

Mean firing rate (A), electrode burst frequency (B), Network burst frequency (C) and 

synchrony index before and after exposure to 4AP. Mean +/- SEM. Paired Student’s t-test. 
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statistical significance (synchrony index: 0.0062 vs 0.0755 before and after 4AP exposure 

respectively, p = 0.2007, paired Student’s t-test). 

 Interestingly, while network bursts were not observed in unstimulated 160-day-old spheroids, 

exposure to 4AP triggered the appearance of synchronized network bursts in 3/4 spheroids with a 

frequency of 109.9 +/- 4.9mHz (Figure 2.7). These network bursts had a duration of 1.5 +/- 0.4s 

and during network bursts, spike frequency was 611.9Hz +/- 217.8Hz.  

In conclusion, synchronized network bursts could be triggered in cerebral spheroids with 

4AP after 160 days of culture. This suggests that while 4AP increases neuronal activity in 90-

day-old spheroids, these spheroids require a longer time in culture to generate synchronized 

activity. 

 

Figure 2.9: Network bursts in 160-day-old cerebral spheroids exposed to 4AP 

Representative raster plots of a 160-day-old cerebral spheroids before and after exposure to 4AP. 

Exposure to 4AP triggered network bursts characterized by synchronous bursting of several 

electrodes. Black marks indicate individual spikes while blue marks indicate electrode bursts. 
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2.4.3. Activity-induced neurogenesis in cortical spheroids 

Activity-induced neurogenesis has been documented both in vitro and in vivo. Several 

neurotransmitters such as glutamate and GABA have been shown to increase NSCs proliferation 

and differentiation (Deisseroth et al., 2004; Tozuka et al., 2005). Moreover, hippocampal specific 

tasks and exercise also increase neurogenesis in the hippocampus in vivo, illustrating that 

network activity has a positive effect on the formation of new neurons (Garthe et al., 2016; Gould 

et al., 1999; Tashiro et al., 2007). We examined whether neurogenesis was similarly modulated in 

spheroids by increasing neuronal activity with 4AP. We evaluated neurogenesis in 90-day-old 

spheroids as a significant number of SOX2+ neural stem cells are still present and organized in 

neural tube-like structures at that stage compared to older spheroids. First, we analyzed the effect 

A B 

Figure 2.10: Effect of 4AP on proliferation and apoptosis 

(A) Proportion of Ki67-positive proliferative cells 24h after treatment with 4AP or vehicle 

(water). Student’s t-test. Each dot represents an individual spheroid. Bars represent mean 

+/- SEM. 

(B) Proportion of cleaved-caspase 3-positive apoptotic cells 24h after treatment with 4AP 

or vehicle. Student’s t-test. Each dot represents an individual spheroid. Bars represent mean 

+/- SEM. 
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of 4AP on proliferation by calculating the proportions of Ki67+ proliferative cells in organoids 

exposed to 4AP compared to controls. Interestingly, there was an approximately 2-fold decrease 

in the number of proliferative cells after 24h of 4AP exposure (2.2963% vs 4.367%. p = 0.033, 

Student’s t-test; Figure 2.8A). We next evaluated the effect of 4AP on apoptosis by counting the 

proportions of cells expressing cleaved-Caspase 3 and identified a slight increase in 4AP treated 

organoids (0.1875% vs 0.3019% p = 0.0995, Student’s t-test; Figure 2.8B) although it did not 

reach statistical significance. 

We next investigated whether 4AP affected the differentiation of NSCs by conducting a 

lineage tracing experiments, tagging proliferating cells with EdU just prior to stimulation with 

4AP and assessing their differentiation 2 weeks later using antibodies against immature neurons 

(DCX), mature neurons (NeuN) or glial cells (GFAP). No statistically significant difference was 

found in the proportion of EdU+/DCX+ cells between 4AP-treated and control spheroids (47.4% 

vs 58.3% respectively, p = 0.088). However, a higher proportion EdU-positive cells in 4AP-

treated spheroids expressed the mature neuron marker NeuN compared to control spheroids 

A B C 

Figure 2.11: 4AP-induced neurogenesis and gliogenesis in cerebral spheroids 

Proliferating cells were tagged with EdU and their differentiation was evaluated 2 weeks later 

by staining them for DCX (A), NeuN (B) or GFAP (C). Each dot represents an individual 

spheroid. Holm Sidak test for multiple comparisons. Bars represent mean +/- SEM. 
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(20.6% vs 11.6% respectively, p = 0.033). In contrast, a higher proportion of EdU-positive cells 

expressed the glial cell marker GFAP in control spheroids compared to 4AP-treated spheroids 

(28.2% vs 13.6% respectively, p = 0.007, Figure 2.9). Overall, this suggests that proliferating 

cells at the time of 4AP exposure tend to differentiate less to glial cells and more to neurons or 

that neuronal differentiation is faster in 4AP-treated spheroids. 

 

2.4.4. Effect of 4AP on activity-dependent gene expression in spheroids 

The expression of specific genes has been shown to be modulated in human epileptic 

tissue (Beaumont et al., 2012; Rakhade et al., 2005). Many of these genes such as Arc, cFOS and 

cJUN are immediate early genes (IEG), and their expression is correlated with neuronal activity 

Figure 2.12: Activity-dependent gene expression in cerebral spheroids 

The level of expression of several activity-dependent genes shown to have increased 

expression in epileptic tissue in vivo was investigated using RT-qPCR. No 

statistically significant differences were observed between treated and untreated 

spheroids. Bars represent mean +/- SEM. N=8 organoids in each group. Holm Sidak 

test for multiple comparisons. 
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(Tyssowski et al., 2018). Other genes such as BDNF and DUSP6 are also transcribed after 

increases in neuronal activity and their expression is increased in human epileptic patients and 

mouse models of epilepsy compared to non-epileptic tissue (Beaumont et al., 2012; Lösing et al., 

2017; Rakhade et al., 2005).  

We investigated whether 4AP also increased the expression of these genes. Using RT-

qPCR, we determined the expression levels of Arc, cFOS, cJUN, Egr1, BDNF and DUSP6 after 

8 hours of 4AP exposure. There were no statistically significant differences in levels of genes 

expression between treated and untreated spheroids (Figure 2.10). This lack of difference may 

have been because 4AP does not induced a prolonged increase in neuronal activity or that the 

changes in the expression of the investigated genes are restricted to a limited number of cells 

(e.g., post-mitotic neurons) and is therefore difficult to evaluate using whole spheroids. To 

investigate this issue, we evaluated the proportion of postmitotic NeuN+ neurons that expressed 

the immediate early gene cFOS in organoids exposed or not to 4AP. These NeuN+/cFOS+ 

neurons represent putative recently stimulated neurons. As expected, the proportion of 

NeuN+/cFOS+ double positive neurons was higher in spheroids exposed to 4AP than control 

Figure 2.13: cFOS expression in neurons exposed 

to 4AP 

Post-mitotic neurons were identified based on their 

NeuN expression. NeuN+ neurons recently active 

were identified based on their cFOS expression. 

Proportion of cFOS+ neurons was evaluated in 

organoids exposed or not to 4AP Each dot represents 

an individual spheroid. Student’s t-test. Bars 

represent mean +/- SEM. 
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spheroids (51.1% vs 15.5% respectively, p = 0.0034. Figure 2.11). This result shows that 4AP 

increased neuronal activity and induced a higher expression of the IEG cFOS in post-mitotic 

neurons similarly to the epileptic brain. 

 

2.4.5. Activity-induced expression of miRNAs in spheroids 

 The mechanisms behind activity and epilepsy-induced neurogenesis are not well 

understood. MicroRNAs are involved in the regulation of gene expression and implicated in 

neuronal differentiation of NSCs. Moreover, the expression of specific miRNAs can be induced 

by neuronal activity. Several miRNAs are differentially expressed in neurons of epileptic patients 

and rodent models and might therefore contribute to epilepsy-induced neurogenesis. To 

investigate whether cerebral spheroids exposed to 4AP differentially expressed miRNAs which 

are known to be dysregulated in epilepsy, we selected several miRNAs shown to be abnormally 

expressed in human epileptic tissue and in several rodent models (Korotkov et al., 2017). We 

focused on 9 miRNAs that were consistently dysregulated in these conditions and measured the 

expression of the miRNAs in spheroids exposed to 4AP or controls using RT-qPCR. Of the 9 

miRNAs selected, only miR-135a was differentially expressed between treated and control 

spheroids and its expression was decreased in spheroids exposed to 4AP (Fold change: 0.72, p = 

0.0053, Figure 2.12). To identify the potential functional significance of miR-135a differential 

expression after 4AP treatment, we performed GO and KEGG analysis on validated miR-135a 

targets. Overall, miR-135a had 512 validated targets cited in at least 1 database. GO enrichment 

analysis for biological processes revealed a significant enrichment for terms related to negative 

regulation of biosynthetic processes and transcription. GO: molecular function terms were 

enriched for kinase binding as well as transcription factors and chromatin binding factors. GO: 

cellular components were enriched for neuronal components such as the synapse and dendrites.  



 

  87  
 

Finally, KEGG pathway terms were enriched for SMAD2/3 and BDNF signaling as well as 

cancer pathways, suggesting a role of miR-135a targets in growth and differentiation (Figure 

2.13). This supports roles for miR-135a in activity-induced neurogenesis at least in part by 

targeting transcription factors that, once activated, drive NSCs toward the neuronal lineage. 

Figure 2.14: Expression of epilepsy-associated miRNAs in spheroids 

Expression level of miRNAs shown to be dysregulated in human epileptic 

tissue and epilepsy models in vivo was evaluated in spheroids exposed to 

4AP. Bars represent mean +/- SEM. N=8 organoids in each group. Holm 

Sidak test for multiple comparisons. 
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The decrease in miR-135a expression after exposure to 4AP could be either due to 

decreased transcription or increased turnover. To investigate this, we measured the expression of 

pri-miR-135a by RT-qPCR. MiR135a is encoded by two genes: MIR135A1 on chromosome 3 

and MIR135A2 on chromosome 12. We designed primers specific for each stem-loop transcript 

(pri-miR-135a-1, pri-miR-135a-2) and measured the expression of each transcript with RT-

qPCR. Interestingly, only pri-miR-135a-2 showed a decrease in expression in the spheroids 

treated with 4AP (Figure 2.14A). This suggests that the decrease in mature miR135a is due to at 

least partly to a decrease in transcription of the MIR135A2 gene or increased turnover of pri-

miR-135a-2.  

The MIR135A2 gene is located in the last intron of RMST, a gene coding for the long 

non-coding RNA RMST (Anderegg and Awatramani, 2015). The transcription of intragenic 

Figure 2.15: GO and KEGG pathway enrichment analysis. 

Top 10 terms for GO biological processes (A), GO molecular function (B), GO cellular 

components (C) and KEGG pathway (D). FDR = False Discovery Rate. 
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miRNA can be under the control of the promoter of the host gene in which they are located, or 

through an independent promoter. To begin to elucidate whether MIR135A2 transcription is 

under the control of the RMST promoter or not, we measured the expression of the RMST 

transcript in spheroids treated with 4AP or not and observed a decrease in RMST expression in 

4AP-treated spheroids (0.6-fold change, p = 0.011, Figure 2.14B). We then plotted the level of 

expression of pri-mir-135a-2 and mir-135a as a function of the level of expression of RMST and 

observed a strong correlation between them (r2 = 0.8787 and r2 = 0.8603 respectively, p < 10-4. 

Pearson’s correlation, Figure 2.14C and D). Altogether, this suggests that the decrease in miR-

135a expression is due at least partly to a decrease in RMST transcription, although increased 

turn-over of the RMST primary transcript could also be participating in the decrease in pri-

mir135a-2 levels. 
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2.5. DISCUSSION 

Here we present some evidence for activity-induced neurogenesis in cerebral spheroids. 

We first described the effect of the pro-epileptic drug 4AP, which increased neuronal activity as 

well as induced bursts of activity. These bursts of activity remained brief (200ms in average), and 

A B 

C D 

Figure 2.16: Expression of pri-miR-135a1, pri-miR-135a2 and RMST after exposure to 

4AP. 

(A) and (B) Expression measured with RT-qPCR. Holm Sidak test for multiple comparisons. 

Bars represent mean +/- SEM.  

(C) and (D) Correlation between RMST expression and pri-mir-135A2 and miR-135a 

respectively. Pearson correlation coefficient. 

