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Abstract 

Background and Purpose  

Developmental and epileptic encephalopathies are a group of devastating neurological 

disorders in which the patients have developmental impairment as well as refractory 

seizures. Comorbid states are common and include cognitive and movement disorders. 

SCN2A, which encodes the brain sodium channel Nav1.2, has emerged as one of the most 

prominent developmental and epileptic encephalopathy genes. Based on the onset of 

disease, patients with SCN2A epilepsy variants can be divided into two major groups. In 

the early onset group, seizures start within the first three months of life, whereas in the 

second group, the onset is after three months of age. Sodium channel blockers such as 

phenytoin are effective in some of the early onset patients. In contrast phenytoin is 

ineffective and may in fact worsen seizure outcomes in late onset disease. This suggests 

different molecular pathomechanisms. The lack of efficacious therapies underscores an 

urgent need for novel treatment strategies.  

Experimental Approach 

Two knock-in mouse lines were generated carrying Scn2a p.R1883Q and p.R854Q 

variants corresponding to human SCN2A p.R1882Q and p.R853Q variants. These are the 

most common recurrent variants found in the early and the late onset group of SCN2A 

developmental and epileptic encephalopathies, respectively. In vitro signatures of 

neuronal network behaviour were assessed using multi-electrode array analysis of the 

primary cortical cultures obtained from postnatal day 0-1 animals carrying the respective 

variants up to 28 days in vitro. Acute pharmacological effects were evaluated around 22 

days in vitro. 

Key Results 

After 2-4 weeks network analysis in culture showed increased activity for neurons 

harbouring the heterozygous p.R1882Q variant associated with early onset disease. 

Conversely, a decreased firing rate was observed in cultures in which neurons carried the 

heterozygous p.R853Q variant associated with late-onset disease. The excitability in both 
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cultures was reduced by phenytoin, which resulted in shifting the p.R1882Q in vitro 

phenotype towards the wild types and p.R853Q away from the wild types, consistent with 

clinical observations. Interestingly, the activity of both cultures was changed towards the 

wild type phenotype by retigabine, indicating potential benefits of this drug for both early 

and late onset SCN2A developmental and epileptic encephalopathies. 

Conclusion and Implications 

The assumption that early onset SCN2A variants are more likely to cause gain-of-function 

and the late onset SCN2A variants to a loss-of-function of the Nav1.2 channel was 

confirmed for the two studied variants using in vitro neuronal cultures. Moreover, the 

clinical observations regarding the effectiveness of the sodium channel blocker phenytoin 

in patients with early and late onset seizures was corroborated by our in vitro models. 

Lastly, retigabine was identified as a potential treatment for both early and late onset 

SCN2A developmental and epileptic encephalopathies. 
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 Introduction 

1.1 Epilepsy disorders 

The brain activity is determined by neurons transmitting messages through regular 

electric impulses. Seizures occur when these patterns are disturbed by abnormal, 

excessive or synchronized neuronal activity. People with recurrent unprovoked seizures 

are diagnosed with epilepsy, one of the most common neurological disorders that is 

predicted to affect 3% of the population during their life time [1].  

There are major challenges in treating epilepsy. One challenge is that epilepsy can be life-

threatening. The incidence of sudden unexpected death in epilepsy (SUDEP) is estimated 

to be around 1 in 1000 [2]. Another challenge is that one third of the epileptic patients 

have pharmacoresistant (uncontrolled by medication) seizures [3], which imposes a huge 

uncertainty and inconvenience to their everyday life. Epilepsy also creates huge burden 

for patients’ families and the society. In the US alone, the annual economic costs of 

medical expenditures and informal care of epilepsy is estimated to be $9.6 billion dollars 

[4]. Furthermore, the current focus of antiepileptic drugs (AED) is mainly on seizure 

control. However, even patients with well-controlled seizures suffer from life-disturbing 

comorbid cognitive deficits, psychological and psychiatric disorders, and side effects of 

medications [5].  

Investigating the underlying mechanisms of epileptogenesis will, therefore, help to find 

novel therapeutic strategies. Epilepsy has complex etiologies and a large spectrum of 

symptoms, including manifestations such as loss of consciousness or awareness, altered 

emotions, stiffening muscles, involuntary jerking of a body part and a loss of muscle 

control. Three levels of classifications are undertaken, including the seizure type 

classification, epilepsy type classification and epilepsy syndrome classification, 

providing a framework to understand the prognosis and comorbidities of patients and 

suggesting the treatment directions [6]. 
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1.1.1 Classification 

1.1.1.1 Seizure type classification 

Based on where in brain they start, seizures can be classified into three groups: 

generalized onset seizures, focal onset seizures and unknown onset seizures (Figure 1.1) 

[6, 7]. Seizures that originate from both hemispheres are called generalized seizures, and 

those primarily generated within networks limited to one hemisphere are termed as focal 

seizure. The term unknown onset seizures describe seizures that cannot be categorized as 

either generalized or focal. 

Within these categories, seizures can be further grouped depending on the patient’s 

awareness and movement disorders during the seizure. Focal onset seizures can be 

classified into aware or impaired awareness seizures, and motor or non-motor seizures. 

In contrast, generalized and unknown onset seizures almost always impair the awareness 

and their further classification is based on whether movement is involved in seizures or 

not (Figure 1.1).  
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Figure 1.1 The classification of seizure types. 

Adapted from, Falco-Walter et al. [6], Brodie et al. [7], and the educational international league against epilepsy (ILAE) website [8]. 
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The most common forms of seizures are as follows [9]. An absence seizure is a sudden 

lapse in awareness and responsiveness. A tonic seizure is a brief stiffening of limbs. An 

atonic seizure is a sudden loss of the muscle tone. A clonic seizure causes jerking in 

various parts of the body. A myoclonic seizure involves sudden single jerks of a muscle 

or a group of muscles. A tonic-clonic seizure presents with the body stiffens and limbs 

that begin to jerk rhythmically. An epileptic spasm is a sudden flexion, extension or mixed 

flexion-extension of proximal and truncal muscles.  

1.1.1.2 Epilepsy type classification 

Diagnosis of epilepsy types is made on clinical grounds, supported by 

electroencephalogram (EEG) findings [10]. Most patients only have one or two types of 

seizures. The diagnoses of generalized epilepsy are made if their seizures all fall in the 

category of generalized seizures, and they normally show generalized spike ‐wave 

activity on EEG [10]. In contrast, the diagnoses of focal epilepsy are made if their seizures 

are classified as focal seizures including unifocal and multifocal seizures, and they 

normally show focal epileptiform discharges on EEG [10]. The new term “generalized 

and focal epilepsy” applies if both generalized and focal seizures occur in one patient. 

And the term “unknown epilepsy” is used when a normal examination presents with 

insufficient information available from EEG and neuroimaging (Figure 1.2) [6, 7].  

 

Figure 1.2 The classification of epilepsy types. 

Adapted from Scheffer et al. [10], Falco-Walter et al. [6] and the educational ILAE 

website [8].  
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1.1.1.3 Epilepsy syndrome classification 

Epilepsies that have a unique combination of seizure onset age, seizure types, EEG and 

brain scan features, are classified as specific syndromes [6]. Other features like family 

history, causes of seizures, presence or absence of brain abnormalities, progression of the 

disease, and responses to treatments are also considered during the diagnosis of epilepsy 

syndromes. The diagnosis of syndromes is very useful because it can suggest etiologies 

and guide the therapeutic approaches. Based on the seizure onset age, the syndromes are 

categorized into four main groups - neonatal/infantile, childhood, adolescent/adult and 

any age - as shown in Figure 1.3. 
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Figure 1.3 The classification of epilepsy syndromes. 

Adapted from Berg et al. [11] and the educational ILAE website [8].  
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1.1.2 Causes of epilepsy 

Epilepsy has been recognized as a brain network disorder, caused by structural and 

functional changes of the neuronal networks. Diverse factors can lead to the alteration of 

the network activity and result in seizures. They can be classified into six groups: genetic, 

structural, infectious, metabolic, immune and unknown factors [10].  

Genetic factors are now believed to be the biggest cause, implicated in approximately 70-

80% of the epilepsies [12]. To understand which genes may affect the function of brain, 

we need to look at the basis of neuronal networks, where the signalling transduction 

among nerve cells is conducted by electrical or chemical signalling. The electrical 

signalling is performed by action potentials that propagate along the neuronal axon 

toward synapses. Variants in ion channel genes can result in malfunctioning ion channels 

that alters the resting membrane potential and action potential firing properties [13]. Many 

variants in voltage gated sodium and potassium channel genes lead to loss or gain of 

channel function that significantly increase or decrease the excitability of neurons [14, 

15]. These changes in individual neurons have an impact on the network activity and can 

disrupt the balance of excitatory/inhibitory inputs within the central nervous system 

(CNS). Enhancing the excitatory inputs through increasing the firing of excitatory 

neurons [16-19] or decreasing the inhibitory inputs by reducing the excitability of 

inhibitory neurons [20, 21] can both lead to seizures in patients. This is due to the 

chemical signalling in brain networks performed by neurotransmitters released at 

synapses between different neurons. The function of a neuronal network can be regulated 

through synthesis, releasing, reception and degradation of neurotransmitter, which 

depend on the activity of a single neuron. Moreover, variants in neurotransmitter 

transporters and receptors, and enzymes or other proteins that involved in synaptic 

transporting have all been reported in causing epilepsy [22-26]. Overall, enhancing the 

release of glutamate transmitter or inhibiting gamma-aminobutyric acid (GABA) 

transmitter can lead to hyperexcitability in CNS and cause seizures.  

Except for directly influencing the function, genetic lesions can also change the structure 

of brain circuits. it has been proposed that sub-mesoscopic structural alterations in 
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neuronal networks during early development of genetic generalized epilepsy patients may 

cause long-term seizure susceptibility [27]. Although it is still arguable whether the 

structural changes are results or causes of epilepsy, long-term subtle structural changes 

have been found in genetic epilepsy mouse models. Moreover, studies in preclinical 

models showed that pathogenic variants can set seizure susceptibility into adulthood and 

influence early development physiology including neuronal differentiation, migration, 

proliferation and apoptosis [25, 28, 29], as well as dendritic outgrowth, axon guidance 

and synaptogenesis [30].  

Since the first genetic epilepsy gene found in 1995 [31], various genetic variants that give 

rise to the development of many types of epilepsy have been identified. Developmental 

and epileptic encephalopathies (DEE, see 1.2) are most commonly caused by de novo 

dominant heterogeneous variants followed by monogenic inheritance [32]. DEE are rare 

and only represent a small percentage of genetic epilepsy, of which the majority are 

generalized genetic epilepsies (GGE). GGE have generalized spike-and-wave discharges 

in EEG that typically start in childhood or adolescence with combinations of absence, 

myoclonic, or tonic-clonic seizures [33]. The most common GGE syndromes are 

childhood absence epilepsy (CAE), juvenile absence epilepsy (JAE), juvenile myoclonic 

epilepsy (JME), and generalized tonic-clonic seizures alone [10]. GGE are rarely caused 

by single genes. The example of a monogenic GGE is genetic epilepsy with febrile 

seizures plus (GEFS+), a commonly self-resolved type of childhood epilepsy 

characterised by the presence of seizures brought on by febrile illness or a fever [24, 25]. 

Variants in genes such as SCN1A, SCN1B and GABRG2 have been found causing GEFS+ 

[34, 35]. The genetic causes of most GGE are normally complex, where epidemiological, 

family and twin studies suggested oligo-/polygenic predisposition [36-38]. Genome-wide 

association studies (GWAS) have identified multiple genome-wide significant risk loci 

where common variants are associated with GGE, potentially explaining one third of the 

common GGE cases [39, 40]. Rare variants identified in DEE have also been liked to 

common GGE, suggesting that precision medicine targeting genetic causes in DEE may 

also benefit a proportion of common epilepsies [41]. Moreover, some focal epilepsies 

such as autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE) and autosomal 

dominant partial epilepsy with auditory features (ADPEAF) have also been associated 

with genetic factors [42-44]. Identification of the genetic causes of epilepsies emerges as 
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critical for genetic counselling, selection of treatments in the clinic, as well as for the 

development of novel therapies. 

1.2 Developmental and epileptic encephalopathies   

Some epilepsy syndromes present with seizures and developmental delay or regression. 

These syndromes, commonly denoted as epileptic encephalopathies, have recently been 

classified DEE [10]. The reason for this is that epileptic encephalopathy implies changes 

in developmental outcomes caused by the occurrence of seizures. However, genetic 

changes can affect the development unrelated to seizures, which is what the new 

nomenclature tries to encompass [10].  

DEE are characterized by refractory (i.e. not responsive to treatment) seizures associated 

with developmental delay and high risk of encephalopathic features that are present 

before or worsen after seizure onset [10]. DEE occur in infants and children, with the 

incidence of 1 in 2000 births [45]. Currently, there are no effective therapies for DEE and 

the available treatments mostly focus on control of seizures and do not target the 

comorbidities. Compared to other epileptic patients, patients with DEE have little chance 

of living without constant care because of the severe developmental and intellectual 

impairment. Therefore, it is of a great importance to gain a deeper understanding of the 

disease mechanisms underlying these disorders and develop treatments to improve the 

wellbeing of patients. 

1.2.1 Clinical phenotypes 

Children with DEE normally have different types of seizures and epileptiform EEG 

activity. Severe comorbidities include motor, social, language and cognitive delay, 

intellectual disabilities and movement disorders [46]. Several common DEE syndromes, 

including Ohtahara syndrome, early myoclonic encephalopathy, West syndrome, 

Lennox-Gastaut syndrome, Dravet syndrome, epilepsy of infancy with migrating focal 

seizures and epilepsy with myoclonic-atonic seizures are described below. 

Ohtahara syndrome (also known as early infantile epileptic encephalopathies, EIEE) and 

early myoclonic encephalopathy are DEE that share some common features [47-49]. The 
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seizure onset time in both syndromes is within the first three months of age. Microcephaly 

may occur, and abnormal neurological behaviour and severe developmental delay are 

expected in both syndromes. However, the predominant seizure type in Ohtahara 

syndrome is tonic seizures, whereas myoclonic seizures are the predominant seizure type 

in early myoclonic encephalopathy. Abnormal EEG recordings with a burst-suppression 

pattern (high amplitude spikes followed by very limited brain activity) are also different 

in the two syndromes. Furthermore, patients with Ohtahara syndrome have a high risk of 

developing West syndrome or Lennox Gastaut syndrome. 

West syndrome [50, 51] is a DEE syndrome characterized by infantile spasms and often 

described by that term. The onset of spasms is between 3 to 12 months of age. When the 

spasms occur, the body of the patient suddenly bends forward, and the limbs stiffen while 

flinging out. These spasms last for only 1 to 2 seconds, but they often happen in clusters 

that can comprise up to a hundred spasms each time. Global developmental impairment, 

and an abnormal EEG pattern termed hypsarrhythmia (highly disorganized EEG 

background with high voltage chaotic slow waves as well as polyspikes and multifocal 

spikes) are also seen. Epileptic spasms normally stop at the age of five, but in some 

patients, they next develop into Lennox-Gastaut syndrome. 

Lennox-Gastaut syndrome (LGS) is characterised by the occurrence of multiple types of 

seizures [52-54]. Tonic seizures, atypical absence seizures and atonic seizures are 

commonly seen. The onset time of seizures is between 1 and 7 (normally 4) years of age. 

Cognition, behaviour and development are impaired as well. Patients also have abnormal 

EEG patterns of slow spike-and-wave and paroxysms of fast activity. This syndrome 

usually persists through childhood and adolescence to adult times. 

Dravet syndrome was previously called severe myoclonic epilepsy of infancy (SMEI) 

[55, 56]. Its seizure onset time is normally between 6 months to 1 year of age, and the 

initial seizures are often associated with a fever or a sudden temperature change. 

Prolonged tonic-clonic seizures or clonic seizures on one side of the body are commonly 

observed as the initial seizures. Other types of seizures develop after 1 year of life, with 

myoclonic seizures occurring in 85% of all patients. Children with Dravet syndrome have 

normal development before the seizure onsets, but often from the 2nd year of life they start 

to show delay or regression in development.  
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Epilepsy of infancy with migrating focal seizures is a severe form of DEE [57-59]. It is 

characterized by focal seizures that migrate from one hemisphere to the other. Seizure 

onset is within first 6 months of life. Daily prolonged seizures with status epilepticus are 

often developed. By one year of age, most patients develop microcephaly. Although the 

development of patients before seizure onset may be normal, severe developmental delay 

and regression are seen after the onset of seizures. 

Epilepsy with myoclonic-atonic seizures (previously known as myoclonic-astatic 

epilepsy or Doose syndrome) is characterised by the presence of myoclonic-atonic 

seizures [60, 61]. The first seizure normally occurs between 6 months and 6 years of age. 

Febrile or non-febrile generalized tonic-clonic seizures are often seen before the onset of 

myoclonic-atonic seizures. Both genders are affected, with a male predilection of 2:1. It 

is considered as one of the DEE, however the developmental impairment varies from 

normal intelligence to severe intellectual disabilities. There are other DEE that are 

difficult to fit in the descriptions of known epilepsy syndromes; these historical names of 

syndromes are changing rapidly in the face of “genetic diagnosis”. When a genetic variant 

of major effect is identified for DEE, the term encephalopathy can be added after the gene 

name, such as “SCN2A encephalopathy” [10], linking the phenotypic spectrum of these 

genes. 

1.2.2 Underlying mechanisms   

DEE were mainly regarded as acquired [62, 63], with genetic factors considered to affect 

less than 15% of the DEE patients before identification of the first de novo variant in 

SCN1A from a patient with Dravet syndrome in 2001 [64]. Since then, with the 

advancement of next generation sequencing techniques, many of the previously unknown 

genetic variants in >50 genes have emerged as the major cause of DEE [65]. These 

variants are mostly heterogeneous de novo variants [46], though other genetic 

abnormalities including structural chromosomal rearrangements and somatic mosaicism 

can also cause DEE symptoms. The correlation between the rearrangements of 

chromosomes and epilepsy has been long known, for example seizures occur in 8% of 

Down syndrome (trisomy 21) patients, and all major type of seizures have been seen in 

these patients [66]. Recently, germline and somatic mosaicism (indicating that an 
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individual has at least two genotypically different cell populations) have been found to 

play an increasingly important role in DEE disorders [67, 68], affecting around 3.5% 

epilepsy patients carrying pathogenic variants in one of the nine most promising genes. 

Individuals carrying somatic mosaicism of pathogenic variants can present different level 

of symptoms or be clinically unaffected [69-73]. It is important to note that parents with 

germline mosaicism can pass the variant onto their children. Case studies have reported 

parental mosaicism of pathogenic variants in many genes, including commonly affected 

epilepsy genes SCN1A [74-76], SCN2A [77] and KCNQ2 [78].  

With the discovery of more DEE genes, phenotypic heterogeneity and genetic 

heterogeneity became apparent in this disorder, with variants in one gene causing 

different syndromes, as well as one syndrome being  caused by variants in different genes 

[46]. For example, the most prominent pathophysiological gene linked to Dravet 

syndrome is SCN1A: variants in SCN1A were found in around 80% of Dravet patients 

[79, 80]. However, Dravet syndrome has been associated with variants in a number of 

other genes, such as SCN1B [81], SCN2A [82], HCN1 [83], PCDH19 [69], STXBP1  [84], 

GABRA1 [84], GABRG2 [85] and GABRB3 [86], indicating genetic heterogeneity. 

Besides Dravet syndrome, SCN1A variants have also been identified in other syndromes, 

such as generalized epilepsy with febrile seizures plus [87-89] and West syndrome [90], 

showing phenotypic heterogeneity. Although identifying the genetic variants behind DEE 

cannot directly categorize patients into traditional syndromes due to phenotypic 

heterogeneity, it presents a new diagnostic strategy that can direct the treatment [91] and 

improve our understanding of the pathophysiological mechanisms underlying the 

disorder. 

To date, many DEE genes have been identified and some of them are listed Table1-1 

based on the functions of their encoding protein. The most important group of identified 

genes are encoding ion channels, especially voltage-gated sodium channels, which will 

be discussed in the next section.  

1.2.3 Treatment strategies 

Clinical studies have found that the effectiveness of traditional AED is poor in DEE 

patients. In many cases, AED have either been shown to be non-beneficial or seizure-
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worsening [92]. Although in some cases AED reduced the seizures, the devastating 

comorbidities such as developmental delay, intellectual disability and movement 

disorders were not improved. New treatment directions that can help with the 

comorbidities in addition to seizure control are urgently needed in DEE. 

