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Abstract 

Kainate receptors (KARs) are ionotropic glutamate receptors involved in 

presynaptic and postsynaptic neuroplasticity mechanisms. They form 

functional ion channels by tetrameric combinations of five different 

subunits (GRIK1-GRIK5, GluK1-GluK5) and they are modulated by 

auxiliary proteins Neto1 and Neto2. In this study, it was hypothesized that 

common and rare loss of function and pathological coding alleles within 

KAR subunit and NETO genes contribute to risk for developing 

neuropsychiatric disorders. 

One of the aims of this study was to screen for common and rare coding 

GRIK and NETO variation within individuals with neurodevelopmental 

diseases and control populations. The coding regions of kainate receptor 

subunit and NETO genes were analysed using sequencing data from 

1745 individuals with severe neuropsychiatric disorders, 741 individuals 

with ASD or intellectual disability (ID), 2095 population controls and 128 

family member with schizophrenia belonging to a mega pedigree. The 

present findings suggest an excess of singleton and rare loss of function 

(LoF) and missense variants within the SCZ cases compared to controls 

(p = 1.8 x 10-10), as well as a significant enrichment of LoF, missense and 

regulatory variants with neuropsychiatric phenotypes (first discovery 

phase p = 1.6 x 10-11; second discovery phase p = 1.3 x 10-25) and with 

autism spectrum disorder (p = 6.9 x 10-18). Single allele associations for 

9 coding variants were significantly replicated (p < 5 x 10-8) using ExAC 

cohort data (N > 45,000).   

The relationship between cognitive performance and a deletion allele 

within GluK4, which is reported as protective against risk for bipolar 

disorder, was also investigated within 1,642 individuals from the TwinsUK 

study. Individuals with the GluK4 protective deletion allele performed 

significantly better in Spatial Working Memory compared to insertion 

homozygotes when adjusted for a clinical diagnosis. GluK4 deletion 

carriers who had a mental health problem (predominantly depression) 

showed better performance in visuo-spatial ability and mental processing 
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speed compared to individuals with mental health problems homozygous 

for the insertion. 

Another aim of this study was to investigate and characterise the 

pharmacological and electrophysiological properties of wild-type and 

mutated KARs. First, the effect of the human Neto proteins was assessed 

on GluK2 and GluK2/GluK4 receptors. It was found that h.Neto1-S 

(human Neto1 short isoform) increased glutamate sensitivity of GluK2 

receptors by 4-fold, whilst it decreased glutamate sensitivity of 

GluK2/GluK4 receptors by 26-fold. Moreover, h.Neto1-S slowed the 

desensitisation rate of GluK2 receptors by 2.5-fold. The full Neto2 isoform 

(h.Neto2) decreased by 150-fold glutamate sensitivity of GluK2/GluK4 

receptors, whilst having a less clear effect on the agonist sensitivity and 

the decay kinetics of GluK2 channels. In addition, the functional effect of 

three rare damaging missense variants ((GluK2(K525E), GluK4(Y555N) 

and GluK4(L825W)) located within functional domains of GluKs was 

assessed by performing voltage clamp assays on Xenopus oocytes 

expressing mutated KAR subtypes. These mutations affected 

significantly the agonist sensitivity by decreasing glutamate sensitivity 

and increasing kainate sensitivity. Moreover, these damaging mutations 

led to a significant decrease of the desensitisation rate (~5-fold) of these 

channels following either glutamate or kainate application. 

Taken together, these novel discoveries define aspects of the GRIK and 

NETO genetic contribution to mental illness, provide a comprehensive 

pharmacological characterization of two different KAR subtypes and 

demonstrate how rare functional mutations may alter the KAR channel 

activity. Overall, this research provides a better understanding of the link 

between genetic risk, biological processes and potential therapeutic 

avenues for brain disorders. 
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1 General Introduction 

1.1 Brain diseases  

‘Brain disease’ is a broad term referring to a variety of psychiatric and 

neurodevelopmental disorders, such as schizophrenia or Alzheimer’s 

disease. The prevalence of neuropsychiatric, neurodevelopmental and 

neurodegenerative disorders is significant in many countries and 

presents a major burden to successive governments, with the cost of care 

for people with brain disease in Europe alone estimated at nearly 800 

billion euros in 2010 (DiLuca and Olesen, 2014). 

Neuropsychiatric disorders are conditions which consist of neurological 

and psychiatric symptoms and include developmental disorders, such as 

schizophrenia, bipolar disorder and autism spectrum disorder. These 

disorders are frequently found to be comorbid with intellectual disability 

(ID) (Buckley et al., 2009). Schizophrenia is a debilitating mental illness 

that affects one percent of the population in all cultures and equal 

numbers of men and women (Schultz et al., 2007, Endicott and Spitzer, 

1978). It is characterized by positive and negative symptoms. Positive 

symptoms include: hallucinations; voices that converse with or about the 

patient; delusions that are often paranoid; and negative symptoms such 

as loss of a sense of pleasure, loss of will or drive, and social withdrawal 

(Schultz et al., 2007). Bipolar disorder is a mood disorder characterized 

by periods of mania, associated with elevated mood, and periods of 

depression. Depression or major depressive disorder or clinical 

depression is a mood disorder that causes a persistent feeling of sadness 

and loss of interest according to the Diagnostic and Statistical Manual of 

Mental Disorders, Fifth Edition (DSM-5) (American Psychiatric 

Association – 2013).  

Autism Spectrum Disorders (ASDs) are neurodevelopmental disorders in 

which patients have deficits in the following three areas: verbal and non-

verbal communication; social awareness and interactions; and, 

imaginative play (variable interests and behaviors) (American Psychiatric 

http://www.semel.ucla.edu/taxonomy_view/19/279
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Association – 2013). Intellectual disability is a disability characterized by 

significant limitations in both intellectual functioning and inadaptive 

behavior which covers many everyday social and practical skills. This 

disability commonly originates before the age of 18.  

Neuropsychiatric disorders are highly heritable with an estimated 

heritability for bipolar disorder, schizophrenia and autism being much 

higher (>80%) than that of other diseases such as Parkinson’s disease 

(Burmeister et al., 2008, Hilker et al., 2018). Research reported over the 

last 20 years clearly indicates that both nature (genes) and nurture 

(environment) play important roles in the genesis of psychopathology 

(Strathearn, 2009). For example, the relationship between severe stress 

(e.g. job loss, bereavement, etc.) and the onset of episodes of positive 

and negative symptoms has been commonly reported (Tessner et al., 

2011). The contribution of both genetic and environmental factors has 

also been proposed for a broad variety of such neurodevelopmental 

disorders (Burmeister et al., 2008). 

 

1.1.1 Cognitive deficits and brain diseases 

Cognitive deficits have become an important focus for research into 

psychiatric disorders such as schizophrenia. By using designs which 

make use of cognitive assessment data collected prior to outcome, such 

deficits have been shown to predict the onset of the disorder (Milev et al., 

2005). Owing to the variety of individual traits covered by the term 

“cognition”, researchers have utilized endophenotypes which describe 

trait markers directly associated with genetic predisposition and co-

segregate with clinical disorder in multiply-affected families (Flint and 

Munafo, 2007).  

Due to the biological and phenotypical spectrum associated with brain 

disorders, scientific research has attempted to focus on key phenotypes 

associated with specific brain diseases (Light et al., 2014). Cognitive 

dysfunction is described as a core feature of schizophrenia. Deficits 
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range from moderate to severe across several domains, including 

attention, working memory, verbal learning and memory, and executive 

functions such as cognitive control of behavior (Martinussen et al., 2005). 

In addition, individuals with schizophrenia have, as a group, lower 

Intelligence Quotient (IQ) scores than the general population (Kendler et 

al., 2015). These deficits pre-date the onset of psychosis and are stable 

throughout the course of the illness in most patients. 

Similar cognitive deficits have been characterized for individuals with 

other neuropsychiatric diseases, such as bipolar disorder (Bortolato et 

al., 2015). Other studies have focused on trying to characterize the 

cognitive landscape and overlap of autism spectrum disorders and 

psychiatric diseases (Goldstein et al., 2002). 

 

1.1.2 Genetic background of neurodevelopmental diseases 

A number of approaches have explored the genetic architecture of such 

complex diseases (Frank et al., 2011), mostly concerning the potential 

for rare variants of large effect to exist that are not investigated through 

Genome Wide Association studies (GWAS) (Figure 1.1). One approach 

has been to investigate individuals with abnormal karyotypes and 

chromosomal abnormalities as a means to identify genes that are directly 

disrupted and hence could contribute to risk for disease. For instance, in 

a large pedigree with multiple neuropsychiatric diagnoses, a cytogenetic 

lesion was cloned and the characterized breakpoints identified a 

translocation (1; 11) (q42.1; q14.3) which was linked to schizophrenia 

and related psychosis. Subsequently, two novel genes, Disrupted-In-

Schizophrenia-1 (DISC1) and Disrupted-In-Schizophrenia-2 (DISC2), 

were identified which both were disrupted by the translocation. 

Furthermore, these genes may also be involved in the mental illness of 

patients unrelated to the family segregating the translocation (Millar et al., 

2000).  
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In a second study, Knight et al. (2009) identified a cytogenetic 

abnormality which disrupted the ATP binding cassette transporter A13 

(ABCA13) gene. The study subsequently identified ten rare non-

synonymous mutations within the gene, of which nine demonstrated 

evidence as protective alleles, consistent with a role in the etiology of 

schizophrenia and bipolar disorder (Knight et al., 2009). In addition, 

ABCA13 coding variants associated with schizophrenia and bipolar 

disorder were found to segregate with disease in small pedigrees. In a 

further study (Pickard et al., 2006), a complex chromosomal 

rearrangement involving several chromosomes was identified in a patient 

diagnosed with schizophrenia comorbid with intellectual disability. One of 

the genes disrupted at a breakpoint was found to be GRIK4 (Ionotropic 

glutamate receptor, kainate 4 gene), which encodes a member of the 

ionotropic glutamate receptor family (Pickard et al., 2006). Another gene 

disrupted is Neuronal PAS domain-containing protein 3 (NPAS3) which 

has subsequently been associated with bipolar disorder, schizophrenia 

and schizophrenia comorbid with intellectual disability. 
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Figure 1.1. A model proposing the classification of genetic risk variants according to 

allele frequency and proposed size of effect. Rare alleles are known to cause Mendelian 

disease, whereas low frequency variants with intermediate effect and common variants 

implicated in common disease by Genome Wide Association Studies (GWAS) are those 

that have been most well-studied. The figure is taken from (Manolio et al., 2009).  
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Copy number variants (CNVs) are structural variants indicative of 

chromosomal abnormalities in which sections of the genome are 

repeated and the number of repeats in the genome may vary between 

different populations. Olsen et al. (2018) assessed the population 

prevalence of 22q11.2 rearrangements, associated population-adjusted 

estimates and 31-year disease risk trajectories for major neuropsychiatric 

disorders within a Danish population (Olsen et al., 2018). These findings 

further confirm the implication of chromosome 22q11 deletion with autism 

spectrum disorders, in line with previous reports. In another study, a 

complex interaction model for pathogenicity of the autism-associated 

16p11.2 deletion was proposed, where CNV genes interact with each 

other in conserved pathways to modulate expression of the phenotype 

(Iyer et al., 2018). 

A second approach used to identify variants which contribute to risk for 

disease involves examining populations of affected cases and non-

affected controls and assessing genetic variation across the genome.  

Such genome-wide association studies (GWAS) have reported that 

newly identified rare and inherited and de novo CNVs rare copy number 

variants in cases give rise to psychiatric disorders.  For example, an 

increased burden of rare CNV and known schizophrenia candidate CNVs 

are associated with neuropsychiatric traits in a non-clinically ascertained 

sample of young people [Avon Longitudinal Study of Parents and 

Children (ALSPAC) study] (Guyatt et al., 2018). 

GWAS data from thousands of schizophrenia and bipolar disorder cases 

and comparison subjects have revealed a few significant small-effect 

associations for single allele variants. For example, a very recent GWAS 

study identified a particular region of the major histocompatibility complex 

(MHC) with the most significant GWAS signal neighboring the C4 gene 

(complement C4) (Sekar et al., 2016). The study examined how the 

area’s structural architecture varied in patients and healthy individuals. 

The “structural alleles” of the C4 locus (that is, the combinations and copy 

numbers of the different C4 forms) were first examined in healthy 

individuals and then these structural alleles were followed up through 
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imaging and immunohistochemistry studies of post-mortem brain tissues. 

This study supports a theory that C4 and the immune system may be 

involved in synaptic processes (Sekar et al., 2016). Moreover, a recent 

GWAS study of schizophrenia (11,260 cases and 24,542 controls) 

revealed that common schizophrenia alleles are highly enriched among 

mutation intolerant genes (i.e., genes that cannot withstand mutations) 

and genes under strong selection background (Pardinas et al., 2018). 

Interestingly, amongst the candidate gene sets associated with 

schizophrenia were genes associated with abnormal nervous system 

electrophysiology, voltage-gated calcium channel complexes and targets 

of the fragile X mental retardation (FMRP) protein. 

A meta-analysis of GWAS studies of over 16,000 individuals with autism 

spectrum disorder highlighted a novel locus at 10q24.32 associated with 

autism spectrum disorder, which covers several genes including Paired 

Like Homeodomain 3 (PITX3) and CUE Domain Containing 2 (CUEDC2) 

(Autism Spectrum Disorders Working Group of The Psychiatric 

Genomics, 2017). PITX3 encodes a transcription factor and has been 

identified as playing a role in neuronal differentiation, and CUEDC2 has 

been previously reported to be associated with social skills in an 

independent population cohort. An overlap with regions previously 

implicated in schizophrenia was observed which was further supported 

by a strong genetic correlation between schizophrenia and autism 

spectrum disorders (Rg = 0.23; p = 9 x 10−6).  

In another study by the Brainstorm Consortium, the overlap of the genetic 

background of 25 brain disorders from GWAS studies of 265,218 patients 

and 784,643 control participants was quantified. Moreover, the 

relationship of these 25 brain disorders to 17 phenotypes from 1,191,588 

individuals was assessed (Brainstorm et al., 2018). It was observed that 

psychiatric disorders share common variant risk, while neurological 

disorders appear more distinct from one another and from the psychiatric 

disorders. A significant sharing between these disorders and brain 

phenotypic characteristics such as cognitive measures was also 
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identified. Such studies highlight the importance of common genetic 

variation as a risk factor for brain disorders (Brainstorm et al., 2018). 

Taken together, GWAS studies over the last years have shown that 

common damaging variants of small effect may be associated with risk 

for psychiatric disease. However, this has been proposed to account for 

only a small part of the genetic risk (Gershon et al., 2011). Genes 

identified from such small-effect association studies include 

neurotransmitter receptor (e.g. Glutamate Ionotropic Receptor NMDA 

Type Subunit 2A (GRIN2A) and Glutamate Ionotropic Receptor AMPA 

Type Subunit 1 (GRIA1) genes (Gershon et al., 2011).  Despite the wide-

spread use of GWAS studies, there is still a lack of replicable findings 

and identification of causal factors or variants. Some of the consistent 

and replicated findings are the association of GRIK4 with psychiatric 

diseases and the association of Calcium Voltage-Gated Channel Subunit 

Alpha1 (CACNA1C) with risk for schizophrenia and bipolar disorder 

(Song et al., 2018, Knight et al., 2012). GWAS studies have also provided 

strong and consistent evidence for an overlap in the genetic background 

of psychiatric diseases (i.e., autism and schizophrenia).  However, such 

studies often fail to highlight the risk effect of rare or ultra-rare coding 

(damaging) variants, which are often identified within mutation intolerant 

genes. 

The main current approach used to understand the genetic architecture 

of brain diseases is to perform high throughput sequencing studies. 

Recent whole exome and whole genome sequencing studies of families 

with multiple affected individuals have been conducted with the aim to 

identify, large effect, likely causal mutations. For example, sequencing 

studies of parent-proband trios for individuals with intellectual disability 

(ID), autism spectrum disorder (ASD), schizophrenia (SCZ) and epilepsy 

have all indicated that de novo point mutations, copy number variations 

(CNVs), and rare variants are important  in pediatric and adult brain 

diseases (Krumm et al., 2015).  Furthermore, both SNVs and CNVs were 

found to converge on the same genes. Such examples include 

Regulating Synaptic Membrane Exocytosis 1 (RIMS1), Cullin 7 (CUL7) 
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and CUB And Sushi Multiple Domains 1 (CSMD1) genes (Krumm et al., 

2015). 

Genetic variants predicted to seriously disrupt the function of human 

protein-coding genes — termed loss-of-function (LoF)  rare variants — 

have traditionally been viewed in the context of severe Mendelian 

disease and are considered to be linked with neurodevelopmental 

phenotypes (Muir et al., 2008). However, evidence from NGS studies 

support the hypothesis that single nucleotide variants (SNVs) that 

truncate proteins (referred to as loss-of-function (LoF) variants) are 

enriched in neuropsychiatric disease probands and in some cases are 

both inherited and de novo mutations (Consortium, 2015, Singh et al., 

2016, Singh et al., 2017, Kushima et al., 2018). For instance, the 

contribution of LoF and rare coding variants to the risk of schizophrenia 

both with and without intellectual disability has been also been 

investigated (Singh et al., 2017). The study reported a burden of rare LoF 

variants clustered mainly within LoF intolerant genes, which was 

associated with risk for schizophrenia comorbid with intellectual disability. 

Moreover, an overlap of the genetic risk between schizophrenia and other 

neurodevelopmental disorders was highlighted (Singh et al., 2017). 

Furthermore, Leonenko et al., found that there is a significant enrichment 

for rare alleles (minor allele frequency [MAF] < 0.001) in loss-of-function 

(LoF) intolerant genes and in genes whose messenger RNAs bind to 

fragile X mental retardation protein (FMRP) within individuals with 

schizophrenia and bipolar disorder. Thereby, evidence was provided that 

risk alleles of rare frequencies confer smaller effect and should be 

identified by larger scale studies (Leonenko et al., 2018). 

Genovese et al. (2016) found that LoF and damaging missense ultra-rare 

variants (but not synonymous ultra-rare variants) were more abundant 

among individuals with schizophrenia than among controls (p = 

1.3x10−10). This excess rare-variant burden was greater than the 

schizophrenia-associated elevation in rates of LoF and damaging 

missense de novo mutations, indicating that the observed excess arose 

primarily from inherited variants (Genovese et al., 2016).  
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In another study, the analysis of exome sequences of 2,536 

schizophrenia cases and 2,543 controls provided evidence for a 

polygenic burden (burden load) primarily arising from rare (less than 1 in 

10,000) LoF variants distributed across many genes (Purcell et al., 2014). 

The findings of this study support the hypothesis that population-based 

exome sequencing can identify risk alleles within rare and in many cases 

singleton coding variants. This study also provides evidence to show that 

the burden load of rare LoF variants can contribute to 

neurodevelopmental disease phenotypes. Thereby, it is important to 

assess the accumulation rates of the variant burden of rare causal 

variants (also within candidate gene sets) within individuals with 

neurodevelopmental diseases. 