Each dot represents an individual organoid. 
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no seizure-like events characterized by synchronized network bursts were observed in 90-day-old 

spheroids treated with 4AP. However, 4AP induced synchronized network bursts lasting around 

1.5s in 160-day-old spheroids. This is in line with a previous study showing little synchronization 

in 2-4 months old organoids which progressively improved until 8 months of culture (Trujillo et 

al., 2019). Our electrophysiology data (whole cell patch clamp and multi-electrode arrays) 

suggest that the spheroids in our study may not have reached a level of electrophysiological 

maturity sufficient to generate synchronized bursts of activity until 160 days of culture. It has 

been shown that the early post-natal brain may be more susceptible to generate epileptiform 

activity compared to the brain of adults (Nardou et al., 2013). However, organoids more closely 

resemble prenatal fetal brain and a certain degree of maturity may still be necessary to generate 

epileptiform activity (Gordon et al., 2021; Trujillo et al., 2019). Longer culture of cerebral 

organoids or the identification of protocols that accelerate their maturation while maintaining a 

pool of undifferentiated NSCs will be important steps to determine the effect of seizure-like 

activity on neurogenesis in cerebral spheroids. Using protocols that generate inhibitory 

interneurons may also be important in order to generate even more synchronized activity (Avoli 

and de Curtis, 2011). Other pro-epileptic conditions such as increased extracellular potassium 

concentration, low magnesium extracellular concentration, GABAA receptor antagonists that act 

through pathways which may be present in less mature organoids, could also be employed to 

induce seizure like-events. Moreover, the lack of statistically significant differences in mean 

firing rate, electrode burst frequency and network burst frequency between treated and untreated 

spheroids is likely due to the high variability in between spheroids and our low sample size. High 

variabilities in between individual organoids and different batches has been previously reported 

in an organoid model of Alzheimer disease (Hernández et al., 2021).  



 

  92  
 

The increase in newly formed neurons (EdU+/NeuN+) and decrease in newly formed glial 

cells (EdU+/GFAP+) in spheroids treated with 4AP constitutes some preliminary evidence for 

activity-induced neurogenesis in spheroids. Similar evidence highlighting the effect of neuronal 

activity on neuronal and glial differentiation has been described both in vitro and in vivo 

(Deisseroth et al., 2004; Ma et al., 2009; Song et al., 2016; Tozuka et al., 2005). However, we did 

not determine whether the increase in neuronal differentiation observed in spheroids is mediated 

directly through the increase in neuronal activity by 4AP or through an independent action of 

4AP on NSCs. 4AP blocks potassium channels leading to an increase in neurotransmitter release 

in pre-synaptic neurons and inhibits repolarization in post-synaptic neurons, but other effects 

notably on NSCs have not been studied (Avoli and Jefferys, 2016). 

The mechanisms underlying activity-induced neurogenesis remain unknown. Our data 

hints at the potential implication of miR-135a. This miRNA was shown to be important in 

exercise-induced neurogenesis in the mouse hippocampus where its downregulation was 

necessary for the formation of new neurons (Pons-Espinal et al., 2019). We found that the 

expression of miR-135a and its precursor pri-mir-135a-2 is correlated with the expression of 

RMST. As the MIR135A2 gene is located in the last intron of RMST, this would suggest a 

common promoter. RMST was shown to interact with SOX2 and its binding to the promoters of 

neurogenic genes, inducing neuronal differentiation of embryonic cells (Ng et al., 2013). 

However, in this study, suppressing RMST did not decrease the expression of miR-135a2. It is 

possible that the RMST transcript is quickly spliced and pri-miR-135a-2 rapidly generated after 

transcription. Therefore, the RMST mRNA is more abundant after splicing and preferentially 

targeted by siRNA. If this is the case, siRNA-mediated knock down of RMST would not be 

expected to significantly affect miR-135a levels. RMST expression is repressed by REST which 

has been shown to inhibit the expression of several neuronal genes and prevent neuronal 
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differentiation (Conaco et al., 2006; Ng et al., 2013). It is unknown whether the decrease in 

RMST expression is due to increased REST binding or not in our study. Moreover, RMST 

transcription is at least partly under the control of the transcription factor Lmx1b and activated 

during Wnt signalling, which promotes neurogenesis. It has been shown that miR-135a2 in turn 

targets the transcripts of several Wnt pathway effectors, thereby acting as a negative feedback 

regulator to constrain neurogenesis (Anderegg and Awatramani, 2015). Overall, a decrease in 

miR-135a expression may represent a permissive event for activity-induced neurogenesis and 

several other yet to be identified factors are likely to play additional roles.  

Another question that remains unanswered is whether the decrease in miR-135a 

expression occurs specifically in NSCs or in other cell types, which then indirectly influence 

neuronal differentiation of NSCs. It has been shown that astrocytes can express miR-135a which 

participates in neuronal survival (Chu et al., 2016). Evaluating the expression of miR-135a in 

individual cell types using FISH or cell-sorting prior to RT-qPCR would be necessary to 

specifically address that question. 

In conclusion, we have examined effects of the pro-epileptic drug 4AP on cerebral 

spheroids. 4AP enhances neuronal differentiation and decreases glial differentiation of neural 

progenitors in this model. This is the first evidence of activity-induced neurogenesis in human 

cerebral spheroids. We identify miR-135a as one potential mediator of activity-induced 

neurogenesis, although the mechanisms underlying its function remain undetermined.  
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CHAPTER THREE: COMPARISON OF HUMAN AND CANINE CEREBRAL 

SPHEROIDS 

 

3.1. ABSTRACT 

The development of cerebral organoids from human pluripotent stem cells has paved the 

way for the study of neurodevelopmental disorders in a human genetic context and during a 

developmental window that has previously been inaccessible. Dogs share several neurological 

diseases with humans and their brain is similarly unavailable ante-mortem for cellular and 

molecular investigations. While induced pluripotent stem cells (iPSCs) have been described in 

dogs, they have not been used to study canine neurological disorders nor the development of 

canine cerebral organoids has been reported yet. Here, we describe the development of canine 

cerebral spheroids, a type of cerebral organoids, using previously generated canine embryonic 

stem cells (cESCs). In our hands, canine spheroids more closely resembled neurospheres, lacking 

the layered organization of spheroids generated from human iPSCs. This was partly due to the 

loss of pluripotency of cESC. We also report the expression of pluripotent stem cell-specific 

microRNAs (miRNAs) miR-302a-3p and miR-367-3p in cESCs, which were not previously 

annotated in dogs. These studies indicate that spheroids may be a useful tool in the experimental 

study of some canine neurologic conditions, but that the development of robust canine iPSCs that 

could be used to generate canine cerebral organoids would likely improve the utility of this model 

system. 

 

 

3.2. INTRODUCTION 

Several brain disorders affecting dogs are due to known or suspected genetic mutations 

and therefore grouped under the term inherited disorders. As genome sequencing and bedside 
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genetic tests become more widespread and integrated into clinical practice, the causative 

mutations for these disorders will be increasingly apparent and more dogs are bound to be 

diagnosed with these disorders (O’Brien and Leeb, 2014). Additional disorders are likely due to 

epigenetic disruptions that can be influenced by both environmental and heritable factors. Despite 

an increase in knowledge concerning the mechanisms that contribute to neurologic disorders, few 

treatments are available to reverse or even slow down the progression of most of these diseases. 

The most common canine brain inherited disorder, genetic/suspected genetic epilepsy (previously 

referred to as idiopathic epilepsy) has been described extensively in more than 20 breeds, 

affecting between 0.5–5% of the canine population (Hülsmeyer et al., 2015). Despite the 

description of multiple epileptic syndromes in dogs and the discovery of the causative mutations 

for some of them, anti-epileptic treatment consists of the same medical approach for essentially 

all epileptic dogs regardless of the underlying pathology (Hülsmeyer et al., 2015; Podell et al., 

2016; Seppälä et al., 2011; Wielaender et al., 2017). Current treatments are associated with a high 

rate of failure, with between 20 and 35% of epileptic dogs requiring multiple antiseizure drugs 

which increases treatment-associated side effects and decreases owner-perceived quality of life in 

canine epileptic patients (Berendt et al., 2007; Nettifee et al., 2017; Packer et al., 2015, 2014). 

While discovering the causative mutations of each disorder is an important first step, a better 

understanding of the precise mechanisms by which the mutation induces neural dysfunction will 

be necessary to develop more efficient, disease-modifying treatments.  

Several strategies have been employed to study the mechanisms behind brain disorders. 

For example, establishing a colony of affected dogs for research by breeding individuals carrying 

causative mutations enables researchers to precisely study disease progression in dogs but has 

important ethical limitations. Rodent models of human and canine diseases have been historically 

used to study specific diseases in vivo by genetically modifying rodents to introduce the 
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causative mutation of interest or triggering the disease with pharmacological agents. These 

popular methods have provided valuable insights into many diseases such as epilepsy, for 

example (Cho et al., 2015; Gonzalez-Sulser, 2019; Pun et al., 2012). While the findings provide 

significant understanding of various pathophysiological mechanisms of inherited brain disorders, 

their specific relevance to diseases in dogs is unclear as significant differences in brain 

organization exist between rodents and dogs. Like in the human, the brain of canine patients is 

generally inaccessible to researchers during the dogs’ lifetime, which hampers studies on the 

cellular and molecular mechanisms of neurological disorders. Examining how the mutations and 

epigenetic changes affect the survival of neurons and their network integration in the brain of 

dogs will ultimately be critical to understanding how the changes result in neuronal dysfunction 

and death as in the rodent models. The consequences of genetic changes in neurons associated 

with several cerebral disorders have been studied in humans by deriving iPSCs from patients and 

differentiating the stem cells to neurons in vitro (Engle et al., 2018; Jiao et al., 2013; Raja et al., 

2016b). This approach has been employed to study the mechanisms of neuronal abnormalities in 

several genetic epilepsies and has resulted in new treatment strategies, validating the utility of 

this approach (Tidball and Parent, 2016; Yamashita et al., 2016). While iPSCs are still being 

developed in the dog, these cells have not been used yet to model any canine disease (Betts and 

Tobias, 2015; Kimura et al., 2021). Currently, only canine embryonic stem cells (cESCs), another 

source of pluripotent stem cells, have been shown to differentiate into functional neurons and 

astrocytes (Wilcox et al., 2011). However, an important limitation of neuronal cultures grown in 

monolayers is their inability to reproduce the complexity of the neuronal network, which is 

fundamental to the study of many brain diseases such as epilepsy as it is a neuronal network 

disease. As has been shown for both canine and human neurons in vitro, co-culture with 

astrocytes is necessary to obtain functional neurons (Wilcox et al., 2011).  
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A recent breakthrough in modeling networked neurons was achieved with the 

development of brain organoids (Eiraku et al., 2008; Lancaster and Knoblich, 2014; Paşca et al., 

2015). Brain organoids are complex, 3-dimension (3D) assemblies of neurons and glial cells 

derived from pluripotent stem cells cultured in vitro. Under specific conditions, it is possible to 

generate a complex network of neurons and glial cells that show remarkably similar 

developmental patterns and organization to the brain itself. Moreover, organoids acquire 

spontaneous electrical activity and complex neuronal network organization and comparable 

electrical activity to normal brain (Quadrato et al., 2017; Trujillo et al., 2019; Velasco et al., 

2019). Taken together, these characteristics illustrate the potential of cerebral organoids derived 

from pluripotent stem cells for use in the investigation of neuronal activity in brain disorders. To 

date, cerebral organoids have been used to study several neurodevelopmental and 

neurodegenerative diseases in humans (Bershteyn et al., 2017; Di Lullo and Kriegstein, 2017; 

Raja et al., 2016b). The generation of brain organoids from dog pluripotent stem cells has yet to 

be reported. The development of this tool would allow detailed investigation of several canine 

brain diseases. Moreover, some disorders such as the Rhodesian Ridgeback generalized 

myoclonic epilepsy has no human counterpart and would therefore be ideally studied using a 

canine specific system such as canine brain organoids (Wielaender et al., 2017). Given the 

conservation of specific cues in brain development between mammals, we hypothesized that 

canine cerebral organoids could be generated following protocols established from mouse and 

human pluripotent stem cells. Here, we describe the generation of cerebral organoids from canine 

ESCs following a guided protocol previously established using human iPSCs (Yoon et al., 2019). 

We then explore potential explanations for differences in organizational features noted between 

human and canine cerebral organoids that relate to the pluripotency of the starting cells. Refining 

the methods to generate canine cerebral organoids should ultimately prove to be a powerful tool 
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to study mechanisms of inherited brain disorders in dogs and to test the efficacy of drugs in a 

non-invasive, canine-specific model. 

 

3.3. MATERIAL AND METHODS 

3.3.1. cESC and human iPSC culture 

cESCs were previously isolated from canine embryos as explants cultures (Wilcox et al., 

2009). Isolated cESCs were expanded by culturing them on a CF-1 mouse embryonic fibroblast 

(MEF) feeder layer (ThermoFisher, Waltham, MA USA) in knock-out Dulbecco’s Modified 

Essential Medium (DMEM; ThermoFisher, Waltham, MA USA) supplemented with 15% knock-

Out serum replacement (ThermoFisher, Waltham, MA USA), 1% Non-essential amino acids 

(ThermoFisher, Waltham, MA USA), 0.5% Glutamax (ThermoFisher, Waltham, MA USA), 

0.5% EmbryoMax Nucleoside solution (Sigma-Aldrich, St. Louis, MO USA), 0.1mM 2-

Mercaptoethanol (ThermoFisher, Waltham, MA USA), 10 ng/ml human recombinant Leukemia 

Inhibiting factor (LIF; Sigma-Aldrich, St. Louis, MO USA) and 4 ng/ml human recombinant 

basic Fibroblast Growth Factor (bFGF. R&D Systems, Minneapolis, MN USA). Cells were 

grown in an incubator at 38°C in 5% CO2 with daily medium change. Colonies were manually 

passaged initially and then passaged by incubating for 40 minutes in knock-Out DMEM 

supplemented with 1mg/ml of Collagenase IV (ThermoFisher, Waltham, MA USA).  