 

Table 1-1 DEE genes grouped by encoded protein functions. 

Category Protein function Gene  

Voltage-gated ion channel 

  

  

  

Voltage-gated sodium channel SCN1A, SCN1B, SCN2A, SCN8A, 

SCN9A 

Voltage-gated potassium channel KCNA2, KCNB1, KCNQ2, KCNT1 

Voltage-gated calcium channel CACNA1A 

Voltage-gated cation channel HCN1 

Ligand-gated ion channel 

  

GABA-A receptor GABRA1, GABRB1, 

GABRB3, GABRG2 

NMDA receptor GRIN1, 

GRIN2A, GRIN2B, GRIN2D 

Transporter 

  

Neurotransmitter transporter  SLC1A2, SLC25A12, SLC25A22, 

SLC6A1 

Other transporter  SLC12A5, SLC13A5, SLC2A1 

Enzyme/Enzyme 

modulator 

  

Enzyme AARS, ALG13, ARV1, 

CDKL5, CHD2, DNM1, GNAO1,  

GUF1, ITPA, PLCB1, PNKP, 

SIK1, ST3GAL3, UBA5, WWOX 

Enzyme modulator ARHGEF9, DOCK7, TBC1D24 

Others 

  

Signal transduction/molecule FGF12 

Cell adhesion molecule PCDH19 

Protein trafficking STXBP1, FRRS1L 

Cytoskeletal protein SPTAN1 

Nucleic acid binding EEF1A2, GUF1 

Unclassified NECAP1, SZT2 

Adapted from Wang et al. [93] and McTague et al. [46]. NMDA stands for N-Methyl- d-

aspartate. 
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The recent development of next generation sequencing techniques has enabled the 

detection of genetic changes in patients, whereas functional studies of these variants have 

helped to understand the underlying pathomechanisms. Together, this has led to the 

development of precision medicine treatments that are specifically tailored to target the 

cause of disease in each patient. The quickest way to provide novel treatments is through 

discovering new application of old approved drugs. For example, quinidine is known to 

inhibit KCNT1 channels, and has been used to treat cardiac arrhythmias [94, 95]. A 

number of KCNT1 variants have been found in DEE patients. Functional analysis of these 

variants found them to be gain-of-function (GoF), which suggested a potentially 

beneficial effect of quinidine. After the inhibiting effect of quinidine on the mutant 

channels was  confirmed [96], quinidine was also used in DEE patients carrying KCNT1 

variants and showed limited efficacy, mostly in patients at a very young age but was not 

beneficial to others [97-100]. Another example is retigabine (RTG), an opener of KCNQ 

channels [101]. It was approved as add-on treatment for focal epilepsy [102] but then 

discontinued due to lack of efficacy and some side effects [103]. However, the discovery 

of KCNQ2 and KCNQ3 loss-of-function (LoF) variants in DEE patients, and the observed 

treatment benefit in some of these patients pointed to the potential utility of RTG or safer 

potassium channel activators in DEE [104].   

Current treatments of DEE are more focused on seizure control and have limited effects 

on other symptoms. However, development impairment, intellectual disability and 

movement disorders severely affect the life quality of DEE patients and their family. It is 

of great importance to improve not only epileptic but also other symptoms in DEE 

patients. Genetic treatment showed great potential in treating genetic causal disorders, 

either by correcting the disease-causing variant in genomic DNA or via regulation of 

expression of the affected gene. CRISPR/Cas9 technique provided the possibility of DNA 

editing. Apart from ethnical concerns, there are still technical issues with the application 

of this approach, including off-target effects and use of viral delivery. Another genetic 

intervention is to control protein levels using specific targeting of mRNA (messenger 

RNA) expression levels. This approach relies on the use of antisense oligonucleotides 

(ASO) that have emerged as one of the most promising genetic tools for neurogenetic 

disorders. ASO therapy has recently been approved to treat spinal muscular atrophy [105, 

106]. In DEE, ASO successfully upregulated the expression of SCN1A and improved the 
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excitability of hippocampal interneurons and seizure phenotype in Dravet mouse model 

[107]. However, technical issues regarding to delivery, efficiency, safety and therapeutic 

windows are still potential obstacles [108, 109]. 

1.3 SCN2A associated epilepsy 

Among the DEE associated genes, ion channels represent the most notable group [46, 

110]. Ions are electrically charged atoms or molecules that determine the 

electrophysiological environment of our bodies. Ion channels are complex pore-forming 

transmembrane proteins that allow transport of ions through their pores following the 

concentration gradient. Based on the activation mechanisms, ion channels can be divided 

into two major groups: voltage-gated ion channels and ligand-gated ion channels. Ion 

channels are responsible for diverse physiological processes such as nerve impulses, 

muscle and heart contractions, hormonal secretions, and the homeostasis of salt and 

water. Dysfunction of ion channels would be expected to affect neural excitability [111, 

112], interrupt signal transduction [113, 114], influence cell proliferation, migration and 

apoptosis [115-117].  

With over 700 variants identified in patients with epilepsy, voltage-gated sodium 

channels have been shown to play an essential role in the genesis and alleviation of this 

disorder [118].  

1.3.1 Voltage-gated sodium channel 

1.3.1.1 Structure and function 

Voltage-gated sodium channels are responsible for the initiation and propagation of 

action potentials [119]. There are three conformational states of voltage-gated sodium 

channels, closed, open/activated and inactivated (Figure 1.4A) [120, 121]. When cells are 

in the resting state, the channels are mostly closed and do not allow sodium ions to pass 

through the pore. But a small change of the membrane voltage, such as a slight membrane 

depolarization caused by excitatory synaptic input, can activate these channels through 

opening of the activation gates, allowing sodium ions to flow into cytoplasm down the 

electrochemical gradient and create a rapid membrane depolarization [122]. This process 
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is called activation. Once activated the channels then inactivate and thereby enter a non-

conducting conformation during depolarization of cell membrane. Fast inactivation and 

slow inactivation are both common for voltage-gated sodium channels. Fast inactivation 

occurs when sodium ions influx and the extracellular inactivation gates close within 

milliseconds [121], whereas slow inactivation involves the rearrangement of the pore 

domain on a longer time scale [123]. The recovery of voltage-gated sodium channels from 

inactivation is called repolarization, when the inactivation gate reopens and the activation 

gate closes [123]. It is necessary for the channels to recover and return to resting state 

before they can open again [123].  

Voltage-gated sodium channels are heteromeric integral membrane glycoproteins consist 

of a pore-forming α-subunit associated with one or two auxiliary β-subunits [124, 125]. 

The α-subunit, responsible for voltage-dependent ion conductance, comprises of a single 

~ 260 kDa polypeptide chain that folds into four homologous repeat domains I-IV (Figure 

1.4) [126]. Each domain contains six transmembrane α-helical segments S1-S6 [127]. S1-

S4 in each domain form a voltage sensing domain (VSD), with S4 segments serving as 

voltage sensors [128, 129], while S5 and S6 from the four domains combined to form the 

ion-conducting pore domain [130]. High concentration Arg/Lys residues on S4 is critical 

for voltage sensing, facilitated by coordination to acidic and polar residues on S1-S3 

[128]. The positively charged residues on S4 can move through the electric field of the 

membrane towards the outside of cells [131]. The Ile/Phe/Met/Thr motif on the 

cytoplasmic linker connecting domains III and IV plays an important role in fast 

inactivation: during the process, this motif is inserted into a hydrophobic cavity enclosed 

by the end of S6 in domain IV and the linker between S4-S5 in domains III and IV [132]. 

The Asp/Glu/Lys/Ala residues on hairpin-like loops between S5 and S6 form a narrow 

filter on the extracellular side of pore domain that controls the ion selectivity [133]; this 

moderately selective pore allows mistaken passage of potassium ions in 1 in 15 attempts. 

10 different isoforms of α-subunits are found in humans, Nav1.1-Nav1.9 and NaX, encoded 

by the genes SCN1A-SCN5A and SCN7A-SCN11A [134]. Most of the voltage-gated 

sodium channels are localized in the nervous tissue, with “brain sodium channels” Nav1.1, 

Nav1.2, Nav1.3 [135, 136], and Nav1.6 mainly expressed in the central nervous system 

[137, 138], and Nav1.7, Nav1.8, and Nav1.9 primarily found in the peripheral nervous 

system [139-141]. Nav1.4 are mostly expressed in skeletal muscles while Nav1.5 is 
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cardiac-specific isoform [142, 143]. NaX is significantly different in the amino acid 

sequence from other voltage-gated sodium channels, skeletal muscle, the heart and uterus 

[144, 145]. β-subunits promote membrane localization of channels and modulate channel 

properties including the kinetics and voltage-dependence [146]. They are normally 

between 30-50 kDa large proteins, each composed of an extracellular immunoglobulin 

(Ig) loop, a single transmembrane domain (TM), and a short intracellular domain [147, 

148]. There are four type of β-subunits (β1- β4) in human, encoded by SCN1B-SCN4B 

[149]. All of them can associated with the α-subunit of Nav1.2 [149]. 

Variants in voltage-gated sodium channels may change the localization, activation, 

inactivation and repolarization of the channels, and therefore impact on the initiation and 

propagation of action potentials, and further influence the brain function according to 

their distribution. 
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Figure 1.4 Voltage-gated sodium channels architecture and distribution. 

(A) Three-state model of voltage-gated ion channels. (B) Topology of human voltage-

gated sodium channels α-subunits. (C) The side and extracellular view of human Nav1.2-

β2 complex bound to the m-conotoxin KIIIA. KIIIA is shown in brown and β2-Ig is shown 

in beige. (D) Distribution of brain sodium channels is mainly in axon initial segments, 

the nodes of Ranvier and presynaptic nerve terminals. Adapted from Hinard et al. [150] 

Shen et al. [151], Pan et al. [152] and Lai et al. [153]. 
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1.3.1.2 Brain voltage-gated sodium channel Nav1.2-SCN2A 

The central pore-forming α-subunit of voltage gated sodium channel Nav1.2, encoded by 

SCN2A [154], is predominantly expressed in the axon initial segments (AIS) and nodes 

of Ranvier of excitatory neurons in hippocampus and cerebral cortex. During 

development, Nav1.2 will be partially replaced by Nav1.6 [155, 156]. Specially, during 

development low-threshold NaV1.6 channels accumulate at the distal part of AIS and the 

nodes of Ranvier, while high-threshold Nav1.2 channels recede to the proximal AIS [157]. 

When depolarizing currents generated by synaptic inputs reaches the AIS, low-threshold 

Nav1.6 channels at the distal AIS will be activated to generate action potentials [157]. The 

transmembrane currents will then propagate both down the axon and back towards the 

soma [157]. The back-propagating current will depolarize the membrane and activate 

high-threshold Nav1.2 to induce back-propagating action potentials [157].  

1.3.2 Voltage-gated sodium channel associated epilepsy 

1.3.2.1 Brain sodium channel DEE 

This complex interplay among different brain voltage-gated sodium channels is critical 

for neuronal network excitability. Therefore, variants of these channels or their 

pharmaco-modulation are likely to influence central nervous system networks and cause 

DEE [158].  Table 1-2 summarises the brain sodium channels linked to DEE together 

with their phenotypic features and function impact. 
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Table 1-2 Phenotypic features and pathogenic mechanisms of major single gene 

encoding brain voltage gated sodium channels causes DEE. 
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Variants in SCN2A are related to many neurological disorders, including benign epilepsy, 

DEE, autism spectrum disorders, intellectual disability and schizophrenia [77, 82, 160-

164]. Such a broad disease spectrum has become evident for many of the identified 

epilepsy genes, suggesting common pathways may underlie these neurological conditions 

[165-170]. SCN2A variants first to be identified were linked to benign familial neonatal-

infantile convulsions (BFNIS) [171-173]. In the meantime, a number of de novo variants 

have been identified in DEE [82, 174]. Based on their distinct clinical phenotypes and 

responsiveness to sodium channel blocking antiepileptic drugs (AED), DEE patients with 

SCN2A variants are divided into two groups, the early seizure-onset group and the late 

seizure-onset group [175]. Patients in the early onset group have a seizure onset time 

within three months of life and a better response to sodium channel blockers. Conversely, 

for patients in the late onset group, presenting with a seizure onset after three months of 

age, sodium channel blockers are rarely effective [92]. The ratio of SCN2A variants in 

each of these groups is at about 50%. Functional analysis of BFNIS variants has suggested 

gain of channel function as the major molecular mechanism [172]. This was an expected 

finding as the increased function of sodium channels in the principal cortical neurons 

would lead to the increased neuronal activity and thus to seizures. However, recent 

clinical and functional assessments have indicated that both GoF and LoF of SCN2A can 

be linked to DEE. Moreover, it became evident that GoF is common finding in early, and 

LoF in late onset SCN2A DEE [92]. 

1.4 Disease modeling for developmental and epileptic encephalopathy 

Experimental models are essential for studying disease mechanisms and finding potential 

treatments, especially when the genetic cause is known. Models for genetic epilepsy range 

from single cells to animal models, commonly including heterologous expression 

systems, neuronal in vitro/ex vivo models and in vivo animal models [5].  

1.4.1 Heterologous expression systems 

Heterologous expression systems are often used as first-step models to study the impact 

a variant has on the function of the protein. Using molecular cloning and site-directed 
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mutagenesis, variants are inserted into the plasmid carrying the cDNA (complementary 

DNA, corresponding to the mRNA) of the affected gene. The mutated plasmid and the 

corresponding wild type control are then expressed in systems that normally don’t contain 

this protein. Functional studies are then performed to identify differences between wild 

type and mutant proteins. 

Xenopus laevis oocytes and mammalian cells such as human embryonic kidney (HEK) 

293 cell line and Chinese hamster ovary (CHO) cell line are the most commonly used 

heterologous expression systems. Two microelectrode voltage clamping of oocytes is 

often used to study ligand-gated ion channels and voltage-gated potassium channels. For 

example, in Xenopus laevis oocytes, KCNT1 DEE variants were found to be GoF, and the 

increased function could be decreased by quinidine [96]. Patch clamping of mammalian 

cell lines is often used to study voltage-gated sodium channels. For example, in CHO 

cells, SCN2A early onset DEE variant showed GoF while SCN2A late onset DEE variant 

showed LoF [176].  

Although electrophysiological analyses using heterologous expression systems is rapid 

and can provide detailed information about dysfunctional proteins, there are issues 

regarding post-translational modifications, phosphorylation, trafficking and protein 

interactions in non-neuronal modelling systems. In some cases, functional findings can 

be different in neuronal systems and non-neuronal systems. For example, three SCN2A 

epileptic variants were found to be LoF in HEK293 cells [177], but showed GoF in rodent 

primary cortical neurons [172]. The GoF results matched the effective treatments using 

sodium channel blockers in the patients carrying these variants, showing advantage of 

utilizing neuronal systems. Thus, to supplement the insufficiency of heterologous 

expression systems, other systems with higher physiological similarity are required. 

1.4.2 Neuronal in vitro/ex vivo models 

Currently used neuronal models include rodent brain slices, rodent primary neuronal 

cultures and human induced pluripotent stem cells (iPSCs) derived neuronal cultures. 

Efficient methods have been established to obtain brain slices and primary cultures from 

rodent models. Brain slices can better maintain the morphology of neurons and the 

structure of neuronal networks, and therefore are more commonly used in acute 
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experiments. Conversely, primary cultures are easier to manipulate and maintain for 

longer term recording, showing the advantage in drug screening and studying developing 

disorders. To study gene variants, these neuronal models can be either transfected or 

gathered from transgenic rodents. Recently, rapidly developed technologies of stem cells 

raised the possibility to perform studies with human neuronal cultures. Several DEE 

variants in different genes have been modelled using patient derived iPSCs, including 

SCN1A, SCN2A, STXBP1 [5, 178]. However, the methodology requires further 

optimisation, particularly in regard to reproducibility. Moreover, stem cell derived 

neurons usually do not reach advanced maturity in vitro. 

Neuronal in vitro/ex vivo models can be studied on single neuronal level or neuronal 

network level. The electrophysiological analysis of single neurons is normally conducted 

by patch clamp technology and is well established and can reveal changes in firing 

frequency, properties of action potential, synaptic activity [19]. Studying neuronal 

networks can provide valuable information about the interactions among different 

neurons and how the entire neuronal assembly and its function are is affected. However, 

the analysis of neuronal networks is still in development, with calcium imaging and multi-

electrode arrays (MEA) as the two stand-out technologies. Although the utilization of 

neuronal network analysis in DEE is still rare, calcium imaging and MEA have shown 

their potential in induced epileptic models [179, 180]. 

1.4.3 In vivo animal models 

Zebrafish is an emerging animal model used in epilepsy research. It has the advantage of 

easier to access in vivo brain function. For instance, light sheet calcium imaging in 

zebrafish larvae provided a different angle to study epileptic activity by assessing the 

effectiveness of neuronal network though the analysis of synaptic dynamics [181]. 

pentylenetetrazole and high concentration potassium increased live zebrafish larvae 

neuronal activity on non-invasive MEA [182], while Nav1.1 (scn1Lab) mutant zebrafish 

exhibited spontaneous abnormal electrographic activity, hyperactivity and convulsive 

behaviours [183], showing the potential of studying epilepsy in this model. Zebrafish is 

also easier than other animal models for the application of compounds and shows the 

potential for higher throughput drug screening [183, 184]. However, behavior methods 
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for zebrafish are still underdeveloped [185-187] and the clinical translational 

effectiveness is not well evaluated.   

There has been a long history of using rodent models to study epilepsy, and therefore 

numerous methods have been established, including EEG, behavioral tests and imaging. 

The rodent models of epilepsy can be grouped into three categories: induced, spontaneous 

and transgenic. Chemicals and electrical stimulation have been used to create models of 

chronic epilepsy or acute seizures. For more than 60 years, the anticonvulsant activity in 

acutely induced epilepsy models, especially the maximal electroshock seizure and 

pentylenetetrazole seizure models, were widely used in the discovery of AED [188]. 

However, now it becomes harder for these models to identify AED with novel 

mechanisms of action or to hint at the unknown pathology of epilepsy. Rodent models 

carrying spontaneously occurring variants that leads to epileptic phenotype, on the other 

hand, were helpful in finding novel genes associated with epileptogenesis [189]. Most of 

these genes are in charge of ion transporting. For example, variants in Nhe1, Cacna1a 

and Cacng2 gene, which encode the sodium/hydrogen exchanger, P/Q-type voltage-gated 

calcium channel and L-type voltage-gated calcium channel, were found in autosomal 

recessive slow-wave epilepsy mouse model, tottering mouse model and stargazer mouse 

model, respectively. Variant of the Ca2+ channel β subunit gene Cchb4 is associated with 

ataxia and seizures in the lethargic mouse. Many gene knock-out rodent models were also 

created. For instance, SCN2A knockout mice were generated to understand the loss-of-

function Nav1.2 in the pathology of epilepsy, autism and schizophrenia. In this knockout 

line, homozygous mice were lethal within one or two days postnatal, while heterozygous 

mice exhibited no phenotype except for showing ethosuximide-sensitive absence-like 

seizures in one study [190]. Recently, the utilization of novel gene editing tools in 

generation of mouse models has been well established and commercialized, enabling the 

development of knock-in mouse lines and making transgenic mouse models the most 

commonly used animal models in DEE. Scn2aQ54 is a well-studied epileptic mouse line, 

presenting spontaneous seizures, EEG focal seizure activity in hippocampus, behavioural 

arrest, stereotyped repetitive behaviours and shorter lifespan [16]. However, the variant 

carried by Scn2aQ54 was not found in clinic but in laboratory, showing inactivation slow 

and persistent current enhance in Xenopus oocytes. While this helps us understand the 

physiology and function of SCN2A, it is difficult to extrapolate the identified mechanisms 
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to the disease phenotype seen in patients. To study the mechanisms of DEE, a more useful 

way may be to create transgenic mouse models based on variants found in patients. For 

instance, impaired sodium currents in GABAergic interneurons was found by creating a 

mouse model expressing a truncated SCN1A variant found in Dravet patients [191]. In 

SCN8A knock-in model harboring a gain-of-function variant found in DEE patients, 

frequent spontaneous seizures and sudden unexplained death in epilepsy (SUDEP) were 

shown. This corresponds to clinical observation, indicating gain-of-function of Nav1.6 

leads to a more severe phenotype of DEE [192]. As for SCN2A, increased excitability in 

hippocampal pyramidal neurons was identified in a human BFNIS variant knock-in 

mouse line that exhibiting frequent seizures and increased mortality [193].  