Recent studies have also demonstrated that genes and proteins 

implicated in the synaptic network have been associated with 

susceptibility for developing neuropsychiatric disease phenotypes (De 

Rubeis et al., 2014). Evidence is also provided for the prevalence of an 

overlap in the genetic background of autism spectrum disorders and 

schizophrenia including genes which encode synaptic proteins (e.g., 

GRIN2A, CACNA1C) (Fromer et al., 2014). Recent and large scale 

studies demonstrate that variants of large effect size can be identified 

and they can contribute to neuropsychiatric disease phenotypes, whilst 

showing that psychiatric disorders share the same molecular pathology 

(Gandal et al., 2018). 

Recent next-generation sequencing (NGS) studies have also identified a 

significant association between rare loss-of-function (LoF) variants in the 

SET domain containing 1A (SETD1A) gene and risk for schizophrenia 

(Singh et al., 2016). In addition, two heterozygous LoF variants were 

identified in 45,376 exomes from individuals without a neuropsychiatric 

diagnosis, indicating that SETD1A is substantially depleted of LoF 

variants in the general population. This study also revealed sixteen 

SETD1A carriers in cohorts with notable neuropsychiatric phenotypes. 

These findings suggest that genes such SETD1A which are involved in 

epigenetic mechanisms and more specifically in the histone H3K4 



12 
 

methylation pathway, may provide insight into the mechanisms of 

pathogenesis of schizophrenia. Moreover, these findings further support 

the theory that LoF variants in SETD1A can cause neurodevelopmental 

disorders such as schizophrenia (Singh et al., 2016).   

In another study, the contribution of postzygotic mosaic mutations 

(occurring after fertilization of the embryo) to autism spectrum disorder 

phenotypes was investigated (Krupp et al., 2017). Postzygotic mosaic 

mutation has been previously shown to comprise 5.4% of de novo 

variation. Postzygotic mosaic mutations were identified in high-

confidence neurodevelopmental disorder risk genes (i.e., CHD2 

(Chromodomain Helicase DNA Binding Protein 2), CTNNB1 (Catenin 

Beta 1), SCN2A (Sodium Voltage-Gated Channel Alpha Subunit 2)), as 

well as candidate risk genes with predicted functions in chromatin 

remodelling or neurodevelopment (i.e., ACTL6B (Actin like protein B), 

BAZ2B (Bromodomain Adjacent To Zinc Finger Domain 2B), COL5A3 

(Collagen Type V Alpha 3 Chain)). These findings provided evidence that 

postzygotic mosaic mutations and only de novo mutation potentially 

contribute risk for autism spectrum disorder phenotypes (Krupp et al., 

2017). 

One of the latest advances in genetic studies is transcriptome-wide 

association studies (TWAS) which aim to identify significant genes linked 

with neurodevelopmental disorders by mapping traits using reference 

transcriptome data. Gusev et al. (2018) performed a TWAS study by 

integrating schizophrenia GWAS of 79,845 individuals from the 

Psychiatric Genomics Consortium with expression data from brain, 

blood, and adipose tissues from 3,693 primarily control individuals. This 

study highlighted 157 TWAS-significant genes of which 35 did not overlap 

a previously known GWAS locus. They also showed that suppression of 

one identified susceptibility gene, mapk3 (Mitogen-Activated Protein 

Kinase 3), in zebrafish showed a significant effect on 

neurodevelopmental phenotypes (Gusev et al., 2018). 
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1.1.3 Population cohort studies: The UK10K study  

Through the genome-wide sequencing of deeply phenotyped cohorts and 

exome analysis of selected extreme phenotypes, large population 

projects aim to directly associate genetic variations with phenotypic traits. 

For example, the UK10K project aims to uncover common and rare 

variants contributing to disease and assign novel variations into 

genotyped cohort and case/control collections by providing a sequence 

variation resource for future studies. In this study, 24 million novel 

sequence variants were characterized, whilst a highly accurate 

imputation reference panel was generated. Moreover, novel alleles were 

associated with levels of triglycerides, adiponectin and low-density 

lipoprotein cholesterol. Typically phenotypic data includes parameters 

such as blood pressure, biochemical measures, cognition performance, 

medication and disease status. 

Such large scale next generation sequencing projects aim to further 

detect and highlight significant associations of rare variants with 

increased risk or protection for complex genetic diseases. Another 

example is the 100,000 genomes project conducted by Genomics 

England that aims to sequence 100,000 individuals and directly link the 

different types of genetic variation with phenotypic traits. 

 

1.2 Glutamate neurotransmission 

Neurotransmitter systems are networks of neural connections in the brain 

employing certain types of neurotransmitters such as glutamate. The 

glutamate system is the main excitatory system in the brain and a fast-

signaling system that is important for information processing in 

neuronal networks in particular with the neocortex and hippocampus 

(Meldrum, 2000).  

 

 

http://en.wikipedia.org/wiki/Neurotransmitters
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1.2.1 The Glutamate receptor family  

Glutamate receptors (GluRs) primarily mediate excitatory 

neurotransmission in the vertebrate central nervous system (CNS). They 

are known to have a key role in memory and learning and they have been 

associated with a role in neurodegenerative disorders (Nakanishi, 1992). 

Glutamate receptors can be divided into two groups according to the 

mechanism by which their activation gives rise to a postsynaptic current 

(Palmada and Centelles, 1998). Ionotropic glutamate receptors (iGluRs) 

form an ion channel pore that activates when glutamate binds to the 

receptor. In contrast, metabotropic glutamate receptors (mGluRs) 

indirectly activate ion channels on the plasma membrane through a 

signaling cascade that involves G proteins. Activation of some glutamate 

receptors requires another agonist alongside with glutamate as the 

ligand. 

 

The ionotropic glutamate receptors (iGluRs) are ligand-gated ion 

channels that mediate the majority of excitatory neurotransmission in the 

brain. Molecular cloning has identified 18 mammalian iGluR subunits of 

which only 16 belong to the traditional pharmacological subfamilies of 

NMDA receptors (GluN1, GluN2A-D, GluN3A-B), AMPA receptors 

(GluA1-4) and kainate receptors (GluK1-5) (Hollmann et al., 1989, 

Boulter et al., 1990). Receptors in these three classes are composed of 

complexes of four large subunits that form a central ion conducting pore 

(Dingledine et al., 1999). The two remaining subunits are called delta-1 

and delta-2 (GluD1, GluD2) and they are not well characterised by 

electrophysiological investigations. Both delta subunits are nonfunctional 

in heterologous expression systems although the isolated crystallised 

ligand-binding domain (LBD) of delta 2 is capable of binding D-serine 

(Naur et al., 2007). These two subunits are nonresponsive to glutamate 

and they are termed as ‘non-ionotropic’ receptors, ‘orphan’ receptors or 

delta receptors (Hepp et al., 2014, Schmid et al., 2009). 

 

 

http://en.wikipedia.org/wiki/Ligand-gated_ion_channel
http://en.wikipedia.org/wiki/Metabotropic_receptor
http://en.wikipedia.org/wiki/G_protein
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1.2.1.1 Glutamate receptors: structure and role 

 

Sequence similarity among all known glutamate receptor subunits 

including the AMPA, NMDA, kainate and delta receptors suggests that 

they share a similar structural architecture. As shown in Figure 1.2, 

glutamate receptor subunits consist of four discrete, semi-autonomous, 

domains; the extracellular amino-terminal domain (ATD), the 

extracellular ligand-binding domain (LBD), the transmembrane domain 

(TMD) that forms the ion channel pore and an intracellular carboxyl-

terminal domain (CTD) (Traynelis et al., 2010). 

 

Kainate receptor subunits (GluK1-3) form functional homotetramers 

although native receptors are almost exclusively heterotetramers (Herb 

et al., 1992, Werner et al., 1991). The large extracellular amino-terminal 

domain (ATD) of each subunit participates in subtype-specific receptor 

assembly, trafficking and modulation whilst the ligand binding domain 

(LBD) is central to agonist/competitive antagonist binding and activation 

gating (Traynelis et al., 2010). Figure 1.2 A illustrates that the LBD 

structures of iGluRs, including KARs, adopt a clamshell-like 

conformation, where the polypeptide segment S1, located on the amino-

terminal side of membrane helix M1, forms most of one half of the 

clamshell (D1), and the segment S2 between the M3 and M4 membrane 

helices forms most of the opposite half of the clamshell (D2). Moreover, 

the GluK2 agonist binding site was characterized by a loss of a direct 

hydrogen bond to the α-amino group of glutamate at residue A487, which 

is the residue equivalent to T480 in GluA2. An additional water molecule 

forms a hydrogen bond to the α-amino group of glutamate in GluK2 

(Figure 1.2 B) (Meyerson et al., 2016).  

 

Moreover, the cytoplasmic carboxy-terminal domain is involved in 

receptor localization and regulation. Each subunit has three 

transmembrane helices (M1, M3 and M4) and a central pore-lining loop 

(M2) thought to be part α-helix and part β-strand although it appears 

disordered in electron density maps (Sobolevsky et al., 2009). The 
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symmetry mismatch between the LBD and the TMD is mediated by the 

linkers which connect the two domains (S1-M1, M3-S2, S2-M4 linkers). 

Closer inspection of the desensitized state structure of GluK2 subunit 

allowed identification of specific residues (M633, T629 and T621) in the 

side chains of M1,M3 and M4 helices that prevent ion permeation through 

the ion channel pore (Meyerson et al., 2016) (Figure 1.2 C). 
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Figure 1.2. Structural and functional details of kainate receptors subunits. A) Linear 

representation of the subunit polypeptide chain and schematic illustration of the subunit 

topology. subunit topology comprising of (i) extracellular ATD (green), (ii) extracellular 

LBD (blue) formed by two amino acid segments, S1 and S2, (iii) TMD (orange) 

comprised of three membrane-spanning helices (M1, M3, and M4) and a membrane re-

entrant loop (M2) which forms part of the channel pore, and (iv) intracellular CTD. In 

GluA2 these regions were defines as amino-acids 1-397 (signal peptide and ATD), 415-

527 (S1), 535-647 (M1M2M3), 653-794 (S2), 810-838 (M4) and 839-884 (CTD). B) 

Structure of the GluK2 agonist binding site. Specific amino-acid residues interacting with 

the glutamate (yellow) are also indicated. C) Selected side chain densities for M1, M3 

and M4 helices of GluK2 subunit. A/C and B/D refer to the proximal and distal chains to 

clarify connectivity between the ATD, LBD and TMD layers of GluK2. The figures are 

taken from Traynelis et al. (2010) and Meyerson et al. (2016).  
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As detailed in Figure 1.3, glutamate receptors are involved in short term 

synaptic plasticity mechanisms, synaptic integration and long-term 

potentiation (Voglis and Tavernarakis, 2006). Synaptic plasticity is the 

mechanism underlying learning and memory and refers to the ability of 

the synapses to change their strength as a result of their own activity or 

through activity in another pathway. Synaptic integration can be defined 

as the process of determining outputs from the inputs, while long-term 

potentiation is the persistent strengthening of synapses based on the 

recent pattern of activity and is one of the main phenomena of synaptic 

plasticity (Kandel 2000, Principles of Neuroscience Fifth Edition). 

Evidence implicates both presynaptic and postsynaptic ion channels in 

the process of synapse strength modulation at glutamate synapses 

(Kandel 2000, Principles of Neuroscience Fifth Edition).  

 

When activated, AMPA and kainate receptors conduct sodium or calcium 

ions, which initiate postsynaptic depolarization. Changes in the 

membrane potential initiate the release of magnesium ions that block 

NMDA receptors. Long-term potentiation is mediated by a calcium influx 

through NMDA receptor channels. Kainate receptors at a presynaptic 

level also appear to establish synaptic transmission at specific types of 

synapses by boosting neurotransmitter release (Voglis and Tavernarakis, 

2006). 

Growing evidence also indicates that the ‘tripartite glutamatergic 

synapse’, comprising presynaptic and postsynaptic neurons and glial 

cells, may be involved in the pathophysiology and therapeutics of mood 

disorders. This insight provides a better understanding of this complex 

and critical cross-talk mediated by glutamate in the physiological and 

pathological conditions associated with mood disorders. Furthermore, 

such physiological models have fueled the development of new and 

potentially more effective compounds as therapeutics for severe mood 

disorders as shown in Figure 1.4 (Machado-Vieira et al., 2009). 
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Figure 1.3. Schematic representation of synaptic plasticity mediated by glutamate 

receptor processes. Glutamate is released presynaptically and binds to glutamate 

receptors at the postsynaptic membrane. Upon activation, AMPA and kainate receptors 

conduct sodium ions which initiate postsynaptic depolarization. Sufficient depolarization 

releases Mg2+ from its blocking site in NMDA receptor channels allowing influx of 

calcium ions. Calcium influx through NMDA channels sets off a chain of events that 

establish long-term potentiation. Sumoylation of kainate receptors by SUMO proteins 

(i.e., SUMO1) in a pre-synaptic level is depicted alongside with post-synaptic proteins 

interacting with KARs such as C1q like proteins and Neto proteins. 
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Figure 1.4. Synaptic neurotransmission pathways mediated through the glutamatergic 

excitation mechanism of kainate, AMPA and NMDA receptors. Kainate receptors could 

be a therapeutic target for mood disorders due to their role in long-term potentiation and 

neurotransmission (2012 R&D Systems, Inc). 
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1.2.2 Kainate Receptors   

Like AMPARs and NMDARs, kainate receptors (KARs) are tetrameric 

combinations of a number of subunits: GluK1, GluK2, GluK3, GluK4 and 

GluK5 (previously known as GluR5-GluR7 and KA1 and KA2 

respectively). These proteins have molecular masses of approximately 

100 kDa and they are composed of more than 900 residues. GluK1-

GluK3 may form functional homomeric or heteromeric channels, while 

GluK4 and GluK5 only participate in functional receptors when partnering 

any of the GluK1-GluK3 subunits (Petralia et al., 1994). Splice variation 

in KARs revealed that the number of kainate receptor subunits is not 

limited to the five main canonical protein isoforms mentioned above 

(Jaskolski et al., 2004). Moreover, a number of different splice variants 

(isoforms) within the GluK1, GluK2 and GluK3 receptor subunits show 

differential surface expression (Figure 1.5) (Jaskolski et al., 2004, 

Jaskolski et al., 2005). 
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Figure 1.5. Splice variants (isoforms) of GluK1 (GluR5), GluK2 (GluR6) and GluK3 

(GluR7) subunits. These isoforms have a different number of amino acid residues in the 

carboxy-terminal domain of KAR subunits (Jaskolski et al., 2005, Jaskolski et al., 2004). 

The different protein isoforms are symbolized as GluR5a, GluR5b, GluR5c and GluR6a, 

GluR6b as well as GluR7a and GluR7b for GluR5, GluR6 and GluR7 respectively 

(Jaskolski et al., 2004, Jaskolski et al., 2005). 

 

 

 

Figure 1.6. Presynaptic KARs modulate synaptic neurotransmitter release in a 

bidirectional manner and both ionotropic and non-canonical metabotropic activity are 

involved. The difference in the current peak is obvious for both EPSCs (A) and IPSCs 

(B) when KAR antagonist is applied compared to when it is not. The figure is taken from 

(Lerma and Marques, 2013). 
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1.2.2.1 Structure details and pharmacological properties of kainate 

receptors 

Kainate receptors have an overall yet approximate two-fold axis of 

molecular symmetry oriented perpendicular to the membrane plane. This 

two-fold axis of symmetry relates one ATD dimer to another, one LBD 

dimer to the second, and half of the pore-forming TMDs to the other half. 

The ATD, implicated in receptor assembly, trafficking and localization, 

forms two distinct types of subunit–subunit contacts. On the one hand of 

each ATD ‘dimer’, there are extensive subunit–subunit contacts, whilst 

on the other hand there is an interface between ATD dimers located on 

the overall axis of two-fold symmetry of KARs. Regarding the LBD layer, 

each agonist binding domain is also a partner in readily identifiable 

‘dimers’ and these dimers, in turn, interact across the overall two-fold axis 

(Sobolevsky et al., 2009). Each subunit of KARs has three 

transmembrane helices (M1, M3 and M4) and a re-entrant loop (M2) that 

forms the lining of the pore region of the ion channel, which forms the 

transmembrane domain of these receptors (Sobolevsky et al., 2009).  

By determining the structure of the kainate receptor GluK2 subtype in its 

desensitized state by cryo-electron microscopy (cryo-EM) at 3.8 Å 

resolution, it became obvious that desensitization is characterized by the 

establishment of a ring-like structure in the ligand-binding domain layer 

of the receptor (Meyerson et al., 2016) (Figure 1.7 A, B). Moreover, 

Kristensen et al., presented the first structure of GluK4 LBD with kainate 

which was determined by X ray crystallography to a resolution of 2.5 Å 

(Kristensen et al., 2016). This study showed that GluK4 has similar 

characteristic features of the GluA2 binding sites and that the binding site 

of the GluK4 subunit is comprised of 13 residues located at 4 Å of kainate. 

GluK1, GluK2 and GluK3 subunits are the low-affinity kainate binding 

subunits with GluK1 or GluK2 subunits increasing the receptor’s 

permeability to Ca2+ ions, whilst GluK4 and GluK5 are the high-affinity 

kainate binding subunits (Herb et al., 1992, Werner et al., 1991). Kainate 

receptors modulate postsynaptic depolarization and they are responsible 
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for carrying some of the synaptic current at some types of synapses (e.g., 

mossy fibre synapses).  At the postsynaptic region, kainate receptors 

carry part of the synaptic charge. In the presynaptic region they control 

the release of  transmitter both at excitatory and inhibitory synapses 

(Chittajallu et al., 1996). 

 

 

 

 

 
Figure 1.7. Desensitised GluK2 homomeric receptors at 3.8 Å resolution.  The figure 

illustrates the cryo-EM density map (A) and the atomic model (B) of GluK2 receptors 

with 2S,4R-4-methylglutamate bound. Each chain is colored uniquely. The figure is 

taken from Meyerson et al.2016. 

Abbreviations: cryo-EM; cryogenic microelectron microscopy, ATD; aminoterminal 

domain, LBD; ligand binding domain, TMD; transmembrane domain. 
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KARs can control the synaptic release of neurotransmitters such as 

GABA and glutamate at different sites. In addition, they play an influential 

role in the maturation of neural circuits during development and 

demonstrate both strong developmental and regional regulation 

(Contractor et al., 2001, Lerma and Marques, 2013) (Appendix 2). Figure 

1.6 illustrates the modulation of neurotransmitter release by presynaptic 

kainate receptors. Specific rules regarding subunit assembly and 

combination are yet to be defined but kainate receptors demonstrate both 

strong developmental and regional regulation. 

 

The activation of postsynaptic KARs by synaptically released glutamate 

yields small amplitude excitatory postsynaptic currents (EPSCs) with 

slow activation and deactivation kinetics unlike AMPA mediated currents. 

EPSCs mediated by KARS have only been found in a few central 

synapses, such as in mossy fiber synapses in CA3 pyramidal cells  

(Chittajallu et al., 1996). At a presynaptic level, it is hypothesized that 

KARs could also play a role as presynaptic modulators of 

neurotransmitter release, mainly based on the observation that the 

pharmacological activation of KARs modulates Ca2+- dependent 

glutamate release from synaptosomes (Chittajallu et al., 1996). 