As described in section 2.3.1., human iPSCs (hiPSCs) were generated from neurologically 

normal individuals as described previously (Zimmerman et al., 2020). Briefly, iPSCs were 

generated from dermal skin punch (3mm3)-derived fibroblasts obtained with informed written 

consent from healthy adult control subjects at the Massachusetts General Hospital (MGH), 

Department of Psychiatry, and reprogrammed as iPSCs using a nonintegrative, mRNA-based 

technology by Cellular Reprogramming, Inc. (www.cellular-reprogramming.com). The study 
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protocol was approved by the Institutional Review Board of the Massachusetts General Hospital 

in accordance with U.S. Common Rule ethical guidelines. hiPSCs were cultured in Essential 8 

medium (ThermoFisher, Waltham, MA USA) or Nutristem hPSC XF medium (Biological 

Industries, Kibbutz Beit-Haemek, Israel) plated on Matrigel (Corning, Glendale, AZ USA) or 

Laminin-521 (Stemcell technologies, Vancouver, BC Canada) depending on cell line. Use of the 

patient-derived iPSC line and generation of cerebral organoids was approved by the University of 

Guelph Research Ethics Board (REB 17–11–012). 

 

3.3.2. Cortical spheroid generation 

Cortical spheroids were generated from hiPSCs and cESCs following a previously 

described protocol with slight modifications. This guided protocol was chosen as it has been 

shown to generate cortical spheroids with relatively low variation in cell type composition over 

different cell lines and batches (Yoon et al., 2019). Human and canine pluripotent stem cells were 

dissociated into single cells using Accutase (Gibco ThermoFisher). Cells were resuspended in 

their respective pluripotent stem cell culture medium supplemented with Y26732 ROCK inhibitor 

(Selleckchem, Houston, TX USA) at 10 µM, counted with an automated cell counter (Bio-rad, 

Hercules, CA USA) and 10,000 cells were added to each well of an ultra-low attachment, U-

bottom 96-well plate (ThermoFisher) to reaggregate overnight. The next day (noted as D0), 

medium was changed to E6 (Stemcell technologies) supplemented with 10 µM SMAD inhibitor 

SB431542 (Tocris, Bristol UK) and 2.5 µM SMAD inhibitor Dorsomorphin (Sigma-Aldrich, St. 

Louis, MO USA). This medium was replaced every day for 5 days. On day 6, spheroids were 

transferred to an ultra-low attachment 6-well plate, placed on an orbital shaker at 65 rpm and 

medium was changed for Neurobasal medium (Gibco ThermoFisher) supplemented with 2% B27 

supplements (Gibco ThermoFisher), 1% Penicillin/Streptomycin 10000U/L (Gibco 
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ThermoFisher) and 1% GlutaMax (Gibco ThermoFisher). Basic Fibroblast Growth Factor (bFGF; 

20 ng/ml, Stemcell technologies) and EGF (20 ng/ml, Stemcell Technologies) were added from 

day 6 to day 25. Medium was changed every day until day 15 and then every other day until day 

25. On day 25, bFGF and EGF were replaced by Brain-derived Neurotrophic Factor (BDNF; 20 

ng/ml, Stemcell technologies) and Neurotrophin-3 (NT-3; 20 ng/ml, Stemcell technologies) and 

the culture medium was changed every 3-4 days. On day 43, BDNF and NT-3 supplementation 

was stopped, and medium was changed every 3-4 days until spheroids were collected. Figure 2.1 

recapitulates the cerebral organoid generation protocol. 

 

3.3.3. Immunocytochemistry and immunohistochemistry 

cESCs and hiPSCs were cultured as previously on glass coverslips, fixed in 4% PFA for 

10 minutes before being permeabilized and blocked with 0.3% Triton X-100 and 1% BSA in PBS 

for 30 minutes. Cells were then blocked with 1% bovine serum albumin (BSA, Sigma-Aldrich 

Corp., St. Louis, MO, USA) in PBS containing 0.1% Tween-20 (PBS-T) for one hour at room 

temperature. The primary antibodies were diluted in 0.5% BSA and 0.1% PBS-T. The primary 

antibodies were incubated overnight at 4°C temperature. Subsequently, cells were washed with 

PBS before being incubated with, next the cells were incubated with secondary antibodies with 

Alexa Fluor 488 or 594-conjugated secondary antibodies (Supplementary table 2) at 1:500 

diluted in PBS with 0.5% BSA and 0.1% Triton-X 100 overnight at 4°C. Negative controls were 

performed by omitting the primary antibodies to control for non-specific binding of the secondary 

antibodies. Cells were then counterstained with 4′,6-diamidino-2-phenylindole (DAPI) and 

coverslips were mounted in Vectashield anti-fade mounting medium (Vector laboratories, 

Burlingame, CA USA) onto microscope slides. Multi-channel images were acquired on a 

FV1000 Olympus confocal microscope running Olympus Fluoview software version 4.3 
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(Olympus, Tokyo, Japan). All images were acquired with the same settings between different 

biological replicates. Multi-channel images were reconstructed using ImageJ (version 1.52e, 

Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, 

https://imagej.nih.gov/ij/, 1997-2018). 

Immunohistochemistry for cerebral organoids was performed as previously described in 

section 2.3.2. Briefly, organoids were fixed in 4% PFA overnight and dehydrated in a 30% 

sucrose solution before being embedded in a 1:1 solution of 30% sucrose and Optimal Cutting 

Temperature (OCT) solution (ThermoFisher). Embedded spheroids were flash frozen in a dry 

ice/ethanol slurry and kept at -80°C. Twenty micrometers cryosections were acquired with a 

cryostat. Sections were permeabilized and blocked with 1% BSA and 0.3% Triton-X in PBS for 1 

hour at room temperature before incubation with primary antibodies (Supplementary Table 1) 

diluted in PBS with 0.5% BSA and 0.2% Triton-X overnight at 4°C. Sections were washed with 

PBS before being incubated with Alexa Fluor 488 or 594-conjugated secondary antibodies 

(Supplementary Table 2) diluted in PBS with 0.5% BSA and 0.2% Triton-X 100, for 2 hours at 

room temperature in the dark. Cells were then counterstained with 4′,6-diamidino-2-phenylindole 

(DAPI) and sections were mounted in Vectashield anti-fade mounting medium (Vector 

laboratories, Burlingame, CA USA) and covered with a glass coverslip. Z-stacks were acquired 

on a FV1000 Olympus confocal microscope running Olympus Fluoview software version 4.3 

(Olympus, Tokyo, Japan). All stacks were acquired with the same settings between different 

biological replicates. Z-stacks and multi channel images were reconstructed using ImageJ. 

 

3.3.4. RT-qPCR 

As described above, total RNA was isolated with the miRNeasy mini Kit (Qiagen, Hilden, 

Germany) according to the manufacturer’s instructions. An on-column DNase digestion was 
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performed with the RNase-free DNase set (Qiagen). RNA was quantified with the Nanodrop 

2000c (ThermoFisher). For mRNA, 250 ng of total RNA was reverse transcribed with qScript 

complementary DNA (cDNA) SuperMix (Quantabio, Berverly, MA USA). MicroRNAs were 

first polyadenylated and then reverse transcribed using the qScript miRNA cDNA Synthesis kit 

(Quantabio). Real-Time quantitative Polymerase Chain Reaction (RT-qPCR) was performed 

using a CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA 

USA) using 3ng of cDNA per reaction and Sensifast SYBR No-ROX mix (Bioline Corporation, 

Alvinston, ON, Canada). cDNA of mRNA was amplified using a pair of specific forward and 

reverse primers. MicroRNAs were amplified using a specific forward primer and PerfeCTa 

Universal PCR primer (Quantabio). Primers used are described in Supplementary Table 3. Primer 

specificity was assessed by performing melting curve analysis and examining for multiple peaks 

or separating the PCR products on a 1% agarose gel and evaluating for the presence/absence of 

multiple bands. The stability of reference genes was evaluated using the GeNorm method 

(Vandesompele et al., 2002). GAPDH and HPRT were used for mRNA while miR-191, miR-34a 

and U6 were used for miRNA normalization. 

 

3.3.5. MicroRNA sequence alignment and target predictions 

Mature miRNA sequences from human and dogs were retrieved from the miRBase 

database (Release 22.1 www.mirbase.org) and aligned using the nucleotide BLAST blastn 

algorithm (Altschul et al., 1990). Predicted targets from both human and dogs were retrieved with 

TargetScanHuman v7.2 (Agarwal et al., 2015) and their overlap was calculated. For canine 

mature miRNA sequences not annotated in miRbase, the canine miRNA stem-loop sequence was 

searched for the presence of the human mature miRNA sequence using blastn. The aligned 

http://www.mirbase.org/
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sequence was then used as the putative canine mature miRNA sequence and targets were 

predicted using miRDB custom target prediction algorithm (Wong and Wang, 2015). 

 

3.3.6. Statistical analysis 

Gene expression data from RT-qPCR was calculated using the ΔΔCT method using 

Qbase+ software, version 3.2 (Biogazelle, Zwijnaarde, Belgium - www.qbaseplus.com) and log2 

transformed to assume a normal distribution (Pfaffl, 2001). Graphs and statistical analysis were 

performed with GraphPad Prism 6 (GraphPad Software, La Jolla, CA USA). Differences in 

means between groups were analyzed by Student’s two-tailed t-test with Holm Sidak’s correction 

for multiple comparisons. 6 independent cell lines were used (3 cESC and 3 hiPSC). A p-value < 

0.05 was considered statistically significant. Data shown represent the mean +/- standard error of 

the mean (SEM). 

 

3.4. RESULTS 

3.4.1. Comparison between spheroids generated from human iPSCs and canine ESCs 

To investigate whether cESCs could form cerebral spheroids comparable to hiPSCs, we 

dissociated cESCs into single cells and reaggregated them into embryoid bodies. These embryoid 

bodies where then subjected to dual SMAD inhibition to pattern them to a dorsal forebrain 

phenotype according to a previously published protocol (Yoon et al., 2019). The neural 

stem/progenitor cells (NSCs) were then expanded by exposure of spheroids to bFGF and EGF. 

The organization of spheroids into characteristic neural tube-like structures was assessed with 

immunohistochemistry. Interestingly, after 18 days of culture, human cerebral spheroids were 

composed of neural tube-like structures consisting of Nestin-positive NSCs. By contrast, the 

spheroids obtained using canine ESCs were also composed of Nestin-positive NSCs that did not 
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arrange in neural tube-like structures but more closely resembled neurospheres (Figure 3.1). 

Similarly to spheroids generated from hiPSCs, canine spheroids had a limited number of DCX-

positive neuroblasts at their periphery after 18 days. However, several GFAP-positive glial cells 

were present in canine spheroids whereas no GFAP-positive glial cells were noted in the human 

spheroids at this time point (Figure 3.1). Therefore, the organization and cell content of canine 

spheroids differed from their human counterpart and canine spheroids were more consistent with 

neurospheres than cerebral spheroids. 

Figure 3.1: Comparison of dog and human cerebral spheroids 

Immunohistochemical staining was performed on cerebral spheroids generated from either 

cESCs (dog) or human iPSCs (human) using antibodies against neural stem cell marker 

Nestin, neuroblast marker DCX and glial cell marker GFAP after 18 days of culture. DAPI: 

nuclei Bars = 100 µm. 
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3.4.2. Canine ESCs do not express pluripotency markers 

Differences between cerebral organoids and neurospheres appear mainly due to the 

starting material being pluripotent stem cells versus neural stem cells respectively (Garcez et al., 

2016). Because the use of cESCs resulted in 3D aggregates more like neurospheres than 

organoids, we investigated the pluripotent state of cESCs by measuring the expression of genes 

expressed in pluripotent stem cells and neural stem cells. Using antibodies against OCT4, 

NANOG, SOX2 and Nestin, we evaluated the expression of these 4 proteins in hiPSCs and 

cESCs colonies. As expected, hiPSCs expressed the pluripotent stem cell markers OCT4 and 

Figure 3.2: Expression of pluripotent stem cell and neural stem cell markers in hiPSCs 

and cESCs 

Expression of markers expressed by pluripotent stem cells (OCT4, NANOG, SOX2) and 

neural stem cells (SOX2 and Nestin) was assessed using immunocytochemistry. hiPSCs 

expressed higher levels of OCT4 and NANOG and low levels of SOX2 and Nestin while 

cESCs expressed low levels of OCT4 and NANOG and high levels of SOX2 and Nestin. 