1.4.4 Dissociated neuronal cultures on multi-electrode arrays 

As indicated above, the methods to study single cell level and whole animal level are well 

established. However, there are fewer technologies available for neuronal network level 

analysis. Here I explore if the analysis of neuronal cultures using MEA can bridge the 

gap between single cell and animal studies? 

MEA are devices that contain multiple electrodes through which electrophysiological 

signals are obtained. So far, MEA analysis has been commercialized and have found 

application in toxicity and pharmacology studies [194-197].  

Current MEA technology can record neural signals extracellularly, where field potentials 

of one or multiple neurons are detected by adjacent micro electrodes non-invasively. 

Although the neuronal signals from patch clamp recordings are more precise, the 

disruption of cellular membrane causes significant damage to cells and the experiments 

can only be performed for a short time, which limits their usage. In contrast, extracellular 

MEA have the advantage of conducting long-term studies including neuronal network 

developmental studies which may be crucial for the neurodevelopmental disorders, 

including DEE.  

MEA can record spontaneous and evoked activity on any electrogenic tissues, including 

neuronal and cardiac cultures, brain cultured and acute tissue slices, intact retinas, stem 

cell derived neurons and cardiomyocytes [198]. Primary dissociated neuronal cultures 

have two advantages for the study of DEE: (1) the potential for high throughput analysis 
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and (2) the potential for modelling the development of neuronal networks. During the 

preparation of the primary cultures, neurons are disconnected and seeded on top of the 

electrodes. Over time, these neurons form connected neuronal networks with increasing 

maturity. Hence, long-term experiments can be performed to study both the phenotype 

changes caused by different genotypes during the development of neuronal networks, as 

well as to assess the chronic pharmacological or toxic effects of drugs. 

1.5 Rationale, hypothesis and aims  

DEE is a group of devastating neurological disorders with currently no effective 

treatments. The motivation for this project is to gain a deeper understanding of the 

underlying mechanisms of DEE and to identify potential treatments for the patients. 

SCN2A is one of the most prominent disease-causing genes in DEE. Recent studies have 

raised a paradox of how both GoF and LoF variants in SCN2A can lead to DEE. Thus, 

two most recurrent variants linked to early and late onset DEE were investigated and 

shown to be gain-of-function and loss-of-function in CHO cells, respectively.  

There are three main levels to study the functional change in disease models, including 

single cell level, neuronal network level and whole animal level. Neuronal network level 

is important for epileptic studies because epilepsy is a neuronal network disease. 

Therefore, functional studies of neuronal networks may help to resolve the paradox of 

SCN2A DEE. Compared to the whole animal level, network analysis has the potential for 

high throughput drug screening that can be beneficial to find new treatments. However, 

the functional analysis of neuronal networks is being constantly improved. This provided 

motivation to establish a robust neuronal network analysis method. MEA analysis of 

neuronal cultures was chosen for this study because it allows the measurement of firing 

non-invasively for a longer period of time, making them a perfect model system for 

investigating developmental disorders. Besides, MEA signals allow multiple firing 

parameters to be extracted that can be used to further characterise disease models and 

may also be used as markers for drug development. 
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Hypothesis: MEA analysis of primary neuronal cultures can be used to identify in vitro 

phenotypes of early and late onset SCN2A DEE, and this in vitro assay can be used to 

predict and test potential drug therapies for SCN2A DEE.  

Aim 1 (presented in Chapter 3): Establishing a robust in vitro network scale assay based 

on MEA analysis of primary neuronal cultures. 

Aim 2 (presented in Chapter 4): Use MEA analysis of neuronal cultures generated from 

knock-in mice to model early onset and late onset SCN2A DEE. 

Aim 3 (presented in Chapter 5): Determine potential drug efficacy in SCN2A DEE based 

on MEA analysis of neuronal cultures from knock-in mice.  
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 General materials and methods 

2.1 Animals 

Advanced pregnant wild type C57BL/6 mice were purchased from Animal Resources 

Centre (ARC).  

Mouse lines carrying variants corresponding to human SCN2A p.R1882Q and p.R853Q 

variants were generated on C57BL/6 background by Cyagen Biosciences (Cyagen 

Biosciences, Inc, Guangzhou, China). From now on, these mice will be referred to as 

SCN2A p.R1882Q and p.R853Q mice. Targeted embryonic stem cell clones were 

microinjected into mice blastocysts (p.R853Q) or ICR surrogates (p.R1882Q). 

Heterozygous p.R853Q mice were crossed with wild type C57BL/6 mice to generate 

heterozygous p.R853Q pups and their wild type littermates. SCN2A p.R1882Q mice 

showed a severe phenotype with seizures and premature death by age P30. When the pups 

were intracerebroventricular injected with SCN2A specific ASO on P1 (Li et al., 

unpublished data) they could reach maturity, and the treated males were bred with wild 

type C57BL/6 females to produce heterozygous and wild type pups for in vitro 

experiments. Mice were genotyped by Transnetyx (Transnetyx, Inc, Cordova, US). 

Animals were housed in a temperature-controlled environment, maintained at 23 °C with 

a 12 h light/dark cycle. Tissue extraction from animals was carried out in accordance with 

the Prevention of Cruelty to Animals Act and the NHMRC Australian Code of Practice 

for the Care and Use of Animals for Scientific Purposes, and was approved by the Florey 

Institute Animal Ethics Committee. 

2.2 MEA plates preparation 

24-well plates with gold electrodes on Flame Retardant 4 were purchased from 

Multichannel Systems (24W700/100F-288; Multichannel Systems, Inc; Reutlingen, 

Germany). Each well contains 12 electrodes. The diameter of an electrode is 100 µm and 

the spacing between neighbouring electrodes is 700 µm. 200 μL of 1% Terg-A-Zyme 
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(Sigma-Aldrich, St. Louis, MO, USA;), a concentrated anionic detergent with protease 

enzyme, was added to each well of the MEA plates and left overnight at room 

temperature. After 24 hrs, the plates were rinsed with distilled water three times and left 

to dry. Organic matter was removed by plasma cleaning (Femto low-pressure plasma 

system, Diener Electronic, Nagold, Germany) the plates for 3.5 min to improve the 

hydrophilicity of the surface. Before the experiment, the MEA wells were coated with 

200 μL of 0.1 mg/mL Poly-D-lysine (PDL) (Sigma-Aldrich, St. Louis, MO, USA;) at 4 

oC overnight, followed by 3 washes with distilled water and then ultraviolet light 

sterilization for 1 h. After sterilization, 35 μL of laminin (20 μg/mL; Sigma-Aldrich, St. 

Louis, MO, USA) was applied to each well, and incubated at 37 oC for 3 h before use. 

PDL and laminin coating were both used to enhance the adhesion of cells. PDL is a 

chemically synthesized extracellular matrix that promotes electrostatic interaction 

between the positively-charged culturing surface and the negatively-charged cell 

membrane. Laminin is an extracellular matrix, heterotrimeric protein, which forms a 

cross-like structure. This cross-like structure provides a long arm for the cell membranes 

to bind to. These two treatments are vital for the survival of the primary cortical neurons 

once they are seeded on the plates.  

Figure 2.1 Layout of wells and electrodes.  

A) Image of a 24-well MEA plate. B) Enlarged image of the base of a single well from 

panel A. C) Schematic of the layout of the 12 electrodes in one well. The electrodes are 

represented by black dots. 
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2.3 Culturing media preparation 

Three different solutions were made for preparing and culturing primary cultures: a 

HBSS/HEPES solution, a MEM/FBS solution, and an NBA/B27 solution. 

To make up the HBSS/HEPES solution, 10 mM HEPES (Sigma-Aldrich, St. Louis, MO, 

USA) was added to Hank's balanced salt solution (HBSS) (Sigma-Aldrich, St. Louis, MO, 

USA) and the pH was adjusted to 7.3 using sodium hydroxide.  

For the MEM/FBS solution, 6 g/L D-(+)-Glucose (Sigma-Aldrich, St. Louis, MO, USA), 

10 mM HEPES, 10% fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, MO, USA) 

and 1% of penicillin/streptomycin (Thermo Fisher Scientific, Inc., Waltham, MA, USA) 

were added to MEM (Sigma-Aldrich, St. Louis, MO, USA) solution and the pH was 

adjusted to 7.3 using sodium hydroxide.  

The NBA/B27 solution was made by combining neurobasal-A medium (Thermo Fisher 

Scientific, Inc., Waltham, MA, USA) with 2% B-27 supplements (Thermo Fisher 

Scientific, Inc., Waltham, MA, USA), 1% GlutaMaX (Thermo Fisher Scientific, Inc., 

Waltham, MA, USA), 1% of penicillin/streptomycin and 10 mM HEPES. 

2.4 Primary cortical neuron preparation and maintenance 

P0-P1 pups were decapitated with sharp scissors. The brains were extracted using forceps 

and placed into a cold HBSS/HEPES solution. Cortices were dissected under a 

microscope (Olympus, SZX7) using forceps and blades, then transferred into 50 mL tubes 

filled with pre-warmed 0.25% Trypsin-EDTA (ethylenediaminetetraacetic acid, Thermo 

Fisher Scientific, Inc., Waltham, MA, USA; 1 mL per cortex), and placed in a water bath 

at 37oC for 6 min. 500 μL/cortex of 0.032% deoxyribonuclease I (Sigma-Aldrich, St. 

Louis, MO, USA) was then added and the tissue was incubated in a water bath for a 

further 4 min. 10 mL/cortex of MEM/FBS media was used to wash the tissue. The 

supernatant was removed after 5 min centrifugation at 1500 rpm. Another 10 mL/cortex 

MEM/FBS was added, and the cell pellets were gently triturated using 1 mL tips and then 

passed through 42 μm cell-strainers (Thermo Fisher Scientific, Inc., Waltham, MA, USA) 

to dissociate the cells into a single cell preparation. A Countess automated cell counter 

(Thermo Fisher Scientific, Inc., Waltham, MA, USA; C10310) was used to calculate cell 
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numbers and after a further centrifugation step, for 5 min at 1500rpm, the pellets were 

resuspended in MEM/FBS to achieve a cell suspension of 2500 cells/μL. Laminin was 

removed from the plates and 120 μL/well (300000 cells/well) cell suspension was seeded 

into each well of the MEA plates. After 2-4 hours incubation at 37oC, the media was 

changed to NBA/B27 (500 μL/well) and the culture age noted as day(s) in vitro (DIV) 0. 

Cytosine arabinofuranoside (Ara-C) is anti-mitotic that inhibits the proliferation of glia 

cells. It is important to keep the number of glia cells at a level where they support the 

connection between the neurons, without allowing them to overgrow and disrupt neuronal 

proliferation. On the third day (DIV3), 5 μM Ara-C (Sigma-Aldrich, St. Louis, MO, USA) 

was added to the media, and remained present until DIV5. The NBA/B27 media was then 

changed every 2 days. The experiments were performed under class II biosafety cabinets 

to keep the cultures sterile. 

2.5 MEA electrophysiology 

2.5.1 Data acquisition 

The 24-well MEA plates were taken from the incubator and placed in an enclosed 

recording chamber with 1 L/min CO2 flow on a 37 °C Multiwell-MEA headstage 

(Multichannel Systems, Inc; Reutlingen, Germany). 10 min recordings were performed 

using Multiwell-Screen software (Multichannel Systems, Inc; Reutlingen, Germany). As 

shown in Figure 2.2, the sampling rate was 20 kHz and a high-pass 300 Hz was applied 

to filter the signal. Each electrode is considered as a recording channel.  

2.5.2 Elements and parameters of MEA 

Spikes, bursts, and network bursts (NB) are the three main elements of MEA (shown in 

Figure 2.3 together with two parameters).  

2.5.2.1 Spikes 

Upward and downward excursions beyond 6 times of standard deviation of noise were 

detected as spikes [199]. The essence of a spike is an action potential and it is recorded 

by the nearest electrode. The electrodes are able to detect spikes that initiate from one or 
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more neurons. The amplitude, frequency and synchronization are important features of 

spikes. 

 

Figure 2.2 Generation of raster plot from raw data.  

Raw data acquired from a single well showing the recording period 149 s to 154 s. Each 

well contains 12 electrodes. The signal from electrode No. 5 is enlarged below the raw 

data array. Then 300 Hz high pass filter is applied to the raw data to detect spikes (middle 

panel). Raster plot of electrode No. 5 below the filtered signal shows spikes and bursts 

happen in 5 seconds (bottom panel). Raster plot of the whole well is displayed below the 

single electrode raster plot showing the network formed in this well.  

The peak of the action potential is the amplitude of the spike, and the time point of the 

peak is considered as the timestamp of the spike. The amplitudes reflect cell viability and 

distances to electrodes. The frequency of spikes is reflected by firing rate, which is the 

average number of spikes per second in one electrode. It shows the overall neuronal 

High-pass 300 Hz filtering 

Spikes and bursts detection 
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activity level of the culture. Kappa is the measurement of temporal synchronization of 

spikes across all electrodes in one well. The time of each channel was divided into 10 ms 

bins. If one or more spikes occur in the bins, they were marked as 1. If no spikes occur, 

the bins were marked as 0. For all pairs of active electrodes, the agreement coefficient, 

Cohen’s Kappa, was calculated. This measures the degree of coincidence of spikes on 

both electrodes exceeding the chance-expected coincidence assuming uncorrelated 

spikes. The range of Kappa is from -1 (completely unsynchronized) to +1 (perfectly 

synchronized). 

2.5.2.2 Bursts 

A fast progression of 3 or more spikes in a single electrode with short inter-spike intervals 

was defined as a burst, also known as a single channel burst[200]. The threshold of the 

inter-spike intervals was calculated based on the mean firing rate of this electrode. The 

time duration and the size of bursts are important features of bursts.  

The time duration of a burst is from the timestamp of the first spike in the burst to the 

timestamp of the last spike in the burst. The size of a burst is the average number of spikes 

in single channel bursts over all bursting channels. 

2.5.2.3 Network bursts 

A network burst is a synchronized bursting activity happening across multiple channels. 

Such activity was detected when more than 15 % of the single channel bursts overlapped 

in time. The frequency, time duration, interval, participation proportion are important 

features of network bursts. 

The number of network bursts per second is termed as network bursting rate, representing 

the frequency of network bursts. The time duration of a network burst is from the 

timestamp of the first spike of the network burst to the timestamp of the last spike in the 

network burst. The average of intervals between successive network burst starts is called 

meanNBSI. The average of intervals between the end of one network burst to the start of 

the next network burst is called meanInbis. The averaged intervals between the furthest 

starts of single channel bursts participating in a network burst is called meanJitter. The 

average number of channels that participate in network bursts is termed as 

avgChansInNB. 
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Figure 2.3 Raster plots illustrate the dynamics of a neuronal network.  

Each row represents one electrode (1 to 12). Each vertical tick represents an action 

potential/spike (purple arrow). A burst (pink arrow), constitutes a succession of spikes in 

close temporal proximity. The time duration of a burst (blue). Bursts occurring across 

different electrodes is termed as a network burst (green arrow). Jitter is the time interval 

between the onset of the first and last bursts in a network burst (dark red arrows). 

2.5.2 Elements and parameters of MEA 

Spikes, bursts, and network bursts (NB) are the three main elements of MEA (shown in Figure 

2.3 together with two parameters).  

2.5.2.1 Spikes 

Upward and downward excursions beyond 6 times of standard deviation of noise were detected 

as spikes[170]. The essence of a spike is an action potential and it is recorded by the nearest 

electrode. The electrodes are able to detect spikes that initiate from one or more neurons. The 

amplitude, frequency and synchronization are important features of spikes. 
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40 network characteristics in terms of spiking (SPK), single channel bursting (SCB) and 

network bursting (NB) parameters were extracted using custom MATLAB script [200] 

(Table 2.1). 

Table 2-1Orders and descriptions of extracted parameters shown in iris plots 

No. Classification 
Abbreviation of 

parameters 
Description 

1 

Spiking features 

(SPK)  

mfrAll 
Mean firing rate (number of spikes per second in 

a channel) 

2 mfrIn Mean firing rate inside bursts. 

3 mfrOut Mean firing rate outside bursts 

4 mfrRatio Ratio between mfrIn to mfrOut (mfrIn/mfrOut) 

5 avgAmp Mean amplitude of all spikes 

6 noOfSpikingChans Number of channels that shows spiking 

7 Kappa 
A measurement of synchronization between 

spikes (1 means a complete synchronization) 

8 

Bursting 

features (SCB)  

meanSCBDuration 
Mean duration of all single channel bursts in all 

bursting channels 

9 stdSCBDuration Standard deviation of meanSCBDuration 

10 cvSCBDuration Coefficient of variation of meanSCBDuration 

11 rangeSCBDuration Range of meanSCBDuration 

12 meanSCBSize 
Mean number of spikes in single channel bursts 

in all bursting channels 

13 stdSCBSize Standard deviation of meanSCBSize 

14 cvSCBSize Coefficient of variation of meanSCBSize 

15 rangeSCBSize Range of meanSCBSize 

16 

Network 

bursting features 

(NB)  

NBRate Number of network bursts per second 

17 meanDuration Mean duration of network bursts 

18 stdDuration Standard deviation of meanDuration 

19 cvDuration Coefficient of variation of meanDuration 

20 rangeDuration Range of meanDuration 

21 meanNBSI 
Mean interval between successive network burst 

starts 

22 stdNBSI Standard deviation of meanNBSI 

23 cvNBSI Coefficient of variation of meanNBSI 

24 rangeNBSI Range of meanNBSI 

25 meanInbis Mean inter network burst interval 

26 stdInbis Standard deviation of meanInbis 

27 cvInbis Coefficient of variation of meanInbis 

28 rangeInbis Range of meanInbis 

29 meanJitter 

Mean interval between the furthest starts of 

single channel bursts participating in a network 

burst 
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30 stdJitter Standard deviation of meanJitter 

31 

Network 

bursting features 

(NB)  

cvJitter Coefficient of variation of meanJitter 

32 rangeJitter Range of meanJitter 

33 totNBAmp 
Sum of amplitudes of all spikes included inside a 

network burst averaged across all network bursts 

34 avgNBPeakAmp 
Mean amplitude of spikes included in a network 

burst 

35 avgNBTimeAmp 

Time-wise mean of the amplitudes of spikes 

included in a network burst (totNBAmp/NB 

Duration) 

36 totNoOfSpikes 
Number of spikes included inside a network burst 

averaged across all network bursts 

37 avgSpikesInNB 
Mean number of spikes included in a network 

burst 

38 %spikesInNBs 
The percentage of detected bursts that are located 

inside a network burst 

39 avgChansInNB 
Average number of channels that participate in 

network bursts 

40 %chansInNBs noOfChansInNB/noOfSpikingChansX100 

 

2.6 Statistical analysis  

Mann-Whitney test, Friedman test and Kruskal-Wallis test in GraphPad Prism 8 were 

applied to line or bar graphs. Wilcoxon rank sum test (equivalent to Mann-Whitney test) 

in Matlab was applied to iris plots. Analysis has been performed on raw data between 

heterozygous and wild types, whereas drug effect was analysed between normalized 

changes after the application of drugs and vehicle control. Detailed descriptions can be 

found in figure legends and n represents culture wells. Results were presented as mean ± 

SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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 Development of MEA assay for in vitro neuronal 

network analysis  

3.1 Introduction   

In brief, brain function can be studied on different levels, including single cell level, 

neuronal network level, and the whole brain level (in vivo studies). In epilepsy, seizures 

are believed to occur when regular electrical impulse patterns in neuronal networks are 

disturbed by abnormal, excessive or hypersynchronized activity [194]. Therefore, to 

understand the underlying pathomechanism of epilepsy it is important to study this 

disease at the neuronal network level. Another purpose of our study is to find potential 

treatments for DEE. The ability to screen compounds on a large scale is required for drug 

discovery. Hence, in vitro neuronal network systems are preferred over in vivo models 

because they are highly accessible to electrical stimulation, pharmacological 

manipulation and observation. However, robust high throughput neuronal network 

functional analyses have not yet been established for epilepsy. 

The currently available technologies to study in vitro neuronal networks include MEA 

recording and calcium imaging [198]. MEA are arrays of micro electrodes through which  

extracellular voltage changes of single neurons or small clusters of neurons can be 

detected and recorded in parallel [201]. Calcium imaging measures calcium changes 

using fluorescent indicators, to reflect neural activity [202]. MEA have high temporal 

resolution to detect action potentials and relatively low spatial resolution to detect signals 

occurring only in the proximity of electrodes. Compared to MEA, calcium imaging has a 

lower temporal resolution that cannot detect action potentials and a lower signal-to-noise 

ratio, although its spatial resolution is higher [203-205].  