Presynaptic and  somatodendritic KARs co-exist presenting distinct 

pharmacological profiles and subunit compositions and using different 

signaling pathways (Lerma and Marques, 2013).  

 

A prominent physiological feature of kainate receptors is their rapid 

desensitization in response to kainic acid and glutamate. This rapid 

receptor desensitization is a reduced response to a neurotransmitter or 

agonist following a prolonged exposure to it. Desensitization plays a 

major role in determining the kinetics of kainate receptor channels and 

has been useful as a pharmacological tool to selectively block the activity 

of kainate receptors on neurons containing mixed populations of 

glutamate receptors (Lerma et al., 2001). 
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KARs are activated by the endogenous neurotransmitter, L-glutamate, as 

are AMPA and NMDA receptors. KARs are also more heterogeneous in 

their responses to agonists compared to AMPA receptors. However, little 

is known about the pharmacological compounds which modulate KAR 

function. A summary of the agonists, antagonists and modulators of 

KARs known to date is provided in Appendix 1.  

Studies of kainate receptor desensitization have shown that 

concanavalin A blocks their desensitization. Concanavalin A is lectin 

(carbohydrate-binding protein) and a member of the legume lectin family, 

originally extracted from the jack-bean, Canavalia ensiformis. Kainate 

receptor responses in Xenopus oocytes are strongly potentiated by 

concanavalin A. Furthermore, rapid desensitizing responses to glutamate 

show subunit-dependent modulation by concavalin A (Partin et al., 1993).  

 

1.2.3 Post-transcriptional and post-translational modifications of 

kainate receptors 

Phosphorylation of glutamate receptor residues is a post-translational 

modification shown to regulate glutamate receptor trafficking from the 

endoplasmic reticulum to the plasma membrane; endocytosis; synaptic 

localization as well as binding to other proteins (Malinow and Malenka, 

2002). Many studies suggest a trafficking function for phosphorylation of 

specific residues in kainate receptor C termini. For example, serine 

residues S879 and S885 of GluK1 are phosphorylated by PKC, leading 

to internalization and these sites may be central to auto-regulation by 

kainate receptor activation (Rivera et al., 2007). In whole-cell patch-

clamp studies, the long C-tail of GluK2 is phosphorylated by PKA on 

serine residues S825 and S837, which triggers receptor potentiation 

(Kornreich et al., 2007). This potentiation takes place through an increase 

in channel open probability (Traynelis and Wahl, 1997). In contrast, no 

modification sites in the C-tail of GluK3 or GluK5 have been reported. 

GluK4 subunit though has four phosphorylation sites as identified by 
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mass spectrometry, which may lead to activation of the c-Jun N-terminal 

kinase (JNK) pathway (Traynelis et al., 2010). 

RNA editing is a mechanism which results in changes in mRNA sequence 

information not specifically encoded in the DNA. RNA editing takes place 

at a post-transcriptional level and involves site-selective deamination of 

adenosine to inosine in pre-mRNA. This leads to altered translation of 

codons and potential splicing in nuclear transcripts, thus enabling 

functionally distinct proteins to be produced from a single gene.  

Although the mammalian editing enzymes, ADARs (adenosine 

deaminases acting on RNA) are widely expressed in brain and other 

tissues, their substrates have been mainly found in the central nervous 

system (CNS). Three AMPA and two kainate receptor subunits (GluK1 

and GluK2) are subjected to RNA editing. The result of this process is the 

substitution of specific amino acids in functionally critical positions of the 

receptors. The consequences of this editing include activation or 

inhibition of splicing sites, modification of the ion selectivity of the specific 

channel as well as modulation of the desensitization rate of glutamate 

receptors (Barlati and Barbon, 2005). In some cases, RNA editing has 

been indicated to influence the tetramerization process of these receptor 

subunits. In addition, Q/R RNA editing has been shown to change single-

channel conductance and ion selectivity in recombinant kainate 

receptors, e.g. GluK1(Q) and GluK1(R) or GluK1(Q)/GluK5 and 

GluK1(R)/GluK5 (Swanson et al., 1996). 

GluK1 can be edited only at the Q/R site, whilst GluK2 can be edited at 

two other sites: the I/V and Y/C sites as well as at the Q/R editing site. 

The Q/R RNA editing site is located at the M2 pore loop affecting calcium 

permeability, since channels containing the R-edited form are less 

permeable to calcium. The I/V and Y/C editing sites are located in the 

first transmembrane domain (TM1), which may be involved along with the 

Q/R site, in finer regulation of ion permeability. Moreover, the extent of 

kainate receptor editing in different brain regions appears to be regionally 

regulated (Barlati and Barbon, 2005). 
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A further post-translational modification that kainate receptors undergo is 

CaMKII phosphorylation. CaMKII phosphorylates the C-terminal domain 

of the GluK5 subunit in vitro (S859, S892, T976) and a phosphomimetic 

mutation enhances KAR surface expression, but reduces synaptic 

localisation, in neurons (Carta et al., 2013). GluK5 phosphorylation also 

reduces the interaction between GluK5 and PSD95 protein. Taken 

together, these data indicate that CaMKII phosphorylation of GluK5-

containing KARs regulates their synaptic localisation by antagonising the 

interaction between GluK5 and PSD95 (Carta et al., 2013). 

Another important post-translational modification of kainate receptors is 

protein kinase C (PKC) phosphorylation. More precisely, PKC 

phosphorylation of GluK2 subunit at S846 and S868 residues regulates 

the surface expression of GluK2-containing KARs at several levels. It 

affects both GluK2 transit through the secretory pathway and KAR 

endocytosis and recycling back to the plasma membrane (Chamberlain 

et al., 2012). Recent studies have highlighted that phosphorylation of 

both sites occurs in response to kainate stimulation of cultured neurons 

and phosphorylation at S868 is required for agonist-induced endocytosis 

of GluK2 by promoting SUMOylation at K886. In addition, Chamberlain 

et al. (2012) showed that SUMOylation of GluK2 at K886 is required for 

activity-dependent long-term depression of kainate receptor-mediated 

synaptic transmission (KAR LTD) (Chamberlain et al., 2012). 

Interestingly, a critical trigger for SUMOylation is GluK2 phosphorylation 

by PKC required for KAR LTD. Moreover, SUMOylation can act as the 

switch between enhanced or decreased surface expression of KARs 

after PKC phosphorylation (Konopacki et al., 2011).  

Ubiquitination is another post-translational modification which also 

modulates kainate receptors. One major function of protein ubiquitination 

is to target proteins for lysosomal or proteasomal degradation. A study 

identified that the Parkinson’s disease associated ubiquitin ligase, Parkin, 

directly interacts with, and ubiquitinates, the C-terminus of GluK2 

(Maraschi et al., 2014). It was observed that Parkin ubiquitinates GluK2 

in both heterologous cells and cultured neurons, and knockdown of 
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Parkin increased GluK2 surface expression and increased vulnerability 

of hippocampal neurons to kainate-induced excitotoxicity (Maraschi et 

al., 2014). Thus, GluK2 is a Parkin target that may contribute to the 

excitotoxic cell death of substantia nigra neurons in Parkinson’s disease 

(Maraschi et al., 2014). 

 

1.3 Recombinant KAR activation and functional properties 

of wild type and mutated KARs 

Early studies have indicated that desensitization of KARs occurs faster 

at higher concentrations of glutamate (Lerma et al., 2001). The 

desensitization rates for GluK2 homomeric channels and for native 

receptors of hippocampal neurons were identical, with the exit from the 

desensitized state being much slower than its onset and dependent on 

the nature of the agonist. Thus the recovery of the channels upon 

exposure to glutamate was completed in 10 seconds. In contrast, 1 

minute was necessary for complete recovery after exposure to kainate. 

Two-electrode voltage clamp of Xenopus oocytes injected with cRNA 

encoding KAR subunits led to the observation that GluK2/GluK4 and 

GluK2/GluK5 heteromeric channels yield bell-shaped steady-state 

concentration-response curves in response to either glutamate or AMPA 

(Mott et al., 2010). In contrast, homomeric GluK2 channels produced a 

monophasic steady-state concentration-response curve that plateaued at 

high glutamate concentrations (Figure 1.8). Several specific Markov 

models can be fitted to GluK2/GluK4 heteromeric and GluK2 homomeric 

concentration-response data, indicating that two strikingly different 

agonist binding affinities exist. The high-affinity binding site led to channel 

opening and the low-affinity one resulted in strong desensitization after 

agonist binding (Mott et al., 2010). 

According to recent studies, activation of heteromeric GluK2/GluK4 

subunits can occur upon the binding of at least two molecules of agonist, 

while a transition to a desensitized state requires the binding of one 
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molecule of agonist (Kumar et al., 2011, Mott et al., 2010). Recovery from 

desensitization was similar for channels composed solely of GluK2 

subunits or GluK2 and GluK4 subunits. 

More recent studies (Fisher and Fisher, 2014) suggest that GluK1 and 

GluK2 differ primarily in their pharmacological properties, but that GluK4 

and GluK5 have distinct functional characteristics. In particular, GluK4 

and GluK5 were found to differ fundamentally in their contribution to 

receptor desensitization. More precisely, binding of agonist to only the 

GluK5 subunit appears to activate the channel to a non-desensitizing 

state, whilst binding to GluK4 does cause some desensitization (Fisher 

and Fisher, 2014). In addition, mutation of the agonist binding site of 

GluK5 results in a heteromeric receptor with glutamate sensitivity similar 

to homomeric GluK1 or GluK2 receptors, but higher agonist 

concentrations were required to produce desensitization. This showed 

that the onset of desensitization in heteromeric receptors is determined 

more by the number of subunits bound to agonist than by the identity of 

those subunits.  

An additional, subunit-dependent action of domoate at recombinant 

kainate receptors has been identified (Fisher, 2014). Domoate generates 

a small, long-lasting, tonic current when applied to heteromeric GluK2/K5 

receptors,  but also inhibits the GluK5 subunit and prevents its activation 

by other agonists for several minutes. Interestingly, these characteristic 

traits are not associated with the GluK1, GluK2, or GluK4 subunits and 

can be prevented by a mutation in GluK5 which reduces agonist binding 

affinity. The results of this study also showed that the domoate-

bound, GluK2/K5 heteromeric receptors can be fully activated by 

agonists acting through the GluK2 subunit, suggesting that the subunits 

within the tetramer can function independently to open the ion channel, 

and that the domoate-bound state is not a desensitized or blocked 

conformation.  

Fisher et al. (2013) examined the importance of occupancy of the agonist 

site of the GluK2 or GluK5 subunit for surface expression of heteromeric 
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receptors. Therefore, they created subunits with a mutation within the S2 

ligand-binding domain which decreased agonist affinity. Mutations at this 

site reduced functional surface expression of homomeric GluK2 

receptors, but surface expression of these receptors could be increased 

with either a competitive antagonist or co-assembly with wild-type GluK5.  

Such findings indicate that ligand binding to only the GluK5 subunit is 

necessary and sufficient enough to allow trafficking of recombinant 

GluK2/K5 heteromers to the cell membrane, but that occupancy of the 

GluK2 site alone is not (Fisher and Housley, 2013).  

 

 

Figure 1.8. Heteromeric GluK2/GluK4 and GluK2/GluK5 channels have biphasic steady 

state responses to glutamate. A) An example of raw data traces during application of 

glutamate (Glu) to an oocytes expressing homomeric GluK2 channels under voltage 

clamp. Both peak and steady state responses increase with increasing glutamate 

concentrations. B) Voltage clamp current traces from an oocyte expressing 

GluK2/GluK4 channels. Although peak responses increase with increasing glutamate, 

steady state currents decrease above 0.3μΜ. Arrows indicate the emergence of tail 

currents that appear upon the removal of glutamate. C) Steady state glutamate 

concentration-response curves for homomeric GluK2 (open squares) and heteromeric 

GluK2/GluK4 (filled circles) expressing oocytes. D) AMPA also yields a biphasic steady 

state concentration-response curve from oocytes expressing GluK2/GluK4 (filled 

circles) and GluK2/GluK5 (open circles). The figure is adapted from (Mott et al., 2010). 
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Recent studies have also focused on mutating different GluK functional 

domains in order to assess the pharmacological properties of KARs and 

to characterize the functional consequence of damaging mutations on a 

molecular level. Interestingly, the GluK2(M867I) mutation is thought to be 

a gain-of-function mutation (i.e., missense) and occurs only within the 

long (human) GluK2 isoform. A functional study investigated the effect of 

this mutation on the channel properties of the (human) GluK2 receptors 

(Han et al., 2010). Han et al. (2010) found that GluK2(M867I) mutation 

did not affect either the rate or the equilibrium constants of the channel 

opening, but instead slowed down the channel desensitisation rate by 

approximately 1.6-fold at saturating glutamate concentrations. Han et al. 

also hypothesized that an effect of this mutation on the desensitisation 

rate is directly linked to facilitating receptor trafficking and membrane 

expression given the proximity of M867 to the trafficking motif at the C-

terminus. 

Research studies also indicate that the GluK2(E738D) mutation lowers 

substantially the glutamate sensitivity in comparison to wild-type GluK2 

homomeric receptors (Mott et al., 2010, Fisher and Mott, 2011). When 

the GluK2(E738D) subunit was co-expressed with GluK4, the rising 

phase of the glutamate steady state concentration-response curve 

overlapped with the wild-type curve, whereas the declining phase was 

right-shifted towards lower affinity. In contrast, heteromeric 

GluK2(E738D)/GluK5 receptors showed no change in the glutamate 

EC50 values compared with the wild-type heteromeric KARs. However, 

higher concentrations of glutamate were required to produce complete 

desensitization (Fisher and Mott, 2011). Moreover, identification of a non 

desensitizing point mutant within the S1S2 domain of GluK2 

(GluK2(D776K)) gave insight into the KAR gating properties, since the 

deactivation rate of GluK2(D776K)-containing channels was significantly 

affected (i.e., slower deactivation) (Nayeem et al., 2009). 
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1.4 Kainate receptors and synaptic plasticity 

mechanisms 

Kainate receptors (KARs) have both presynaptic and postsynaptic 

actions.  KARs have both ionotropic and metabotropic actions by 

coupling with G-proteins and kinases. Presynaptic KARs decrease 

glutamate release at CA3-CA1 pyramidal cell synapses (Chittajallu et al., 

1996). KARs have also been shown to mediate the facilitation of 

glutamate release upon application of nanomolar concentrations of 

kainate. This facilitation of glutamate release requires KAR activation 

resulting in the accumulation of presynaptic calcium, the production of 

Ca2+–calmodulin complexes and the activation of adenylate cyclase and 

PKA (Schmitz et al., 2001).  

KARs also function as postsynaptic inducers of synaptic plasticity 

besides being regulated by plasticity themselves (Mellor, 2006). 

Recently, a novel form of AMPAR-LTP was discovered at CA3-CA1 

synapses that is mediated by activation of postsynaptic KARs (Petrovic 

et al., 2017). In this study, it was demonstrated that activation of 

postsynaptic KARs regulates excitability in the hippocampus through a 

metabotropic cascade, hence suggesting that the receptors are 

postsynaptically localized. Thus, although the mechanisms are still to be 

determined, it is clear that KAR metabotropic signaling plays a key role 

in directly mediating certain forms of AMPAR-mediated plasticity at CA1 

synapses.  

Another important facet of KAR physiology is the co-ordination and 

regulation of neuronal and network activity via regulation of both 

excitatory and inhibitory transmission. Presynaptic KARs downregulate 

GABA release from interneurons in the hippocampus through a 

metabotropic PKC and PLC dependent pathway that reduces inhibitory 

postsynaptic currents (Rodriguez-Moreno and Lerma, 1998, Jiang et al., 

2015).  
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1.5 Association of kainate receptor subunit genes 

(GRIKs) with brain disorders 

Evidence exists supporting the hypothesis that variants within GRIK 

(GRIK1-GRIK5) genes contribute to genetic risk for brain disorders 

(Lerma and Marques, 2013). Genetic mutations or variation within GRIK1 

was originally linked to risk for schizophrenia owing to reports that a 

reduction of GRIK1 RNA levels in the dorsolateral prefrontal cortex was 

found in schizophrenia individuals (Scarr et al., 2005).  GRIK1 has also 

been associated with the development of other developmental 

neurocognitive disorders and neuropharmacological states ((Haldeman-

Englert et al., 2010). For example, a normal appearing male with 

pervasive developmental disorder was found to have a de novo, 

balanced complex rearrangement involving chromosomes 6, 10 and 21, 

indicating an 8.8-Mb heterozygous deletion at 21q21.1 – q21.3. This 

deletion included NCAM2 and GRIK1 genes both of which have been 

associated with normal brain development and function and hence they 

were considered as possible candidate genes in this proband 

(Haldeman-Englert et al., 2010). In addition, pathogenic CNVs including 

gains of glutamate receptors (GRIK1, GRIM7) have been linked with 

severe early-onset obesity (Serra-Juhe et al., 2017).  

CNVs have been implicated as risk variants for autism and the genes 

reported to have been disrupted by ‘risk’ CNVs, include glutamate 

receptors subunits such as kainate receptor subunits GluK2 and GluK4 

(GRIK2, GRIK4) (Griswold et al., 2012).  GRIK2 has also been implicated 

in intellectual disability and developmental delay as indicated by the 

discovery of a de novo gain of function mutation within GRIK2 (Guzman 

et al., 2017). Moreover, rodent genetic studies of GRIK2, which encodes 

the kainate receptor subunit GluK2, suggest that deletion of GluK2 

subunit in mice induces diverse behavioral features of mania including 

hyperactivity, drive, aggressiveness, risk taking and sensitivity to 

psychostimulants (Shaltiel et al., 2008). 
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Genetic association family-based studies have also been conducted for 

the GRIK3 gene which encodes kainate receptor subunit GluK3. The 

findings indicated GRIK3 as a genetic factor that is potentially involved in 

major depressive disorder (MDD) (Schiffer and Heinemann, 2007). CNVs 

have been detected in one case of schizophrenia and one case of bipolar 

disorder over the genomic region housing GRIK3 (Wilson et al., 2006). 

There is also evidence that a common variant within GRIK3 (S310A) 

contributes to risk for schizophrenia as well as other psychiatric 

conditions (Begni et al., 2002, Ahmad et al., 2009, Djurovic et al., 2009, 

Minelli et al., 2009). 

As discussed earlier, GRIK4 is a clear candidate gene for 

neuropsychiatric diseases. A chromosome abnormality disrupting GRIK4 

was identified in an individual with chronic schizophrenia and mild 

learning disability (Pickard et al., 2006). Follow-up studies showed two 

haplotypes identified within this gene which were significantly associated 

with increased susceptibility for schizophrenia and protective against 

bipolar disorder (Figure 1.9) (Pickard et al., 2008). The first haplotype 

consisted of three single nucleotide polymorphism (SNP) markers. The 

latter bipolar disorder protective haplotype was located at the 3’ end of 

the gene (Pickard et al., 2006). Subsequent studies led to identification 

of a deletion variant (indel) within the 3’ untranslated region of the gene. 

This deletion allele was negatively associated with bipolar disorder in a 

case–control study supporting that it was the causal protective variant 

(Pickard et al., 2006, Knight et al., 2012). 
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Figure 1.9. Genetic findings of GRIK4 from a cytogenetic and association study. The 

figure shows the two identified haplotypes of which one was associated with 

schizophrenia (risk haplotype) and the latter one with bipolar disorder (protective 

haplotype).The figure is taken from Pickard et al. (2006). 