Note that cESCs are plated on a mouse embryonic fibroblast layer. Bars = 100µm 
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NANOG as well as low levels of SOX2 and some cells, mostly at the periphery of the colonies, 

expressed the NSC marker Nestin. In contrast, cESCs expressed low levels of OCT4, did not 

express NANOG and expressed higher levels of SOX2. Moreover, almost all cells in the colonies 

expressed Nestin (Figure 3.2). These findings suggest that the cESCs utilized have already begun 

their differentiation into neural stem cells prior to the formation of cerebral spheroids.  

To verify that these findings were due to differences in expression of these cell type 

specific markers and not due to difference in antibody performance across species, we used 

species specific RT-qPCR primers and measured the expression of OCT4, NANOG and SOX2 in 

hiPSCs and cESCs. In line with the results from the immunocytochemical staining, expression of 

OCT4 and NANOG was higher in hiPSCs (28.6-fold and 5,439-fold higher respectively) while 

expression of SOX2 was higher in cESCs (5.2-fold higher, Figure 3.3A). Therefore, cESCs do 

not express pluripotent stem cell markers at levels comparable with hiPSCs and express higher 

levels of NSC markers than hiPSCs. 

MicroRNAs are small non-coding RNAs implicated in the regulation of gene expression 

as explained in section 1.2. MicroRNAs are generally well conserved across mammals and the 

expression of certain miRNAs has been shown to be restricted to specific cell types (Bartel, 2018, 

2004; Smirnova et al., 2005). For example, some miRNAs such as the miR-302/367 cluster are 

exclusively expressed in pluripotent stem cells whereas miR-9 is predominantly expressed in 

NSCs and neurons (Barroso-delJesus et al., 2008; Giusti et al., 2014; Suh et al., 2004). Thus, 

miRNAs can be used as markers of specific cell types. We measured the expression of 

pluripotent stem cell specific miR-302a and miR-367 and neural cell specific miR-9 in hiPSCs 

and cESCs with RT-qPCR. miR-302a and miR-367 expression was 4 orders of magnitude higher 

in hiPSCs than cESCs (3 x 104-fold higher and 4.6 x 104-fold higher respectively) while miR-9 

expression was 200-fold higher in cESCs compared to hiPSCs (Figure 3.3B). Together, these 
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data strongly suggest that cESCs are not pluripotent stem cells but rather already committed to 

neuronal and glial differentiation. 

 

Figure 3.3: Expression of pluripotent and neural stem cell markers in hiPSCs and 

cESCs 

(A) Expression of pluripotent stem cell markers OCT4 and NANOG and neural stem cell 

marker SOX2 measured by RT-qPCR. Data was normalized to GAPDH and HPRT and 

expressed relative to hiPSC level. Holm-Sidak test for multiple comparisons. 

(B) Expression of pluripotent stem cell-specific miRNAs miR-302a and miR-367 and neural 

cell-specific miR-9 measured by RT-qPCR. Data was normalized to miR-191, miR-34a and 

U6 and expressed relative to hiPSC. Holm-Sidak test for multiple comparisons. 

 

A 
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3.4.3. Human and canine miR-302a, miR-367 and miR-9 share similar sequences and 

targets. 

MiR-302a is part of the miR-302 family also composed of miR-302b, miR-302c and miR-

302d. As these miRNAs share the same seed sequence and only differ by a limited number of 

bases, they share similar mRNA targets. These miRNAs are transcribed as a polycistronic 

transcript with miR-367 (Barroso-delJesus et al., 2008). The mature miRNAs are derived from 

the -3p end of the primary miRNA in mouse and human. However, canine miR-302a/b/c/d-3p 

and miR-367-3p have not been annotated in dogs (miRbase Release 22.1). To verify that canine 

pri-miR-302a/b/c/d and canine pri-miR-367 contained the sequence of mature miR302a/b/c/d-3p 

and mature miR-367-3p we used the Nucleotide Blast module (NCBI) to align the mature 

sequence of the human miRNAs with the stem-loop sequence of the canine homolog. All mature 

sequences were present in the corresponding canine stem-loop sequence with at most 1 base 

difference. Furthermore, when a difference was present, they did not occur within the seed region 

of the mature miRNA sequence. This suggests that miR302a/b/c/d-3p and miR-367-3p exist in 

dogs and share closely related sequences with their human counterpart. Our RT-qPCR data also 

suggests that these miRNAs exist in dogs as they could be detected in cESCs using a similar 

primer to that used in human iPSCs, albeit at much lower level of expression in cESCs compared 

to human iPSCs.  

Because the canine and human miRNAs examined shared the same seed sequence it is 

likely that they target the same mRNAs and have similar biological functions. However, miRNA 

target specificity is also dictated by the presence of miRNA-complementary sequences in the 3’-

untranslated region (3’-UTR) of the mRNA transcripts, which can vary between species. To 

verify that canine and human miRNAs shared the same potential targets, we compared predicted 

miRNA targets in both species. As canine miR302a/b/c/d-3p and miR-367-3p are not annotated, 
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we used the miRDB algorithm which allowed us to retrieve predicted targets using the miRNA 

sequence directly (Wong and Wang, 2015). The majority of canine predicted targets of 

miR302a/b/c/d-3p and miR-367-3p overlapped with human predicted targets. However, many 

transcripts were predicted to be targeted in one species only (Figure 3.4). Interestingly, the 

number of predicted targets was always larger in the human setting. To investigate whether this 

could be due to a difference of performance of the algorithm between the human and canine 

settings, we performed a similar operation using TargetScan and miR-9-5p which is annotated in 

both species (Agarwal et al., 2015). The number of canine predicted targets was larger when 

using TargetScan than miRDB as well as the overlap in predicted targets between human and 

canine miRNAs. Overall, this suggests that miR-302a/b/c/d-3p and miR-367-3p are expressed in 

canine cESCs and may play similar roles in the maintenance of pluripotency as in hiPSCs. 
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3.5. DISCUSSION 

We have described differences between spheroids generated from established cESCs and 

hiPSCs. Using established protocols, canine spheroids more closely resembled neurospheres, 

which could be explained by the loss of pluripotency of cESCs and their differentiation into early 

NSCs expressing SOX2 and Nestin. It is unknown when this loss of pluripotency occurred. Due 

to the loss of pluripotency in the canine context, we were unable to evaluate the ability of the 

Figure 3.4: Overlap of predicted targets between human and canine miRNAs 

Venn diagrams representing overlap in miR-302a/b/c/d-3p (A), miR-367 (B), miR-9-5p 

(C) determined with miRBD or mir-9-5p determined with TargetScan (D). 

A 

B 

C 

D 
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chosen protocol to generate cerebral spheroids from canine pluripotent stem cells with an 

organization comparable to human cerebral spheroids. It is therefore unknown whether canine 

pluripotent stem cells will respond similarly to the successive developmental cues of this 

protocol. Similar protocols were used to obtain cerebral organoids from mouse and porcine 

embryonic stem cells suggesting that pluripotent stem cells from different species can be used to 

obtain cerebral organoids with these protocols in those species. However, mouse cerebral 

organoids showed a faster differentiation of neural progenitors to post-mitotic neurons in 

organoids compared to human organoids (Eiraku et al., 2008; Hwang et al., 2021; Nasu et al., 

2012). This is likely due to the faster fetal development of mouse compared to humans. It would 

therefore be expected that canine spheroids would also show a faster development than human 

spheroids. 

The lack of canine embryonic tissue prevented us from validating the antibodies and 

primers used in this study in canine cells. However the antibody against OCT4 used in this study 

was previously used successfully with the same cell lines to evaluate the expression of OCT4 

(Wilcox et al., 2011). The anti-NANOG antibody used here has not been previously reported in 

dogs. However, the correlation between immunochemical staining and RT-qPCR results strongly 

suggests that cESCs express NANOG and OCT4 at very low levels compared to hiPSCs. We also 

showed that miRNA302a-3p and miR367-3p were conserved in dogs and their expression was 

markedly lower in cESCs compared to hiPSCs in line with the pluripotent gene expression in 

these cell lines. The expression of miR302a/b/c/d and miR367 stem-loop transcripts has been 

previously reported in canine embryonic stem cells suggesting that canine pluripotent stem cells 

also express these miRNAs (Hayes et al., 2008). However, only the mature miRNA sequences 

derived from the -5p arm have been annotated in dogs. 
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Target prediction of canine miRNAs and measurement of the overlap with human miRNA 

targets was attempted using the putative canine miR-302a/b/c/d-3p and mir-367-3p sequences 

with the miRDB custom algorithm. While some overlap was present, many targets were predicted 

in only one species. This could be due to the algorithm predicting the canine targets as a higher 

overlap was seen using TargetScan compared to miRDB using miR-9-5p which is annotated in 

both species. miRDB predicts miRNA targets in dogs by directly screening canine 3’-UTR 

sequences for miRNA seed binding sites. This algorithm may therefore suffer from the lack of 

annotation of the canine genome compared to the human genome, explaining the larger number 

of targets predicted in humans compared to dogs (Wong and Wang, 2015). By contrast, 

TargetScan uses the human genome as a reference and evaluates targeting of the orthologous 

canine 3’-UTR sequences by canine miRNA. This human-centric approach potentially explains 

the higher overlap of the TargetScan predictions compared to the miRDB predictions but may not 

consider canine-specific changes in the 3’-UTR.  

In conclusion, we were unable to generate true canine spheroids comparable to human 

organoids which is most likely due to the loss of pluripotency of cESCs prior to embryoid body 

formation. Development of robust canine induced pluripotent stem cells should allow researchers 

to efficiently develop better in vitro models of canine neurogenesis, but successful 

implementation of this model may require the acquisition of these cell lines. 
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CHAPTER FOUR: MICRORNAS ARE DYSREGULATED IN DOGS WITH 

EPILEPSY 

 

4.1. ABSTRACT 

Epileptic seizures have important repercussions for neuronal development and function. 

Seizure-induced neurogenesis, for example, has been shown to participate in both the progression 

of seizures and the behavioural comorbidities of epilepsy. The mechanisms by which neural stem 

cells respond to seizures and develop into abnormal neurons are not yet known. MicroRNAs 

(miRNAs) are important regulators of gene expression, and their expression is dynamically 

regulated by neuronal activity. Therefore, they are considered potential candidates to mediate the 

influence of increased neuronal activity during seizures in developing neurons. We hypothesized 

that several miRNAs would be differentially expressed after neuronal excitation in canine 

neurons derived from embryonic stem cells (cESCs) in vitro as well as in the brain of epileptic 

dogs, a species with naturally occurring epilepsy. To evaluate if cESC-derived neural cells were 

sensitive to glutamate, we first describe the development of a canine model of glutamate 

excitotoxicity. We then evaluate glutamate-dependent expression of miRNAs in this in vitro 

model and found that several miRNAs were differentially expressed in canine neurons in vitro 

after glutamate exposure. We next investigate whether changes in some of the dysregulated 

miRNAs predicted to target n-methyl-d-aspartic acid (NMDA) receptor subunit transcripts are 

associated with a change in the expression of these transcripts. No correlation was found between 

the expression of n-methyl-d-aspartic acid (NMDA) receptor subunit transcripts GRIN1, 

GRIN2A and GRIN2B and miR-26b, miR-135a and miR-197. Moreover, the expression of one 

microRNA, miRNA-135a, was also decreased in the hippocampus of epileptic dogs compared to 

control dogs. In conclusion, canine neural cells derived from cESCs are responsive to glutamate 
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and show a decrease in miR-135a expression similarly to the hippocampus of epileptic dogs. 

Further research is needed to identify the functional implication of decreased miR-135a in the 

context of epilepsy. 

 

4.2.INTRODUCTION 

Epilepsy is a chronic brain disease characterized by recurrent seizures (Fisher et al., 

2005). Interestingly, humans and dogs with epilepsy share many clinical similarities. The 

prevalence of epilepsy is similar in both species around 0.7% in humans and 0.6-5% in dogs 

(Berendt et al., 2015; Fiest et al., 2016; Kearsley-Fleet et al., 2013). Clinically, human and canine 

patients experience the same types of epileptic seizures (Berendt et al., 2015, 2004; Fisher et al., 

2005) as well as similar changes on brain magnetic resonance imaging and 

electroencephalography, suggesting shared pathological mechanisms (Berendt et al., 1999; De 

Risio et al., 2015). Moreover, the pathology of epilepsy is not limited to seizures alone, as both 

human and canine patients frequently suffer from behavioural abnormalities, impaired learning 

and memory in the period between seizures (Bell et al., 2011; Hermann et al., 2008). Similar to 

their human counterparts, epileptic dogs suffer from abnormal behaviours such as increased 

impulsivity, fear, anxiety, defensive aggression and abnormal perception (Jokinen et al., 2015; 

Shihab et al., 2011). These problems contribute to the negative impact of epilepsy on the quality 

of life of dogs and their owners (Wessmann et al., 2014). An important pathological mechanism 

behind epileptic seizures and epilepsy-associated behavioural abnormalities has recently been 

discovered. Several studies have shown that epileptic activity induces the development of new 

neurons, especially in the hippocampus, a region involved in learning and memory (Jessberger et 

al., 2007b, 2005; Parent et al., 1997). However, these new neurons have an abnormal morphology 

such as ectopic (hilar) dendritogenesis, atypical axonal sprouting and ectopic migration. This 
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aberrant neuronal development leads to incorrect or recurrent neuronal connections with the pre-

existing neurons when the epilepsy-induced neurons integrate into their surrounding network. 