Primary neuronal cultures develop complex spontaneous network activity that can be  

highly sensitive to their chemical environment and this can be recorded on MEA [206]. 

So far, dissociated neurons grown on MEA have been shown to be a successful method 

to perform toxicological profiling and functional pharmacological screening [194-197]. 
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Moreover, because networks on MEA can survive for a long period of time and be 

recorded from non-invasively, they are also used to study synaptic plasticity [207, 208], 

neuronal assemblies [209] and in vitro learning [210, 211]. These have made MEA a 

potential platform for understanding the developmental deficit aspects of DEE and for 

searching for novel treatments.  

However, despite the benefits of extracellular MEA recordings in primary dissociated 

neuronal cultures, high biological and technical variabilities were observed and became 

obstacles for high throughput MEA studies. For example, recent publications have 

pointed out that culture media changing schedule and techniques, as well as the 

stabilization time before recording on the MEA headstage, can affect the output of MEA 

recordings [201, 212-214]. Although this is less a problem for ‘before and after’ 

pharmacological studies it poses a particular issue for the comparison of disease 

phenotypes between different cultures. Moreover, there’s no parameter based golden 

standard of what’s a good culture or what are the conditions required to obtain a good 

culture. Therefore, in this chapter, I investigated these variabilities and identified 

conditions necessary for the establishment of a reproducible and robust in vitro neuronal 

network model in our lab. 

3.2 Methods 

The methods used in this chapter have been described in Chapter 2, apart from those 

presented in “3.3.1 Culture handling” while testing the impact of different conditions. In 

3.3.1.1, the cells were obtained from hippocampus or cortex. In 3.3.1.2, the neurons were 

obtained from P0/P1 or P2 mouse pups. In 3.3.1.3, the cell seeding densities were 200000 

cells/well, 300000 cells/well and 375000 cells/well. In 3.3.1.4, the culture media were 

changed 0 hour, 12 hours, 24 hours, 36 hours and 48 hours before MEA recordings. For 

the rest of the chapter, all cultures were obtained from P0/1 mouse cortices, seeded at 

300000 cells/well, and media was changed 2 days before recordings. Moreover, all the 

animals were wild type C57/BL6 mice. 
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3.3 Results 

3.3.1 Culture handling 

To minimize the impact of different culture handling conditions I firstly examined the 

variability caused by; the region that brain region cells are extracted from, the age of the 

animals, the cell seeding density and the time of media change before the recordings.  

Six main parameters reflecting the spike activity (firing rate and firing rate inside of 

bursts), network activity (network bursting rate and duration of bursts) and the 

synchronization of cultures (Jitter and kappa) are showed. 

3.3.1.1 Brain region 

SCN2A is highly expressed in hippocampus and throughout the cerebral cortex [215-217]. 

Both of these regions are also closely related to epilepsies. The involvement of cortex is 

known from EEG recordings in patients and studies in rodent models. Generalized 

seizures simultaneously involve the entire cortex. Also, the cortex is the only brain region 

where epileptiform activity arises with any frequency [218]. Confirming the role of the 

hippocampus in epilepsy, it is known that over 50% of epileptic patients have a damaged 

hippocampus, although it is not certain whether that is a cause or a result of seizures. 

However, surgical removal of the hippocampus has been found to reduce seizures [219].  

Here primary cultures obtained from either cortical or hippocampal tissue were tested. As 

shown in Figure 3.1, the activity of hippocampal neurons was stronger and more 

synchronized. Hippocampal cultures had an increase in overall firing rate of 5 ± 1 Hz, 

compared to the 2.8 ± 0.5 Hz of cortical cultures (Figure 3.1 C, p > 0.05). And the firing 

rate inside bursts of hippocampal neurons was 41 ± 4 Hz, significantly higher (Figure 3.1 

D, p < 0.05) than the 15 ± 1 Hz of cortical neurons. No significant differences were 

observed in network bursting features including network bursting rate and the duration of 

bursts. As for synchronization, the Jitter (time interval between the start of the first and 

last bursts in a network burst) of cortical cultures was 1.4 fold larger (91 ± 5 ms versus 

67 ± 13 ms) than the hippocampal cultures (Figure 3.1 G, p < 0.05), and the Kappa (the 

measurement of temporal synchronization of spikes across all electrodes in one well) 

value of hippocampal cultures increased 2.0 fold (0.12 ± 0.02 versus 0.059 ± 0.009) 

compared to the cortical cultures (Figure 3.1 H, p < 0.05). 
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Figure 3.1 In vitro network activity of mice cortical and hippocampal neurons. 

Representative raster plots of A) cortical, B) hippocampal cultures are shown.  

Comparisons of the average of C) firing rate, D) firing rate inside of bursts, E) network 

bursting rate, F) duration of bursts, G) Jitter, and H) Kappa between cortical (n = 19) 

and hippocampal (n = 9) cultures. A Mann-Whitney test was applied to test the significant 

differences. Results are presented as mean ± SEM. *p < 0.05, ****p < 0.0001. 

While these data were an interesting comparison for the purposes of establishing a high 

throughput method, the cortex is the more suitable brain region to study SCN2A DEE as 

the yield of cells is much higher (the hippocampus has only about 1% of the volume of 

the cortex [220] and the yield of hippocampal cells account for approximately 10% of 

cortical cells per animal [221]. 
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3.3.1.2 Animal age 

The age of animals at the time of brain tissue harvesting is a factor that profoundly 

influenced the in vitro cell viability. The older the animal, the more developed the neurons 

are, and thus are less robust following extraction [222]. Compared to the commonly used 

embryonic neuronal cultures [223], culturing postnatal neurons is more complex. 

However, there are distinct benefits to using postnatal neurons, as time pairing of the 

breeders required for embryonic cultures can be challenging if the animals are hard to 

breed, it can also be very time consuming and more costly. In addition, to extract the 

embryos the breeder is usually sacrificed, increasing the number of requested animals. In 

postnatal culturing, the breeder and part of the litter can be saved for further breeding or 

other purposes. Finally, postnatal mouse provides more cells than the embryos. 

Comparing the cultures obtained at different postnatal days, it has been found that the 

long-term cellular viabilities were altered between cultures obtained from P0/1 and P2 

pups. As shown in Figure 3.2, although the cultures were similar at DIV14, the P2 cultures 

were significantly less active and less synchronized at DIV21/22 and DIV28 compared 

to P0/1cultures.  

The overall firing rate of P0/1 group increased up to 17.3 ± 0.9 Hz during development, 

while the P2 group declined to 4.8 ± 0.3 Hz (Figure 3.2 C, p < 0.0001). Like firing rate, 

the network bursting rate of P2 cultures was also lower than in the P0/1 cultures. At 

DIV28, the network bursting rate was 0.63 ± 0.04 Hz in P0/1 group, and 0.21 ± 0.02 Hz 

in P2 group (Figure 3.2 E, p < 0.0001). For the Jitter that shows the synchronization of 

network bursts, the biggest difference was observed at DIV28: the average Jitter of P0/1 

was 81 ± 3 ms versus 119 ± 5 ms seen in P2 cultures (Figure 3.2 G, p < 0.0001). The 

largest difference for Kappa (which represents the synchronization of the spikes) was 

found at DIV28. The average Kappa of P0/1 was 0.33 ± 0.01 versus 0.20 ± 0.02 of P2 

cultures (Figure 3.2 H, p < 0.0001). Therefore, P0/1 mouse pups were selected.  
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Figure 3.2 MEA properties of cortical neurons obtained from P0/1 and P2 mice pups 

between DIV14 to 28. 

Representative raster plots of A) P0/1, B) P2 obtained cultures at DIV21/22 are shown. 

Comparisons of the average of C) firing rate, D) firing rate inside of bursts, E) network 

bursting rate, F) duration of bursts, G) Jitter, and H) Kappa between cortical cultures 

obtained from mice pups at P0/1 (n = 241) and P2 (n = 131), from DIV14 to 28. 

Experiments are performed sequentially on the same cells. A Mann-Whitney test was 

applied to test the significant differences. Results are presented as mean ± SEM. *p < 

0.05, **p < 0.01, ****p < 0.0001. 
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3.3.1.3 Cell seeding density 

The next observation was that the density of plated cells has a massive effect on the results 

of MEA analysis. Compared to cultures with lower numbers of plated cells, denser 

cultures present more spikes and faster maturation. Also, sufficient cell density is required 

to exhibit globally synchronized bursts, and the pattern of bursts varies dramatically based 

on the cell density [212]. 

To find the suitable seeding density for a SCN2A DEE in vitro MEA model, based on the 

literature and previous data obtained in our lab, three seeding densities were tested: 

200000 cells/well, 300000 cells/well and 375000 cells/well. As shown in Figure 3.3, 

200000 cells/well caused significant differences in firing rate (Figure 3.3 D, p < 0.0001), 

firing rate inside of bursts (Figure 3.3 E, p < 0.0001), duration of bursts (Figure 3.3 G, p 

< 0.0001), Jitter (Figure 3.3 H, p < 0.0001) and Kappa (Figure 3.3 I, p < 0.01) compared 

to the density of 300000 cells/well. Whereas 300000 cells/well showed increased firing 

rate inside of bursts (Figure 3.3 E, p < 0.0001) and time duration of bursts (Figure 3.3 G, 

p < 0.0001) compared to the 375000 cells/well group, though the network bursting rate 

of 300000 cells/well cultures was lower than that of 375000 cells/well cultures (Figure 

3.3 F, p < 0.0001). As for synchronization, the Jitter of 300000 cells/well cultures was 

significantly bigger than that of 375000 cells/well cultures (Figure 3.3 H, p < 0.01). 

However no significant difference was detected in Kappa between the seeding density of 

300000 cells/well and 375000 cells/well (Figure 3.3 E, p < 0.001). Overall, these results 

suggested similar activity levels and maturity of 300000 and 375000 cells/well groups. I 

therefore selected 300000 cells/well as the seeding density for mouse cortical neurons. 
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Figure 3.3 MEA properties of cortical neurons in different seeding densities. 

Representative raster plots of A) 200000 cells/well, B) 300000 cells/well and C) 375000 

cells/well seeding densities are shown. Comparison of the average of D) firing rate, E) 

firing rate inside of bursts, F) network bursting rate, G) duration of bursts, H) Jitter, and 

I) Kappa among different cell seeding densities, 200000 cells/well (n = 19), 300000 

cells/well (n = 131) and 375000 cells/well (n = 44). A Mann-Whitney test was applied to 

test the significant differences. Results are presented as mean ± SEM. **p < 0.01, ****p 

< 0.0001. 
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3.3.1.4 Media change time 

A media change can disturb the electrophysiological performance of primary cultures 

[224, 225].To test the changes in neuronal network activity caused by media change, 

MEA recordings were performed in 31 wells before media change, and 0 hour 

(immediately), 12 hours, 24 hours, 36 hours and 48 hours after media change. As a result 

of the media change, the activity of cultures escalated while the synchronization was 

perturbed. As shown in Figure 3.4, the firing rate (Figure 3.4 G) increased about 50% 

immediately after the media change, while the network bursting rate was elevated by over 

150% 12 hours after (Figure 3.4 I). The level of activity recovered 24 hours after the 

media change, however dramatic declines of firing rate inside of bursts (Figure 3.4 H) 

and synchronization (Figure 3.4 L) were observed immediately after the media change 

and took longer time to stabilize.  

Based on these results, for the purpose of minimizing the impact of media change and 

obtaining stable readouts from the primary neuronal cultures using MEA, I decided to 

always change the media 48 hours before the data acquisition and perform recordings 

every two days to track the development of the cultures. 

 

 

To summarise, the optimal activity for our assay was obtained from cortical neurons 

isolated from P0/P1 mice and plated at the seeding density of 300000 cells/well, with 

the media change carried out 2 days before MEA recordings.  
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Figure 3.4 Changes in neuronal network activity caused by media change. 

A baseline was measured right before the media change. Representative raster plots of 

A) baseline, B) 0 h, C) 12 h, D) 24 h, E) 36 h and F) 48 h after media change are shown. 

G) firing rate, H) firing rate inside of bursts, I) network bursting rate, J) duration of 

bursts, K) Jitter, and L) Kappa. (n = 31) are shown. Experiments are performed 

sequentially on the same cells. A Mann-Whitney test was applied to test the significant 

differences compared to baseline. Results are presented as mean ± SEM. **p < 0.01, 

****p < 0.0001. 
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3.3.2 Characterization of wild type cortical cultures WT developmental features  

Under these conditions, the development of wild type cultures between DIV14 to 28 was 

investigated as the base of our research. 

 

 

Figure 3.5 The developmental features of WT cortical neurons from DIV14 to 28. 

The average of A) firing rate, B) firing rate inside of bursts, C) network bursting rate, D) 

duration of bursts, E) Jitter and F) Kappa at DIV14, 16, 18, 20, 22, 24, 26 and 28. The 

primary cortical cultures were obtained from wild type C57/BL6 mice pups at P0/1 (n = 

241). Experiments are performed sequentially on the same cells. Results are presented as 

mean ± SEM. 
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3.3.3 Variability of MEA recordings 

MEA cultures have been shown to have considerable variability including well-to-well, 

plate-to-plate, animal-to-animal and litter-to-litter [212, 213, 226]. In this part of the 

thesis, these differences were investigated using firing rate. 

3.3.3.1 Well-to-well variability  

Cultures were obtained from the same animal and seeded onto six different MEA wells 

on the same plate. Each well is represented by a different colour. The firing rates of eight 

recording points from DIV14 to 28 are shown in Figure 3.6. Overall, 10 out of 13 analysed 

conditions showed significant differences using a Friedman test. 6 representative figures 

are shown in Figure 3.6. Figure 3.6 A and B illustrate the non-significant variation. Figure 

3.6 C (p < 0.05), D (p < 0.01), E (p < 0.001) and F (p < 0.0001) illustrate the significant 

differences seen between different wells. To eliminate the well-to-well variability, it 

became obvious that the number of wells used per condition needed to be increased.   

 

Figure 3.6 Well-to-well variability shown by firing rates. 

The firing rates recorded in individual wells from the same plate, when the primary 

cortical cultures were obtained from the same wild type animal. Experiments are 

performed sequentially on the same cells. A Friedman test was applied to test the 

significant differences. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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3.3.3.2 Plate-to-plate and animal-to-animal variability  

After the well-to-well variability of MEA recordings, the plate-to-plate and animal-to-

animal changes were investigated (Figure 3.7). Data obtained from 12 wild type animals 

at DIV22 were analysed. The primary cortical neurons obtained from each animal were 

seeded on two plates at six wells per plate. The firing rates are shown in Figure 3.7. Each 

animal is marked in a unique colour. A Mann-Whitney test was applied to test the 

differences between the plates for each animal. No significant differences were observed, 

indicating limited variance among MEA plates. Among the cultures obtained from 

different animals, the Kruskal-Wallis test revealed significant differences (p < 0.0001).  

 

Figure 3.7 Plate-to-plate, and animal-to-animal variability shown by firing rates. 

The firing rates of 12 different wild type animals are shown in different colours. Cells 

were seeded on two different plates for each animal, and the firing rate of individual well 

is shown as a dot. A Student’s t-test was applied to test plate-to-plate differences. A Mann-

Whitney test was applied to test plate-to-plate differences in each animal. A Kruskal-

Wallis test was applied to test animal-to-animal differences. Results are presented as 

mean ± SEM. ****p < 0.0001. 

3.3.3.3 Litter-to litter-variability  

During the experiments, differences in MEA features were also found to exist among 

different litters. As shown in Figure 3.8, the mean firing rates of three different litters 

from DIV14 to 28 showed significant differences (p < 0.05). These differences were not 

only caused by the variability among individual animals, but probably also by the age of 

the litter and other factors that I could not control during the preparation of the primary 
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neurons. Although the harvest time of the brains from mice pups was set at P0 to P1, 

differences still exist within this time frame. This increased the difficulty of identifying 

phenotypic differences between different genotypes on MEA because the observed 

variability can mask the phenotypic differences. To address this concern, it is necessary 

to always use controls from the same litter. Therefore, for the phenotype studies, the 

mutants were normalized to their wild type littermates recorded within the same 

experiment. 
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Figure 3.8 Litter-to-litter variability shown by variability of firing rates. 

The average firing rates of the wild type cultures from three different litters recorded 

between DIV14 and 28 are shown in different colours. Experiments are performed 

sequentially on the same cells. A Friedman test was applied to test the significant 

differences. Results are presented as mean ± SEM. *p < 0.05. 

3.3.4 Power analysis 

After the experimental conditions were settled, wild type primary cultures at DIV22 were 

examined. The mean values and standard deviations of 40 parameters were calculated 

(n=241), revealing the variability of the parameters. Therefore, we were curious to know 

the sample size needed to pick up a 30% reduction between two equally sized groups to 

be significant (p < 0.05, power 0.8). The calculated sample sizes needed per group for 

each parameter are listed in Table 3-1, using an unpaired Student’s t-test on GPower 3.1. 
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Table 3-1 Power analysis results. 

No. 
Abbreviation of 

parameters 

Sample 

size 
No. 

Abbreviation of 

parameters 

Sample 

size 

1 mfrAll 99 21 meanNBSI 88 

2 mfrIn 44 22 stdNBSI 60 

3 mfrOut 163 23 cvNBSI 30 

4 mfrRatio 344 24 rangeNBSI 70 

5 avgAmp 7 25 meanInbis 107 

6 noOfSpikingChans 4 26 stdInbis 61 

7 Kappa 30 27 cvInbis 41 

8 meanSCBDuration 34 28 rangeInbis 75 

9 stdSCBDuration 44 29 meanJitter 66 

10 cvSCBDuration 15 30 stdJitter 82 

11 rangeSCBDuration 43 31 cvJitter 25 

12 meanSCBSize 25 32 rangeJitter 71 

13 stdSCBSize 34 33 totNBAmp 187 

14 cvSCBSize 13 34 avgNBPeakAmp 8 

15 rangeSCBSize 43 35 avgNBTimeAmp 63 

16 NBRate 92 36 totNoOfSpikes 123 

17 meanDuration 56 37 avgSpikesInNB 116 

18 stdDuration 44 38 %spikesInNBs 6 

19 cvDuration 20 39 avgChansInNB 20 

20 rangeDuration 45 40 %chansInNBs 3 

An unpaired Student’s t-test was used to assess significance between two equal sample 

size groups. The significance criterions were p <0.05 and the power was 0.8, with the 

magnitudes of the effects of 30% reductions. The sample sizes showed were sample sizes 

per group.  

MfrAll (mean firing rate) and NBRate (network bursting rate) are two of the most 

important parameters to describe MEA cultures. As shown in the table, the sample size 

required for mean firing rate was 99 and the sample size required for mean network 

bursting rate was 92. These sample sizes are big but larger changes are also normally seen 

in these parameters. Conversely, the sample size needed for %chansInNBs (percentage 

of channels participating in network bursts) was only 3 and the sample size needed for 

noOfSpikingChans (number of channels that spikes) was 4. However, global spontaneous 

network activity is normally developed in primary cortical cultures at DIV22. The 
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percentage of channels participating in network bursts was often close to 100% and the 

number of channels that spikes is often close to 12 (all the electrodes). If 30% reduction 

occurred to these two parameters, a more dramatic reduction would probably be seen for 

the mean firing rate and network bursting rate. Hence, with the increase of magnitudes of 

the effects, the sample size required for mean firing rate and network bursting rate would 

drop. The largest sample sized needed appeared in mfrRatio. This parameter is a ratio 

between mfrIn (mean firing rate inside of bursts) and mfrOut (mean firing rate outside of 

bursts). The ratio of spikes participating in bursts or not is an important feature used to 

describe MEA cultures. However, the variability of this parameter was found to be very 

high and it was difficult to obtain a stable mfrRatio. Therefore, in most cases mfrIn and 

mfrOut were looked into separately instead of investigating mfrRatio.  

3.4 Discussion and conclusion  

To study DEE and bridge the gap between single cell and whole brain analysis, a 

functional neuronal network research model was optimized based on the use of MEA 

technology. In this chapter, the sources of variability affecting the MEA analysis of 

neuronal networks were investigated and they are discussed below. Different conditions 

were tested and the ones that seemed optimal for our experimental questions were 

selected. However, the optimization wasn’t done in a series that I only performed the next 

optimization after the first one is settled. 