 

 

Subsequently, and utilizing immunology techniques, GluK4 indel 

genotype-protein expression correlation study was performed.  An 

increase in GluK4 protein expression in subjects with the protective 

deletion allele was found supporting the hypothesis that alterations in 

GluK4 expression putatively underlie changes in synaptic strength 

affecting specific brain circuitry and hence disease status (Knight et al., 

2012). This evidence supports the involvement of GRIK4 in the etiology 

of psychiatric illness and reinforces the original identification of GRIK4 

disruption by a rare cytogenetic rearrangement. In addition, it provides 

support for a direct link between alterations in RNA/protein expression 

and a potential model of the physiological consequences on synaptic and 

network activity (Blackwood et al., 2007, Knight et al., 2012).  

Other research has reported CNVs or copy number changes (CNCs) in 

patients with multiple congenital abnormalities and mental retardation 

(MCAMR) (Poot et al., 2010). It was observed that the identified CNVs 

were enriched for genes encoding subunits of the glutamate receptor 
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family (GRIA2, GRIA4, GRIK2 and GRIK4). Hence, disruption of both 

GRIK2 and GRIK4 genes has been indicated to potentially contribute to 

mental retardation (Poot et al., 2010). 

Evidence also suggests that mice overexpressing Grik4 in the forebrain 

region, display social impairment, enhanced anxiety and depressive 

states, accompanied by altered synaptic transmission, indicating more 

efficient information transfer through the hippocampal trisynaptic circuit 

(Arora et al., 2018). This finding demonstrates that the duplication of a 

single gene coding for the high-affinity GluK4 subunit in a limited area of 

the brain recapitulates behavioral endophenotypes seen in humans 

diagnosed with autism (anhedonia, depression, anxiety and altered 

social interaction) (Arora et al., 2018). In a follow up study, a mild gain of 

function in GluK4 (GluK4 duplication) enhanced synaptic transmission, 

causing a persistent imbalance in inhibitory and excitatory activity and 

disturbing the circuits responsible for the main amygdala outputs (Aller et 

al., 2015). 

Recurrent de novo mutations within GRIK5 have also been reported to 

confer increased risk for autism (Krumm et al., 2015). Trio families were 

studied in which the children had autism but the parents were non-

affected. Three de novo missense variants were identified in the case 

individuals but were not carried in parents. These results provide some 

of the first genetic evidence that single nucleotide variants (SNVs) such 

as those found in GRIK5/GluK5 and nonsense mutations, which truncate 

proteins, are enriched in autism probands (Krumm et al., 2015). As of 

submission of this study, no comprehensive screening of GRIK coding 

genetic variation has been conducted. 

Pharmacogenetic studies have demonstrated that the glutamate system 

plays an important role in modulating response to selective serotonin 

reuptake inhibitors (SSRIs) (Horstmann et al., 2010, Hu et al., 2007). 

Several studies have reported that genetic variation in GRIK4 is linked to 

patients’ response to selective serotonin reuptake inhibitor (SSRIs) drugs 

used to treat depression (Paddock et al., 2007a). Furthermore, it was 
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reported that GRIK4 genetic variations could modulate the response to 

antipsychotic treatment in cases treated with haloperidol, but further 

studies are required to be conducted to confirm this finding (Drago et al., 

2013b). 

 

1.6 Neto auxiliary proteins (Netos) 

Neuropilin Tolloid-like 1 and Neuropilin Tolloid-like 2 (Neto1 and Neto2) 

are integral membrane proteins which have been identified as auxiliary 

subunits of KARs (Straub and Tomita, 2012, Tang et al., 2011, Zhang et 

al., 2009). These auxiliary proteins of native KARs exert an important 

influence on KAR function. Indeed, these proteins radically alter the 

gating properties of KARs accounting for a number of previously 

unexplained properties of these receptors. 

 

1.6.1 Structure of Neto auxiliary proteins 

As described in a previous section, AMPA and kainate receptors have 

been found to associate with auxiliary subunits. While the AMPA 

receptors are regulated by a diverse group of auxiliary subunits (Jackson 

et al., 2011), only the Neto1 and Neto2 subunits have so far met all the 

criteria for auxiliary subunits of the kainate receptors (Copits and 

Swanson, 2012). More precisely, Neto1 and Neto2 have been identified 

as auxiliary subunits of KARs and they modulate their 

electrophysiological properties by co-assembling with GluK (1-5) 

subunits. Neto1 and Neto2 share an identical and unique domain 

structure representing a subfamily of transmembrane proteins containing 

CUB (complement C1r/C1s, Uegf, Bmp1) and LDLa (low- density- 

lipoprotein receptor class A) domains (Cousins et al., 2013, Lerma et al., 

2001). There are two discrete CUB domains which are structurally 

conserved, one LDLa domain and one transmembrane segment (as 

shown in Figure 1.10). More precisely, the two CUB domains and the 

LDLa domain for Neto1 have the following lengths (amino-acid positions): 
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41-155 AAs, 172-287 AAs and 291-327 AAs respectively. CUB1, CUB2 

and LDLa domains for Neto2 have the following lengths (amino-acid 

positions, AAs): 45-159 AAs, 177-292 AAs and 296-332 AAs. Neto1 has 

been shown to interact with NMDA receptors (Ng et al., 2009) as well as 

KARs (Copits and Swanson, 2012). More recently, it has been reported 

that Neto1 has more influence on KARs compared to Neto2 by 

modulating the agonist binding affinity and off-kinetics of KARs (Straub 

et al., 2011a). Neto1 contains one PDZ domain, which does not exist in 

Neto2 (Figure 1.8) (Copits et al., 2011). Previous studies have also 

indicated that the two CUB domains of Netos and the ATD domain of 

KARs are crucial for the KAR and Neto interaction (Sheng et al., 2017, 

Tang et al., 2011). 

 

 

 

Figure 1.10. Topology features of auxiliary subunit proteins which include Neto 

auxiliary proteins. In the figure, the main domains of these proteins are shown, 

e.g. CUB domain, LDLa domain, and the transmembrane segment (Copits et 

al., 2011). 
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1.6.2 Role of Neto auxiliary proteins 

In comparison with AMPAR and NMDAR, KARs exhibit very slow current 

decay kinetics in neurons and a distinct distribution revealed by [3H] 

kainate binding in the brain. Neto auxiliary proteins of native KARs 

influence KAR function either by altering gating properties or moderating 

the trafficking of KARs to synaptic sites (Zhang et al., 2009). The 

discovery of transmembrane proteins Neto1 and Neto2 as auxiliary KAR 

subunits provided an explanation why currents mediated by 

heterologously expressed KARs are small and brief relative to native 

KARs (Zhang et al., 2009).  

The distinctive slow channel kinetics of postsynaptic KARs are suggested 

to be determined by Neto1 (Straub et al., 2011a). For example, Neto1 

was shown to determine both the high-affinity binding pattern in the 

mouse brain and the channel properties of native KARs (Straub and 

Tomita, 2012, Straub et al., 2011a). Similarly, Neto2 is thought to 

modulate the kinetics and the agonist sensitivity of KARs in both 

heterologous cells and neurons (Straub and Tomita, 2012). 

Tang and coworkers (Tang et al., 2011) demonstrated that Neto1 and 

Neto2 interact with native KARs in the postsynaptic density. It was also 

reported that Neto1 and Neto2 interact with the GluK2 subunit mainly 

through the second CUB domain, whilst the LDLa domain was proven to 

be not necessary for Neto2 to interact with GluK2 (Tang et al., 2011). 

This latter study established Neto1 protein as an auxiliary subunit of 

KARs which affects receptor signaling through KAR surface localization 

and channel gating. Moreover, it was further demonstrated that Neto1 

plays a crucial role in regulating postsynaptic KARs at MF-CA3 synapses 

(Tang et al., 2011). 

Neto proteins have been shown to modulate important pharmacological 

properties of KARs, such as the decay kinetics and the agonist sensitivity. 

The effect of Neto1 and Neto2 on the properties of homomeric GluK2 

receptors has been explored by expression in the HEK-293 cell line. 

Neto1 and Neto2 were shown to reduce inward rectification and slow the 
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desensitization of recombinant GluK2 receptors by slowing the onset and 

enhancing the recovery from desensitization of KARs in a subunit-

dependent manner (Fisher and Mott, 2012, Straub et al., 2011b). Neto1 

protein was responsible for the decreased extent of desensitization and 

also slows deactivation and desensitization of GluK2/GluK5 receptors 

(Fisher and Mott, 2012). Sheng et al., found that Neto1 speeds up GluK1 

desensitization whilst Neto2 has the opposite effect. Neto2 was also 

shown to slow desensitization and deactivation of GluK2 receptors 

expressed in the HEK-293 cell line, but did not affect surface expression 

of GluK2 in Xenopus oocytes (Sheng et al., 2015). Neto proteins have 

also been reported to be necessary for KAR targeting to synaptic sites. 

Moreover, synaptic KARs lacking Neto proteins displayed rapid onset 

and decay kinetics while the presence of Neto proteins conferred the slow 

kinetics on KAR-mediated synaptic events (Palacios-Filardo et al., 2014).  

Palacios-Filardo et al. (2014) also showed that Neto proteins affected 

significantly the desensitisation and affinity of KARs (Palacios-Filardo et 

al., 2014). Neto1 drastically accelerated the recovery from the 

desensitized state of GluK1, GluK2, and GluK3, while Neto2 only 

accelerated the recovery of GluK2. However, both Neto1 and Neto2 

subunits decelerated the desensitization of GluK2 homomeric channels. 

Moreover, Fisher and Mott (2013) attempted to characterize the effect of 

Neto1 auxiliary protein on the glutamate sensitivity and pharmacological 

properties of recombinant KARs (Fisher and Mott, 2013). They showed 

that Neto1 reduces the onset of desensitization and speeds recovery 

from desensitization of both homomeric (GluK2) and heteromeric (with 

GluK4 or GluK5) receptors. The largest impact of Neto1 was observed at 

sub-maximal glutamate concentrations, suggesting that one functional 

role is to reduce desensitization in partially bound receptors. As 

mentioned previously, Neto1 co-assembled with KARs in neurons, 

possibly alters the kinetics of the postsynaptic response and regulates 

the efficacy of glutamate neurotransmission (Fisher and Mott, 2013). A 

recent follow-up study showed that Neto2 slows onset of desensitization 

of GluK2 (and GluK1) receptors at all levels of activation (Fisher, 2015). 
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The peak current amplitude of KARs co-assembled with Neto proteins 

was characterized by variability with some studies reporting an increase 

in the current amplitude and others reporting no significant change in it 

(Fisher, 2015, Straub et al., 2011b, Tomita and Castillo, 2012). 

GluK1 homomers co-assembled with either Neto1 or Neto2 have been 

characterized by a significant increase in glutamate sensitivity and a 

slower onset of desensitization at low glutamate concentrations (Fisher, 

2015). However, when higher glutamate concentrations were applied, the 

main effect of Neto2 was to slow the onset of desensitization, whilst that 

of Neto1 was to increase recovery from desensitization. Co-expression 

of Neto2 with GluK2 homomers led to modest effects on glutamate 

sensitivity, but increased the rate of recovery from desensitization as well 

as slowing its onset at all agonist concentrations (Fisher, 2015). In 

addition, findings from chimeric Neto1/Neto2 subunits provided strong 

evidence that the extracellular N-terminal region including the two CUB 

domains was mainly responsible for the distinct regulatory effects of 

Neto1 and Neto2 on the desensitization properties of GluK1 homomers 

(Fisher, 2015). Neto proteins were also shown to influence the KAR 

gating properties. For example, Griffith et al., showed that M3-S2 linkers 

play a crucial role in KAR gating and specific residues in these linkers 

influence Neto2 modulation of KAR desensitisation in an agonist specific 

way. In addition, they showed that mutations in the M3-S2 linkers 

eliminate cation sensitivity of KARs. Moreover, cation sensitivity of KAR 

gating is modulated by Neto2 interaction with KARs and that the stability 

of the D1 dimer interface in the LBD is pivotal for any Neto2 interactions 

(Griffith and Swanson, 2015). 

 

1.6.3 Neto auxiliary proteins (Netos) and neuropsychiatric disorders   

Chimeric genes can be caused by structural genomic rearrangements 

that fuse together portions of two different genes to create a novel gene. 

A study by Rippey et al. (2013) reported that brain–expressed chimeras 

may contribute to schizophrenia by disrupting two specific genes, one of 
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which encoded the NETO2 protein. This finding implicates that NETOs 

may also contribute to schizophrenia disease risk (Rippey et al., 2013). 

In a GWAS study, SNPs associated with attention function in adult 

attention deficit/hyperactivity disorder (ADHD) were identified and tested 

whether these associations were enriched for specific biological 

pathways. Interestingly, NETO1 was amongst the genes associated with   

synaptic plasticity and cognitive function mechanisms as well as 

neurological and neuropsychiatric disease phenotypes (Alemany et al., 

2015). This finding adds up to the current knowledge about the 

implication of NETO genes in neurodevelopmental disease phenotypes. 

However, a full screening of NETO (coding) genetic variation is yet to be 

conducted.  

 

1.7 Xenopus laevis oocyte expression system for studying 

ion channels 

The unfertilised oocytes of the Xenopus laevis South African clawed frog 

have long been used as a model for expressing protein receptors, 

transporters and ion channels to study drug response (Buckingham et al., 

2006, Maldifassi et al., 2016). First described more than 40 years ago, 

Gurdon and colleagues successfully expressed functional proteins in 

Xenopus oocytes injected with genetic materials. DNA injected into the 

nuclei or RNA into the cytoplasm of the cell will be processed into 

functional proteins expressed on the cell surface (Gurdon et al., 1971, 

Mertz and Gurdon, 1977). The processing of genetic materials in 

Xenopus oocytes is presented in Figure 1.11.  

The oocyte expression system has been demonstrated to faithfully 

translate many ion channel and receptor proteins (Gundersen et al., 

1983, Sakai et al., 1986, Schofield et al., 1989, Sumikawa et al., 1981, 

Barnard et al., 1982, Gundersen et al., 1984). Due to their large size, the 

Xenopus oocytes provide the user many advantages over other 

eukaryotic functional expression systems, like the ease of handling and 
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control of the oocytes environment and the facility and speed of transfer 

of genetic material desired for expression through microinjection (Sigel, 

1990). 

Τhe oocytes are obtained by ovariectomy of adult females and are 

immature eggs that are not competent for fertilization (Bianchi and 

Driscoll, 2006). Oocytes can be divided into six stages depending on the 

anatomy of the developing oocytes. Stage I oocytes are from 50 to 

100μm in diameter and colorless, a large nucleus and mitochondrial 

mass is clearly visible in their transparent cytoplasm at this stage. During 

oocyte development vitellogenesis and pigmentation begins during stage 

III and continues through to stage IV. Stage IV is a period of rapid growth 

for the oocytes which expands to 600 to 1000μm in diameter and during 

this growth phase the animal and vegetal hemispheres become 

differentiated. By stage V vitellogenesis and growth gradually begins to 

cease with oocytes having almost reached their maximum size of 1000 

to 1200μm. Stage VI oocytes are post-vitellogenic, 1200 to 1300μm in 

diameter and they are mainly characterized by the appearance of an 

unpigmented equatorial band. Stage V and VI oocytes are used for 

electrophysiological experiments, especially when it comes to channel 

physiology (Figure 1.12). 

Oocytes have two poles or hemispheres, the animal pole and the vegetal 

pole, which are dark brown and yellow in colour respectively. Once 

removed from the Xenopus laevis, oocytes must be treated either 

manually or with collagenase solution to remove connective tissue and a 

layer of follicle cells that surround the oocytes. 
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Figure 1.11. Genetic processing of injected DNA/RNA in Xenopus laevis oocytes into 

ion channels/receptors. The figure is adapted from Kachel (2014).  RNA transcription 

and translation are necessary procedures to ensure efficient expression of the assessed 

proteins in the Xenopus oocyte membrane, when DNA instead of RNA is injected. 

 

 

 

Figure 1.12.  Xenopus oocytes showing developmental stages I-VI. Stage numbers are 

marked above the relevant oocytes (Mowry and Cote, 1999, Allen et al., 2007). Oocytes 

at stage V and VI were selected for cRNA injection as they are found to be optimal for 

processing of genetic materials into functional proteins. 
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1.8 Aims of the study 

This thesis hypothesizes that that potential pathological genetic variants 

within genes encoding KAR subunits and NETO proteins, contribute to 

risk or protection for developing neuropsychiatric disorders. One aim of 

the study is to identify genetic variation within these genes which may 

contribute to disease risk and to investigate how genetic risk factors such 

as functional mutations may be relevant to the understanding of the 

etiology of mental illnesses. Another aim of the study was to assess the 

effect of Neto proteins and pharmacological interventions for psychiatric 

disease on KAR function. Moreover, the relationship between cognitive 

performance and a deletion allele within GluK4 protective against risk for 

bipolar disorder was investigated within 1,642 individuals from the 

TwinsUK study. 

The objectives of each chapter of this PhD thesis are as follows:  

Chapter 3: To screen and perform rare variant association analysis of 

KAR subunit and NETO genes using next generation sequencing 

(exome/whole genome) data from neuropsychiatric case and control 

samples available from the UK10K project and to characterise GRIK and 

NETO coding variation within neurodevelopmental endophenotypes. 

Chapter 4:  To perform genetic variant burden analysis of functional 

variants across GRIK and NETO genes. 

Chapter 5:  To investigate the previously identified protective GRIK4 

indel variant for mood disorders for an association with cognitive 

performance across diagnoses.  

Chapter 6: To investigate the effect of Neto proteins on KAR ionic 

function by utilizing voltage-clamp assays. This the first study where the 

electrophysiological properties of exclusively human KAR subunit and 

Neto clones (h.Neto1-S, h.Neto2) were investigated. 
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Chapter 7: To assess the effect of GluK2(K525E), GluK4(Y555N) and 

GluK4(L825W) mutations on the agonist sensitivity and the decay 

kinetics properties of KARs. 
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MATERIALS AND METHODS 
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2   Materials and Methods 

2.1   Cohorts and samples 

Access was granted to sequencing data of neurodevelopmental disease 

and healthy control cohorts belonging to the UK10K project. Ethical 

permission was granted by an Ethical Governance Framework, which 

was drafted by the Ethical Advisory Group of the UK10K project.  The 

UK10K project is a large-scale collaborative study beginning in 2010. Its 

objective was to sequence 10,000 genomes, 4000 at the whole-genome 

sequencing level and 6000 at the whole-exome sequencing level. In 

doing this, the study aimed to better understand the contribution of rare 

variants.  

Sequencing data from the 15 datasets were used for the genetic analysis; 

thirteen datasets were neurodevelopmental disorder datasets and two 

were control individuals datasets. Further details are provided below and 

in Table 2.1. Datasets 1-10 comprised the first case discovery study (first 

discovery phase), datasets 11-13 were used as replication case studies 

(second discovery phase and mega-pedigree) and datasets 14-15 were 

the control datasets of the study (general control population). Primary 

clinical disease-related phenotypes included schizophrenia, bipolar 

disorder, major depressive disorder, psychosis, autism, intellectual 

disability and autism spectrum disorder (ASD).   