(Jessberger et al., 2007b; Murphy et al., 2011; Ribak et al., 2000; Shapiro et al., 2005). Recent 

studies have implicated this epilepsy-induced neurogenesis in both seizure progression and 

associated cognitive impairment. Indeed, abnormal migration of neurons in the mouse 

hippocampus is itself sufficient to trigger epilepsy (Pun et al., 2012). Moreover, in a mouse 

model of epilepsy, it has been shown that preventing the development of these abnormal neurons 

rescued the cognitive functions of the treated mice and decreased their seizure frequency 

compared to untreated mice (Cho et al., 2015). Taken together, these data strongly suggest that, 

by giving rise to neurons with abnormal functions and connections, neural stem cells contribute 

to the progression of epilepsy and its associated cognitive impairment. The mechanisms by which 

epileptic seizures modify the development of neural stem cells into neurons is still unknown but 

some studies have shown that neural stem cells respond to neurotransmitters such as glutamate 

and GABA which induce a change in their developmental programs by regulating the expression 

of specific neuronal and glial genes (Deisseroth et al., 2004; Tozuka et al., 2005). Important 

effectors of the regulation of gene expression implicated in neurogenesis include miRNAs. These 

are 19-25 nucleotide-long non-coding RNAs that associate with proteins of the RNA-induced 

Silencing Complex (RISC) and regulate the translation of mRNA into proteins by specifically 

binding to a complementary sequence in the 3’ untranslated region (UTR) of the target mRNA 

(Bartel, 2009). MicroRNAs have been shown to be crucial in the differentiation of neural stem 

cells to neurons and in the development of neuronal processes such as dendrites and synapses, 

leading to functional neurons and regulating neuronal excitability (Lippi et al., 2016; McSweeney 

et al., 2016). Moreover, miRNA expression can be modified by neuronal activity making them 

potential candidates to “transduce” or “interpret” surrounding neuronal network activity to 
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influence neural stem cell development (Nudelman et al., 2009; Sim et al., 2014). However, it is 

not known whether, or how, these changes modify the development of immature neurons and 

their electrophysiological properties once mature. In this study, we aimed to describe the changes 

in miRNA profiles of immature neurons derived from cESCs after exposure to glutamate. We 

then began to investigate the functional consequences of these changes in miRNA expression by 

identifying pathways that are activated or inhibited secondary to glutamate exposure and NMDA 

receptor subunit expression. Finally, we confirm the changes observed in miR-135a expression in 

dogs with naturally occurring epilepsy. 

  

4.3.MATERIAL AND METHODS 

4.3.1. Canine brain tissue 

The brain of epileptic and control dogs euthanized for reasons unrelated to this study were 

retrieved from the Ontario Veterinary College Pathology archives. Control dogs were both 

euthanized because of a severe fibrocartilaginous embolic myelopathy and had no brain lesions 

detectable on histopathological examination. Clinical records of the dogs were reviewed and 

information such as the breed, age at euthanasia, age at seizure onset, time from epilepsy 

diagnosis, type of seizure, seizure frequency, medications and histopathological findings were 

recorded. To control for the time between the last seizure and euthanasia, only dogs that 

experienced their last seizure the day of euthanasia were included. 

 

4.3.2. Canine embryonic stem cell culture and differentiation 

Canine embryonic stem cells (cESCs) were previously isolated from canine embryos as 

explant cultures (Wilcox et al., 2009). Isolated cESCs were expanded by culturing them on a CF-

1 mouse embryonic fibroblast (MEF) feeder layer (ThermoFisher, Waltham, MA USA) in knock-
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out Dulbecco’s Modified Essential Medium (DMEM; ThermoFisher, Waltham, MA USA) 

supplemented with 15% knock-Out serum replacement (ThermoFisher, Waltham, MA USA), 1% 

Non-essential amino acids (ThermoFisher, Waltham, MA USA), 0.5% Glutamax (ThermoFisher, 

Waltham, MA USA), 0.5% EmbryoMax Nucleoside solution (Sigma-Aldrich, St. Louis, MO 

USA), 0.1 mM 2-Mercaptoethanol (ThermoFisher, Waltham, MA USA), 10 ng/ml human 

recombinant Leukemia Inhibiting factor (LIF; Sigma-Aldrich, St. Louis, MO USA) and 4 ng/ml 

human recombinant basic Fibroblast Growth Factor (bFGF. R&D Systems, Minneapolis, MN 

USA). Cells were grown in an incubator at 38°C in 5% CO2 with daily medium change. Colonies 

were manually passaged initially and then passaged by incubating 40 minutes in knock-Out 

DMEM supplemented with 1 mg/ml of Collagenase IV (ThermoFisher, Waltham, MA USA). 

Differentiation of cESCs in neural stem/precursor cells (NSCs) was performed by plating the 

colonies in culture vessels coated with Geltrex (ThermoFisher, Waltham, MA USA) and 

culturing them in Neurobasal medium (ThermoFisher, Waltham, MA USA) supplemented with 

2% B27 supplement without vitamin A (ThermoFisher, Waltham, MA USA), 1% Glutamax, 1% 

Penicillin/Streptomycin 10,000 U/ml (ThermoFisher, Waltham, MA USA), 20 ng/ml bFGF and 

20 ng/ml human recombinant Epidermal Growth Factor (EGF, R&D Systems, Minneapolis, MN 

USA). Medium was changed every other day and NSCs were passaged with Accutase 

(ThermoFisher, Waltham, MA USA). To induce the differentiation of NSCs into neurons and 

glial cells, NSCs were plated on vessels coated with poly-d-lysine and laminin (both from Sigma-

Aldrich, St. Louis, MO USA) at a density of 5.104 cells/cm2 and cultured in Neurobasal medium 

with 2% B27 supplements without vitamin A, 1% Glutamax and 1% Penicillin/Streptomycin but 

without bFGF and EGF. Half of the medium was changed twice a week. 
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4.3.3. Cell viability assay 

Glutamate toxicity was evaluated using a crystal violet cell viability assay according to a 

previously published protocol (Feoktistova et al., 2016). Briefly, cells were passaged at a density 

of 5.0 X 104 cells/cm2 in a 96-well plate coated with poly-d-lysine and laminin and cultured in 

Neurobasal medium with 2% B27 supplements without vitamin A, 1% Glutamax and 1% 

Penicillin/Streptomycin. After one week, cells were incubated in the presence of glutamate for 4 

hours. Culture medium was then changed, and the crystal violet assay was performed after a 24-

hour recovery period. Cells were washed twice with tap water; water was removed and 50 µL of 

0.5% crystal violet diluted in a 20% methanol solution was added to each well and incubated for 

20 minutes at room temperature on a bench rocker. The plate was then washed four times under a 

stream of tap water, dried overnight at room temperature before 200 µL of methanol was added 

to each well. The plate was then incubated for 20 minutes at room temperature on a bench rocker 

and the optical density was measured for each well at 570 nm with a plate reader. Background 

optical density was measured from wells without cells. Wells with cells that were not incubated 

with glutamate were used to set the viability at 100%. Each dose of glutamate was administered 

to three different wells (technical triplicates) and the experiment performed twice with different 

cell lines (biological replicates).  

 

4.3.4. Calcium imaging 

Cells were plated at a density of 5 x 104 cells/cm2 onto poly-d-lysin/laminin coated glass 

coverslips and incubated for 30 minutes in culture medium with 2 µM of Fluo4-AM. Cells were 

then washed with artificial cerebrospinal fluid (aCSF, 145 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 

1 mM MgCl2, 15 mM Glucose, 10 mM HEPES, 2 µM glycine, osmolarity adjusted to 315-325 

mOsm and pH of 7.3) and imaged on a FV1000 Olympus confocal microscope running Olympus 
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Fluoview software version 4.3 (Olympus, Tokyo, Japan) using a 488 nm excitation laser. Images 

were acquired every 0.5 s for 3 minutes. Cells were stimulated with 100 µM of glutamate 

monosodium (Sigma-Aldrich, St. Louis, MO USA) diluted in aCSF or 100 µM NaCl as an 

osmotic control. The fluorescence of individual neurons was followed over time by manually 

drawing a region-of-interest (ROI) around each neuron and measuring the mean ROI 

fluorescence for each frame using ImageJ (version 1.52e, Rasband, W.S., ImageJ, U. S. National 

Institutes of Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 1997-2018). 

Background fluorescence was subtracted from each measurement and the change in fluorescence 

of each neuron was expressed as 
F−F0

F0
 where F represents the mean fluorescence of a neuron at a 

particular time and F0 represents the basal fluorescence of that neuron, measured either as the 

mean fluorescence of the neuron during the first 30 seconds of recording, prior to injection of 

glutamate or NaCl for recordings with injections or the minimum fluorescence of each neuron 

when no injection was used. The change in fluorescence was plotted over time and calcium peaks 

were identified using custom Python scripts (version 3.8, Python Software Foundation, 

http://www.python.org) to identify local maxima. Only peaks with a prominence of 0.3 

(representing an increase of 30% in fluorescence compared to the nearest local minima) were 

kept discarding peaks due to noise only. Traces were visually inspected to confirm automatic 

peak detection. The number of calcium peak per cell and number of neurons showing at least one 

peak (active neuron) were counted. The amplitude and duration of each peak was also recorded. 

To verify that the increase in fluorescence measured was due to an influx of calcium ions, 

cells were incubated in calcium-free aCSF (145 mM NaCl, 2.5 mM KCl, 3 mM MgCl2, 15 mM 

Glucose, 10 mM HEPES, 2 µM glycine, osmolarity adjusted to 315-325 mOsm and pH of 7.3) 

before being stimulated with 100 µM glutamate monosodium diluted in calcium-free aCSF. 

http://www.python.org/
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4.3.5. RNA extraction 

For cells, total RNA was isolated with the miRNeasy mini Kit (Qiagen, Hilden, Germany) 

according to manufacturer’s instructions. An on-column DNase digestion was performed with the 

RNase-free DNase set (Qiagen). For post-mortem samples, brains were sectioned in 10 µm 

sections using a microtome and the hippocampus of each dog was isolated by macrodissection. 

Section were de-paraffinized and total RNA was extracted from the samples using the miRNeasy 

FFPE kit (Qiagen) also including a DNA digestion step. RNA was quantified with the Nanodrop 

2000c (ThermoFisher). 

 

4.3.6. MicroRNAs microarray, functional annotation, and disease ontology analysis 

Three hundred nanograms of total RNA were submitted for profiling with the Affymetrix 

GeneChip miRNA 4.0 arrays which contain canine specific probes (ThermoFisher). Differential 

expression analysis was performed in the Transcriptome Analysis Console (TAC) v. 4.0.2 that 

calls functions from the limma Bioconductor package (Ritchie et al., 2015). Batch effects were 

removed by controlling for replicate number and differential expression was assessed with 

ANOVA with eBayes correction. Only miRNAs that had +/- 1.5-fold change and p < 0.05 were 

considered significantly differentially expressed. To investigate the functional significance of 

these changes, predicted mRNA targets of differentially expressed miRNAs were retrieved with 

TargetScanHuman v7.2 (Agarwal et al., 2015). Enrichment for specific biological processes and 

cellular compartment GO terms, KEGG pathway and gene-disease association was performed 

with the ToppFunn module of the ToppGene suite using a probability density function with 

Benjamini-Hochberg False Discovery Rate (FDR) correction (Chen et al., 2009). Gene-disease 

associations were retrieved from DisGeNET (Piñero et al., 2020). 
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4.3.7. RT-qPCR 

For mRNA, 1 µg of total RNA was reverse transcribed with qScript complementary DNA 

(cDNA) SuperMix (Quantabio, Berverly, MA USA). MicroRNAs were first polyadenylated and 

then reverse transcribed using the qScript miRNA cDNA Synthesis kit (Quantabio). Real-Time 

quantitative Polymerase Chain Reaction (RT-qPCR) was performed using a CFX96 Touch Real-

Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA USA) using 3 ng of cDNA 

per reaction and Sensifast SYBR No-ROX mix (Bioline Corporation, Alvinston, ON, Canada). 

cDNA of mRNA was amplified using a pair of specific forward and reverse primers 

(supplementary table 3). MicroRNAs were amplified using a specific forward primer and 

PerfeCTa Universal PCR primer (Quantabio). Standard curves were performed for each primer 

pair to calculate primer efficiency. Primer specificity was assessed by melting curve analysis, 

examining melting curve for multiple peaks, separating the PCR products on a 1% Agarose gel, 

and assessing the products for multiple bands. The stability of reference genes was evaluated 

using the GeNorm method (Vandesompele et al., 2002). GAPDH and HPRT were used for 

mRNA, miR-17 and miR-181c were used for miRNA normalization. 