The differences in preparation and handling of cultures has been recognised as a source 

of variability [201, 212-214]. Primary cultures obtained from different brain regions have 

been found to display different activity patterns on MEA [212], which is why harvesting 

cells from the same brain region can reduce the inter-culture variability. It was shown that 

the cultures originating from different regions sometimes respond differently to 

compounds due to their higher affinity to the cellular components which were enriched 

or reduced in a given region of the nervous system [227, 228]. Spinal cord culture was 

commonly used in early MEA pharmacological studies because of the smaller variability 

in terms of network dynamics [201]. However, cortical culture has been found to be more 

sensitive, adaptive and complex, which can enable the establishment of an advanced drug 

screening system [212, 229]. Network dynamics of cortical cultures and hippocampal 
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cultures were tested because they are both closely related to epilepsy. The decision to use 

cortices over hippocampi was based on the fact that they provided larger number of cells 

that can be used for high throughput analysis. However, in the tested conditions 

hippocampal cultures were more active and synchronized and would be a useful system, 

especially for the analysis of genotype-phenotype correlations. It will be interesting to 

perform our experiments using hippocampus cultures in future study.  

The age of the tissue used to generate primary cultures has a profound impact on MEA 

features. Neurons in younger animals are less developed and therefore more robust during 

the handling of in vitro culture preparations [222]. Therefore, embryonic neurons are 

more commonly used [223]. However, it was decided to establish the model based on 

postnatal neurons to gain more cells while sacrificing fewer mice. Previous studies used 

primary cultures obtained from P0-P2 [200]. However, large differences were observed 

between P0/P1 and P2 cultures. Cultures from younger mice showed higher activity at 

both single channel level and global network level during in vitro development, as well 

as more synchronization, suggesting this was a better model for MEA analysis. Also, 

because the development of cultures obtained from different postnatal time have shown 

large variation, normalization of the parameters obtained in MEA recordings from 

mutants to those from wild types is important [230]. 

The plating density of cortical cultures has been found to affect maturation of in vitro 

cultures because of the faster axonal outgrowth in dense cultures compared to sparse ones 

[212, 229]. The denser the cultures were, the more spikes detected, and the quicker they 

were to exhibit bursting behaviours [212]. Also, sufficient cell density was required to 

form globally synchronized bursts [212]. In this study, three different seeding densities 

were tested and this confirmed that the denser cultures had more spikes and more channels 

participating in network bursts. Denser cultures were found to be more synchronized. 

However, the network bursting rate of cultures was not necessarily linear with the seeding 

density. The cultures of higher density can have less frequent but longer network bursts. 

This confirmed a former study showing that the pattern of bursts varies dramatically based 

on the cell density [212]. Taking the activity and efficiency into consideration, 300000 

cells/well were chosen for our experiments. 
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The impact of media change on recorded MEA activity has been reported in the literature  

for wash-in drug applications [231, 232], but its importance in phenotype studies has not 

been well addressed. This study focused on the transient effects of media change. As with 

pharmacological studies, investigating changes normalized to the baseline of the same 

culture is more powerful, although we cannot exclude the impact of the development of 

the culture during the experiment. Therefore, the spontaneous activity of the same 

cultures was compared before and after media changes. It was found that freshly changed 

media stimulated the cultures to fire more but become less synchronized. After 48 hours 

after a media change, the cultures were mostly stabilized and back to synchronization. 

Another study performed by Wagenaar et al. compared the spontaneous activity of 

different cultures derived from the same tissue at different time points after the media 

change. This approach eliminated the impact of the in vitro development but introduced 

the variability of plating. They have found that the variability from long-term media 

changes (up to 7 days) was not significantly larger than the variability from different 

plating, but media change 12 hours before recordings was needed to prevent the transient 

effects [212]. Taken these results into consideration, having a standardized 48 hours 

media changing schedule before recordings can reduce variability when multiple 

recordings are performed during long-term studies, enabling more reproducible MEA 

recordings and a comparison of results across different experiments. 

Studies from different groups have found that the fundamental resource of the variability 

of in vitro network on MEA is the variable nature of cortical neurons, especially when 

obtaining them from different animals [232-234]. According to Wagenaar et al., 

variability in cortical cultures existed among recordings of the same culture on 

consecutive days [212]. Our study also confirmed the MEA well-to-well variability 

during the development over two weeks. Moreover, MEA studies on brain slices have 

found that slices from the same animal displayed higher similarity compared to tissues 

originating from different animals [231]. It has also been found that the variability 

inherited from different animals was much larger than the variability caused by different 

MEA plates. However, the reason behind the variability of cortical neurons in culture is 

still unclear. Reducing synaptic inputs by pharmacologically blocking synaptic receptors 

has been known to reduce the variability [235]. However, studying neuronal networks 

without synaptic inputs is not very useful, which is why the number of animals used in 
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the experiments was increased to eliminate the biological variation arising from different 

animals. To further understand the behaviour of primary cultures and establish baseline 

recordings under our conditions, the wild type cultures between DIV14 to DIV28 were 

investigated. The increase in firing and synchronization during development suggested 

our protocol can produce robust and healthy primary cultures.  

 

In conclusion, different conditions were tested to develop a robust model of in vitro 

networks on MEA, despite variability caused by a number of different factors. 

Determining the impact of experimental variables on neuronal culture function has 

provided an insight into the important factors that need to be considered when developing 

these assays. This optimisation was demonstrated to be a necessary step in establishing 

MEA analysis of primary neuronal cultures. In doing so I have provided a framework that 

can be used by different laboratories and for similar research questions. 
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 Characterization of SCN2A DEE variants  

4.1 Introduction 

With the advances in genetic testing, variants in SCN2A have emerged as a major cause 

of neurogenetic disorders. Numerous variants have been identified [236] and linked to a 

broad clinical phenotypic spectrum , including benign epilepsy [77, 82, 160-164], DEE 

[17, 237, 238], autism [239, 240], schizophrenia [241], ataxia [242], and intellectual 

disability without seizures [242]. The associated clinical phenotypes range from mild to 

very severe, indicating a complex role that dysfunction in Nav1.2 channels play 

pathologically.  

To assess the functional impact of detected variants, heterologous expression of mutant 

and wild type channels combined with whole cell patch clamping to study their 

electrophysical properties is a common approach [5, 243]. Studies in these expression 

systems have shown that the SCN2A variants can be classified into two major groups – 

one linked to GoF changes in the biophysical properties, the other group including 

variants which result in LoF. These changes in cellular function can be caused by 

alterations in selectivity, voltage dependence, gating (including faster/slower activation 

or inactivation), and changes in regulation, trafficking or apoptosis of the channel [244]. 

A recent study suggested there is a good correlation between the clinical phenotype and 

biophysical properties of the Nav1.2 channel. SCN2A variants found in BFNIS [172, 237, 

242, 245, 246] and ataxia [245] have been shown to be GoF, whereas variants found in 

autism patients all caused LoF [17, 175]. In DEE, the GoF variants were linked to the 

early seizure onset phenotype (<3 months), and corresponded to a relatively good 

responsiveness, reducing seizures in these patients when treated with sodium channel 

blockers [92, 174, 176]. In contrast, the variants which are LoF associate with the late 

seizure onset DEE [176, 247, 248]. However, this classification is not always 

straightforward. Firstly, some variants show a combination of biophysical changes 

indicating both gain and loss of function and making it difficult to assess their overall 

impact on neuronal excitability. Moreover, discrepancies in the effect seen for the same 
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variants expressed in non-neuronal cell lines have also been reported. While expression 

of three BFNIS variants in HEK293 cells showed that they cause Nav1.2 LoF [177], 

transfecting the same variants into cultured rat cortical neurons revealed that they enhance 

Nav1.2 function [172]. Interestingly, the result seen in neurons matched the observed 

efficacy of sodium channel blockers in the patients carrying these variants [172], 

suggesting the advantage of using neuronal cultures. This suggests that testing genotype-

phenotype correlations for SCN2A disorders requires use of different experimental 

models and levels of analysis.  

SCN2A p.R1882Q (located at the C-terminal domain of Nav1.2) and p.R853Q variants 

(located at the S4 of domain II of Nav1.2) are the most recurrent variants identified in 

patients with early and late seizure onset DEE, respectively [92, 152]. A previous voltage 

clamp study in our lab, using a non-neuronal expression system, has found that p.R1882Q 

channels showed a shift in both activation and inactivation curves and slower fast 

inactivation, whereas p.R853Q channels exhibited a negative shift of the steady-state 

inactivation and an enhanced entry into slow inactivation [176]. This evidence supports 

the hypothesis that early onset DEE are caused by Nav1.2 channel GoF variants, whereas 

late onset DEE are caused by LoF variants. To further test this idea, our lab generated 

two mouse models carrying variants corresponding to the two human variants. The 

p.R1882Q mice showed a very severe phenotype, with spontaneous seizures and 

premature death by the age P30, whereas the p.R853Q mice had no spontaneous seizures, 

no EEG abnormalities or other obvious behavioural changes and was even less prone to 

develop chemical induced seizures (Li et al., unpublished data). The lack of disease 

phenotype in p.R853Q mice may be due to the compensatory effects in a complex animal 

model. Testing the genotype-phenotype correlations using behavioural and seizure tests 

in mouse models may be more challenging than anticipated and suggest that other levels 

of analysis are needed. The central question that arose was how the presence of SCN2A 

variants affected the properties of neurons and networks they form. Single neuronal 

properties can be assessed using patch clamp recordings in brain slices; however, this 

does not provide intact networks, or the ability to monitor neuron activity from multiple 

recording sites. Therefore, the aim of this work was to study network activity using 

primary neuronal cultures derived from the two mouse models and assess the impact of 

the two disease variants with MEA analysis.  
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4.2 Methods 

The methods used in this chapter are described in Chapter 2 with modifications listed 

below.  

As shown in Figure 4.1, in vitro neuronal network cultures were obtained from the 

cortices of P0 or P1 mice at a seeding density of 300000 cells/well on multiwell MEA. 

10-minute recordings of spontaneous neuronal activity were conducted from DIV14 to 

28 with a sampling rate of 20 kHz. After filtering the signals with a high-pass 300 Hz, 40 

network parameters were extracted in terms of spiking, single channel bursting and 

network bursting activity using a custom MATLAB script. Data normalized to wild type 

littermates are presented in line graphs. It should be noted that the normalization of Kappa 

used the after-drug value to minus the baseline value of the same well due to the existing 

minus values in Kappa, whereas division was used on all the other parameters. 

 

Figure 4.1 Schematic of the experimental design of SCN2A DEE variants 

characterization. 

P0 or P1 mice cortices were dissected and put into culture on DIV0, followed by Ara-C 

(5 µM) treatment from DIV3 to 5. For phenotype characterization, 10 minute MEA 

recordings were performed every second day between DIV14 and 28.  

4.3 Results 

In order to understand the underlying mechanism of SCN2A DEE, spontaneous network 

activity in primary cortical cultures obtained from mouse models carrying either a LoF or 

a GoF variant were investigated. From previous studies performed on wild type cortical 

cultures (Chapter 3), we learned that in vitro global network activity that started to appear 

after two weeks, sometimes vanished after four weeks and was most stable and 
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synchronized after three weeks (DIV21). Therefore, although MEA recordings were 

conducted from two to four weeks in vitro, the representative raw traces were selected 

from DIV22 recordings (Figure 4.2). These raw traces show 30 second recordings on a 

single electrode to emphasize the differences among cultures generated from wild type, 

SCN2A p.R1882Q and p.R852Q heterozygous mice. Compared to wild type, the cultures 

with p.R1882Q variant showed higher activity, while the cultures obtained from p.R853Q 

mice were less active.  

 

Figure 4.2 Representative raw traces of SCN2A DEE variants. 

Representative raw signals of the spontaneous activity in wild type culture (left), SCN2A 

p.R1882Q mutant culture (middle) and SCN2A p.R853Q mutant culture (right) recorded 

for 30 s on one electrode at DIV22. 

The raw MEA signals were then filtered and detection of spikes, single channel bursts 

and network bursts was conducted using custom MATLAB script. Representative raster 

plots relative to the raw traces are shown in Figure 4.3, exhibiting the network activity of 

12 electrodes in each well. Each row represents signals received and analysed from one 

electrode, and each short horizontal line represents a spike. Compared to wild type 

cortical cultures, SCN2A p.R1882Q variant increased the overall neuronal activity, 

whereas p.R853Q variant decreased the activity as well as the synchronization (see 

below). 

 

Figure 4.3 Representative raster plots of SCN2A DEE variants. 
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Representative raster plots of the spontaneous activity in wild type culture (left), SCN2A 

p.R1882Q mutant culture (middle) and SCN2A p.R853Q mutant culture (right) recorded 

for 30 s in one well at DIV22. 

The changes were quantified by extracting information from all the recordings and 

calculating the parameters of the in vitro networks derived from wild type and SCN2A 

heterozygous animals as described in Chapter 2. All the data were normalized to the 

average data of the wild type littermates recorded on the same day and looked at six major 

parameters to gain a better understanding of the network features. 

Firstly, the spike activity was analysed using two main parameters (Figure 4.4). The 

normalized mean firing rates of p.R1882Q heterozygous cultures were significantly 

higher than in wild type cultures, starting from 1.58 ± 0.09 (p < 0.0001) at DIV14, 

reaching the peak at 2.4 ± 0.1 (p < 0.0001) at DIV20, and then dropping to 1.26 ± 0.07 (p 

> 0.05) at DIV28. On the contrary, the average firing rates recorded from p.R853Q 

cultures were significantly lower than in cultures derived from their wild type littermates. 

However, the trend of normalized firing rate in p.R853Q group is like in the p.R1882Q 

group - lower at the start and end recording time point, higher at three weeks in vitro. At 

the first and last recording point, the values were 0.53 ± 0.03 (p < 0.0001) and 0.51 ± 0.04 

(p < 0.001) fold, respectively. The highest value appeared at DIV22 as 0.78 ± 0.06 (p < 

0.01) fold. The normalized firing rate inside bursts showed mostly consistent decrease in 

p.R853Q cultures, from 0.83 ± 0.05 (p > 0.05) at DIV14 to 0.54 ± 0.04 (p < 0.0001) at 

DIV28, compared to the wild type. In contrast, a significant increase was observed in 

p.R1882Q cultures. The largest increase was seen at DIV16 when the mean firing rate 

inside bursts of p.R1882Q was 1.51 ± 0.07 fold (p < 0.001) of wild type. The smallest 

increase was observed at DIV22, with the mean firing rate inside p.R853Q bursts reaching 

1.12 ± 0.05 fold (p > 0.05) of the wild type. Changes of the average firing rate confirmed 

that p.R1882Q variant increased the overall spontaneous activity, while p.R853Q variant 

decreased the activity. The changes in firing rate inside of bursts further showed that 

heterozygous SCN2A p.R1882Q and p.R853Q action potential properties were affected. 
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Figure 4.4 Spike parameters of SCN2A DEE variants. 

Line graphs of two selected parameters of SCN2A p.R1882Q and p.R853Q cultures 

normalized to their wild type littermates from DIV14 to 28 showing firing rate (left) and 

the firing rate inside of bursts (right). p.R1882Q group is shown in orange, p.R853Q 

group is shown in green, and the wild type group is shown in black. p.R1882Q 

heterozygous n=104, p.R1882Q wild type littermates n=143, p.R853Q heterozygous 

n=81, p.R853Q wild type littermates n=98. Experiments are performed sequentially on 

the same cells. A Mann-Whitney test was applied on raw data to test the significant 

differences between the heterozygous and wild type at each time points. Results are 

presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

Secondly, network activity was investigated (Figure 4.5): the normalized network 

bursting rate showed a significant increase in cultures with SCN2A p.R1882Q variant, 

and a significant reduction in cultures with p.R853Q variant. For p.R1882Q cultures, the 

normalized network bursting rate started from 1.388 ± 0.082 (p < 0.0001) at DIV14 and 

was elevated and stable from DIV20 to 24, showing values of 2.7 ± 0.3 (p < 0.0001), 2.6 

± 0.3 (p < 0.0001) and 2.6 ± 0.3 (p < 0.0001) fold, respectively. At DIV28, the value 

reduced to 1.3 ± 0.2 fold, but was still significantly higher than the wild type (p < 0.05). 

In p.R853Q cultures, the normalized network bursting rate increased from 0.56 ± 0.05 (p 

< 0.0001) at DIV14 to 0.77 ± 0.04 (p > 0.05) at DIV28. These results indicate GoF for 

p.R1882Q mutant, and LoF of p.R853Q, at the network activity level. I also assessed the 

features of bursts. Cultures with p.R1882Q variant had shorter normalized duration of 
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bursts, while cultures with p.R853Q variant showed longer duration. During 

development, the normalized duration of bursts in p.R853Q networks decreased from 

1.50 ± 0.09 (p < 0.0001) at DIV14 to 1.09 ± 0.04 (p < 0.01) at DIV28. For p.R1882Q 

networks, the lowest normalized duration happened at DIV24, 0.70 ± 0.07 (p < 0.0001).  

 

Figure 4.5 Bursts parameters of SCN2A DEE variants. 

Line graphs of two selected parameters of SCN2A p.R1882Q and p.R853Q cultures 

normalized to their wild type littermates from DIV14 to 28 showing the network bursting 

rate (left) and the time duration of bursts (right). p.R1882Q group is shown in orange, 

p.R853Q group is shown in green, and the wild type group is shown in black. p.R1882Q 

heterozygous n=104, p.R1882Q wild type littermates n=143, p.R853Q heterozygous 

n=81, p.R853Q wild type littermates n=98. Experiments are performed sequentially on 

the same cells. A Mann-Whitney test was applied on raw data to test the significant 

differences between the heterozygous and wild type at each time points. Results are 

presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

Lastly, I analysed the synchronization of cultures (Figure 4.6). Jitter is the time duration 

from the start of the first burst in a network burst, to the start of the last burst in the 

network burst. It shows the synchronization of a network burst. Compared to the wild 

type, the mean Jitter of p.R853Q cultures was increasing from DIV14 to DIV28, 

indicating the p.R853Q variant showed less synchronized networks during development. 

At two weeks of in vitro, the normalized average Jitter of SCN2A p.R853Q cultures was 

1.15 ± 0.06 (p > 0.05). After an additional two weeks in vitro, this number increased to 
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1.58 ± 0.06 (p < 0.0001). As for the cultures derived from p.R1882Q heterozygous mice, 

the average of Jitter showed only limited elevation.  

 

Figure 4.6 Synchronization parameters of SCN2A DEE variants. 

Line graphs of two selected parameters of SCN2A p.R1882Q and p.R853Q cultures 

normalized to their wild type littermates from DIV14 to 28 showing the Jitter (left) and 

the Kappa (right). p.R1882Q group is shown in orange, p.R853Q group is shown in green, 

and the wild type group is shown in black. p.R1882Q heterozygous n=104, p.R1882Q 

wild type littermates n=143, p.R853Q heterozygous n=81, p.R853Q wild type littermates 

n=98. Experiments are performed sequentially on the same cells. A Mann-Whitney test 

was applied on raw data to test the significant differences between the heterozygous and 

wild type at each time points. Results are presented as mean ± SEM. *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001. 

Kappa is the measurement of temporal synchronization of spikes across all electrodes in 

one network. To calculate Kappa, the time of the recording on each electrode was first 

divided into 10 ms bins. If one or more spikes occur within the bins, they are marked as 

1. If no spikes occur, the bins are marked as 0. The agreement coefficient Cohen’s Kappa 

is calculated for all pairs of active electrodes. It measures the degree of coincidence of 

spikes on both electrodes exceeding the chance-expected coincidence assuming 

uncorrelated spikes. Bigger kappa means more synchronized. Compared to the wild type 

cultures, cultures with SCN2A p.R1882Q variant had bigger Kappa value in most of the 

recordings. The biggest increase occurred at DIV16, 0.054 ± 0.009 (p > 0.001). In cultures 
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with SCN2A p.R853Q variant, an insufficient development in synchronization was seen 

that got worse over time. At DIV28, the reduction in Kappa was 0.12 ± 0.01 (p < 0.0001). 

Iris plots are heat maps of p values from Wilcoxon rank sum test (Figure 4.7) and used as 

a network signature of a mutant culture. In the left iris plot, 40 parameters of p.R1882Q 

cultures were compared with wild type cultures at DIV14, 22 and 28. 7 parameters of 

spiking features, 8 parameters of single channel bursting features and 25 parameters of 

network bursting features were included (Orders and definition of the parameters were 

shown as Table 2.1). Compared to the parameters of wild type, the increase in a given 

parameter for mutant cultures is shown in red, while a decrease is shown in blue. The iris 

plot on the right showed the changes of p.R853Q cultures. Looking at the two iris plots 

together, it is obvious that the cultures with SCN2A p.R1882Q variant and p.R853Q 

variant show the opposite changes compared to the wild type.  