The first discovery phase was comprised of Individuals with a clinical 

diagnosis of neurodevelopmental disorders, who were exome sequenced 

as part of ten neurodevelopmental collections (Aberdeen, Collier, 

Edinburgh, Gurling, Muir, Gallagher, Skuse, FIND, IMGSAC, MGAS; N = 

1773) in the UK10K sequencing project (http://www.uk10k.org/). More 

precisely, there were 846 individuals with schizophrenia or psychosis, 

553 individuals with ASD, 124 individuals with intellectual disability, and 

250 individuals with a dual diagnosis ‘duals’ (175 psychosis comorbid 

with ID and 75 ASD comorbid with ID). In a second discovery phase, two 

additional schizophrenia cohorts were investigated as well as 128 

http://www.uk10k.org/
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individuals with schizophrenia belonging to a Finnish ‘mega-pedigree’ 

(UKSCZ, FSZNK, N = 838; FSZ, N = 128). 

Population controls came from two datasets of the non-psychiatric arms 

of the UK10K project (TwinsUK10K and Obesity controls UK10K; N = 

2257). Additional details on the UK10K datasets used are described in 

Table 2.1 and in the section below. An additional control population was 

examined by analysis of exomes data from the non-psychiatric arm of the 

Exome Aggregation Consortium (ExAC) (N = 45,286). 

 

2.1.1 Neuropsychiatric and neurodevelopmental datasets (UK10K 

cohorts) 

This section provides a detailed description of the phenotypic data of 

each dataset assessed in this study. The main release version of each 

dataset was used, unless indicated otherwise, and usually the main 

release of each dataset included the majority of the samples. Numbers 

of individuals for each diagnosis on each dataset are also provided. 

Dataset 1, UK10K_NEURO_MUIR, EGAD00001000443 included 

subjects with: schizophrenia (N = 166), schizophrenia comorbid with 

autism (N = 91), other psychoses (N = 18) and psychosis with mental 

retardation (N = 59). Dataset 2, UK10K_NEURO_EDINBURGH, 

EGAD00001000438 (Main release) included subjects with schizophrenia 

(N = 234) recruited from psychiatric in-patient and out-patient facilities in 

Scotland. Phenotypic data about the samples of this study which relate 

to diagnosis were kindly provided by Professor Douglas Blackwood 

(principal investigator for Dataset 2). 

Dataset 3, UK10K_NEURO_ABERDEEN, EGAD00001000433 (N = 392) 

(Main release) included 392 cases of schizophrenia collected in 

Aberdeen, Scotland. Dataset 4, UK10K_NEURO_IOP_COLLIER, 

EGAD00001000442 (N = 172) (Main release) was comprised of samples 

from three different studies with a total number of 172 subjects. The three 

different studies were the following; subjects with schizophrenia 
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(Genetics and Psychosis set); subjects with psychotic symptoms 

(Maudsley twin series set); subjects whose families have a history of 

schizophrenia or bipolar disorder (Maudsley family study). 

Dataset 5, UK10K_NEURO_ASD_SKUSE, EGAD00001000614, also of 

UK origin, consists of clinically identified subjects with Autism Spectrum 

Disorders (ASD), mostly without intellectual disability (i.e. Verbal IQ > 

70). The subjects were comprised of children and adults with Autism, 

Asperger syndrome or Atypical Autism, of which a minority has identified 

comorbid neurodevelopmental disorders (e.g., ADHD). Dataset 6, 

UK10K_NEURO_ASD_GALLAGHER, EGAD00001000436, consists of 

individuals with ASD of Irish origin, of which approximately 50% has 

comorbid intellectual disability. Dataset 7, UK10K_NEURO_GURLING, 

EGAD00001000440, consists of DNA from multiply affected 

schizophrenia families. All families have multiple cases of schizophrenia 

and related disorders. The families were selected to ensure that there are 

no cases of bipolar disorder within them and that they do not contain 

bipolar disorder in any relatives on either side of the family. 

Dataset 8, Familial Intellectual Disability (FIND), EGAD00001000416, is 

a cohort of families with intellectual impairment. Affected members in 

families are at the extreme end of the spectrum with the majority having 

moderate to severe intellectual disability. Dataset 9, 

UK10K_NEURO_ASD_MGAS, EGAD00001000613, is comprised of 

MGAS (Molecular Genetics of Autism Study) samples derived from a 

clinical sample seen by specialists at the Maudsley hospital. Dataset 10, 

UK10K_NEURO_IMGSAC, EGAD00001000441, represents an 

international collection of families containing children ascertained for 

ASDs (autism spectrum disorders) and all of UK origin. Where possible, 

karyotyping has been performed on one affected individual per family to 

exclude Fragile X syndrome.  

Dataset 11, UK10K_NEURO_UKSCZ, EGAD00001000430, includes 

samples collected from throughout the UK and Ireland which fall in two 

main categories. The diagnosis in all instances was either schizophrenia 
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or schizoaffective disorder. The first group consists of cases with a 

positive family history of schizophrenia, either collected as sib-pairs or 

from multiplex kindreds. The second group consists mainly of samples 

collected within the South Wales. Dataset 12, UK10K_NEURO_FSZNK, 

EGAD00001000439, is a Finnish schizophrenia sample set which has 

been collected from a population cohort using national registers. The 

entire sample collection consists of 2756 individuals from 458 families of 

whom 931 are diagnosed with schizophrenia spectrum disorder. Families 

outside Kuusamo (N = 288) all had at least two affected siblings. Dataset 

13, UK10K_NEURO_FSZ, EGAD00001000615, is a Finnish 

schizophrenia mega pedigree comprised of 170 families which originate 

from an internal isolate (Kuusamo) with a three-fold life time risk for the 

trait. The genealogy of the internal isolate is well documented and this 

"mega pedigree" reaches back to the 17th Century.  

 

2.1.2 Obesity and Twins UK10K cohorts 

Dataset 14, UK10K_OBESITY_GS, EGAD00001000431, is a family-

based genetic study with more than 24,000 volunteers across Scotland, 

consisting of DNA, clinical and socio-demographic data. This data set 

consists of 110 individuals from informative families with extreme obesity 

and includes trios of extreme obese individuals with non-obese patents, 

as well as multiple obese subjects within the same family.  Individuals 

known to be related i.e. children, trios, or family members, were excluded 

to ensure a non-related control population. 

Dataset 15, UK10K_COHORT_TWINSUK, EGAD00001000194 is a 

control database used to study the genetic and environmental aetiology 

of age-related complex traits and diseases. TwinsUK is a longitudinal 

registry of around 12,000 twins of all ages which began in 1992. The 

Twins UK10K cohort is made up from genetic data from one individual 

from each pair of twins. The data provided for TwinsUK is conglomerated 

from multiple stages of clinical assessments, from baseline assessments 

between 1992 and 2004 to follow up assessments continuing from 2004 
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onwards. All individuals within the TwinsUK cohort are female.  

Application was arranged and approved for the use of relevant 

biochemical, cognitive, and demographic variables through the 

Department of Twins Research, Kings College London. Access was 

granted by the TwinsUK Resource Executive Committee. 

UK10K program is a nationwide initiative which aims to bring together 

genetic information from 10,000 individuals. Data access was agreed 

with the UK10K Project for a specific set of sequencing data for a number 

of cohort studies, including 1870 individuals from the TwinsUK cohort 

(accession numbers EGAD00001000194, EGAD00001000741, 

EGAD00001000790). 
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Datasets 
Depth 

coverage 
N Phenotype 

Seq. 
context 

 
UK10K_RARE_FIND (124)  

Main release 
>40x 124 ID Exome 

UK10K_NEURO_ASD_  
GALLAGHER 

<10x 77 ASD with ID Exome 

UK10K_NEURO_ASD_SKUSE >40x 341 ASD  Exome 

UK10K_NEURO_IOP_COLLIER ~20x 172 SCZ, BP, Psy Exome 

UK10K_NEURO_MUIR >50x 175 
SCZ, ASD, 
Psy with ID 

Exome 

UK10K_NEURO_EDINBURGH >50x 234 SCZ Exome 

UK10K_NEURO_ABERDEEN >50x 392 SCZ Exome 

UK10K_NEURO_GURLING >40x 48 SCZ Exome 

UK10K_COHORT_IMGSAC 45x 113 ASD Exome 

UK10K_COHORT_MGAS 45x 97 ASD Exome 

UK10K_NEURO_UKSCZ 50x 553 SCZ Exome 

          UK10K_NEURO_FSZ        50x 128          SCZ      Exome 

UK10K_NEURO_FSZNK 30x 285 SCZ Exome 

UK10K_OBESITY_TWINSUK >30x 403 Controls Exome 

UK10K_COHORT_TWINSUK <12x 1854 Controls 
Whole 

genome 

 

Table 2.1. Neurodevelopmental and control cohorts (UK10K project datasets) used for 

NGS analysis. Information about the depth coverage, the number of individuals, 

diagnostic phenotype and the sequencing context is provided.  

Abbreviations: N, number of individuals; SCZ, schizophrenia; ID, intellectual disability; 

ASD, autism spectrum disorder; BP, bipolar disorder; Psy, psychosis; Aut, autism; 

Controls, control population.  

 

 

 

 

 

 



55 
 

2.2 Bioinformatics pipeline  

In order to evaluate potential risk variants identified by next generation 

exome sequencing data of candidate genes, a pipeline was created and 

included the steps detailed below (Figure 2.1). Multiple variant analysis 

and VCF process tools were used which are described in the sections 

below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Schematic diagram of the bioinformatics pipeline followed in this study. The 

primary goal was to identify rare damaging variants within GRIKs and NETOs. The 

pipeline included steps for variant evaluation and quality control, variant functional 

annotation and rare-variant association tests of rare damaging variants. Rare-variant 

association tests assess the contribution of the genetic burden of damaging variants to 

disease risk, when these variants are ‘collapsed’ as one damaging variant.  

Abbreviations: SKAT, Sequence kernel association test; KBAC, Kernel Based Adaptive 

Clustering test; CMC, Combined Multivariate and Collapsing test; VT, Variable threshold 

test; RVT1, Rare Variants Association Test 1; BP, bipolar disorder; SCZ, schizophrenia; 

ASD, autism spectrum disorder; ID, intellectual disability; GTEx, genotype tissue 

expression project; BAM, binery alignment map; VEP, variant effect predictor; SDM, 

splicing disruption motifs; LoF, loss of function; GERP, Genomic Evolutionary Rate 

Profiling. 



56 
 

2.2.1 NGS Variant calling  

Next generation whole exome and whole genome sequencing variant call 

files (VCFs) were obtained from the European Genome-phenome 

Archive (EGA) under study accession code EGAD00000000079. The 

project approval number was ID5574 under the UK10K agreement.   

A difference in the read depth between whole genome and whole exome 

sequencing data was observed. The average read depth for whole 

exome sequencing was 80x and the lower limit accepted for each variant 

was a 15x read depth in all samples. Selected Binary Alignment map 

(BAM) files were also downloaded for specific individuals to corroborate 

the sequencing quality in the VCF files if, and where, appropriate.  

GRIK and NETO genes were assessed in this study with co-ordinates 

displayed in Table 2.2 (build: hg19/GRCh37). Genotype-Tissue 

Expression Project (GTEx) was used to identify the primary transcript 

expressed in brain for each candidate gene. Both brain-expressed and 

canonical transcripts of the genes were examined in the candidate gene 

analysis (Table 2.3). This way, it was ensured that GRIK and NETO 

genes are highly expressed in brain regions.  

To simplify abbreviations and protein names, “NETO” indicates the 

human Neto genes, “h.Neto” indicates the human Neto protein isoforms 

and the term “Neto” is the collective term referring to Neto subunits.  

VCF files were processed using VCFtools, a package of C++ executables 

and PERL scripts to select regions or genes of interest. Using VCFtools, 

the transcripts of interest were cut from the larger whole-exome and 

whole-genome datasets, and these files were converted from VCF format 

to a .tab file.  After performing quality control, the first discovery phase 

was comprised of 1648 individuals, the second discovery phase of 838 

individuals, the schizophrenia mega-pedigree of 128 individuals and the 

total number of control individuals was 2095. 
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Table 2.2. GRIK and NETO genes co-ordinates used in the NGS analysis (build: 

hg19/GRCh37). One kilobase (kb) window was added in each side of the chromosome 

location of each gene in an attempt to include any 3’, 5’, or splicing variants at the 

extremities of each genetic region. 

 

 

Table 2.3. Gene name, HGNC gene ID, OMIM gene ID, RNA transcript and Protein 

codes of the GRIK and NETO genes. Gene names are obtained from the UCSC 

browser, HGNC genes codes from the HGNC browser, RNA transcript codes from 

Ensembl browser and protein codes from the Uniprot database. Abbreviations: HGNC, 

Hugo Gene Nomenclature Committee; OMIM, Online Mendelian Inheritance in Man. 

 

Gene HGNC OMIM Transcript code Protein 

GRIK1    4579 138245 ENST00000327783 E7ENK3 

GRIK2 4580 138244 NM_021956 NP_068775 

GRIK3 4581 138243 NM_000831 NP_000822 

GRIK4 4582 600282 NM_01282470 NP_001269399 

GRIK5 4583 600283 NM_002088 NP_002079 

NETO1 13823 607973 NM_001201465 NP_001188394 

NETO2 14644 607974 NM_001201477 NP_00188406 

http://www.ncbi.nlm.nih.gov/nuccore/NP_000821
http://www.ncbi.nlm.nih.gov/nuccore/NM_021956
http://www.ncbi.nlm.nih.gov/nuccore/NP_068775
http://www.ncbi.nlm.nih.gov/nuccore/NM_000831
http://www.ncbi.nlm.nih.gov/nuccore/NP_000822
http://www.ncbi.nlm.nih.gov/nuccore/NM_002088
http://www.ncbi.nlm.nih.gov/nuccore/NP_002079
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VCFtools were also used to generate minor allele frequencies (MAF) in 

particular cohorts, or for all of the cohorts combined to give a total MAF 

for the total population of this study (Appendix 3). A MAF for each variant 

within each dataset during the variant annotation process was also 

calculated. This was conducted in order to visually assess any 

discrepancies in the data (e.g. poor sequencing quality) that could lead 

to inaccurate MAF calculation.  

An additional quality control processing step was performed by 

discarding poor sequencing and genotype quality loci. Variants with a 

read depth < 8x or variants with missing data in > 25% of samples were 

removed. 

 

2.2.2 Variant analysis & annotation 

In this study, and based on minor allele frequencies, variants were 

classified as common (MAF > 0.05), low frequency (MAF = 0.05 - 0.01), 

rare (MAF = 0.01 - 0.001) and ultra-rare (MAF = 0.001 - 0.0001). Variants 

were also classified by functional consequences and grouped as loss-of-

function (LoF) variants (stop-gained, frameshift and splice-disrupting 

variants), missense, synonymous, non-damaging splicing site variants 

and 3’UTR or 5’UTR variants. Loss-of-function (LoF) annotation was 

performed using LOFTEE (Loss-of-Function Transcript Effect Estimator, 

LOFTEE version 0.2, Appendix 13). The LOFTEE tool considers all stop-

gained, splice-disrupting and frameshift variants, whilst it filters out many 

known false-positive modes. Only high-confidence (HC) LoF variants 

were selected for further analysis, i.e. LoF variants were predicted as 

high confidence (HC) if there was one transcript that passes all filters. 

Otherwise they were predicted as low confidence (LC) and dismissed 

from further analysis.  

LoF estimate intolerant values (probability of LoF intolerance (pLI) 

scores) and estimate missense intolerant scores for each candidate gene 

were first assessed using the values obtained from the ExAC browser. 
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Functional annotation of all coding variants was conducted by using 

SnpEff, SnpSift dbNSFP, Ensembl Variant Effect Predictor (VEP) version 

77 and additional bioinformatics tools (Mutation Taster, PantherDb, Align 

GVGD) (Schwarz et al., 2014, Thomas et al., 2003, Tavtigian et al., 2006, 

Cingolani et al., 2012, McLaren et al., 2016, Liu et al., 2011), as well as 

the genomic Evolutionary Rate Profiling (GERP) conservation score. 

Class of variant, specific amino acid and nucleotide change, and whether 

variants had been previously identified, were annotated by using snpEff 

and dbNSFP. MAFs were obtained from the following general control 

population projects: 1000 Genomes Project (N = 1000) European minor 

allele frequency (EUR MAF); Exome Sequencing Project for American–

European Populations (N = 4300); and the large ExAC (Exome 

Aggregation Consortium) database of 60,706 individuals.  

The Variant Effect Predictor (VEP), which an online tool for the GRCh37 

human genome build within Ensembl, was also used. No difference was 

found in the annotated results for the variants between VEP and the use 

of other tools such as snpEff and dbNSFP. Moreover, a protein damaging 

predicting score system for the variants was developed. If more than 3 of 

the tools indicated a damaging or benign score, the variant was 

characterized as damaging or benign respectively. Otherwise, they were 

characterized as ‘possibly damaging’. 

Intronic variants located within 10 bp surrounding the exon boundaries 

and predicted to have a functional spicing effect were included in this 

study. Potential splicing effects were further assessed using the Human 

Splicing Finder (HSF 3.0) and the Splice Disruption Model (SDM) 

provided by GTEx. For HSF 3.0, consensus scores of > 70 denoted a 

probable splice site and a 10% or greater difference between wild type 

and mutant motifs consensus score indicated a gain or loss of a splice 

site. SDM highlights potential variants found within splicing motifs that 

could potentially disrupt splicing (SDM values available at the GTEx 

browser).   
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The sequencing context was manually checked and protein damaging 

coding variants were confirmed by visual assessment of Binary alignment 

map (BAM) files using the Integrative Genomics Viewer (IGV).  BAM files 

were compiled using SAMtools and Standard bash/Unix commands 

detailed in the Appendix 3. 

 

2.2.3 Merging datasets 

To assess each gene across the neurodevelopmental (SCZ, Autism, 

ASD, ID, BP) and control cohorts, we merged the VCF files for each GRIK 

and NETO gene into one VCF file. To do this, VCFtools and tabix tools 

were implemented for this purpose. The commands are also presented 

in Appendix 3.  

 

2.2.4 Genotype Imputation 

Genotype imputation (also known as in silico genotyping) is an essential 

tool in GWAS studies which imputes sequence variation at genetic 

markers that are not directly genotyped. Genetic imputation estimates 

variant calls based on haplotypes (shared inherited genetic markers 

across groups of genes) from reference panels of genetic information 

from thousands of individuals, allowing for accurate replacement of the 

missing calls with allelic genotypes. In the case of the UK10K sequencing 

datasets, genotype imputation was used for variants of any frequency 

(common, low-frequency, rare) called in one dataset but not called in 

another. This way, it was ensured that variants across all cohorts were 

compared, even though they were initially called in one or a few datasets.  