 

4.3.8. Immunocytochemistry 

Cells were plated at a density of 5 X 104 cells/cm2 onto poly-d-lysine/laminin coated glass 

coverslips, fixed 10 minutes with 4% paraformaldehyde, and then blocked in PBS with 1% 

bovine serum albumin (BSA, Sigma-Aldrich Corp., St. Louis, MO, USA) and 0.3% Triton-X 100 for 

1 hour at room temperature. Cells were then incubated overnight at 4°C with the following 

primary antibodies (Supplementary table 1) diluted at 1:500 in PBS with 0.5% BSA and 0.2% 

Triton-X 100. Cells were then incubated with Alexa Fluor 488 or 594-conjugated secondary 

antibodies (Supplementary table 2) at 1:500 diluted in PBS with 0.5% BSA and 0.2% Triton-X 
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100, for 2 hours at room temperature in the dark. Cells were then counterstained with 4′,6-

diamidino-2-phenylindole (DAPI) and coverslips were mounted in Vectashield anti-fade 

mounting medium (Vector laboratories, Burlingame, CA USA) onto microscope slides. Z-stacks 

were acquired on a FV1000 Olympus confocal microscope running Olympus Fluoview software 

version 4.3 (Olympus, Tokyo, Japan). All stacks were acquired with the same settings between 

different biological replicates. Z-stacks and multi-channel images were reconstructed using 

ImageJ. Cells were counted using ImageJ. Negative controls were included in which the primary 

antibodies were omitted to identify non-specific binding of the secondary antibodies. 

 

4.3.9. Statistical analyses 

Graphs and statistical analysis were performed with GraphPad Prism 7 (GraphPad 

Software, La Jolla, CA USA). Normal distribution of data was verified with a Shapiro Wilk Test. 

If the data was normally distributed, differences between means were analyzed by Student’s two-

tailed t-test, analysis of variance (ANOVA) with Holm Sidak correction for multiple comparison 

when there were more than 2 groups. If the data was not normally distributed, a Wilcoxon Rank 

Sum test was performed. For proportions, a logit-transformation was performed and a Student’s t-

test was used on the logit transformed-data. The concentration of glutamate resulting in 50% cell 

death (LC50) was estimated from the dose-curve response with a nonlinear regression using 

Least squares fit fitting method. Gene expression data from RT-qPCR was calculated using the 

ΔΔCT method using qbase+ software, version 3.2 (Biogazelle, Zwijnaarde, Belgium - 

www.qbaseplus.com) and log2 transformed to assume normal distribution (Pfaffl, 2001). The 

number of independent biological replicates is indicated in each figure. A p-value < 0.05 was 

considered statistically significant. Data shown represent the mean +/- standard error of the mean 
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(SEM). No prior sample size calculation was performed to determine the number of biological 

replicates to be performed. 

 

4.4. RESULTS 

4.4.1. Expression of neuronal and glial markers by cESCs upon differentiation 

We first evaluated the differentiation of cESCs into neurons and glial cells by looking for 

the expression of the NSC marker Nestin, post-mitotic neuronal marker MAP2 and glial cell 

marker GFAP, at different stages along the differentiation of cESCs into neuronal and glial cells 

(Figure 4.1). The proportion of cells expressing each marker was quantified at different the time 

points (Figure 4.2). While most cells cultured with bFGF and EGF expressed Nestin (mean 

97.08%, SEM 0.3519), its expression decreased progressively after removal of growth factors (1 

Figure 4.1: Representative 

immunocytochemical images 

of cESC-derived NSCs, 

neurons and glial cells. 

The expression of NSC marker 

Nestin, post-mitotic neuron 

marker MAP2 and glial cell 

marker GFAP was assessed 

before (A), 7 days after (B, D) 

or 28 days after (C, E) removal 

of growth factors bFGF and 

EGF. Bar = 100µm. 
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week: 48.59%, SEM 9.182 and 4 weeks: 5.99%, SEM 1.179, p < 0.0001, ANOVA). In contrast, 

the proportion of MAP2+ neurons showed a trend towards an increase between day 7 and day 28 

(39.52% versus 73.15% respectively, p = 0.0848, Student’s t-test). The proportion of GFAP+ 

glial cells also increased between these time points (11.26% versus 25.95%, p = 0.0033, 

Student’s t-test). The ratio of neurons to glial cells remained similar between day 7 and day 28 at 

approximately 3:1 neuron to glial cell. This demonstrates that cESCs could be reliably 

differentiated into neurons and astrocytes upon growth factor removal. 
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Figure 4.2: Proportion of cells expressing neural stem cell marker Nestin (A), post-mitotic 

neuronal marker MAP2 and glial cell marker GFAP (B) at different stages of maturation.  

Data are shown as mean +/- SEM. Each point represents a biological replicate. 
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4.4.2.  Glutamate is toxic for cESC-derived neural cells at high doses 

The excitatory neurotransmitter glutamate is released at higher concentrations in the brain 

during seizures (Medina-Ceja et al., 2015). When released excessively, glutamate is toxic for 

neurons and induces neuronal death through both apoptosis and necrosis, a process termed 

excitotoxicity (Choi, 1988, 1992). To evaluate the toxicity of glutamate in our cESC-derived 

neural cells, we incubated neural cells after 1 week of culture with escalating doses of glutamate 

for 4 hours. After a 24-hour recovery period, we estimated the number of adherent cells 

(representing living cells) with a crystal violet assay (Figure 4.3). Glutamate induced a dose-

dependent reduction of cell viability in our cell culture model with an LC50 of 6.67mM of 

glutamate (95% CI: 2.01 to 18.93 mM). Therefore, for the rest of the experiments, we chose a 

dose of 100µM which does not induce significant cell death after 24 hours. 
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Figure 4.3: Glutamate toxicity on ESC-

derived neural cells. 

Remaining cells were estimated with a 

crystal violet assay 24 hours after a 4-hour 

glutamate treatment. Data are shown as 

mean +/- SEM. When no error bar is seen 

this means that the error bar is shorter than 

the height of the symbol. n= 2 biological 

replicates. 
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4.4.3. cESC-derived neural cells are responsive to glutamate   

Neural stem cells can respond to several neurotransmitters both in vitro and in vivo 

(Deisseroth et al., 2004; Tozuka et al., 2005). Exposure to glutamate, for example, induces an 

influx of calcium ions into the cells through opening of voltage-sensitive calcium channels and 

NMDA receptors. This influx of Ca2+ plays an important role in neurogenesis as the formation of 

new neurons is impaired when the influx is blocked with calcium channel or NMDA receptor 

inhibitors (Deisseroth et al., 2004). To examine whether cESC-derived neural cells were sensitive 

to glutamate, we performed live-cell calcium imaging after 1 week of neural differentiation and 

exposed cESC-derived neural cells to glutamate. Upon addition of 100µM of glutamate 

monosodium to the extracellular aCSF, a sharp rise in intracellular calcium-induced fluorescence 

was noted. Comparatively, exposure to 100µM NaCl as an osmotic control did not change 

intracellular fluorescence (Figure 4.4). To control for the possibility that the increase in 

intracellular fluorescence was due to the release of internal calcium stores and not an influx of 
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extracellular calcium ions, we incubated cells in calcium-free aCSF before stimulating them with 

100µM glutamate. As expected, no change in intracellular fluorescence was recorded (data not 

shown). Overall, 75% of cells showed a fluorescence peak after injection of glutamate whereas 

less than 1% of cells showed a change in intracellular fluorescence after injection of NaCl (Figure 

4.5). This demonstrates that cESC-derived cells are responsive to glutamate and have an increase 

in intracellular calcium upon glutamate exposure.  

 

4.4.4. Changes in expression of miRNA by acute exposure to glutamate of cESC-derived neural 

cells 

To investigate changes in miRNA expression after glutamate exposure in cESC-derived 

neural cells after 7 days of differentiation, miRNA profiling was performed with a miRNA 

microarray. Twelve miRNAs were differentially expressed after glutamate exposure with 11 

miRNAs downregulated and 1 upregulated in glutamate treated cells compared to controls (Table 

4.1). Using TargetScanHuman v7.2, these 12 miRNAs were predicted to target 9635 unique 

transcripts. GO term enrichment analysis for biological processes revealed a significant 

Figure 4.5: Proportion of active cells after 

exposure to glutamate or NaCl. 

Cells were considered active if they showed at 

least one calcium peak after exposure to 

glutamate or NaCl. Each dot represents a 

biological replicate. Bars represent mean +/- 

SEM. Student’s t-test 



 

  128  
 

enrichment for terms related to neurogenesis, while analysis for cellular components included 

multiple terms relating specifically to the synapse. KEGG pathways were enriched for those 

involved in stem cell pluripotency as well as axonal guidance. Interestingly, gene-disease 

associations relating to neurological disorders including epilepsy, autism, schizophrenia, and 

neurodegenerative disorders were overrepresented (Figure 4.6).  

 

Table 4.1: Differentially expressed miRNA after glutamate exposure in cESC-derived neural 

cells 

miRNA Fold change (Glutamate vs Control) p-Value 

miR-718 -2.92 0.0043 

miR-26b -4.52 0.0256 

miR-15b -1.86 0.0337 

miR-199 -2.72 0.0350 

miR-193a -2.18 0.0353 

miR-193b -2.18 0.0384 

Mir-379 2.31 0.0360 

Mir-197 -2.08 0.0369 

Mir-135a -2.04 0.0444 

Mir-885 -2.74 0.0450 

Mir-615 -2.15 0.0474 

Mir-331 -1.82 0.0474 
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4.4.5. Effect of glutamate exposure on NMDA receptor subunit expression and miR-135a, miR-

197 and miR-26b during differentiation of cESCs 

Interestingly, transcripts encoding several subunits of the NMDA receptor were predicted 

to be targeted by several differentially expressed miRNAs (GRIN1: miR-15b, miR-197; 

GRIN2A: miR-135a, miR-193, miR-197, miR-885; GRIN2B: miR-135a, miR-197, miR-26b, 

miR-885). Given the implications of NMDA receptors in neurological processes underlying 

learning and memory as well as epilepsy, we focused our investigation on these transcripts and 

the miRNAs predicted to target them (miR-135a, miR-197 and miR-26b). As glutamate exposure 

triggered a rise in intracellular calcium in cESC-derived neural cells, which is in part mediated by 

NMDA receptors, we reasoned that activation of NMDA receptors by glutamate may result in a 
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feedback or feed-forward loop on NMDA receptor expression that could be mediated by changes 

in the expression of miRNA targeting NMDA receptor subunits transcripts. First, we measured 

the expression of the GRIN1, GRIN2A and GRIN2B transcripts during cESC neural 

differentiation (Figure 4.7A). GRIN1 and GRIN2B subunit expression increased during 

differentiation while GRIN2A showed no statistically significant change in expression. Similarly, 

miR-197 and miR-26b showed an increase in expression as cESCs differentiated and miR-135a 

A 

B 

Figure 4.7: Expression of NMDA receptor subunits and targeting miRNAs during 

differentiation of cESC-derived neural cells 

(A) Expression of GRIN1, GRIN2A and GRIN2B receptor subunits measured by RT-qPCR.  

(B) Expression of miR-135a, miR-197 and miR-26b measured by RT-qPCR. 

Bars represent mean +/- SEM. N=3 biological replicates. Holm Sidak test for multiple 

comparisons. 
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expression was not statistically different between 0, 7 and 28 days of differentiation (Figure 

4.7B).  

We then evaluated whether NMDA receptor subunit expression was modified by 

exposure to glutamate. We exposed cESC-derived neural cells at 0, 7 or 28 days of differentiation 

to 100µM glutamate for 4 hours and measured the expression of GRIN1, GRIN2A and GRIN2B 

transcripts with RT-qPCR. Interestingly, only GRIN2B showed a statistically significant increase 

in expression after glutamate exposure in cESC-derived neural cells at 28 days (1.498-fold 

change, p = 0.019). For miRNAs, only miR-135a showed a statistically significant difference in 

expression after glutamate treatment in cESC-derived cells after 7 days of differentiation, 

confirming the results of the microarray. However, miR-197 and miR-26b showed no statistically 

significant difference in expression after glutamate treatment in contrast to the microarray results 

(Figure 4.8). We did not observe any inverse correlation between NMDA receptor subunit 

transcript expression and miRNA expression at any differentiation stage. 
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4.4.6. Expression of miR-135a, miR-197 and miR-26b in the hippocampus of epileptic dogs 

Results from in vitro studies may not reflect changes observed in vivo. To explore 

whether the miRNAs differentially expressed in cESC-derived neural cells after glutamate 

exposure were also differentially expressed in vivo, we measured the expression of miR-135a, 

miR-197 and miR-26b in the hippocampus of control dogs and dogs with epilepsy that had been 

euthanized for reasons unrelated to this study. Epileptic dogs were chosen as they all experienced 

A 

B 

Figure 4.8: Regulation of expression of NMDA receptor subunit and targeting miRNA 

by glutamate exposure 

(A) Expression of NMDA receptor subunits was measured in cESC-derived neural cells after 

glutamate exposure at 0, 7 or 28 days of differentiation with RT-qPCR.  