 

Figure 4.7 Iris plots of SCN2A DEE variants. 

Iris plots (Wilcoxon rank sum test p value heat map of 40 parameters) of the differences 

between SCN2A p.R1882Q heterozygous culture and wild type culture (left), and between 

SCN2A p.R853Q heterozygous culture and the wild type littermates (right) at DIV 14, 22 

and 28. The increase compared to the wild type, is shown in red, whereas the decrease is 

shown in blue. p.R1882Q heterozygous n=104, p.R1882Q wild type littermates n=143, 

p.R853Q heterozygous n=81, p.R853Q wild type littermates n=98. Experiments are 

performed sequentially on the same cells. Results are presented as mean ± SEM. *p < 

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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4.4 Discussion and conclusion 

Using MEA analysis, I showed that neuronal networks derived from mouse models of 

early and late onset DEE had two distinctive in vitro phenotypes, corresponding to gain 

and loss of function reported in previous functional analysis in non-neuronal expression 

systems. p.R1882Q neuronal networks exhibited dramatic increases in firing rate and 

network bursting rate, showing enhanced activity in both individual spiking and global 

bursting. These indicated hyperexcitability at the neuronal network level, and matched 

the prediction made by patch clamp and dynamic patch clamp experiments [176]. 

Furthermore, the elevation in Kappa showed hypersynchronization at the overall spiking 

level, and the reduction in Jitter showed hypersynchronization at the network activity 

level. Altered busting features were also observed. Although the time duration of bursts 

was reduced in p.R1882Q neuronal networks compared to the wild type, the frequency of 

firing in bursts increased. This indicates that the p.R1882Q neurons have shorter “cool 

down” time before they can fire again (quicker recovery), which was not reported in 

single cell patch clamping in CHO cells where the mutant showed a similar recovery time 

compared to the wild type [176]. These results show that GoF in Nav1.2 leads to enhanced 

spontaneous activity in neuronal networks. The observed hyperexcitability, 

hypersynchronization and altered bursting features in neuronal networks could present 

the in vitro phenotype of SCN2A p.R1882Q epilepsy.  

In SCN2A p.R853Q neuronal networks, the frequency of firing and network bursting 

were both decreased, indicating impaired excitability at the network level, and matching 

the results of patch clamp and dynamic clamp analysis in non-neuronal cells [176]. 

Reduced Kappa and enlarged Jitter in the p.R853Q cultures both imply lack of 

synchronization. The decrease in excitability and synchronization corroborates LoF in 

p.R853Q neuronal networks. It is still not clear how less frequent firing and lack of 

rhythm in neuronal activity can cause seizures. One possible explanation could be 

prolonged burst duration seen in p.R853Q network activity, indicating that the bursts were 

harder to stop. Less frequent presence of spikes in bursts suggests the p.R853Q neurons 

need more time to recover before they can fire again. This was not found in single cell 

patch clamp recordings performed in CHO cells that showed similar recovery time from 

inactivation compared to the wild type [176].  
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Nav1.2 is mainly present in excitatory neurons at the AIS and the nodes of Ranvier. Early 

in development this is the only sodium channel expressed at these sites indicating Nav1.2 

is essential for the generation and propagation of action potentials early in life. The 

augmented Nav1.2 currents will therefore result in highly excitable neurons, and cause 

hyperexcitability in neuronal networks that leads to seizures. This may be the explanation 

why early onset seizures occur in p.R1882Q DEE patients and why the patients have a 

better response to sodium channel blockers. In contrast, p.R853Q variant impairs the 

Nav1.2 function and causes decrease in neuronal network excitability. This might be why 

p.R853Q patients do not have seizures in early development but does not answer the 

question of how LoF variant causes seizures later in development. Two possible 

hypotheses suggest altered formation and maturation of neuronal circuits, or imbalance 

of excitatory and inhibitory inputs. It has been shown that altered excitability in brain can 

affect developmental processes. For instance, changes in synaptic connectivity, indicating 

changes of synaptic strength rather than the topography of circuits, can affect the 

formation and maturation of cortical circuits [249]. Moreover, bursting was shown to play 

a role in establishing appropriate circuit connections [250], especially in inducing 

synaptic plasticity [251]. Recently, Nav1.2 was found to be expressed in dendrites 

throughout development as well as in mature brains, with an enrichment near postsynaptic 

densities in spines using immuno-electron microscopy [252]. A recent study also 

suggested that consistent Nav1.2 function is required to maintain dendritic excitability, 

which is crucial for sufficient synaptic strength [253]. A LoF SCN2A variant would be 

expected to reduce dendritic excitability and networking activity, leading to a decrease in 

synaptic strength and therefore altered the formation and maturation of neuronal circuits. 

In mature brains, Nav1.6 replaces Nav1.2 in distal AIS and nodes of Ranvier, and is then 

in charge of initiating and propagating action potentials. Therefore, when Nav1.6 emerges 

in already malfunctioning brain circuits, seizures may occur. This may explain why late 

onset seizures occur in DEE patients with SCN2A LoF variants, and offer an explanation 

for why developmental delay occurs before seizures. The alternative hypothesis suggests 

an imbalance in excitatory/inhibitory inputs based on the expression of Nav1.2 channels 

in axons of unmyelinated mossy fibres in mature brains [92, 156, 237]. Because mossy 

fibres predominately target inhibitory basket cells [254], LoF Nav1.2 channels would 

decrease the activity of mossy fibres that leads to inhibitory input reduction, and therefore 
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can cause hyperexcitability in brain. However, the fact that p.R853Q mouse model does 

not develop spontaneous seizures suggests these mechanisms could be different in human 

and mouse. 

Iris plots show changes in all parameters, and they can be used as network signature of a 

variant. Comparison of iris plots of p.R1882Q and p.R853Q cultures indicates opposite 

effects caused by these two SCN2A variants. It should be noted that presenting p-values 

from the statistical tests in iris plots is different than showing the magnitude of the effect, 

and it is possible that multiple testing may have contributed to the observed associations 

as correction for multiple comparisons was not performed. However, we were attempting 

to interpret the overall pattern of results rather than any specific estimate in isolation, and 

the purpose of using iris plots is to create a pattern for visualizing different phenotypes.  

Although the symptoms of patients carrying p.R1882Q and p.R853Q have a lot in 

common, the pathologies behind them are very distinct. Categorizing these disorders as 

one and treating the patients with the same strategy would be harmful. This has already 

been observed in the clinic, as sodium channel blockers were found partially beneficial 

for early onset patients to compensate the GoF of Nav1.2. However, the same treatment 

could potentially worsen the epileptic phenotype in late onset patients with SCN2A LoF 

variants. This implies that patients should be considered individually based on their 

genotype and not just based on the clinical phenotype. The following chapter will address 

the predictive value of MEA network activity for potential novel treatments for SCN2A 

variants (p.R1882Q and p.R853Q).  
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 Investigating pharmacology treatments for SCN2A DEE 

5.1 Introduction 

DEE are severe disorders where patients present with seizures, developmental disability 

and other comorbidities that have an extremely poor overall prognosis. Currently, there 

are no effective treatments available, highlighting a huge unmet clinical need. In recent 

years de novo variants have been identified as the main cause of DEE and they account 

for about 70% of all DEE cases. To date, more than 50 genes have been linked to DEE 

[46]. Analysis of the genetic causes is important for both diagnosis as well as for the 

development of precision medicine therapies for these patients. Identifying the gene 

variant and determining the functional consequences of that variant is vital when selecting 

the appropriate treatment for individual patients as some of the available antiepileptic 

drugs (AED) have been known to exacerbate patients’ symptoms. This phenomenon 

became apparent when Dravet patients, carrying SCN1A variants, were prescribed sodium 

channel blockers which caused them to have more seizures [110]. The deleterious effect 

of prescribing sodium channel blocker for Dravet patients is that SCN1A is predominantly 

expressed in inhibitory interneurons and variants in this gene commonly cause LoF 

channels, therefore blocking these channels will lead to disinhibition resulting in 

increased seizure frequency which is clearly not therapeutically beneficial.  

Recent studies have identified two groups of patients with SCN2A DEE, an early onset 

group and a late onset group [92]. Patients with early onset DEE have a seizure onset, 

typically focal seizures, within the first three months of life and developmental delay 

emerges after the onset of seizures. Late onset DEE patients start having seizures from 

three months onwards. These patients often experience spasms and developmental delay 

before the onset of their actual seizures [176]. One important difference between these 

two groups is that early onset DEE patients are more likely to respond well to sodium 

channel blockers, while patients with late onset DEE either show no response at all or 

experience increased seizure frequency [92]. This is supported by functional data, 
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including my data presented in Chapter 3, showing that the early onset DEE SCN2A 

variants result in GoF phenotypes and late onset DEE variants result in LoF phenotypes.  

Previously published data illustrated in Table 5 shows the effectiveness of fifteen FDA 

(Food and Drug Administration) approved AED commonly prescribed for patients with 

both early onset and late onset SCN2A DEE. For the early onset group, the commonly 

prescribed sodium channel blocker phenytoin (PHT), is effective in reducing seizures in 

71.4% of patients (20 out of 28) when compare to other sodium channel blockers which 

only reduce seizure frequency in 53.3% of patients (16 out of 30). Since its introduction 

in 1936, PHT has proved to be one of the most successful AED on the market [255]. PHT 

preferentially binds to the inactive form of the sodium channel and blocks the channels 

in a voltage-dependent and frequency-dependent manner, which is evident from  the 

increase in the ratio of inactive channels and the repetitive firing with increasing 

membrane depolarization [256]. The picture for patients carrying the SCN2A p.R1882Q 

heterozygous variant is not as promising because only 2 of 5 patients prescribed PHT 

experienced alleviation of their seizures and their symptoms were made worse by the 

other sodium channel blockers. There was only one patient that showed a positive 

response and they were prescribed carbamazepine.  

In the late onset group, patients showed negative responses to sodium channel blockers, 

however, only 28.3% of the patients exhibited seizure reduction (13 out of 46) when 

prescribed sodium channel blockers. In SCN2A p.R853Q patients, PHT was found to 

exacerbate seizures [176]. However, levetiracetam (LEV) was more effective compared 

to the other drugs, alleviating symptoms in 72.2% (13 out of 18) of patients. LEV controls 

seizures by inhibiting the release of excitatory neurotransmitter through synaptic vesicle 

protein 2A [257], producing positive cognitive side effects [258, 259]. LEV has not been 

reported to be used in p.R853Q patients (lamotrigine (LTG), but was mistaken for LEV 

in one case in Wolff’s paper [92], which was originally published by Kazuyuki [160]). 

LEV had no effect in one p.R1882Q patient from the Wolff’s study. However, another 

early onset DEE case became seizure free after the LEV treatment [92].  

Although PHT is able to improve the seizure status for some of the early onset SCN2A 

DEE patients, for the majority of patients, this treatment has no impact on their seizure 

frequency [92]. Moreover, of the seven patients identified to be carrying a p.R1882Q 
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variant, treatment with PHT was ineffective. Interestingly, of twelve patients identified 

to be carrying a p.R853Q variant, only one patient treated with LTG ceased to have any 

ongoing seizures [160]. However, for another two p.R853Q patients, who also received 

LTG, no beneficial effect was observed [176]. These data suggest that there is an urgent 

need to find new effective treatment strategies to help these patients.  

Based on these data, we decided to test the in vitro predictability and efficacy of PHT and 

LEV in both of our in vitro model of early and late onset SCN2A DEE. The neuronal 

culture models developed in Chapter 4 provided the basis for the network scale analysis 

to enable us to determine the impact of drugs in SCN2A disease. 

Table 5-1 Previously published data illustrating the responses to clinical treatment 

in SCN2A early onset DEE patients. 

Medicine Mechanism 

Seizure 

free or 

reduction 

No effect or 

seizure 

worsen 

Carbamazepine 

(CBZ) 
Sodium channel blocker 6 3 

Lacosamide (LCM) Sodium channel blocker 3 2 

Lamotrigine (LTG) Sodium channel blocker 5 3 

Oxcarbazepine 

(OXC) 
Sodium channel blocker 1 2 

Phenytoin (PHT) Sodium channel blocker 20 8 

Rufinamide (RUF) Sodium channel blocker 0 1 

Zonisamide (ZNS) Sodium channel blocker 1 3 

Valproate (VPA) Sodium channel blocker and GABA enhancer 5 11 

Topiramate (TPM) Sodium and calcium channel blocker 7 14 

Ethosuximide 

(ESM) 
T-type calcium channel blocker  0 0 

Phenobarbital (PB) GABA receptor enhancer 1 18 

Benzodiazepines 

(benzo) 
GABAA receptor enhancer 2 8 

Levetiracetam 

(LEV) 
Modulation of synaptic neurotransmitter release  2 17 

Sulthiame  

(ST) 
Carbonic anhydrase inhibitor 0 2 

Vigabatrin (VGB) GABA aminotransferase inhibitor 2 9 

This table gathered data from Wolff et al. [92, 176]. 
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Table 5-2 Previously published data illustrating the responses to clinical treatment 

in SCN2A late onset DEE patients. 

Medicine Mechanism 

Seizure 

free or 

reduction 

No effect or 

seizure 

worsen 

Carbamazepine 

(CBZ) 
Sodium channel blocker 2 6 

Lacosamide (LCM) Sodium channel blocker 0 2 

Lamotrigine (LTG) Sodium channel blocker 6 12 

Oxcarbazepine 

(OXC) 
Sodium channel blocker 1 7 

Phenytoin (PHT) Sodium channel blocker 0 4 

Rufinamide (RUF) Sodium channel blocker 2 3 

Zonisamide (ZNS) Sodium channel blocker 2 3 

Valproate (VPA) Sodium channel blocker and GABA enhancer 10 10 

Topiramate (TPM) Sodium and calcium channel blocker 7 9 

Ethosuximide 

(ESM) 
T-type calcium channel blocker  1 4 

Phenobarbital (PB) GABA receptor enhancer 2 9 

Benzodiazepines 

(benzo) 
GABAA receptor enhancer 11 4 

Levetiracetam 

(LEV) 
Modulation of synaptic neurotransmitter release  13 5 

Sulthiame  

(ST) 
Carbonic anhydrase inhibitor 2 5 

Vigabatrin (VGB) GABA aminotransferase inhibitor 3 6 

This table gathered data from Wolff et al. [92, 176]. 

Kv7.2 and Kv7.3 are known to colocalized with voltage-gated sodium channels at the AIS 

and the nodes of Ranvier [260, 261]. Like Nav1.2, LoF and GoF variants of Kv7 were also 

identified in DEE patients [262-266]. These Kv7 channels are responsible for the M 

current [267], which is critical for controlling neuronal excitability [268]. It contributes 

to the medium and slow afterhyperpolarizations of action potentials caused by bursts 

[269-271], as well as regulating resting membrane potential and synaptic functions [268, 

269, 271-273]. It also plays a role in shaping action potential firing properties, including 

spike frequency adaptation [274]. More specifically, at AIS, Kv7 channels inhibit the 

initiation of action potentials by counteracting the afterdepolarizations generated by Nav 

channels. However, at the nodes of Ranvier, Kv7 channels also enhance the conduction 

of the action potentials by increasing Nav channel availability [275]. Essentially, 
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enhancing the function of these potassium channels may increase or decrease the 

excitability of neuronal networks in different circumstances. 

Retigabine (RTG), also known as ezogabine, is a potassium channel opener which 

specifically targets Kv7 channels. This drug was approved as an add on therapy to treat 

patients suffering from focal epilepsies [102] but it has since been discontinued due to 

deleterious side effects resulting in a blue discolouration of the skin and eye abnormalities 

[103]. While companies are striving to modify the chemical properties of RTG with the 

aim of reducing unwanted side effects, the compound is still used as a good experimental 

tool to study the effect of enhancing activity of potassium Kv7 channels. We hypothesized 

that both mechanisms of RTG may in different ways be beneficial for GoF and LoF 

SCN2A DEE. In the GoF DEE, Kv7 channel opening could potentially serve as the break 

for burst firing increased due to the p.R1882Q variant. SCN2A LoF indicates a reduced 

number of functional sodium channels. RTG in this case may increase the availability of 

the sodium channels by hyperpolarizing the membrane potential and facilitating the 

recovery from inactivation for the available Nav channels.  

 

In this chapter, I will explore the utility of MEA network analysis for the development of 

better treatments for SCN2A DEE patients. To this aim, I will first examine if the efficacy 

of two clinically applied AED (PHT and LEV) can be reproduced in our in vitro neuronal 

network models that carry the p.R1882Q and p.R853Q variants. Further, I will explore 

the effectiveness of RTG in these models through its ability to adjust bursting patterns 

and hyperpolarize membrane potential. 

5.2 Methods 

The methods used in this chapter are based on methods described in Chapter 2. Specific 

applications are described below. 

5.2.1 Preparation of investigational compounds 

Investigational compounds were purchased from commercial companies: PHT (Sigma-

Aldrich, St. Louis, MO, USA); LEV (Sigma-Aldrich, St. Louis, MO, USA); RTG (Sigma-
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Aldrich, St. Louis, MO, USA). Compounds were dissolved in Dimethyl sulfoxide 

(DMSO) (Sigma-Aldrich, St. Louis, MO, USA) to obtain stocking solutions, which were 

diluted in H2O to reach the concentration of 50 X of the working solutions with 1‰ 

DMSO. H2O containing 5% DMSO was used as 50 X vehicle control.  

5.2.2 Application of investigational compounds 

As shown in Figure 5.1, cultured neuronal networks were obtained from P0 or P1 mice 

and seeded as 300000 cells/well on multiwell MEA plates. Cultures were kept until 

DIV21 or 22 for pharmacology studies, and the media was changed two days before the 

test. The first 10 minutes of MEA recordings were performed and used as baselines. Then 

10 μL of a 50 X working solution of the tested chemical was added per well. After 5 

minutes of incubation, spontaneous activity was recorded on the MEA for another 10 

minutes as the after-treatment effect. 

 

Figure 5.1 Schematic of the pharmacology experimental design. 

P0 or P1 mice cortices were dissected and plated into culture on DIV 0, followed by Ara-

C (5 µM) treatment from DIV3 to 5. For pharmacology tests, a 10-minutes MEA was 

recorded as baseline on DIV 21 or 22. Chemicals were added in small volume 

immediately after the baseline recording. 5 minutes after the addition of chemicals, 

another 10-minutes MEA recording was performed to measure the impacts of the 

chemicals.  

5.2.3 Data analysis of the efficacies of investigational compounds 

In Chapter 4, the in vitro network signatures of cultures derived from mutant mice that 

were identified as different from the wild type are shown as iris plots in Figure 4.7. In this 

chapter, these signatures are used to evaluate the pharmacological effects of commonly 
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used antiepileptic drugs. In addition, three main parameters are chosen to represent the 

changes caused by the applied compounds. They are firing rate, network bursting rate and 

duration of bursts. Compounds with beneficial effects are expected to reverse the changes 

caused by the mutants and revert the signatures of mutant cultures back to wild type. 

Three different concentrations were used for each drug. Parameters changes were 

calculated by averaging the values after the treatment normalized to the values before 

treatment for each well. These changes were then compared with to the vehicle to 

determine the effect of the drug. It should be noted that the normalization of Kappa used 

the after-drug value to minus the baseline value of the same well due to the existing minus 

values in Kappa, whereas division was used on all the other parameters.  

Three parameters including mean firing rate, network bursting rate and duration of bursts 

are chosen due to their commonly usage in antiepileptic drug research [276-278]. 
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5.3 Results 

5.3.1 Phenytoin (PHT) 

PHT is known to have the best clinical outcome in early onset SCN2A DEE patients [92]. 

Therefore, this sodium channel blocker was applied to the primary cultures obtained from 

pups carrying SCN2A p.R1882Q and p.R853Q variants at three weeks in vitro, the time 

point when the cultures were more stable. As the raw traces in Figure 5.2 show, the 

activity of both p.R1882Q and p.R853Q cultures was suppressed after the application of 

100 µM PHT. Especially in cultures with the late onset DEE variant, PHT almost 

abolished all the activity.  

 

Figure 5.2 Representative raw traces before and after the application of PHT. 