IMPUTE2 software was used because it enables the study of rare and 

low-frequency variants (Howie et al., 2009). The most up-to-date 

imputation panel available within IMPUTE2 is the 1000 Genomes Project 

Phase 3 release (October 2014) which was used for the imputation 

protocol in this study. IMPUTE2 provides the correct map information 

(recombination rates between positions), haplotype information (record 
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of known haplotypes to guide IMPUTE2), and legend information (details 

of variants in the data) for the 1000 Genomes Project Phase 3. Amongst 

the information included in the legend file is the chromosome notation, 

chromosome position and the nucleotide base change. This panel 

contains 81,706,022 sites detailed in Table 2.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.4. Positions within the most recent and up-to-date imputation panel available 

within IMPUTE2 which is the 1000 Genomes Project Phase 3 release. This panel 

contains 81,706,022 sites as detailed in the table (adapted from www.impute2.org).  

Abbreviations: SNP, single nucleotide polymorphism; INDEL, insertion/deletion; DEL, 

deletion; DUP, duplication; INV, inversion; MNP, multiple nucleotide polymorphism; 

CNV, copy number variant; INS, insertion; ALU, arthrobacter luteus elements; LINE, 

long interspersed elements; SVA, SINE/VINE/ALU elements. 

 

http://www.impute2.org/
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The imputation protocol included the use of multiple tools in addition to 

IMPUTE2, including VCFtools, PLINK, GTOOL, and BCFtools. PLINK 

version  1.9  was used to convert the VCF files into Oxford-formatted 

GEN and SAMPLE files for IMPUTE2 and then back into VCF files via 

BED file transformation for downstream analysis. GTOOL is a program 

for transforming sets of genotype data produced from tools such 

IMPUTE2. BCFtools is a set of utilities used for manipulation of VCF files 

and its binary counterpart (BCF) files. BCFtools was used to remove any 

additional variants during imputation, so that the VCF files included only 

variants of interest and variants shared across all cohorts (Appendix 3). 

Imputation was performed on a merged gene-by-gene basis rather than 

for all candidate genes at the same time, since this process is 

computationally intensive. Therefore, splitting this process into a gene-

by-gene analysis based on the chromosome notation, allows 

improvement of the imputation performance and accuracy. An amended 

legend file was used during imputation, which included any variants 

present in the merged VCF file, but missing from the 1000 Genomes 

Project Phase 3 legend file. This was performed because the ‘flipping’ of 

certain reference alleles was observed (e.g., 2,1 as opposed to 1,2) 

during the imputation, since some of the variants present in the merged 

VCF file were not found in the legend file. In addition, variants that were 

not interesting for this analysis (i.e., intronic), variants that were not 

shared between all assessed cohorts, variants that were erroneously 

called and variants that had high missing rates in the cohort samples 

(missing in more than 10% of our case population size) were also 

removed. 
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2.3 Next generation sequencing statistical analysis 

 

2.3.1 Single variant association analysis 

Single association analysis was performed using Fisher’s exact test and 

conducted for all variants included in the rare variant analysis. P-values 

were adjusted for correction by using the Holm-Bonferroni method.  

Odds ratio and confidence interval values were calculated in R software. 

Odds ratios were converted to effect sizes by using the following simple 

arithmetic calculation, ln(OR)/1.21, as described by (Chinn, 2000). The 

False Discovery Rate (FDR) was also calculated which is a different 

statistical correction applied to p values calculated from Fisher’s Exact 

Test. The ‘qvalue’ package from Bioconductor was run in R to estimate 

the local FDR values from p values. The same package was used to 

estimate the qvalues which are also adjusted p values found using an 

optimised FDR approach. The q-value of a test measure is the proportion 

of false positives incurred (called the false discovery rate) when that 

particular test is called significant. The most stringent correction of p-

values, which was the one adopted for the statistical analysis, is the 

Holm-Bonferroni correction. By applying these three different corrections 

to the Fisher’s Exact Test p values (Holm-Bonferroni, FDR, q values), the 

possibility of false positives (false positive discoveries) is minimized. 

A Manhattan plot is a plot of the negative logarithm of the corrected 

Fisher’s exact test p values (y axis) against the chromosome position (x 

axis). In order to create Manhattan plots for the Fisher’s exact test results, 

the external package “qqman” was used and loaded into R. Following the 

most recent GWAS analysis protocols, 5 x 10-8 was the selected 

threshold of statistical significance. Variants close to the nominal level of 

GWA significance (p = 1 x 10-6) were also annotated. 

 

As the final part of the single allele association analysis, the alpha power 

was calculated. Alpha power stands for the p value cut-off that yields 

desired average power (80%) given a sample and effect size by utilising 
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the “FDRsampsize” package in R. QQ plots or quantile-quantile plots 

were created also by using the “qqman” R package. The observed 

logarithm of p values from the single allele association tests (Fisher’s 

exact test p-values with Bonferroni correction applied) was plotted 

against the expected logarithm of p values, which are extrapolated from 

the software. A .csv file with all the multiple comparisons corrected p 

values was loaded in R and the qq function was selected to create the 

Manhattan plot. 

 

2.3.2 Burden and rare variant association analysis 

 

One of the main purposes of this study was to assess the effect of the 

burden (also known as the genetic load) of rare variants (MAF < 0.1%) in 

disease risk or trait variability. Computational strategies to assess the 

burden of rare variants have improved over the last years, with a recent 

review highlighting five distinct classes of burden test approach: the 

adaptive burden tests, the burden tests, the variance-component tests 

combined and the exponential-combination tests (Lee et al., 2014). A 

range of burden burden tests was implemented in the present analysis in 

order to compare and contrast the results of each approach. The tests 

used were: the combined Multivariate and Collapsing (CMC) test, the 

Variable threshold (VT) test, the Sequence Kernel Association Tests 

(SKAT and SKAT-O), the Kernel Based Adaptive Clustering (KBAC) test 

and the Rare Variants Association Test 1 (RVT1).  

The CMC test collapses all rare variants into a one rare variant and 

compares this collapsed rare variant with a common variant. Variants that 

have an allele frequency ≤ 0.01 are collapsed, whereas variants with a 

frequency of > 0.01 are not collapsed. It can be applied to a candidate 

gene or whole genome data (Li and Leal, 2008). The VT test utilized the 

hypothesis that the MAFs of the causal rare variants will be different from 

those non-functional rare variants (Price et al., 2010). There exists a MAF 

threshold (T) for which variants with a minor allele frequency below T are 
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more likely to be functional than are variants with a MAF above T. The 

SKAT test is more powerful when a large fraction of the variants in a 

region are non-causal or the effects of causal variants are in different 

directions (Lee et al., 2012). SKAT assesses for association between a 

set of rare (or common) variants and dichotomous or quantitative 

phenotypes. SKAT aggregates individual score test statistics of variants 

in a variant set and efficiently computes variant-set level p-values, e.g. a 

gene or a region level p-value, while adjusting for covariates. SKAT-O 

test computes p-values with eight different values of p = (0, 0.12, 0.22, 

0.32, 0.42, 0.52, 0.5, 1) and then uses the minimum p-value as a test 

statistic. The RVT1 test has been proposed as a collapsing method 

based on a regression framework that models the phenotype as a 

function of a collapsed summary of the variants. More specifically, the 

considered summary in RVT1 is the proportion of rare variants that carry 

at least one copy of the minor allele. In this sense, RVT1 is an 

accumulation approach that regresses phenotype on a genetic score, 

defined as the proportion of sites within the gene that harbor mutations. 

The kernel-based adaptive cluster (KBAC) method combines variant 

classification of no risk and risk variants and association tests by using 

kernel-based adaptive weighting (Appendix 13).  

R packages were used to run “SKAT” (for SKAT and SKAT-O), “KBAC” 

(for KBAC) and “AssotesteR” (for CMC, VT and RVT1). To perform the 

association analysis steps, a recoded .vcf file was produced in PLINK, 

and the data were transported and imported in R software. These steps 

took the transposed data, transformed the data into a character variable 

to be edited, changed the wild-type homozygotes (“0/0”), minor allele 

heterozygotes (“0/1”) and minor allele homozygotes (“01-Jan” – Excel 

reads “1/1” and autocompletes it as a date) to 0, 1, and 2 respectively, 

and wrote the data to a new file. The “names” options allowed where 

necessary selection of specific variants of interest (e.g., rare LoF 

variants). A phenotype file was then created which annotates whether 

any given individual was in the control (“0”) or case (“1”) cohorts. These 

data were then loaded to SKAT or AssotesteR. For the KBAC test, the 
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recoded genotype data files were merged with the phenotype data file to 

create one input file for the KBAC test. This way, the first column of the 

genotype file contained the case-control information. 

 

2.4 In silico protein modelling  

In silico protein modelling was performed using two different tools which 

assessed protein structure and protein surface, respectively. Protein 

Data Bank (PDB) (Rose et al., 2017) files for GluK or Neto protein were 

either accessed directly from the Protein Data Bank website, or created 

by downloading the canonical amino acid sequence in FASTA format 

from Uniprot and then submitting this to the RaptorX Structure Prediction 

tool (Kallberg et al., 2012). Following this, the PDB files were evaluated 

using the following in silico protein modelling tools and compared 

accordingly. A complete list of the PDB files used in the present study is 

presented in Table 2.5. 

PyMOL (Schrödinger) is a widely used visualization system that allows 

manipulation and analysis of molecular structures, mainly protein 

structure models (The PyMOL Molecular Graphics System, Version 2.0 

Schrödinger, LLC). PyMOL was used to simulate mutations in the 

canonical amino acid sequence using the Mutagenesis wizard option and 

preparing the wild-type and the variant/mutated PDB files. Once the PDB 

file of each assessed protein had been prepared, the amino acid position 

of interest was selected and the variant/mutation change was chosen. 

Moreover, default hydrogen, backbone, and rotamer options were 

selected to allow for comparison of secondary structure changes such as 

hydrogen bond formation/disruption. The area around the residue of 

interest was expanded to 8 angstroms (Å) and visualized as a cartoon 

surface representation. Then, comparison in the number of hydrogen 

bonds/polar contacts within the 8 angstroms area was conducted for both 

the wild type and the mutated PDB files. Finally, high resolution images 

were exported using the ‘ray’ command (2000 x 2000 resolution). 
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An additional tool was used to assess differences in the free energy (ΔG) 

between wild type and variant amino acids for GluK and Neto proteins. 

These free energy calculations were applied for the variants used in the 

functional electrophysiological studies (Chapter 7). Two separate 

processes were implemented using FoldX version 3.0 (Appendix 13) 

(Schymkowitz et al., 2005). First, the selected PDB files were repaired by 

scanning for any possible protein structure issues of these files. Then, 

the total ΔG of the protein was reduced to the lowest possible state to 

ensure that all subsequent calculations applied in FoldX are computed 

from a standardized position. The number of iterations by which the 

variant was modelled was maintained at 3 and an average of the WT and 

variant model ΔG values was taken to calculate the change in ΔG (ΔΔG). 

Then, the ΔΔG estimations were binned into distinct ΔΔG categories, 

which were used in this study (Table 2.6).  

Finally, the Adaptive Poisson-Boltzmann Solver (APBS) command-line 

program was implemented to solve the Poisson-Boltzmann equation 

(PBE) (Appendix 13) (Baker et al., 2001). The PBE is used to predict the 

electrostatic potential of solutes in solution and is useful in modelling 

complex molecular surfaces such as proteins. Prior to using APBS, the 

PDB file of the assessed protein was converted to a PQR file (i.e., PBD-

like file with charge and radius measurements) by utilising the PDB2PQR 

program, which is available as a command-line tool or as a web server. 

Then, the output files from PDB2PQR (i.e., PQR and IN files) were used 

to produce a DX file, which contained the electrostatic grid information 

predicted by the PBE. Finally, the DX and the PQR files were loaded in 

the APBS Tools 2.0 PyMOL plugin for further inspection. 

 



68 
 

 

 

 

 

 

 

 

 

 

 

Table 2.5. List of PDB files used for the in silico protein modeling using PyMoL software. 

Protein Data Bank (PDB) and RaptorX databases were used to obtain the PDB files. 

 

 

 

 

 

 

 

 

Table 2.6. Categories of ΔΔG estimations in FoldX. These estimations were applied in 

the present analysis upon which the mutation effect is characterized from neutral to 

stabilizing or destabilizing [adapted from (Schymkowitz et al., 2005)]. ΔΔG = change in 

free energy. 
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2.5 GRIK4 indel analysis  

2.5.1 GRIK4 indel genotype data 

Genotype data for the TwinsUK cohort was accessed from the European 

Genome-phenome Archive (EGA accession numbers; 

EGAD00001000194 & EGAD00001000741) following a data access 

agreement with the UK10K project. Permission to link the genotype and 

phenotype data was also granted by TwinsUK Resource Executive 

Committee (TREC). Again, access to the datasets was granted under the 

UK10K Project Data Access Agreement ID5574. 

The processing of next generation whole exome sequencing was 

performed by the Wellcome Trust Sanger Institute (Cambridge) using 

GATK and mapped to build GRCh37/hg19. Sequencing Variant Calling 

Files (VCFs) were downloaded from the EGA website and the VCFtools 

program was used to splice out the GluK4 co-ordinates 

[chr11:120,511,746 bp – 120,988,904 bp] from each VCF file. Selected 

BAM files were downloaded and processed using SAMtools and 

visualized using IGV to confirm sequencing quality in the region of the 

insertion/deletion (indel). The minor allele frequency of the deletion in the 

general population (MAF) is ~0.21 and individuals identified as carrying 

either one (heterozygous) or two (homozygous) copies of the deletion 

were grouped as deletion carriers.  Access to genetic data for 1870 

individuals was obtained. Of these, there were no processed sequencing 

data for 184 individuals and forty-four individuals were excluded because 

of low sequencing read depth and poor sequencing quality. A total of 

1642 individuals remained of which 1158 were homozygotes for the 

insertion genotype (HOM INS) and 484 deletion allele carriers (DEL).  

 

2.5.2 Cognitive Tests 

Cognitive performance was assessed in this study, by the National Adult 

Reading Test (NART), which is widely accepted as an estimate of 

premorbid intelligence levels, and four Cambridge Neuropsychological 
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Test Automated Battery (CANTAB) tests. CANTAB tests are sensitive in 

detecting changes in neuropsychological performance by assessing 

important brain functions such as working memory, learning and 

executive function; visual, verbal and episodic memory; attention, 

information processing and reaction time; social and emotion recognition, 

decision making and response control. The specific CANTAB tests 

assessed in this study included: the spatial working memory task (SWM), 

paired associates learning (PAL), reaction time (RTI), and the pattern 

recognition memory task (PRM). PAL, PRM and SWM tests assess 

memory function, whilst RTI and NART assess brain attention function. 

SWM assesses the retention and manipulation of visuospatial 

information. The outcome measure used was the number of errors.  PAL 

assesses visual memory and new learning and the outcome measure 

used was the number of errors. RTI provides an assessment of motor 

and mental response speeds.  PRM is a test of visual pattern recognition 

memory in a two-choice forced discrimination paradigm, with the 

outcome measure being the speed of subjects’ responses.  

Principal Component Analysis (PCA) was implemented, which is a 

statistical procedure akin to factor analysis transforming a number of 

(possibly) correlated variables into a smaller number of uncorrelated 

variables called principal components. Principal Component Analysis 

using each main cognitive test outcome measure was performed to 

identify domains of cognition which may have differed between individual 

groups.  

 

2.5.3 Diagnostic groups and medication status 

Information about clinical diagnosis and medication history was provided 

by TREC, Department of Twins Research and Genetic Epidemiology at 

King’s College London.  The initial TwinsUK survey grouped participants 

into three diagnostic groupings; “learning disabilities”, “mental health 

problems” and “other neurological disorders”. For the current analysis, 

the three main diagnostic groupings were retained but cases with 
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learning disability or epilepsy were excluded from the “mental health 

problems” group because both learning disability and epilepsy are 

associated with specific patterns of cognitive deficits. The “learning 

disabilities” group included individuals both with and without co-morbid 

“mental health problems”. Secondly all individuals with a diagnosis of 

epilepsy, some of whom were co-morbid with learning disabilities or 

mental health problems, were included in a single “epilepsy” group.  

This gave a total of five diagnostic groups which were:  no clinical 

phenotype (N = 1071), learning disability (N = 23); mental health 

problems (N = 259); epilepsy (N = 231); other neurological diseases (N 

= 58). The “mental health problem” group included individuals with a 

diagnosis of clinical depression (163), bipolar disorder (2), anxiety and 

stress-related disorders (31), eating disorders (15) and 48 individuals 

with mental health problems about which no clear definition was 

available. The “other neurological disorders” group included 

neuropathies, stroke, multiple sclerosis, migraine and Parkinson’s 

disease. Analysis using these specific diagnostic groups was conducted 

only when the number of individuals exceeded 10 in each group. 

Current and past medication status was obtained and grouped in the 

following sets:  individuals who receive no regular medication (N = 365); 

individuals who had taken antidepressant treatment (N = 150); and, 

individuals who had taken other medication (antipsychotics, 

benzodiazepines and barbiturates) (N = 45). Individuals without 

diagnostic information who had taken antipsychotic, antidepressant or 

anti-epileptic medication in the past, were included within the mental 

health alone and epilepsy subgroupings.   

 

2.5.4 Statistical analysis 

Statistical analysis was performed using SPSS Statistics version 22.0 

(IBM Corp). Pearson’s correlation coefficient (r) was calculated to 

examine correlations between individual cognitive tests. Cognitive data 



72 
 

was tested for a normal distribution using the Kolmogorov-Smirnov test 

and the Shapiro-Wilk test. If data did not show a normal distribution, the 

logarithm of the values was used for further analysis. No outliers were 

identified or removed. Principal Component Analysis (PCA) using each 

cognitive test outcome measure was performed to identify latent factors 

representing domains of cognition which may have differed between 

individual groups. PCA is a transformative procedure used to identify the 

major sources of variance within a select number of variables. Varimax 

rotation, a common orthogonal method in PCA that maximises 

correlations between variables and components, was applied and 

components with an eigenvalue > 1 were retained for further analysis. 

The output variables from PCA were measured with the Kaiser-Meyer-

Olkin (KMO) measure of sampling adequacy and the Barlett’s test of 

sphericity. A measure of sampling adequacy (Kaiser-Meyer-Olkin value 

& Bartlett’s test of sphericity) greater than 0.6 is sought for accurate PCA 

analysis.  