(B) Expression of miR-135a, miR-197 and miR-26b was measured in cESC-derived neural 

cells after glutamate exposure at 0, 7 or 28 days of differentiation with RT-qPCR. 

Bars represent mean +/- SEM. N=3 biological replicates. Holm Sidak test for multiple 

comparisons 
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generalized tonic-clonic seizures and had their last seizure the day of euthanasia. No structural 

lesions (e.g., neoplasia, encephalitis) were detected in the histological examination of the brain. 

The hippocampus was chosen to control for variation in the expression of miRNAs between 

different brain regions and because it is an epileptogenic area in dogs, likely to undergo increased 

excitation during epileptic seizures either as the seizure source or secondarily after seizure 

generalization (Czerwik et al., 2018; Nagendran et al., 2021). A summary of the clinical 

characteristics of the dogs used in this study can be found in Table 4.2 and detailed characteristics 

in Supplementary Table 4. All three miRNAs were expressed in the hippocampus and a 

significant decrease in miR-135a expression was observed in the hippocampus of epileptic dogs 

compared to control dogs (Fold change: 0.185, p = 0.0009, Figure 4.9). 

 

Table 4.2: Summary of clinical characteristics 

 

 

Group Sex Age at euthanasia Age seizure onset Time with seizure Seizure 

frequency 

Epileptic Male: 

5/6 

Median: 5.48 years 

(1-10 years) 

Median: 1.14 

years (8 - 120.7 

months) 

Median: 3.52 

months (2 days - 

59.2 months) 

Hourly: 

(3/6) 

Daily: (1/6) 

Monthly: 

(2/6) 

Control Male: 

1/2 

Median: 7.08 years 

(6.09-8.08 years) 

NA NA NA 
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4.5.DISCUSSION 

In this study, we characterized the neuronal differentiation of cESC-derived neural cells 

and describe the toxicity of glutamate on these cells. We further evaluated the response of cESC-

derived neural cells to glutamate with live calcium imaging. These methods lay the foundation 

for the study of glutamate excitotoxicity in canine neurons. Because of the lack of well-defined 

canine iPSCs and the inaccessibility of the canine brain ante-mortem, only a few studies have 

used canine neurons in vitro for the study of epilepsy. We profiled the changes in miRNA 

expression in cESC-derived neural cells after glutamate exposure to identify miRNA glutamate-

induced changes in miRNA expression. Interestingly, out of 12 miRNA that were differentially 

expressed, 11 showed decreased expression. This is in line with previous studies showing a 

decrease in expression in most miRNA after stimulation with neurotransmitters. These studies 

identified a shorter half-life of miRNAs in neurons compared to other cell types as well as a 

decrease in miRNA half-life upon neuronal stimulation, suggesting an increase in miRNA 

turnover (Krol et al., 2010a; Rajasethupathy et al., 2009). Enrichment analysis for functional 

annotation terms of predicted targets of the differentially expressed miRNA suggested that these 

Figure 4.9: Expression of miR-135a, -197 and 

-26b in the hippocampus of epileptic and 

control dogs 

Expression measured with RT-qPCR. Holm 

Sidak test for multiple comparisons. Each point 

represents an individual dog. Bars represent 

mean +/- SEM. 
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miRNAs are involved in neurogenesis as expected. Furthermore, we validated the differential 

expression with RT-qPCR for miR-135a in both cultured neurons exposed or not to glutamate 

and the hippocampus of epileptic dog compared to control dogs although the low number of dogs 

in the control (n = 2) and epileptic group (n = 6) warrants caution in the interpretation of these 

results. The effect of glutamate on the expression of miR-135a was restricted to cESC-derived 

neural cells at 7 days of differentiation and not in undifferentiated NSCs or cESC-derived neural 

cells after 28 days of differentiation. This suggests that glutamate signalling regulates the 

expression of miR135a only during a limited developmental window. This is in line with a 

previous study showing that miR135a was suppressed upon running, specifically in the mouse 

hippocampal subgranular zone, where neurogenesis occurs (Pons-Espinal et al., 2019). 

Importantly however, that study showed miR-135a suppression in Nestin-positive cells. In our 

experiments, 97% of NSCs expressed Nestin whereas only around 50% of cESC-derived neural 

cells at 7 days of expression expressed Nestin. Nestin is expressed by neural stem/progenitor cells 

not yet committed to the neuronal lineage as well as differentiating neuroblasts (von Bohlen und 

Halbach, 2011). It is possible that only a subpopulation of Nestin-positive cells shows a decrease 

in miR-135a upon stimulation. Moreover, miR-135a is also expressed in astrocytes, and 

inhibition of miR-135a expression in astrocytes increased neuronal survival in a mouse model of 

Alzheimer’s disease (Chu et al., 2016). In our model, only 11% of cells express the glial cell 

marker GFAP after 7 days of differentiation. 

MiR-135a expression has been measured in several rodent models of epilepsy and human 

epileptic tissue (Korotkov et al., 2017; Vangoor et al., 2019). In 3 studies, miR-135a was shown 

to be upregulated 72 hours and 3-4 months after the onset of epilepsy in rodent models and was 

also upregulated in human epileptic tissue of temporal lobe epilepsy with hippocampal sclerosis 

(Gorter et al., 2014; Kan et al., 2012; Schouten et al., 2015; Vangoor et al., 2019). This is in 
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contrast with our results and other studies showing a decrease in miR-135a expression in 

exercise-induced neurogenesis (Pons-Espinal et al., 2019). Moreover, overexpression of miR-

135a during embryonic development resulted in a smaller dorsal forebrain and hippocampus as 

well as decreased dopaminergic neurogenesis (Anderegg and Awatramani, 2015; Caronia-Brown 

et al., 2016). These differences in results between our study and those evaluating the expression 

of miR-135a in epileptic tissue could stem from the fact that we evaluated miR-135a expression 

hours after glutamate stimulation or final seizures, while others have evaluated miR-135a 

expression days to months after the epileptic insults. This would suggest that, while a decrease in 

miR-135a expression is consistently observed and may correlate with activity-induced 

neurogenesis, an increase in miR-135a expression can occur in the days and months after 

epileptic seizures.  

Because NMDA receptors are important mediators of synaptic plasticity that underlie 

learning and memory in addition to epilepsy, we evaluated the expression of the transcripts of 

several NMDA receptor subunits that were predicted to be targeted by several differentially 

expressed miRNAs in our study. We did not observe a correlation between changes in the 

expression of these transcripts and changes in miRNA expression after glutamate stimulation. 

This could be because the differentially expressed miRNAs do not actually target NMDA 

receptor subunits or because miRNA targeting of these mRNAs do not result in mRNA 

degradation but rather block mRNA translation (Chu et al., 2020). Measuring the expression of 

NMDA receptor subunits at the protein level with western blot or immunohistochemistry would 

be necessary to evaluate the effect of glutamate on the expression of NMDA receptor subunits 

identify potential correlations with miRNA expression.  

Finally, the changes in expression in miR-26b and miR-197 observed with microarrays 

could not be verified with RT-qPCR (Figure 4.8B). This discrepancy could stem from differences 
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in sensitivity or specificity between both techniques or differences in normalization strategies 

which could impact the identification of differentially expressed genes (Git et al., 2010). 

In conclusion, we described the differentiation of cESCs into neurons and astrocytes and 

their response to glutamate, providing a new tool for the study of glutamate excitotoxicity in 

canine neurons. We also described the expression of NMDA receptor subunits transcripts during 

differentiation of cESCs to neurons and astrocytes. Furthermore, we identified the acute down-

regulation of miR-135a in cESC-derived neural cells as well as the hippocampus of epileptic 

dogs. This miRNA has been associated with exercise-induced neurogenesis and may therefore 

play a role in seizure-induced neurogenesis.  
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GENERAL DISCUSSION 

 

 The aims of the studies described in this thesis were to develop in vitro models of 

epileptic seizures using human cerebral organoids and canine neurons to study seizure-induced 

neurogenesis and identify miRNAs that may participate in the formation of new neurons after 

epileptic seizures. We initially employed cerebral organoids generated from human iPSCs, which 

have been shown to closely recapitulate key stages of neurogenesis in vitro and to form 

functional neuronal networks with spontaneous synchronized activity (Trujillo et al., 2019; 

Velasco et al., 2019). Given these properties, cerebral organoids seemed like ideal candidates to 

replicate seizure-induced neurogenesis in vitro. Cerebral organoids have been used to model 

several neurodevelopmental disorders but seizure-like events had not been described in organoids 

(Di Lullo and Kriegstein, 2017). To trigger this epileptiform activity, we used 4AP, a potassium 

channel blocker that has been used to trigger seizure like-events in ex vivo brain slices (Gonzalez-

Sulser et al., 2011; Heuzeroth et al., 2019). In our study, cerebral organoids treated with 4AP 

showed an increase in neuronal activity without displaying increased synchronization and 

prolonged bursts of activity characteristics of seizure-like events at 90 days of culture but 

prolonged synchronized network bursts were elicited at 160 days of culture. Several factors could 

explain these findings. Firstly, 3-month-old cerebral organoids may not be sufficiently mature to 

have organized into a functional network with significant synchronized activity. This is 

corroborated by the whole-cell patch clamp data, which demonstrated that a significant 

proportion of cells were not excitable or showed a depolarization block upon prolonged 

depolarization, characteristics of more immature neurons. Others have also shown that 

synchronized activity increases progressively in organoids up to 8 months of culture (Trujillo et 

al., 2019). Longer time in culture or protocols accelerating the rate of maturation may be required 
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to evaluate the effect of 4AP on organoids with synchronized activity. Other pro-epileptic culture 

conditions have also been described and may generate seizure-like events in organoids (Mody et 

al., 1987; Pacico and Mingorance-Le Meur, 2014; Sun et al., 2001). We chose this time point of 

90 days of culture to evaluate activity-induced neurogenesis as histological analysis of the 

organoids showed persistence of neural-tube like structures and proliferating NSCs combined 

with the presence of post-mitotic NeuN+ neurons whereas older organoids sometimes lack 

neural-tube like structures and may be depleted of NSCs at later time points. Finding the 

appropriate developmental window when functional neurons coexist with all stages of NSCs will 

be an important consideration to investigate neurogenesis induced by neuronal activity. 

Moreover, we did not evaluate the presence of inhibitory interneurons in our cerebral spheroids 

as the protocol followed generates primarily excitatory cortical neurons (Tanaka et al., 2020). 

Inhibitory interneurons play an important role in the generation of synchronized neuronal activity 

and may be responsible for the development of some types of epilepsy (Avoli and Jefferys, 

2016). Integrating interneurons in cerebral spheroids may also facilitate the development of 

seizure-like activity. Nevertheless, 4AP increased neuronal activity even in 90 day-old spheroids 

and 4AP exposure was associated with increased neuronal differentiation and decreased glial 

differentiation of NSCs. This is consistent with previous in vitro and in vivo studies and had not 

yet been described in human cerebral organoids (Deisseroth et al., 2004; Ma et al., 2009; Song et 

al., 2016; Tozuka et al., 2005). To evaluate this activity-induced neurogenesis, we tagged 

proliferating cells with EdU and evaluated their differentiation 2 weeks later using antibodies 

against neuronal and glial-specific antigens. This technique has been used in previous studies in 

vivo (Tashiro et al., 2007). One of the limitations of EdU is that it will be diluted with subsequent 

cellular divisions, which could cause cells that have divided more actively to no longer be 

identifiable. Other fate-mapping techniques using retroviruses or transposable elements to tag 
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proliferating cells and their progeny without dilution of the signal over cell division may be 

required to confirm our findings (Jessberger et al., 2007b; Siddiqi et al., 2014).  

 These studies also illustrate some of the limitations of cerebral organoids for cellular and 

molecular investigations such as the high variability we observed in gene expression between 

individual organoids. This variability has been previously reported by others and may stem from 

different factors (Hernández et al., 2021). The main identified reason is the intrinsic variability 

between different cell lines and between different batches of differentiation of the same cell lines 

(Cahan and Daley, 2013; Yoon et al., 2019). This can result in organoids with significant 

differences in terms of cellular composition, introducing variability in gene expression when it is 

evaluated on bulk organoids. To help mitigate this limitation, we employed a protocol that has 

been shown to have reduced variability between cell lines and differentiation batches (Yoon et 

al., 2019). However, when evaluating the expression of genes restricted to a certain cell types 

such as post-mitotic neurons, the use of single cell analysis techniques such as single-cell RNA 

sequencing, fluorescence-activated cell sorting or immunohistochemical staining with cell type 

specific markers may be required to evaluate differences in gene expression that may otherwise 

not be noticeable in combined cell populations from the organoids. 