Effect of PHT was tested on DIV21 or 22 primary cortical cultures derived from SCN2A 

p.R1882Q (left) and p.R853Q (right) heterozygous mice. 30 seconds representative raw 

traces of neuronal activity before (top) and after (bottom) the application of 100 µM PHT 

in one electrode are shown. 

The raster plots show 30 s long network activity, sampled by 12 electrodes per network. 

As shown in Figure 5.3, in the cultures carrying p.R1882Q variant, the network activity 

decreased, as well as the overall firing activity. In p.R853Q network, the bursts almost 

disappeared, leaving the single spikes at the rate similar to the baseline recording.  
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Figure 5.3 Representative raster plots before and after the application of PHT. 

Effect of PHT was tested on DIV21 or 22 primary cortical cultures derived from SCN2A 

p.R1882Q (left) and p.R853Q (right) heterozygous mice. 30 seconds representative raster 

plots of neuronal activity before (top) and after (bottom) the application of 100 µM PHT 

in one well are shown. 

The PHT effects were quantified as previously described (Figure 5.4).  

For the culture carrying SCN2A DEE early onset variant p.R1882Q, the application of 30 

µM, 50 µM and 100 µM PHT caused nonsignificant reduction of firing rate of 19 ± 3% 

(p > 0.05), 24 ± 9% (p > 0.05) and 34 ± 8% (p > 0.05), respectively. There was also no 

significant change in network bursting rate, but the normalized network bursting reduced 

as the dose of PHT increased. From low to high dose, the normalized percentage of 

network bursting rate were 107 ± 22% (p > 0.05), 93 ± 21% (p > 0.05) and 80 ± 14% (p 

> 0.05). No significant changes were seen in the duration of bursts. With the increase of 

concentration of PHT, the normalized percentage of bursts duration was 132 ± 29% (p > 

0.05), 115 ± 16% (p > 0.05) and 182 ± 77% (p > 0.05).   

For the cultures carrying the late onset variant p.R853Q, significant differences were 

observed in all three parameters. Dramatic decrease (p < 0.0001) was seen in firing rate. 

The highest and medium dose of PHT caused over 80% (84 ± 2%) and 50% reduction 

(51 ± 5%), respectively. Even application of the drug at lowest dose decreased the firing 

rate by over 40% (40 ± 5%). Network bursting rates were also reduced significantly, with 
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the percentage change similar to the firing rate. The percentages of reduction of the 

network bursting rate were 42 ± 7% (p < 0.01), 58 ± 4% (p < 0.0001) and 84 ± 3% (p < 

0.0001) after the treatment with 30 µM, 50 µM and 100 µM PHT, respectively. In contrast 

to these two parameters, the duration of bursts was increased by acute application of 30 

µM, 50 µM and 100 µM PHT. From the lowest dosage to the highest dosage, the 

elevations were 71 ± 25% (p < 0.05), 61 ± 18% (p < 0.05) and 136 ± 66% (p > 0.05), 

respectively.  

 

Figure 5.4 The effect of PHT on firing rate, network bursting rate and duration of 

bursts in cortical neuronal networks carrying SCN2A p.R1882Q and p.R853Q 

variants. 

Bar graphs on the top row show the drug effect by presenting percentage changes of mean 

firing rate, mean network bursting rate, and mean duration of single channel bursts of 

p.R1882Q cultures before and after the application vehicle control, 30 µM, 50 µM and 

100 µM PHT. Bar graphs on the bottom row show the percentage changes in p.R853Q 

cultures. p.R1882Q heterozygous for vehicle control, 30 µM, 50 µM and 100 µM PHT 

n=38, 18, 18, and 18. p.R853Q heterozygous for vehicle control, 30 µM, 50 µM and 100 

µM PHT n=54, 19, 23, and 22. A Mann-Whitney test was applied on percentage changes 

to test the significant differences between the drug group and vehicle control group. 

Results are presented as mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001. 
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As shown in Figure 5.5, the left iris plot described the p value of Wilcoxon rank sum test 

comparing the changes after application of three concentrations of PHT with changes 

after application of vehicle control in SCN2A p.R1882Q in cultures after three weeks in 

vitro. The changes of in vitro network signature caused by PHT were minor, with only 6 

out of 40 parameters changing. The right iris plot in Figure 5.5 shows comparison of 

changes in SCN2A p.R853Q cultures. PHT significantly decreased the activity (including 

firing rate, both inside and outside of bursts), the number of electrodes that fired and the 

percentage of bursts that participated in network bursts. Also, the synchronization of the 

culture was further impaired at the high concentration of PHT.  

 

 

Figure 5.5 The effect of PHT on SCN2A p.R1882Q and p.R853Q networks shown 

by iris plots. 

The ratio changes of individual culture before and after the application vehicle control, 

30 µM, 50 µM and 100 µM PHT were calculated. Using Wilcoxon rank sum test, the iris 

plot on the left shows the differences between the ratio change of vehicle control and the 

ratio change of 30 µM, 50 µM and 100 µM PHT in SCN2A R1882Q culture. The iris plot 

on the right shows the SCN2A p.R853Q ratio change of control compared to different 

concentrations of PHT. p.R1882Q heterozygous under vehicle control, 30 µM, 50 µM 

and 100 µM PHT n=38, 18, 18, and 18. p.R853Q heterozygous under vehicle control, 30 

µM, 50 µM and 100 µM PHT n=54, 19, 23, and 22. Results are presented as mean ± 

SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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5.3.2 Levetiracetam (LEV) 

Currently, there is no effective drug treatment for late onset DEE patients. Among the 

drugs given to late onset DEE patients, LEV showed somewhat positive outcomes. 

Therefore, we tested the efficacy of LEV in our in vitro network system. The 

representative raw traces were shown in Figure 5.6. The application of LEV did not have 

a dramatic impact on the mice primary cultures carrying variant relative to human SCN2A 

p.R1882Q variant, whereas it decreased the activity in cultures carrying variant relative 

to human SCN2A p.R853Q variant. 

 

Figure 5.6 Representative raw traces before and after the application of LEV. 

Effect of LEV was tested on DIV21 or 22 primary cortical cultures derived from SCN2A 

p.R1882Q (left) and p.R853Q (right) heterozygous mice. 30 seconds representative raw 

traces of neuronal activity before (top) and after (bottom) the application of 1 mM LEV 

in one electrode are shown. 

The representative raster plots are presented in Figure 5.7. Compared to the baseline 

before the application of 1 mM LEV, neither the frequency nor the synchronization of the 

spontaneous neuronal network activity of p.R1882Q culture changed obviously. As for 

the p.R853Q cultured network, LEV inhibited the network bursting, although the single 

spikes outside of bursts did not seem to be affected. 
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Figure 5.7 Representative raster plots before and after the application of LEV. 

Effect of LEV was tested on DIV21 or 22 primary cortical cultures derived from SCN2A 

p.R1882Q (left) and p.R853Q (right) heterozygous mice. 30 seconds representative raster 

plots of neuronal activity before (top) and after (bottom) the application of 1 mM LEV in 

one well are shown. 

The changes of firing rate, network bursting rate and duration of bursts are examined here 

(Figure 5.8). LEV caused no significant changes in the duration of bursts in both early 

onset and late onset variant cultures. As for the network bursting rate, 0.5 mM LEV 

caused the biggest change in p.R1882Q networks by increasing 16 ± 15% (p >0.05) of 

network bursting rate compared to 11 ± 4% of decrease caused by vehicle control. 

Significant reductions were seen in firing rate in both cultures. In cultures with SCN2A 

p.R1882Q variant, the percentage reduction was 27 ± 4% (p < 0.01), 29 ± 5% (p < 0.01) 

and 27 ± 5% (p < 0.05) after the treatment with 0.3 mM, 0.5 mM and 1 mM LEV, 

respectively. In cultures with the SCN2A p.R853Q variant, the corresponding percent 

reduction was 11 ± 9% (p > 0.05), 21 ± 4% (p > 0.05) and 31 ± 5% (p < 0.01), respectively. 
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Figure 5.8 The effect of LEV on firing rate, network bursting rate and duration of 

bursts in cortical neuronal networks carrying SCN2A p.R1882Q and p.R853Q 

variants. 

Bar graphs on the top row show the drug effect by presenting percentage changes of mean 

firing rate, mean network bursting rate, and mean duration of single channel bursts of 

p.R1882Q cultures before and after the application of vehicle control, 0.3, 0.5, 1 mM 

LEV. Bar graphs on the bottom row show the percentage changes in p.R853Q cultures. 

p. R1882Q heterozygous under vehicle control, 0.3 mM, 0.5 mM and 1 mM LEV n=38, 

20, 19, and 19. p.R853Q heterozygous under vehicle control, 0.3 mM, 0.5 mM and 1 mM 

LEV n=54, 18, 22, and 19. A Mann-Whitney test was applied on percentage changes to 

test the significant differences between the drug group and vehicle control group.  Results 

are presented as mean ± SEM. *p < 0.05, **p < 0.01. 

As shown in Figure 5.9, LEV reduced neuronal activity in both cultures with the early 

onset variant and the late onset variant. In early onset cultures, the amplitude, the firing 

rate inside of bursts, the number of spikes in bursts and network bursts, and the number 

of channels participated in spikes or bursts or network bursts were reduced. Similarly, in 

late onset group, the firing rates inside and outside of bursts were both decreased, along 

with the amplitude and Kappa.  
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Figure 5.9 The effect of LEV on SCN2A p.R1882Q and p.R853Q networks shown 

by iris plots. 

The ratio changes of individual culture before and after the application of vehicle control, 

0.3, 0.5, 1 mM LEV were calculated. Using Wilcoxon rank sum test, the iris plot on the 

left shows the differences between the ratio change of vehicle control and the ratio change 

of 0.3, 0.5, 1 mM LEV in SCN2A p.R1882Q culture. The iris plot on the right shows the 

SCN2A p.R853Q ratio change of control compared with different concentrations of LEV. 

p.R1882Q heterozygous under vehicle control, 0.3 mM, 0.5 mM and 1 mM LEV n=38, 

20, 19, and 19. p.R853Q heterozygous under vehicle control, 0.3 mM, 0.5 mM and 1 mM 

LEV n=54, 18, 22, and 19. Results are presented as mean ± SEM. *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001. 
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5.3.3 Retigabine (RTG) 

Potassium currents play a balancing role to the sodium currents, therefore we next 

manipulated the M-current in order to explore its effect on the impairment caused by the 

mutant sodium channels. Thus, RTG, which works primarily as a Kv7 potassium channel 

opener, was investigated.  

As shown in Figure 5.10, 10 µM RTG reduced the spontaneous activity in the culture 

containing the SCN2A p.R1882Q variant, while it increased the activity in the culture 

carrying the SCN2A p.R853Q variant.  

 

Figure 5.10 Representative raw traces before and after the application of RTG. 

Effects of RTG were tested on DIV21 or 22 primary cortical cultures derived from SCN2A 

p.R1882Q (left) and p.R853Q (right) heterozygous mice. 30 seconds long representative 

raw traces showing neuronal activity before (top) and after (bottom) the application of 

10 µM RTG recorded by one electrode are shown. 

The representative rasters plots reveal the same effects of RTG over 12 electrodes (Figure 

5.11). RTG inhibited the network bursting and overall firing of p.R1882Q in vitro 

network and enhanced the network bursting, as well as the synchronization of firing in 

the p.R853Q cultures.  
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Figure 5.11 Representative raster plots before and after the application of RTG. 

Effects of RTG were tested in DIV21 or 22 primary cortical cultures derived from SCN2A 

p.R1882Q (left) and p.R853Q (right) heterozygous mice. 30 seconds representative raster 

plots of neuronal activity before (top) and after (bottom) the application of 10 µM RTG 

recorded by one electrode were shown. 

Figure 5.12 showed significant reductions of firing rate in p.R1882Q cultures after 

applications of 3 µM, 5 µM and 10 µM RTG: 44 ± 8% (p < 0.001), 51 ± 6% (p < 0.0001) 

and 65 ± 7% (p < 0.0001), respectively. As for the network bursting rate changes in the 

early onset cultures, the higher dose of RTG caused more than a 50% reduction, 64 ± 6% 

(p < 0.0001) and 66 ± 11% (p < 0.0001), respectively. The duration of bursts in the 

p.R1882Q group increased significantly after application of RTG, by 93 ± 58% (p > 0.05), 

182 ± 85% (p < 0.001) and 364 ± 175% (p < 0.05). For the p.R853Q group, only slight 

reduction was seen in the duration of bursts, with the application of RTG, but big 

increases were observed for both firing rate and network bursting rate. Compared to the 

13 ± 3% reduction in firing rate caused by vehicle control, the significant increases caused 

by 5 µM and 10 µM RTG were 15 ± 13% (p < 0.05) and 20 ± 12% (p < 0.01), respectively. 

The elevations in network bursting rate were more dramatic; from low to high 

concentrations of RTG the values of increase were 12 ± 23% (p > 0.05), 55 ± 21% (p < 

0.001) and 83 ± 54% (p < 0.01). 
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Figure 5.12 The effect of RTG on firing rate, network bursting rate and duration of 

bursts in cortical neuronal networks carrying SCN2A p.R1882Q and p.R853Q 

variants. 

Bar graphs on the top show the drug effect as percentage changes for mean firing rate, 

mean network bursting rate, and mean duration of single channel bursts of p.R1882Q 

cultures before and after the application vehicle control, 3 µM, 5 µM and 10 µM RTG. 

Bar graphs on the bottom showed the percentage change in p.R853Q cultures. p.R1882Q 

heterozygous under vehicle control, 3 µM, 5 µM and 10 µM RTG n=38, 20, 19, and 20. 

p.R853Q heterozygous under vehicle control, 3 µM, 5 µM and 10 µM RTG n=54, 16, 16, 

and 16. A Mann-Whitney test was applied on percentage changes to test the significant 

differences between the drug group and vehicle control group. Results are presented as 

mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

Unlike the effects of PHT and LEV that alter the cultures with the early onset or late onset 

DEE variant all in one direction, RTG showed the opposite effects on some parameters 

(Figure 5.13). For example, RTG increased the firing rate and network bursting rate in 

p.R853Q networks, while decreasing it in p.R1882Q cultures. The mean interval between 

network burst starts and the mean inter network burst interval were increased in early 

onset DEE model, while decreased in late onset DEE. Compared to the phenotype of both 

cultures, RTG brought them closer to wild type culture parameters.  
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Figure 5.13 The effect of RTG on SCN2A p.R1882Q and p.R853Q networks shown 

by iris plots. 

The ratio changes of individual cultures before and after the application of vehicle 

control, 3 µM, 5 µM and 10 µM RTG were calculated. Using Wilcoxon rank sum test, the 

iris plot on the left shows the differences between the ratio change of vehicle control and 

the ratio change of 3 µM, 5 µM and 10 µM RTG in SCN2A p.R1882Q culture. The iris 

plot on the right shows the SCN2A p.R853Q ratio change of control compared with 

different concentrations of RTG. p.R1882Q heterozygous under vehicle control, 3 µM, 5 

µM and 10 µM RTG n=38, 20, 19, and 20. p.R853Q heterozygous under vehicle control, 

3 µM, 5 µM and 10 µM RTG n=54, 16, 16, and 16. Results are presented as mean ± SEM. 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

Some effects of RTG were similar in both cultures. For instance, RTG increased firing 

frequency of inside/outside ratio of bursts by escalating the firing rate inside of bursts as 

well as declining the firing rate outside burst. Along with the elevation of the number of 

spikes in single channel bursts, they showed that RTG regulating the activity by 

regulating burst firing. Moreover, increase was seen in the mean of amplitudes, the 

number of spikes and the number of channels participating in network bursts. RTG 

significantly reduced all the 6 parameters reflecting coefficient of variation in p.R1882Q 

networks, while decreasing 3 of them in p.R853Q networks. In addition, the elevation of 

Kappa and decline of Jitter caused by RTG in both cultures showed the enhancement in 

synchronization. These indicated that RTG promoted the participation of spikes in bursts, 
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and the participation of spikes and bursts in network bursts, as well as inhibited the 

variation and increased the synchronization of network activity. 

5.4 Discussion and conclusion 

With the aim of finding better treatments for SCN2A DEE patients, it is necessary to 

develop models that can be used to predict drug efficacy. My project explored the use of 

the in vitro neuronal networks using a MEA assay to assess the impact of two clinically 

relevant drugs and explore the potential benefits of drugs that have not previously been 

tested in these patients. The efficacies of the three compounds (PHT, LEV and RTG) 

were tested on cultured neuronal networks, derived from mouse lines, carrying 

heterozygous variants relevant to human SCN2A p.R1882Q (early onset) and p.R853Q 

(late onset) variants. The tested concentrations of drugs were chosen according to in vitro 

usage [201, 279]. The in vitro concentrations of PHT and RTG are at a similar level 

compared to the plasma or serum concentration in patients, whereas the concentration of 

LEV used on cultures are much higher than the therapeutic range of serum concentration 

[201, 279]. The in vitro system is very different than the in vivo system where drug 

absorption, distribution, metabolism, excretion, protein-drug binding and blood brain 

barrier are involved [280]. Acute application of drugs on cultures can also enlarge the 

differences between in vitro and in vivo drug dosage [279]. It would be interesting to test 

the prolonged incubation effect of drugs in future experiments. However, the purpose of 

our experiment is to test the pharmacological response of different genotypes. 

PHT is a classic sodium channel blocker. Voltage-gated sodium channels are closed at 

resting membrane potential. They open in response to the membrane depolarisation 

caused by synaptic inputs, and then inactivate within a few milliseconds. The opening of 

sodium channels allows inward flow of sodium ions that results in the depolarising phase 

of action potentials. However, about 1% of the sodium channels remains - open for tens 

of seconds, leading to a persistent sodium current (INaP), which lowers action potential 

threshold and sustains bursting in neurons [281]. PHT has higher affinity towards 

inactivated sodium channels; as the number of inactivated channels increases with 

membrane depolarization, PHT is believed to suppress abnormal bursting by selectively 

blocking sodium currents in voltage-dependent, use-dependent and time-dependent 
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manner and has minimum impacts on normal physiological function [256]. However, in 

our experiments, PHT showed limited impact on hyper-bursting p.R1882Q cultures, 

whereas it dramatically inhibited the neuronal activity in the supressed-bursting p.R853Q 

cultures. In primary p.R1882Q networks, PHT constrained the excitability by reducing 

firing channels. But it also exhibited enhancement of excitability by escalating the firing 

frequency inside of bursts, as well as augmenting synchronization by decreasing Jitter 

and increasing Kappa. This ambiguity might indicate the network level mechanism of 

why PHT showed variable results in SCN2A p.R1882Q patients [176]. In in vitro 

p.R853Q networks, PHT inhibited firing as well as network bursting. In addition, it 

reduced the synchronization and prolonged the bursts, moving the properties of the 

culture further away from the wild type phenotype. The inhibitory effect of PHT, on 

already less excitable neuronal networks, may explain why PHT exacerbates seizures in 

p.R853Q patients [176] and has either no effect or exacerbates seizures in patients with 

SCN2A late onset DEE believed to carry other Nav1.2 LoF variants [92]. Our results 

suggested that the efficacy of PHT in patients with highly hyperexcitable neuronal 

networks is not very high. However, PHT seems most beneficial for patients with 

intermediate Nav1.2 GoF. Moreover, the fact that PHT had a larger impact on neuronal 

networks with less activity, may suggest it should be completely avoided as a treatment 

for LoF variants. 

LEV supresses neurotransmitter release and acts as a neuromodulator by binding to 

SV2A, a synaptic vesicle glycoprotein, and inhibiting presynaptic calcium channels 

[257]. LEV is known to have better outcomes in SCN2A late onset DEE patients than 

early onset patients. However, clinical results of LEV in patients carrying p.R1882Q or 

p.R853Q variant are not known as so far only one p.R1882Q patient was treated with 

LEV and showed no improvement [92]. After application of LEV, p.R1882Q cultures 

exhibited smaller spike amplitude, possibly indicating fewer cells were firing near the 

recording electrodes. Reduced number of firing electrodes also suggested fewer firing 

neurons. Furthermore, declined spike numbers in bursts showed decreased participation 

in bursts; reduced number of electrodes, spikes and bursts participating in network bursts 

showed impaired participation in network activity. Lastly, the overall firing rate, and the 

firing rate inside of bursts showed decreased excitability of p.R1882Q cultures. Our 

results demonstrate LEV inhibited the spontaneous neuronal activity of p.R1882Q 
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cultures by reducing the number of neurons performing single action potentials and 

bursts, as well as suppressing the participation of neurons in network activity. However, 

LEV did not reduce the network bursting rate, and this might be the reason for the 

negative outcome of LEV treatment in patients with early onset DEE. In p.R853Q 

networks, LEV decreased the firing rate overall, inside of bursts and outside of bursts, 

reduced the amplitudes, and inhibited the synchronization of firing. But like PHT, LEV 

also pushed p.R853Q further away from wild type phenotype, and therefore it would be 

expected to show no effect or exacerbate seizures in patients carrying SCN2A p.R853Q 

variant.  