Multivariate linear regression analyses were used to compare cognitive 

performance between the genotype groups. Pearson’s chi-squared tests 

were performed to examine differences between diagnosis and 

medication status. Diagnosis and medication were the assessed 

covariate variables. Z-scores of cognitive performance were generated 

and used to visually compare in graphical representation genotype, 

diagnosis and medication group relationships. As it was hypothesized 

that carriers of the GluK4 deletion allele will perform better in the cognitive 

tests, statistical analysis was one-tailed and statistical significance was 

considered at p < 0.05. 
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2.6 Molecular Biology and Electrophysiological analysis 

2.6.1 Materials: solutions, primers, DNA clones and kits  

Solutions used for the molecular biology and electrophysiological 

techniques were the following: 

   

 

 

 

 

 

 

Super optimal catabolite repression 

medium (SOC) 

1% tryptone                    

0.5% yeast extract              

1% NaCl                   

10 mM glucose         

pH 7.5  

Luria broth (LB)          

1% tryptone       

0.5% yeast extract                               

1% NaCl       

1.5% agarose      

pH 7.5          

autoclave 

 LB agar       

LB broth with 15g Agar (SIGMA) per 

litre and autoclave 

1xTAE     

40 mM Tris         

20 mM acetic acid           

1 mM EDTA 

 
30% Ethanol 

30 ml ethanol (99.7-100% v/v)             

70 ml dsH2O 

For a final volume of 100 ml 

 

Ca2+free Barth’s gentamicin 

theophylline pyruvate (GTP) 

solution    

96 mM NaCl           

2 mM KCl          

1 mM MgCl2                              

5 mM HEPES           

2.5 mM pyruvic acid                                   

0.5 mM theophylline                        

0.05 mg gentamicin,  

pH 7.5 with NaOH 

 

70% Ethanol    

70 ml ethanol (99.7-100% v/v)             

30 ml dsH2O 

For a final volume of 100 ml 
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Ampicillin stock solution 

(10mg/ml)  

Ampicillin sodium salt (SIGMA)  

Qs (quantity sufficient)             

50ml dsH2O                                      

Filter-sterilize and store at -20°C 

 

Ca2+ containing Barth’s gentamicin 

theophylline pyruvate (GTP) solution       

96 mM NaCl              

2 mM KCl        

1mM CaCl2              

1 mM MgCl2                              

5 mM HEPES              

2.5 mM pyruvic acid                                   

0.5 mM theophylline                        

0.05 mg gentamicin 

pH 7.5 with NaOH 

Xenopus Ringer solution   

95 mM NaCl                  

2 mM KCl               

2 mM CaCl2         

1 mM MgCl2                                          

10 mM HEPES 

 L-glutamate (0.01M), Ketamine (0.01M), 

Citalopram (1mM), Kainic Acid (0.01M), 

Haloperidol (0.01M) solutions 

The appropriate amount of powder from 

these compounds was added to produce 

stock solutions in 100ml of Xenopus 

Ringer:                  

 L-glutamate salt (SIGMA)  147.13 mg  

Kainic acid salt (Abcam)  213.23 mg   

Ketamine salt (SIGMA)  237.23 mg 

Citalopram salt (SIGMA)  32.439 mg  

Haloperidol salt (Alpha Aesar) 375.9 mg 
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Human cDNA KAR subunit (GluK2, GluK4) and human Neto clones 

(Neto1-S, Neto2) were obtained from GenScript (USA). cDNAs were 

already subcloned into the pcDNA3.1 (+) vectors in the T7 orientation. 

The pcDNA3.1 (+) vector was used (approx. 5.4 kb) with the respective 

DNA inserts having the following lengths: 485 bp (Neto1-S), 1592 bp 

(Neto2), 2741 bp (GluK2), 2885 bp (GluK4).  

The following kits were used for the molecular biology techniques: 

GenEluteTM Plasmid Miniprep Kit (SIGMA) for DNA isolation from 

bacteria cultures, T7 mMESSAGE mMACHINE kit (Ambion) for in vitro 

RNA transcription and QuickChange II XL Site-Directed Mutagenesis Kit 

(Agilent Technologies) for site directed mutagenesis. 

Primers used for the site-directed mutagenesis protocol and for 

sequencing of the wild type and mutated DNA clones were obtained from 

SIGMA and the sequences are provided in Table 2.7 below.  

 

 

Table 2.7. Mutagenesis and sequencing primers used in the site-directed mutagenesis 

protocol.  
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2.6.2 Transformation of XL10-Gold Supercompetent E. coli via heat 

shock 

Transformation of plasmid DNA into XL10-Gold Supercompetent E. coli 

was achieved using the heat shock method. A tube of XL10-Gold 

Supercompetent cells was removed from the -80 °C freezer and thawed 

on ice. 2 µl of β-mercaptoethanol was added to an Eppendorf tube, then 

200 µl of thawed XL10-Gold Supercompetent cells were added to the 

tube and agitated gently to mix. 200 µl of the β-mercaptoethanol treated 

XL10-Gold Supercompetent cells were aliquoted into a pre-chilled (on 

ice) 14 ml BD Falcon tube. The aliquoted cells were incubated on ice for 

10 minutes with swirling every 2 minutes, then 1 - 2 µl of the DNA to be 

transformed was added to the aliquot and it was incubated for 30 minutes 

on ice, swirling every 10 minutes. 

The XL10-Gold Supercompetent cells were then heated at 42 °C for 45 

seconds. The tubes were left to cool on ice for two minutes. 950 µl of 

preheated (42 °C) SOC media was added to the tube and incubated for 

1 hour at 37 °C with shaking at 250 RPM. Under aseptic conditions 250 

µl of the plasmid containing XL10-Gold Supercompetent cells was added 

to a Luria broth (LB) with 50 μg/ml ampicillin agar plate and was 

incubated at 37 °C for less than 24 hours. The following day, a single 

colony was picked and inoculated in 5 ml of LB broth with 100 μg/ml 

ampicillin and left overnight at 37 °C under vigorous shaking. 

 

2.6.3 Isolation of DNA from recombinant E.coli cultures 

 

The bacterially replicated pcDNA was then recovered following the steps 

described below, using the GenEluteTM Plasmid Miniprep Kit (SIGMA). 

All the solutions mentioned in the following steps are standard solutions 

found in the kit. 

1.5 ml of overnight culture was centrifuged in a sterile Eppendorf tube at 

12,000xg, at room temperature for five minutes. The supernatant was 
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discarded and a further 1.5 ml of the overnight culture was added to the 

tube and centrifuged under the same conditions and the supernatant was 

again discarded. The same steps were repeated for the remaining 1.5 ml 

of the initial culture. The pellet was then resuspended in 200 µl 

resuspension solution by drawing in and out of a 200 µl pipette tip to 

thoroughly resuspend the cells until homogeneous. 200 µl lysis solution 

was added and the mix was inverted gently by hand. The mix was left to 

clear for 5 minutes. 350 µl neutralization solution was added and the tube 

was inverted 4-6 times to mix. Debris was pelleted by centrifugation (MSE 

Microcentaur microcentrifuge) for 10 minutes at maximum speed to 

produce clear lysate. 500 μl of column preparation solution were added 

to the binding column in a collection tube and centrifuged at 12,000xg for 

1 minute and the flow-through was discarded.  

Cleared lysate was transferred to the binding column and centrifuged at 

12,000xg for 30 seconds to 1 minute. The flow-through was discarded. 

Then, 750 µl wash solution was added to the column and centrifuged at 

12,000xg for 30 seconds to 1 minute. The flow through was discarded 

and the column centrifuged at 12,000xg once more in order to dry it. 

Finally, the column was transferred to a new collection tube and 100 µl 

of elution solution was added. The tube was centrifuged at 12,000xg for 

1 minute to elute the pcDNA. The samples were then placed on ice and 

the concentration of pcDNA was then determined using a NanoDrop 

spectrophotometer (Thermo Scientific).  

 

2.6.4 In vitro mRNA transcription 

2.6.4.1 Linearisation of plasmid DNA 

Before linearisation of the plasmid DNA, the plasmid DNA concentration 

was determined using the nanodrop spectrophotometer. NotI (New 

England Biolabs) was the restriction enzyme used for all DNA plasmids 

(wild type and mutated) as indicated by GenScript (USA) (Figure 2.2). 

The reaction for restriction digests consisted of 5 μl Cutsmart NEbuffer, 
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1.5-3 μg DNA, 3 μl restriction enzyme and ddH20 until the final reaction 

volume was 50 μl. The reagents were placed in an Eppendorf tube and 

mixed gently by pipetting up and down. The mix was centrifuged at 239xg 

for 1 minute (2000 RPM for the MSE Microcentaur microcentrifuge) and 

then it was incubated in a water bath at 37 ºC for 2 hours. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Vector map for pcDNA 3.1(+). Restriction endonuclease sites are shown 

surrounding the vector map. Antibiotic resistance genes inserts, multiple cloning sites 

(MCS), origins of replication and promoter sites are also depicted. Kainate receptor 

cDNA insertion occurred between KpnI (921) and NotI (979) restriction enzymes in the 

map. 
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The reaction was stopped through addition of 2.5 μl 0.5 M EDTA (1/20 

total reagent) (SIGMA), 5 μl 3 M NH4 acetate (1/10 total reagent) (T7 

mMESSAGE mMACHINE kit) and 100 μl 100% ethanol (SIGMA). 

Following this, the reaction was stored at -20 ºC for 30 minutes before 

being centrifuged for 15 minutes at 24,000xg, at 4 ºC, to pellet the DNA. 

After that step, most of the supernatant was aspirated and the remaining 

reaction mix with the pellet was centrifuged for 5 minutes at 24,000xg, at 

4 ºC, then the rest of the supernatant was aspirated. The tube was left 

open for 5 minutes to dry and finally the pellet was resuspended in 6 μl 

ddH20 and the DNA concentration was determined using the NanoDrop 

spectrophotometer. The success of the linearization step was confirmed 

through agarose gel electrophoresis. 

 

2.6.4.2 Agarose gel electrophoresis protocol 

 
0.75 g agarose, 50 ml 1x TAE (40 mM Tris, 20 mM acetic acid and 1 mM 

EDTA) buffer and 1 μl of 1% ethidium bromide were used to produce a 

1% agarose gel. In addition, 1 μl of an appropriate molecular weight 

ladder (1 Kb, Invitrogen) was mixed with 1 μl of DNA loading dye 

(Ambion). The gel was run at a constant voltage of 80 V for 60 minutes 

and was visualized using a Biorad UV transilluminator. Once it has been 

determined that the restriction enzyme digest had been successful (i.e., 

one linear band in the gel), the in vitro transcription procedure could be 

performed. 

 

2.6.4.3 In vitro RNA transcription reaction 

Following linearization of the desired plasmid, cRNA was produced using 

a T7 mMESSAGE mMACHINE kit (Ambion). The reaction mixture was 

comprised of 0.1 – 1 μg linearized DNA, 10 μl 2x NTP/CAP, 2 μl 10x 

reaction buffer, 2 μl enzyme mix and nuclease free water (so that total 

volume is 20 μl). The NTP/CAP and enzyme mix were thawed on ice, 

while the reaction buffer was left at room temperature. The reagents were 
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added to an Eppendorf tube and mixed gently by shaking the tube by 

hand and briefly centrifuged in order to accumulate the solution at the 

bottom of the tube. Following this step the reaction mix was incubated in 

a water bath at 37 ºC for 2 hours. The reaction was stopped through 

addition of 30 μl LiCl solution and 30 μl nuclease free water to the reaction 

mix. This was mixed thoroughly and chilled in a -20 ºC freezer overnight. 

The RNA was precipitated by centrifugation at 17,000xg for 15 minutes, 

4 ºC and the supernatant was removed. Then, the RNA pellet was 

washed with 1 ml 70% ethanol to remove any excess salt content and 

spun again for 15 minutes. Following removal of the supernatant the 

pelleted cRNA was allowed to dry for 5-10 minutes in a sterile laminar 

flow cabinet. Once dry the pellet was resuspended in 15 μl nuclease free 

water and the concentration of cRNA was determined using a NanoDrop 

spectrophotometer. 

 

2.6.5 Site-directed mutagenesis  

To analyse the impact of ligand-binding and transmembrane mutations 

for the kainate receptor subunits, site-specific mutations were generated 

by employing the QuickChange II XL Site-Directed Mutagenesis Kit 

(Agilent Technologies). The following protocol was run with the valuable 

help and guidance of Dr Alix Blockley. 

 

2.6.5.1 Primer Design  

The oligonucleotide primers for Polymerase Chain Reaction (PCR) for use 

in site-directed mutagenesis experiments were designed manually. 

Additional tools used were OligoCalc and Ensembl GRCh37 (Appendix 

13). Ensembl GRCh37 browser was used to obtain the DNA sequence for 

the plasmids to be mutated (GluK2, GluK4) and to design the primers 

targeting the desired mutation. Primers had a length of approximately 25-

45 base pairs, a minimum GC content of 40% and they also start and end 

with 1-2 G/C pairs. Oligocalc was used to calculate melting temperature 
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(Tm) of the primers (≥ 78°C for our primers) and to check for hairpins and 

self-complimentarity. The primer sequences are displayed above in table 

2.7. 

 

2.6.5.2 Mutant Strand Synthesis Reaction (Thermal Cycling)  

10 ng of double stranded DNA (dsDNA) template and 125 ng of purified 

forward and reverse oligonucleotide primers (SIGMA) were added to a 

mixture containing 5 μl of 10 X reaction buffer,  1 μl of dNTP mix and 3 μl 

of QuikSolution provided with the kit. Nuclease-free ddH2O was added to 

the mixture to a final volume of 50 μl and subsequently mixed with 1 μl of 

Pfu Ultra high-fidelity (HF) DNA polymerase. Control reactions were also 

assembled containing 2 μl (10 ng) of pWhitescript 4.5-kb control 

template, 1.25 μl (125 ng) of forward and reverse oligonucleotide control 

primers, 5 μl of 10 X reaction buffer, 1 μl of dNTP mix, 3 μl of 

QuickSolution reagent and 36.5 μl nuclease-fee ddH2O making a final 

volume of 50 μl. All the reaction assemblies were then placed in a thermal 

cycler and allowed to run according to the PCR cycling parameters listed 

in table 2.8. 

The PCR products were subjected to treatment with enzyme Dpn I. The 

endonuclease enzyme allows for the parental DNA template to be 

digested and to select the mutation-containing synthesized DNA. The 

nicked vector DNAs containing the desired mutations were then 

transformed into XL10–Gold Ultracompetent cells and subsequently 

purified using QIAprep Spin Miniprep Kit as previously described in 2.6.2. 

DNA amplicons were then Sanger sequenced using a 3130xl ABI PRISM 

Genetic Analyser (Life Technologies) to examine whether mutagenesis 

had been successful. Primers for DNA sequencing were designed 

manually to anneal around 100 bp upstream from the desired mutation. 

Then, mutated cRNA was produced as described in section 2.6.4.3. 
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Table 2.8. Cycling parameters for the QuikChange II XL method implemented in the 

study. The current information available in the QuikChange II XL mutagenesis kit 

(Agilent Technologies). 

 

 

2.6.6 Preparation and Injection of Xenopus oocytes with RNA 

 

2.6.6.1 Xenopus oocyte separation and defolliculation 

Xenopus oocytes were supplied as ovarian lobes by the European 

Xenopus Resource Centre, University of Portsmouth, UK. The shipping 

solution was drained and the ovarian lobes were washed with Ca2+free 

Barth’s gentamicin theophylline pyruvate (GTP) solution and transferred 

into a new large petri dish containing Ca²⁺ free GTP. The tissue was 

divided with scissors and forceps into smaller parts and these parts were 

placed into a 50 ml Falcon tube. When dissection was complete, the 

pieces of ovarian tissue were washed twice with Ca²⁺ free GTP to remove 

any blood and cellular debris. Collagenase (type IV from Clostridium 

histolyticum; SIGMA, UK) was added (1 mg in 10 ml of Ca2+ free GTP 

solution) and the tube was placed on a reciprocal shaker for 50 minutes 

to separate the oocytes and to remove most part of the follicular layer 

which surrounds the oocytes. Once the oocytes had been isolated, the 

collagenase solution was poured away and the oocytes were washed 3 
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times with Ca2+ free GTP solution. 15 ml of Ca 2+ free GTP solution was 

added to the tube and it was placed back on the shaker for another 5-10 

minutes. The oocytes were then washed twice with 15 ml of Ca2+ free 

GTP solution and then twice with Ca2+ containing GTP solution. After that 

step, the separated and defolliculated oocytes were transferred into petri 

dishes containing Ca2+ containing GTP solution.  

Oocytes were selected for injection making sure they had the following 

characteristics: a) distinct dark and pale hemispheres, b) good size 

ranging from 1000 to 1300 μm, c) spherical shape and d) the cells should 

be in a healthy condition (not fading colour). Oocytes with animal (dark) 

poles that appeared mottled or stippled were avoided. The remaining 

follicular layer was then removed from the oocytes by using two pairs of 

forceps. 

 

2.6.6.2 Injection of Xenopus oocytes with RNA 

Injection pipettes were prepared from 3.5 nanoliter glass capillaries 

(World Precision Instruments) using a Sutter P97 programmable 

micropipette puller. The tips were broken back slightly to allow free flow 

of cRNA solution but so that the outer diameter was less than 30 μm. 

Microinjection of Xenopus oocytes with RNA, involved micropipettes 

being back-filled with paraffin and then loaded onto the nanoliter injector 

(Nanoliter 2010, World Precision Instruments). This nanolitre injector 

(World Precision Instruments) injects 50.6 nL of solution into each oocyte. 

The desired cRNA solution was then placed on the inner part of a piece 

of sterile parafilm and the tip of the micropipette was immersed in it under 

a low power binocular microscope. Each oocyte was injected with a total 

of 50.6 nL of cRNA (250-300 ng/µl). If more than one subunit was co-

injected then a volume ratio of 1:1 was used with minimum 

concentrations of either subunit RNA of 250 ng/μl. The micropipette was 

then filled with the desired RNA. Selected oocytes were placed in a 

modified petri dish containing furrows to immobilize them and then placed 
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under the microscope. Then oocytes were injected, working 

systematically along the rows. 

After the cRNA injection, the oocytes were placed in fresh GTP solution 

in 12-well plates and incubated for 3 days, the time needed for protein 

expression to occur.  The incubation solution was changed daily and 

dead or dying oocytes were removed. 

 

2.6.7 Microelectrode voltage-clamp recordings 

Then, the Xenopus oocytes were transferred to a recording chamber and 

perfused with frog Ringer solution at 10 mL/min. Two microelectrode 

voltage clamp of Xenopus oocytes expressing KARs was carried out 

using a voltage clamp amplifier (GeneClamp 500, Axon Instruments) and 

recordings sampled using an analogue to digital converter (National 

Instruments, NI USB-6211). The digitized data were recorded using 

WinEDR software (Dr John Dempster, University of Strathclyde, UK) on 

a PC running Windows software.  

Microelectrodes were prepared from borosilicate glass capillaries (30-

0066, GC150TF-10, Harvard Apparatus) using a Sutter P97 

programmable pipette puller such that they had a resistance of 0.3 - 2.5 

MΩ when filled with 3 M potassium chloride (KCl). They were connected 

via electrode holders containing Ag/AgCl electrodes to the headstages of 

the voltage clamp amplifier that in turn were mounted on 

micromanipulators. Using a Pasteur pipette an injected oocyte was 

placed in the perfusion chamber and constantly perfused with Xenopus 

Ringer solution. 

With the amplifier in “setup” mode, the microelectrodes were advanced 

one at a time onto the surface of the oocyte, making a depression until 

the electrode pierced the membrane. The resting membrane potential of 

the oocyte was displayed by the amplifier and this should normally be 

around -20 mV or more negative and should be similar for both 
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electrodes. The amplifier was switched to voltage-clamp mode and the 

desired holding potential (VH) of the oocyte was set. 