 One of the initial goals of this project was to study the effect of neuronal activity on 

neurogenesis in dogs. We attempted to generate canine cerebral spheroids from previously 

described cESCs using a similar protocol than with the human iPSCs. However, canine spheroids 

did not contain neural tube-like structures and did not recapitulate the layered organization that is 

typical of spheroids, hence our cultures more closely resembled neurospheres (Garcez et al., 

2016). This was likely due in part to the loss of pluripotency of cESCs prior to spheroid 

generation, which would explain why these cells organize into neurosphere rather than cerebral 

organoids. However, we were able to obtain neurons and glial cells in dissociated culture. 
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Because in preliminary experiments cESC-derived neural cells did not respond to 4AP, we 

employed a more direct approach to stimulate these cells by exposing them to glutamate, the 

main excitatory neurotransmitter released during epileptic seizures. This model of glutamate 

excitotoxicity with canine neurons may help study types of epilepsies that have only been 

described in dogs so far (Wielaender et al., 2017). 

 In the different studies performed, we observed a consistent decrease in miR-135a 

expression, in 4AP-exposed human cerebral spheroids, glutamate-exposed cESC-derived neural 

cells and the hippocampus of epileptic dogs. A decrease in miR-135a has been previously 

associated with exercise-induced neurogenesis and is therefore an important candidate to mediate 

seizure-induced neurogenesis (Pons-Espinal et al., 2019). The expression of miR-135a has been 

previously evaluated in both rodent models of epilepsy and resected human epileptic tissue 

(Gorter et al., 2014; Kan et al., 2012; Schouten et al., 2015; Vangoor et al., 2019). However, in 

all these studies, an increase in miR-135a was measured in contrast to our study. This is likely 

because these studies measured the expression of miR-135a 72 hours to several months after the 

epileptic insult whereas we measured the acute change in miR-135a expression hours after 

neuronal stimulation or last seizure. An increase in miR-135a was noted in human epileptic tissue 

with hippocampal sclerosis, a chronic condition characterized by neuronal loss and gliosis (Kan 

et al., 2012). Moreover, overexpression of miR-135a was shown to decrease neurogenesis in vivo 

(Anderegg and Awatramani, 2015). In contrast, suppression of miR-135a expression increased 

neurogenesis both in vitro and in vivo, and miR-135a partly controls the switch between neuronal 

and glial differentiation (Pons-Espinal et al., 2019, 2017).  

 The mechanisms by which miR-135a influences neurogenesis have not yet been resolved. 

Predicted targets of miR-135a include the transcripts of proteins involved in several pathways 

such as Wnt and IP3 signaling (Anderegg and Awatramani, 2015; Pons-Espinal et al., 2019). In 
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our study, using only validated targets for miR-135a, we found an enrichment for KEGG terms 

related to the BDNF pathway that has been associated with activity-induced neurogenesis 

(Botterill et al., 2015; Waterhouse et al., 2012). Although the regulation of miR-135a expression 

by neuronal activity is not known, we found a correlation between pri-mir-135a-2, mir-135a and 

RMST expression suggesting that the decrease in miR-135a may be linked to a decrease in 

expression of its host gene RMST. Interestingly, expression of RMST is necessary for embryonic 

neurogenesis via its physical interaction with SOX2 (Ng et al., 2013). RMST expression is in turn 

activated at least partly by Pax2 and Lmx1a/Lmx1b and repressed by REST, an important 

negative regulator of neurogenesis (Anderegg and Awatramani, 2015; Caronia-Brown et al., 

2016; Conaco et al., 2006; Ng et al., 2013). On the other hand, miR-135a expression can be 

independently controlled through binding of its own promoter by Stat5a and CEBPD (Chu et al., 

2016; Wei et al., 2016). This complexity clearly suggests that further research is needed to 

elucidate the details of regulated miR-135a expression by neuronal activity and its functional 

implications in activity-induced neurogenesis. 

 In conclusion, these studies showed the recapitulation of activity-induced neurogenesis in 

human cerebral organoids and in dogs with epilepsy and circumstantially implicate the 

dysregulation of miR-135a as one potential mechanism linking neuronal activity to increased 

neurogenesis and decreased gliogenesis. Further research should evaluate whether 4AP increases 

neurogenesis through increased neuronal activity or through another effect on neural stem cells 

by blocking neuronal firing concurrently with 4AP exposure. Moreover, the use of miR-135a 

mimics concurrently with 4AP exposure would be necessary to implicate miR-135a more 

definitely as a regulator of activity-induced neurogenesis, by preventing a decrease in miR-135a 

and evaluating whether it inhibits activity-induced neurogenesis. Finally, the functions of miR-

135a in activity-induced neurogenesis should be investigated by identifying targets of miR-135a 
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that participate in its effect on neurogenesis. Altogether, these findings would provide important 

information to determine whether preventing the decrease in miR-135a observed acutely after 

seizures help avoid the development of seizure-induced neurogenesis and ameliorate epilepsy 

progression and associated cognitive and behavioural abnormalities. 
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APPENCICES 

 

Supplementary Table 1: Primary antibodies used 

Antigen Host species Working dilution Manufacturer (catalog number) 

Sox2 Rabbit 1:500 Abcam (ab97959 

Nestin Rabbit 1:500 Abcam (ab92391) 

DCX Rabbit 1:500 Abcam (ab18723) 

Map2 Mouse 1:200 Millipore (MAB3418) 

NeuN Mouse 1:500 Millipore (MAB377) 

GFAP Rabbit 1:1000 Millipore (AB5804) 

Ki67 Rabbit 1:500 ThermoFisher (PA5-19462 

Cleaved Caspase 3 Rabbit 1:500 Cell signaling technologies (9661T) 

cFOS Rabbit 1:500 Cell signaling technologies (4384) 

OCT4 Goat 1:100 Santa Cruz (sc8628) 

NANOG Rabbit 1:500 Abcam (ab21624) 
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Supplementary Table 2: Secondary antibodies used: 

Antibody Host species Dilution Manufacturer 

Anti-Rabbit IgG Alexa Fluor 488 Donkey 1:500 Invitrogen (A-21026) 

Anti-Mouse IgG Alexa Fluor 594 Goat 1:500 Invitrogen (A-11032) 

Anti-Goat IgG Alexa Fluor 488 Donkey 1:500 Invitrogen (A-11055) 

 

Supplementary Table 3: PCR primers used: 

Target Sequence Product length Efficiency Reference 

GAPDH Fwd: TGCACCACCAACTGCTTAGC 

Rvse: GGCATGGACTGTGGTCATGAG 

87 110% Primer BLAST 

HPRT Fwd: AGCTTGCTGGTGAAAAGGAC 

Rvse: TTATAGTCAAGGGCATATCC 

104 105.8% Primer BLAST 

Canine GRIN2A Fwd: GTGGCTTAAAGGGCTACGA 

Rvse: CAGGGCTCGGCTCTGCC 

340 100.8% Primer BLAST 

Canine GRIN2B Fwd: TTCTGGTTGGTGTTGGCTGT 

Rvse: TGCGGGTGATGATGCTCTTT 

220 101.6% Primer BLAST 

Canine GRIN1 Fwd: TGGCTGTGATGCTGTACCTG 

Rvse: CACATGGCTGAAGACAGGGT 

106 104.2% Primer BLAST 

SOX2 Fwd: TGGACAGTTACGCGCACAT 

Rvse: CGAGTAGGACATGCTGTAGGT 

215 107.1% PrimerBank ID: 325651854c2  

Human OCT4 Fwd: CTTGAATCCCGAATGGAAAGGG 

Rvse: GTGTATATCCCAGGGTGATCCTC 

164 108.2% PrimerBank ID: 4505967a1 

Human NANOG Fwd: AAGGTCCCGGTCAAGAAACAG 

Rvse: CTTCTGCGTCACACCATTGC 

237 108.8% PrimerBank ID: 153945815c2 

Canine OCT4 Fwd: TGCAGCTCAGTTTCAAGAATAT 

Rvse: AATAGTCACTGCTTGATCGTTT 

309 167.8% (Moulay et al., 2013) 
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Canine NANOG Fwd: GCAACAGTGTGACTCAGAACAG 

Rvse: TGGTTGTTCCAGGCTTGAGG 

217 112.5% Primer BLAST 

Human RMST Fwd: GCAGTGGGTGACTGATCGTA 

Rvse: AGTCAACTCCGTGTCCCTTG 

142 97.7% Primer BLAST 

Human ARC Fwd: AGCGGGACCTGTACCAGAC 

Rvse: GCAGGAAACGCTTGAGCTTG 

99 105.8% PrimerBank ID: 56676395c1 

Human cFOS Fwd: GGGGCAAGGTGGAACAGTTAT 

Rvse: CCGCTTGGAGTGTATCAGTCA 

126 103.4% PrimerBank ID: 254750707c2 

Human cJUN Fwd: TCCAAGTGCCGAAAAAGGAAG 

Rvse: CGAGTTCTGAGCTTTCAAGGT 

78 107.3% PrimerBank ID: 44890066c1 

Human BDNF Fwd: CTACGAGACCAAGTGCAATCC 

Rvse: AATCGCCAGCCAATTCTCTTT 

147 106.3% PrimerBank ID: 219842299c3 

Human EGR1 Fwd: GGTCAGTGGCCTAGTGAGC 

Rvse: GTGCCGCTGAGTAAATGGGA 

149 103.4% PrimerBank ID: 31317226c1 

Human DUSP6 Fwd: GAACTGTGGTGTCTTGGTACATT 

Rvse: GTTCATCGACAGATTGAGCTTCT 

97 105.4% PrimerBank ID: 42764682c2 

Universal primer GCATAGACCTGAATGGCGGTA   IDTQuanta 

miR-19a TGTGCAAATCTATGCAAAACTGA  103.6% IDTQuanta 

miR-9 CGCTCTTTGGTTATCTAGCTGTATG  97.2% IDTQuanta 

miR-17 CCACAAAGTGCTTACAGTGCAG  108.7% IDTQuanta 

miR-135a GCTATGGCTTTTTATTCCTATGTGA  106.9% IDTQuanta 

miR-197 CACCTTCTCCACCCAGCAA  100.4% IDTQuanta 

miR-125b CTCCCTGAGACCCTAACTTGTG  94.6% IDTQuanta 

miR-146a TGAGAACTGAATTCCATGGGTTA  130.9% IDTQuanta 
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miR-181c AACATTCAACCTGTCGGTGAGT  107.4% IDTQuanta 

miR-21 GCTAGCTTATCAGACTGATGTTGAAA  106.1% IDTQuanta 

miR-30a CGATGTAAACATCCTCGACTGG  104.6% IDTQuanta 

miR-132 CAGTCTACAGCCATGGTCGAAA  109.3% IDTQuanta 

miR-139 CAGTGCACGTGTCTCCAGTAAAA  108.5% IDTQuanta 

miR-26b CGCTTCAAGTAATTCAGGATAGGT  101.5% IDTQuanta 

miR-34a GGCAGTGTCTTAGCTGGTTGTAAAA   IDTQuanta 

miR-191 AACGGAATCCCAAAAGCAG   IDTQuanta 

miR-302a TGCTTCCATGTTTTGGTGAA   IDTQuanta 

miR-367 CAATTGCACTTTAGCAATGGTGA   IDTQuanta 

Pri-miR-135a1 Fwd: CCTCGCTGTTCTCTATGGCTTT 

Rvse: ACGGCTCCAATCCCTATATGA 

70 102.3% Primer BLAST 

Pri-miR-135a2 Fwd: TCACTCTAGTGCTTTATGGCTT 

Rvse:  TGGCTTCCATCCCTACATGA 

70 101.4% Primer BLAST 
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Supplementary Table 4: Clinical information of epileptic and control dogs used in Chapter 4 

Case  Group Breed Age at 

euthanasia 

(year) 

Age 

seizure 

onset 

Time with 

seizures 

(months) 

Seizure 

frequency 

Medication Histological 

findings 

1 Epileptic German 

Shepherd 

6.12  1.25 59.2 Monthly Phenobarbital, 

Gabapentin, 

Levetiracetam, 

diazepam, zonisamide 

mild microgliosis 

and satellitosis 

2 Epileptic  4.84 

 

0.66 50.9 Monthly Levetiracetam multifocal 

perivascular 

hemorrhage 

3 Epileptic  8.13 8.12 2 days Hourly Diazepam increased neural 

progenitors 

4 Epileptic  1.04 1.03 2 days Hourly Phenobarbital, 

Diazepam 

Mild, multifocal, 

laminar necrosis 

of the grey matter 
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5 Epileptic  1.26 0.77 6 Daily Phenobarbital, 

Levetiracetam 

None 

6 Epileptic  10.00 9.91 1 Hourly Phenobarbital, 

Zonisamide, 

Levetiracetam 

mild microgliosis 

and satellitosis 

Median 

Epileptic 

dogs 

  5.48 1.14 3.51    

7 Control  6.09     None in brain 

8 Control  8.08     None in brain 

 

 