RTG primarily acts as a Kv7.2-7.5 potassium channel opener, creating a hyperpolarizing 

shift in the activation of these channels by stabilizing their open state [273]. In brain, 

Kv7.2 and Kv7.3 channels are known to form heterotetrametric channels that are highly 

sensitive to RTG [102]. RTG was previously used as an AED to reduce the excitability 

[102]. The analysis of SCN2A p.R1882Q cultures revealed the same effect. In networks 

carrying SCN2A GoF variant p.R1882Q, the afterdepolarization and the INaP caused by 

repetitive firing were also counteracted by the M current enhanced by RTG. Therefore, 

RTG supressed the frequency of spontaneous firing and network bursting. Together with 

prolonging the time duration of bursts, RTG brought the properties of p.R1882Q network 

activity towards the wild type. Interestingly, in networks carrying SCN2A LoF variant 

p.R853Q, RTG stabilizes the opened Kv7 channels and therefore hyperpolarizes the 

resting membrane potential, resulting in rescuing voltage-gated sodium channels from 

slow inactivation, which leads to increased number of available sodium channels and 

eventually increases the excitability of neurons. It enhanced the firing and network 

bursting rate, reduced the time duration of bursts and raised the synchronization. Overall, 

RTG opposed to the effect caused by p.R853Q variant in in vitro neuronal cultures, 

reverting its effects towards the baseline. RTG also affects synaptic functions and GABA 

system [244, 245], which might explain why it increased participation in bursts and 

network bursts, and decreased the variations of both p.R1882Q and p.R853Q networks. 

Moreover, the pharmacology of PHT, LEV and RTG have also been tested on wild type 

cultures (Supplementary Figure 1), showing moderate effects in between the impact of 

p.R1882Q and p.R853Q phenotypes. 
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In conclusion, the impact of PHT, LEV and RTG on SCN2A p.R1882Q and p.R853Q in 

vitro networks have been investigated in this chapter. PHT and LEV showed partially 

limited beneficial effects on cultures carrying the p.R1882Q variant, while pushing the 

properties of p.R853Q cultures further away from wild type phenotype. On the other 

hand, RTG counteracted the in vitro phenotypes caused by both p.R1882Q and p.R853Q 

variants, suggesting that RTG could be beneficial to both early and late onset SCN2A 

DEE patients. RTG is also believed to benefit loss-of-function KCNQ DEE patients [101]. 

However, the marketing of RTG was recently discontinued due to causing a blue 

discolouration of the skin and eye abnormalities [103]. Despite the side effects, RTG may 

still be worth trying in severe intractable DEE patients under close monitoring. Our 

findings may help the families and clinicians to bring RTG back to marketing and 

encouraging the discovery of new Kv7 openers with improved pharmacokinetic and 

pharmacodynamic properties and reduced unwanted side effects [104, 282]. Moreover, 

other drugs would be interesting to study using these two in vitro models. For instance, 

we can test T-type calcium channel blockers in p.R1882Q networks, because T-type 

calcium channels help to generate bursts, and test adrenocorticotropic hormone in 

p.R853Q cultures because it was beneficial to several p.R853Q patients.  
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 General discussion and conclusion 

6.1 Main findings 

A robust workflow for neuronal network analysis using MEA was developed, capable of 

modelling DEE and separating the phenotypes of early and late seizure onset SCN2A 

DEE. The increased excitability in cultures carrying early onset variant p.R1882Q may 

reflect the early seizures occurring in patients, and the decreased synchronization in 

cultures carrying late onset variant p.R853Q may reflect early developmental delay before 

seizure onset in patients. Our MEA models showed distinct pharmacogenetic responses 

to existing and potential antiepileptic compounds, and confirmed the clinical observation 

of PHT benefiting only some DEE patients. These results indicate that signatures of in 

vitro networks can be used as markers of DEE and may assist in identifying drugs that 

can reverse the signature changes caused by genetic variants. These pharmacology tests 

also predicted positive clinical outcomes of RTG in both early and late onset SCN2A DEE 

patients, indicating the potential efficacy of potassium channel targeting drugs in SCN2A 

DEE. 

6.1.1 Aim 1: Establishing a robust network scale assay 

The utilization of MEA in toxicity studies is popular, however few publications have 

performed phenotypic analysis on MEA [230, 283, 284]. Variability is one of the biggest 

obstacles for MEA high throughput drug screening. Therefore, the activity level under 

different conditions and the sources of variability were investigated. Our MEA workflow 

was designed based on the previous results although large n numbers were still required. 

In the workflow, cortical neurons were obtained from P0/1 mice, seeded at 300000 

cells/well density, and media was changed 48 hours prior to recordings. For phenotyping 

studies, wild type littermate controls were identified as essential due to litter-to-litter 

variability. For drug screening, baseline control recordings in the same well were critical.  
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6.1.2 Aim 2: Use of MEA to model early onset and late onset SCN2A DEE 

The genotype-phenotype relationship of SCN2A DEE has been revealed on the network 

scale for the first time, indicating that MEA can be used as a model for epilepsy disorders. 

Early onset DEE variant p.R1882Q and late onset DEE variant p.R853Q were 

characterized using mouse cortical neuronal networks. Distinct in vitro phenotypes were 

found, showing opposite changes caused by p.R1882Q and p.R853Q. Consistent with 

p.R1882Q gain-of-function and p.R853Q loss-of-function determined by CHO cell patch 

clamping, increased excitability and synchronization were observed in p.R1882Q 

cultured cortical neuronal networks, whereas decreased excitability and synchronization 

were seen in p.R853Q networks. 

A key purpose of using MEA to model DEE is to get a deeper understanding of the disease 

mechanisms. For early onset SCN2A DEE, this study confirmed that the epileptic 

syndromes may result from the network hyperexcitability caused by the gain of Nav1.2 

function. For late onset SCN2A DEE, although this study could not explain the mechanism 

of seizures, it endorses the idea that the developmental delay syndromes may result from 

the impaired network synchronization.  

6.1.3 Aim 3: Determining drug efficacy in MEA models of SCN2A DEE 

Another fundamental role of MEA DEE modelling is assessing the efficacy of available 

or potential new treatments by identifying compounds that can reverse in vitro phenotypes 

to the control levels. The efficacy of commonly used antiepileptic drugs PHT and LEV 

were tested on SCN2A p.R1882Q and p.R853Q in vitro networks. These drugs showed 

partially limited beneficial effects on cultures carrying p.R1882Q variant, while driving 

the properties of p.R853Q cultures further away from wild type. Remarkably, RTG 

counteracted the in vitro phenotypes caused by both p.R1882Q and p.R853Q variants, 

suggesting that RTG could be beneficial to both early and late onset SCN2A DEE patients.  
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6.2 Is MEA a good platform? 

Golden standard single cell patch clamping provides detailed electrophysiological 

information about ion channels and the activity of individual cells (neurons). However, it 

does not provide information on neuron interaction, and cell selection can introduce bias. 

On the other hand, in vivo technologies like EEG, MEG and fMRI measure brain activity 

by detecting changes associated with electricity or blood flow at the whole brain level. 

However, there are limitations. EEG has good temporal but poor spatial resolution. 

Whereas MEG and fMRI show better spatial but poor temporal resolution. Dissociated 

cortical cultures on MEA as a functional neuronal network disease model can fill the gap 

between single cell and whole brain research, yielding relatively rich information from 

both single cells and cell interactions at the same time.  

6.2.1 Is MEA a good platform for epilepsy modelling? 

The most important electrophysiological characteristic of in vitro neuronal networks are 

their synchronized global bursts. While in in vivo animals, synchronized bursts happen 

during development that mostly last for a few days or weeks [250], making networks on 

MEA a potential model of neural development. Moreover, high frequency bursts of action 

potentials are also a feature of epileptic activity [285], making MEA a potential model 

for epilepsy as well. Existing models have established an association between epilepsy 

and neuronal culture firing, where chemicals such as pentylenetetrazole [214] and 4-

aminopyridine [277] have been shown to induce increased bursting activity on MEA. It 

is more challenging to model genetic disorders due to the variability of MEA analysis. 

However, mouse primary neurons expressing nicotinic β2-V287L have been used to 

model autosomal dominant nocturnal frontal lobe epilepsy, showing spontaneous long 

synaptic induced up state firing events [230]. 

In our study, dissociated cortical cultures carrying early onset and late onset DEE variants 

showed distinct MEA features. p.R1882Q cultures displayed increased firing rate and 

network bursting rate, frequent short bursts, and increased synchronization. In contrast, 

p.R853Q cultures exhibited decreased firing rate and network bursting rate, sparse long 

bursts, and reduced synchronization. Compared to patch clamp analysis, increased 
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excitability of p.R1882Q networks was consistent with the gain of Nav1.2 function in 

CHO cells, and the reduced excitability of p.R853Q networks was consistent with the loss 

of Nav1.2 function. Network analysis gave information about synchronization which may 

reflect the developmental aspect of DEE. Furthermore, MEA enabled us to study the 

phenotypes over a 2-week time period, allowing the observation of temporal trends. 

Compared to animal model findings, the increased excitability of p.R1882Q networks 

was consistent with the spontaneous seizures seen in mice, while p.R853Q network 

electrophysiology study provided a clear phenotype when the mouse model failed to. This 

could be due to the large n numbers we can gather for MEA research compared to animal 

studies; the enlarged differences in 2-dimensional dissociated cultures, or the enhanced 

developmental stage arrested in MEA that is closely related to DEE. Thus, although 

requiring large number of repeats due to its variability, MEA analysis has still proved its 

advantage in modelling DEE.  

6.2.3 Is MEA a good platform for drug screening? 

Ionic flux through ion channels creates the foundation for membrane excitability. 

Therefore, ion channels participate in almost all aspects of physiology and play a critical 

role in diverse processes such as nerve and muscle excitation/relaxation, hormone 

secretion, sensory transduction, regulation of blood pressure, and cell proliferation. 

Because of the physiological importance of ion channels, they are involved in a wide 

range of pathologies spanning all major therapeutic areas. Currently, there are over 60 

different inherited ion channel disorders known as “channelopathies” [286], making ion 

channels the second most popular drug targets after G-protein-coupled receptors [287]. 

However, the challenge for channelopathy drug development is the lack of 

electrophysiological high-throughput platforms. 

Attempts to automate manual patch clamping started 30 years ago, and several automated 

electrophysiology platforms have been developed. For example, Robocyte and 

OpusXpress were made for Xenopus oocytes electrophysiological screening, and 

AutoPatch, Flyscreen and RoboPatch were invented for mammalian cells. Later, the need 

for higher throughput pushed the development of planar array based automated 

electrophysiology platforms that can record different channels in parallel. Lastly, the 

intention to screen drugs through higher level models such as neuronal networks 
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promoted the birth of MEA. For example, MEA has been used on iPSC derived 

cardiomyocytes to test over 30 drugs for prediction of chemical induced arrhythmia [226]. 

However, pharmacology studies pose additional challenges than toxicity assays due to 

the requirement to test multiple doses, and the large n numbers necessary to capture the 

effect size, which is smaller than that seen in toxicity.  

In our study, it was important to assess the impact of drugs that are already in clinical use 

and compare the effects of MEA analysis to observations from the clinic. In this regard, 

the fact that the two in vitro models showed different sensitivity to PHT, which is 

consistent with clinical observation, indicated that these in vitro models are a good 

predictors of drug efficacy and could be useful for drug screening and development of 

novel therapies.  

6.3 What is the mechanism and potential treatment for SCN2A DEE? 

6.3.2 How can GoF and LoF variant of SCN2A both cause DEE in patients? 

Nav1.2 is mainly present in excitatory neurons and is essential for the generation and 

propagation of action potentials early in life. The GoF of Nav1.2 therefore results in highly 

excitable neurons, and causes hyperexcitability in neuronal networks that leads to seizures 

in DEE patients. In contrast, LoF of Nav1.2 may reduce bursting and decrease dendritic 

excitability that causes insufficient synaptic strength [253], thus affecting the formation 

and maturation of cortical circuits [249]. Later in life, when Nav1.6 takes over the 

responsibility for generating action potentials, seizures occur in the malfunctioning brain 

circuits of DEE patients. An alternative hypothesis suggests an imbalance in 

excitatory/inhibitory inputs based on the expression of Nav1.2 channels in axons of 

unmyelinated mossy fibres in mature brains [92, 156, 237]. Because mossy fibres 

predominately target inhibitory basket cells [254], LoF Nav1.2 channels would decrease 

the activity of mossy fibres that lead to inhibitory input reduction, and therefore can cause 

hyperexcitability in brain. 
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6.3.2 How can potassium channel drugs be beneficial for SCN2A DEE? 

Although not fully understood, the role of Kv7 channels could be to regulate the function 

of Nav channels [261]. These channels are responsible for M current, which is critical in 

controlling neuronal excitability [268]. They contribute to the medium and slow 

afterhyperpolarizations of action potentials caused by bursts [269-271], as well as 

regulating resting membrane potential and synaptic functions [268, 269, 271-273]. RTG 

primarily acts as a potassium channel opener for Kv7.2-7.5 channels, creating a 

hyperpolarizing shift in the activation of these channels by stabilizing the open channels 

[273]. In networks carrying SCN2A GoF variant, apart from the afterdepolarization, the 

INaP caused by repetitive firing can also be counteracted by the enhanced M current. 

Therefore, RTG supressed the firings and bursts in GoF cultures. In networks carrying 

SCN2A LoF variant, RTG stabilized the opened KV7 channels and therefore 

hyperpolarized the resting membrane potential, resulted in rescuing voltage-gated 

sodium channels from slow inactivation which led to raising the number of available 

sodium channels and eventually increasing the excitability of neurons.  

6.4 Limitations and future directions 

My hypothesis was that MEA can be used to identify the in vitro phenotype of SCN2A 

DEE and find potential drug therapies. This study validated MEA as a rapid and effective 

tool for analysing phenotypically different transgenic mouse models. However, some 

limitations have also been identified: it is not a high throughput method yet, and it requires 

large n numbers and the establishment of transgenic mouse models. In future studies, we 

would like to compare the effects of compounds assessed on MEA with the data obtained 

from in vivo analysis in mice and also develop a robust MEA method for iPSC derived 

neurons. Moreover, it would be interesting to test the regularity in isolated spike activity 

[288]. 
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6.3.1 Can human iPSC derived cellular models be successfully analysed on MEA? 

While the potential of modelling disease using cellular cultures on MEA - from (drug) 

induced cells, cells obtained from transgenic animals, or cells derived from human iPSCs 

- is very attractive, this study points at some limitations of such approaches, mainly in 

regard to reproducibility. In this study using mouse cortical cultures, a robust method was 

established and showed that the variability can be overcome with proper method 

development, good controls, and larger n numbers. The applicability of these findings in 

the context of iPSC-derived models needs further consideration. 

iPSC-derived cardiomyocytes have proved to be reliable on MEA in different labs all 

over the world, including Japan [213], US [289], UK [290] and Netherlands [195]. 

Furthermore, an inter-facility study performed by well-trained individuals following a 

standardized protocol after detailed demonstration showed no meaningful qualitative 

inter-facility variability for the 7 compounds tested among 5 facilities [226]. Whether 

these ranges of variation are within acceptable limits is still arguable, but the study 

showed the potential of MEA as a platform for human iPSC models. In addition, Kawatou 

et. al successfully modelled arrhythmias on MEA using 3D heart tissue that containing a 

mixture of human iPSC derived cardiomyocytes and non-myocytes [291]. 

However, the performance of iPSC derived neurons on MEA is not as impressive as that 

of cardiomyocytes or primary rodent cultures. The challenge for iPSC derived neuronal 

MEA studies is the maturation of neurons and their ability to form a synchronized 

network. In literature, probably the  most active cultures to date were seen from a Japanese 

group that analysed human iPSC derived cerebral cortical neurons using the Dual SMAD 

inhibition protocol from Axol Bioscience Inc. [214]. From the data shown, the firing rate 

of the cultures increased from week 2 and reached a plateau from week 18, while the 

synchronized network bursting increased from week 13. The first disadvantage is the long 

culturing period of iPSC derived neurons can be required prior to cultures displaying 

synchronized bursting, compared to the 2 weeks in primary mouse cultures. A US group 

studying epilepsy related KCNT1 variant studied the activity at DIV11 post plating 

neurons and found that a variant increased the excitability as well as the synchronicity 

while shortening the duration of bursts. These neurons were differentiated from human 

iPSCs by FUJIFILM Cellular Dynamics Inc. [292]. However, from the representative 
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raster plots of MEA, network bursts were not seen, lacking one of the most important 

elements. Two autism studies were reported using astrocytes co-cultured with iPSC 

derived neurons produced by NGN2 induction [283, 284]. The recording period was 

between weeks 4 and 8. However, as observed from the representative raster plots, almost 

half of the electrodes were not active. Thus, better methods for iPSC derived neurons on 

MEA need to be developed before large scale applications are undertaken. 

6.3.2 Can MEA be used to study other disorders? 

MEA has also been used to model other neurological and cardiac disorders. For example, 

impaired long-term potentiation (LTP) was observed from MEA analysis of hippocampal 

slices obtained from Alzheimer's disease transgenic mouse models [293]. In another 

Alzheimer study using rat primary hippocampal neurons, the interneurons and pyramidal 

neurons showed different phenotypes/firing patterns after being induced by Aβ 

oligomers, and spatial firing patterns mapping and cross-correlation were used to evaluate 

the degeneration of network connectivity [294]. Autism disorder was also studied by 

MEA on valproic acid (VPA) induced rat lateral amygdaloid nucleus slices and found to 

show hyperreactivity and hyperplasticity after stimulation [295]. As for cardiac disorders, 

arrhythmia has been modelled on MEA by many different labs globally. And to describe 

the phenotype of arrhythmia on MEA, parameters regarding the beat interval [289] and 

the quantification of INa modulation, prolongation and triangulation [195] were 

developed. These studies demonstrate that MEA can not only be used to model epilepsy 

disorders, but also other diseases relate to excitable cells. 

6.5 Conclusion 

My thesis has shown that MEA can be used to model DEE disorders following adequate 

method optimization. Network analysis of early and late seizure onset SCN2A DEE 

variants were consistent with previous single cell patching studies, showing increased 

excitability in cultures carrying early onset variant p.R1882Q and decreased excitability 

in cultures carrying late onset variant p.R853Q. Compared to other models, the MEA in 

vitro models showed clear phenotypes and provided further information into functional 
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parameters such as network synchronization. Moreover, pharmacological results were 

consistent with the clinical observations for the two clinically tested drugs and suggested 

RTG as a potential treatment for both early and late seizure onset SCN2A DEE patients. 

The workflow developed here may be applied to studies of different diseases.  
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Supplementary Figure 1 The effect of PHT, LEV and RTG on firing rate, network 

bursting rate and duration of bursts in wild type cortical neuronal networks. 

Bar graphs on the top row show the drug effect by presenting percentage changes of A) 

mean firing rate, B) mean network bursting rate, and C) mean duration of single channel 

bursts of wild type cultures before and after the application of vehicle control, 30 µM, 50 

µM and 100 µM PHT. Bar graphs on the middle row show the drug effect by presenting 

percentage changes of D) mean firing rate, E) mean network bursting rate, and F) mean 

duration of single channel bursts of wild type cultures before and after the application of 
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vehicle control, 0.3, 0.5, 1 mM LEV. Bar graphs on the bottom row show the drug effect 

by presenting percentage changes of A) mean firing rate, B) mean network bursting rate, 

and C) mean duration of single channel bursts of wild type cultures before and after the 

application of vehicle control, 3 µM, 5 µM and 10 µM RTG. Wild type cultures under 

vehicle control, 30 µM, 50 µM and 100 µM PHT n=113, 62, 60, and 59. Wild type 

cultures under vehicle control, 0.3 mM, 0.5 mM and 1 mM LEV n=113, 59, 61, and 59. 

Wild type cultures under vehicle control, 3 µM, 5 µM and 10 µM RTG n=113, 47, 49, 

and 49. A Mann-Whitney test was applied on percentage changes to test the significant 

differences between the drug group and vehicle control group. Results are presented as 

mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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