 

2.6.8 Agonist compound protocols 

L-glutamate or kainate solutions of different concentrations were 

perfused over the Xenopus oocytes under the control of an 8-channel 

perfusion system (Automate Scientific) with a flow rate of 10 ml/min. The 

agonist solutions were applied for 10 seconds with 3 minutes between 

challenges to minimize the effects of desensitisation. L-glutamate 

(SIGMA) or kainate (SIGMA) was prepared as a stock solution of 10-2 M, 

diluted in Xenopus ringer and stored at -20 °C. To determine glutamate 

and kainate half maximal effective concentration (EC50), the stock 

solution was subsequently subjected to serial dilutions in Xenopus ringer 

(frog ringer) to give concentrations ranging from 0.1 to 1000 μM. 

Glutamate and kainate concentrations were applied to Xenopus oocytes 

clamped at -80 mV holding potential. 

 

2.6.9 Data analysis  

EC50 values for tested compounds were obtained by using nonlinear 

regression by fitting a four-parameter logistic equation (Hill equation) to 

concentration-response plots in GraphPad Prism 7 (GraphPad Software 

Inc). The fitting method used was the least squares. The Hill equation is 

presented below:  

𝑌 =
100

(1 + 10((𝑙𝑜𝑔𝐸𝐶50− 𝑙𝑜𝑔[𝐶])∗ 𝑛𝐻))
 

 

nH is the Hill coefficient, Y  is the normalised response (0 to 100%) 

increasing as [C] increases, EC50 is the concentration of agonist that 

produces a half-maximum activation response and [C] is the 

concentration of the agonist.  
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Next, the EC50 values of the compounds were compared to assess for 

statistically significant difference. These values were compared pairwise 

using the extra sum-of-squares F-test to a null hypothesis of EC50 being 

the same for each pair (GraphPad Software Inc). The p value to 

determine statistical significance was set at 0.05. 

Current decay kinetics (i.e., desensitization rate and deactivation rate) for 

each KAR subtype after application of active compounds (i.e., glutamate, 

kainate) were calculated from WinWCP by fitting two-exponential decay 

equations. More precisely, WinWCP (Dr John Dempster, University of 

Strathclyde, UK) and GraphPad Prism 7 were also used to fit exponential 

decay curves to the desensitizing and deactivating phases of KAR 

responses, when different concentrations of agonist compounds were 

applied. This provided an estimate of the time constants for decay (τ1 

and τ2) that can be used in characterizing the desensitization rate of 

KARs. A two-phase exponential decay equation was applied and the fast, 

major and most consistent component (τ1) was assessed. The second 

component (τ2) was highly variable and so was not analysed further, 

however, it was necessary for a satisfactory fit to the data. Time 

constants were compared using either the Welch’s t test (normally 

distributed data) or the Mann Whitney test (non-normally distributed data) 

in GraphPad Prism 7 software, with a significance level of p < 0.05. 

Moreover, the percentage of net charge (i.e., area below the current 

response) was calculated by utilizing the function “Waveform 

measurement” of WinWCP. Steady state responses were also 

calculated by measuring the current after 10 seconds from the agonist 

application. Then, agonist concentration – response curves were plotted 

by plotting either the steady state status or the percentage of net charge 

against the logarithm of different agonist concentrations for each wild 

type and mutated KAR subtype (GraphPad Software Inc). In addition, 

the ratio of the current after 10 seconds to peak current was measured 

again for all KAR subtypes and these ratio values were compared by 

using either the Welch’s t test or the Mann-Whitney test (significance 

level; p < 0.05) in GraphPad Prism 7. 
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3 Characterizing GRIK and NETO genetic coding 

variation within individuals diagnosed with 

neurodevelopmental diseases 

 

3.1. Preface  

The glutamatergic hypothesis postulates that disruption of the 

glutamatergic signaling pathway, which involves kainate receptors, can 

lead to neuropsychiatric disease phenotypes. Following this hypothesis, 

genetic coding variation within KAR and Neto subunit genes was 

investigated within individuals with schizophrenia (SCZ), autism 

spectrum disorders (ASD), intellectual disability (ID), dual psychosis (ID 

comorbid with SCZ  or ID comorbid with ASD) and general control 

populations. It was hypothesized that the identified functional genetic 

codings variants within GRIKs and NETOs (LoF and missense) are more 

likely to be found within the diseased individuals rather than controls. 

Similar with previous case - control studies, single variant association 

analysis was performed to identify risk or protective alleles with KAR 

subunit and NETO genes. Then, these findings were replicated in an 

additional schizophrenia cohort of Finnish and European origins and a 

Finnish schizophrenia ‘mega pedigree’. 

For simplicity, all neuropsychiatric cases from the first discovery phase 

(i.e., SCZ and dual psychosis) are clustered under the umbrella term of 

‘psychosis’. 
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3.2. Results  

3.2.1. Descriptive summary of variants identified within the first 

and second discovery phase 

 

Genetic variation was investigated within coding regions of GRIKs and 

NETOs in approximately 5000 individuals sequenced in UK10K-

neurodevelopmental and control population cohorts. A detailed 

diagram of the NGS analysis pipeline is provided in Figure 3.1. The 

first discovery phase was comprised from the TWINS and GS cohorts 

and the neurodevelopmental collections. The main focus of this study 

was coding and splicing variants. Variants were classed as: LoF 

variants (stop-gained, frameshift and splice-disrupting variants), 

missense, and regulatory (synonymous, non-damaging splicing site 

variants within 10bp surrounding the exon and 3’UTR or 5’UTR 

variants). 154 non-synonymous (LoF and missense) variants and 143 

synonymous variants were identified within GRIK1-GRIK5, NETO1 

and NETO2 genes which were identified in the first discovery phase 

within the case and control individuals. 265 variants had a MAF < 1% 

and were classified as ultra-rare and rare. Of the 297 coding variants 

identified in total within the first discovery phase, 91 variants were 

novel and not annotated in the ExAC database.  

The number of rare and ultra-rare missense variants within the total 

number of variants was assessed in case and control individuals 

(Table 3.1). Of note was the comparatively larger number of rare and 

ultra-rare variants in the case populations (psychosis, SCZ, ASD and 

ID) compared to controls and shared variants in all cohorts, a pattern 

that was retained for those variants that were annotated as 

functionally damaging.  

Of the 150 missense variants identified within GRIK and NETO genes 

in case and control individuals, 75 were characterized as protein 

damaging, 40 as possibly damaging variants and 35 as benign. The 
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number of non-synonymous ultra-rare and rare variants identified 

within case individuals was found to be higher (N = 79) than the 

number of non-synonymous ultra-rare and rare variants found within 

control individuals (N = 36) or shared (N = 22). Given the fact that the 

control population was bigger than the size of the cases, this indicates 

an enrichment of coding variants in individuals who are affected. An 

equal number of ultra-rare and rare synonymous and non-

synonymous variants was found in both case and control individuals 

(i.e. shared). Most of the common variants (MAF > 0.05) were 

synonymous variants and found in both case and control individuals. 

A larger number of missense and regulatory variants were identified 

within diseased individuals (N = 88 LoF and missense and N = 69 

regulatory) compared to control individuals (N = 36 LoF and missense 

and N = 30 regulatory).  In addition, an equal number of missense and 

regulatory was found within controls and the same portion of variants 

were shared in case and control individuals (N = 30 and N = 44 

respectively). Details of the absolute number of functional coding 

variants identified within GRIKs and NETOs in the first discovery 

phase are provided in Table 3.1. The percentages of each functional 

variant category within each case or control cohort and which is 

characterized either as common or rare, are shown in Figure 3.2. 

According to Figure 3.2, LoF variants and rare missense mutations 

are found at a higher frequency in individuals with psychiatric 

disorders and ASD than control individuals during the first discovery 

study.    

The genetic findings from the first discovery phase were then 

reassessed by analyzing the exomes of two additional schizophrenia 

datasets (UK_SCZ and UK_FSZNK). These datasets comprised the 

second discovery phase which consisted of 838 schizophrenic 

samples of European ancestry (UK, Ireland and Finland). 100 

regulatory and 97 missense single nucleotide variants (SNVs) were 

identified within the second discovery phase (Table 3.2), of which 58 

were characterized as missense damaging. These observations are 
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similar with the observations applied in the first discovery phase, in 

which a high number of regulatory and missense variants was 

identified. Figure 3.3 shows that LoF variants and rare missense 

mutations were found at a higher frequency in individuals with 

schizophrenia than control individuals during the second discovery 

study.    
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Figure 3.1. Schematic representation outlining the analysis strategy of identifying 

neurodevelopmental disorder related variants in GRIK and NETO genes. Rare 

variant association and burden analysis is conducted to assess the burden of GRIK 

and NETO genetic variants. Genome sequencing data are color-coded with blue, 

whilst methods steps and results are color coded with green and orange 

respectively. The neurodevelopmental cases of the first discovery phase included 

cases with schizophrenia, psychosis, autism spectrum disorder and intellectual 

disability. Abbreviations: MAF, minor allele frequency; WES, whole exome 

sequencing; WGS, whole genome sequencing; SNV, single nucleotide variant; 

SCZ, schizophrenia; ASD, autism spectrum disorder; ID, intellectual disability; 

ExAC, exome sequencing aggregation consortium; GWA; genome wide 

association. 
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Figure 3.2. Percentage of each class of variants out of the total number of 

individuals from each cohort from the first discovery phase. The graph shows the 

proportion (% percentage) of the numbers of variants divided by the total number of 

individuals in each assessed sub-cohort. Rare and ultra-rare missense and LoF 

variants were found more frequently in the case cohorts (ASD and SCZ) rather than 

the control population.  Abbreviations: LoF & Mis, LoF and missense variants; % of 

population, percentage out of the total number of variants in each cohort. 

 

 

 

 

 

 

 

 

Figure 3.3. Percentage of each class of variants out of the total number of 

individuals from each cohort from the second discovery phase. The graph shows 

the proportion (% percentage) of the numbers of variants divided by the total number 

of individuals in each assessed sub-cohort. Rare and ultra-rare missense and LoF 

variants were found more frequently in the schizophrenia case cohort rather than 

the control populations. Abbreviations: LoF & Mis, LoF and missense variants; % of 

population, percentage out of the total number of variants in each cohort. 
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 Total 
variants 

LoF & mis 
variants 

Rare             
LoF & mis 
variants 

Reg 
variants 

Rare Reg 
variants 

GRIK1 42 24 24 18 16 

GRIK2 38 21 18 17 14 

GRIK3 71 25 23 46 45 

GRIK4 55 27 25 28 24 

GRIK5 47 31 26 16 14 

NETO1 26 14 13 12 10 

NETO2 18 12 8 6 5 

 

Table 3.1.  Summary of coding variants within GRIKs and NETOs identified during 

the first discovery phase. The absolute numbers of total and rare missense & LoF 

and synonymous variants are provided (identified within case individuals, control 

individuals and shared across case and control individuals).          

Abbreviations: “Lof & mis”, LoF and missense; “Reg”, regulatory. 

 

 Total 
variants 

LoF & mis 
variants 

Rare       
LoF & mis 
variants 

Reg 
variants 

Rare reg 
variants 

GRIK1 23 12 11 11 8 
GRIK2 28 14 10 14 10 
GRIK3 44 23 22 21 20 
GRIK4 28 10 7 18 14 
GRIK5 31 17 17 14 12 
NETO1 28 13 7 15 11 
NETO2 15 8 6 7 7 

 

Table 3.2. Summary of coding variants within GRIKs and NETOs identified during 

the second discovery phase (replication cohort). The absolute numbers of total and 

rare missense & LoF and synonymous variants are provided (identified within case 

individuals, control individuals and shared across case and control individuals). 

Abbreviations: “Lof & mis”, LoF and missense; “Reg”, regulatory. 
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The location of rare nonsynonymous variants within key KAR protein 

domain sites was subsequently examined (e.g. extracellular amino 

terminal domain (ATD), extracellular ligand binding domain (LBD) and 

transmembrane domain (TMD) and intracellular C-terminal domain 

(CTD)). 52 variants were identified within the large extracellular amino 

terminal domain, a region reported critical for interaction with Neto 

proteins (Sheng et al., 2017). From the LoF variants, GRIK1 L411X 

and GRIK4 S98X were identified within the ATD domain and GRIK5 

Q848X within the CTD domain. 40 variants were identified within or 

closely neighboring the LBD domain (S1S2), 8 within the TMD 

domain, and, 23 within the CTD. Of these, two damaging missense 

variants (GRIK2 M893L, GRIK2 A908T) within the CTD of GluK2, a 

region which is reported as N-cadherin interaction site and important 

of KAR synaptic trafficking (Fievre et al., 2016), were found in affected 

individuals. The remainder of the variants identified within the first and 

second discovery phase were found either within the intracellular or 

extracellular domains of KARs. 8 variants within the two CUB domains 

(CUB1 and CUB2) and 2 variants within the LDLa domains of the 

NETO proteins were also identified. The remainder of the NETO 

variants were clustered mainly within the cytoplasmic domain. An 

example of the location spread of GRIK2 and GRIK4 variants found 

exclusively within case and control individuals from both discovery 

phases and the mega – pedigree is shown in Figure 3.4. 
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Figure 3.4. The location of LoF and damaging missense variants identified within 

GRIK2 and GRIK4 genes across the first and second discovery phases and the 

mega-pedigree. Protein domains are colour coded with the ATD as blue; LBD 

(S1S2) as black; transmembrane domains M1-M3-M4 are red; M2 loop as magenta; 

and a C-terminal domain (CTD), dark green. Damaging missense variants within 

controls or cases are colour coded as black and blue respectively. Variants with an 

asterisk (*) indicate damaging missense variants found within the Finnish 

schizophrenia megapedigree. Variants are also split as variants found exclusively 

within case individuals (top part of the protein secondary structure) and variants 

found within control individuals (lower part of the protein secondary structure). 
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3.2.2 Enrichment of LoF and missense damaging variants within 

GRIKs and NETOs 

I hypothesized that genes which in the general population are 

characterized as having low numbers of LoF and missense variants 

i.e., LoF and missense intolerant genes, would carry high numbers of 

LoF and damaging variants in individuals with neurodevelopmental 

disorders as these variants putatively contribute to disease risk.  

Therefore, rare risk variants for neurodevelopmental diseases are 

expected to be consistently concentrated in the LoF and missense 

intolerant GRIK and NETO genes. GRIK2, GRIK3, GRIK4, GRIK5 and 

NETO1 are classified as LoF and/or missense intolerant genes based 

on ExAC browser data. These were defined as the genes with a LoF 

probability of intolerance score larger than 0.9 (LoF pLI > 0.9) and/or 

a missense z score larger than 2.80 (missense z > 2.80) respectively 

(Table 3.3). Amongst the identified variants are LoF variants found 

only within the case individuals who had intellectual disability, 

schizophrenia comorbid with intellectual disability and ASD 

phenotypes respectively. Four LoF variants were identified in LoF 

tolerant GRIK1 and GRIK4 and in LoF intolerant GRIK5 (GRIK1 

L411X, GRIK4 S98X, GRIK5 Q848X, and GRIK5 19:42546908 splice 

acceptor variant).  

The majority of damaging missense variants within the first discovery 

phase was identified in these genes and they were ultra-rare or 

singleton variants (MAF < 0.01%). The majority (77/115; 67%) of LoF 

and predicted damaging missense variants were identified in 

individuals with schizophrenia and autism spectrum disorder, whilst 

most of the predicted benign missense variants were found either in 

controls or were shared between cases and controls subjects (22/35; 

62.86%). A couple of rare LoF and missense variants had an infinite 

odds ratio (OR = Inf), confirming that such variants will increase the 

probability of risk for neurodevelopmental diseases, since they were 

found exclusively in the cases population. In contrast, the effect size 
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of rare regulatory variants did not differ between LoF intolerant and 

LoF tolerant genes. 

No LoF variants were identified within the second discovery phase. 

However, 48 missense variants within individuals with schizophrenia 

were identified, of which the majority (34/48, 71%) were classified as 

damaging or possibly damaging missense variants. In addition, the 

majority of predicted non damaging (benign) missense variants were 

clustered within the unaffected individuals or were shared between 

cases and controls (26/40, 65%). Similar with the first discovery 

phase, a couple of rare missense variants had an infinite odds ratio, 

which indicates that these variants will increase the probability of risk 

for schizophrenia. 
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Table 3.3. Missense intolerance and LoF intolerance scores for the GRIK and 

NETO candidate genes (adapted from ExAC browser). The asterisk (*) next to 

missense intolerant constrain metric values and LoF pLI scores indicates that the 

corresponding GRIK or NETO gene will be characterized as LoF intolerant or 

missense intolerant respectively. Genes with a LoF pLI larger than 0.9 and genes 

with a missense intolerant constain metric larger than 2 are characterised as LoF 

intolerant and missense intolerant respectively. 

Abbreviations: LoF pLI, probability for LoF intolerance score. 
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3.2.3 Single variant association analysis of GRIK and NETO 

variants 

In an attempt to identify variants associated with risk or protection for 

psychosis, ASD and ID, a candidate gene set case-control analysis 

was performed. For the statistical analysis, variants that were present 

in all of the cohort datasets (shared variants) and functional 

(regulatory, missense and LoF) variants were retained. A total of 297 

variants across all GRIK and NETO genes from the first discovery 

phase remained after removal of erroneous genotypes (such as cases 

where the reference and alternative allele have been flipped during 

genetic imputation) and intronic variants, as well as the removal of any 

supplementary variants which were added from the imputation panel 

(Table 3.1). Similarly, a total of 196 variants across all GRIK and 

NETO genes from the second discovery phase remained after 

removal either of erroneous genotypes, intronic variants and variants 

added from the imputation panel (Table 3.2).  

The case-control analysis was run using the Fisher’s exact test after 

applying the Holm-Bonferroni correction. Two additional correction 

measures to adjust the p-values for multiple comparisons were also 

used, which were the q values and the local false discovery rate 

(Appendix 4). More precisely, q values and lFDR values measure the 

proportion of false positives incurred (i.e., the false discovery rate) 

when that particular test is called significant. It was observed that q 

values and lFDR values were less stringent compared to Holm-

Bonferroni corrected p values (Appendix 4). The correction measure 

used in this study was the Holm-Bonferroni correction.  

A simple case-control analysis was conducted on an imputation 

threshold of 0.3. Fisher’s exact test was run across all case (combined 

ASD and psychosis cases) and control individuals. Fisher’s exact test 

(with Bonferroni correction applied) was run on each gene separately 

and then the p values were aggregated to create a Manhattan plot 

(Figure 3.6 C). Apart from the Manhattan plots, the QQ plots were also 



101 
 

created (Appendix 7). As shown in Appendix 7 A, there was an early 

deviation of the observed p values (Fisher’s exact test p values with 

Bonferroni correction) from the expected p values for the coding 

variants of the first discovery phase. This observation indicates that 

there is an excess of coding variants with p ≤ 10-4 associated with a 

broad neurodevelopmental phenotype.  

The odds ratio (OR) values were calculated as an estimate of the 

effect size for each single variant. GRIK and NETO genetic coding 

variants which were found only within neurodevelopmental case 

individuals had an infinite odds ratio (OR = Inf). In contrast, GRIK and 

NETO coding variants found exclusively within control individuals had 

an OR equals zero. Shared GRIK and NETO coding variants found 

within case and control individuals had a MAF ranging from 0.001 to 

0.6 and odds ratio values ranging from 0.0001 to 10  (Figure 3.5). 

Rare LoF and missense variants had a larger effect size compared to 

rare regulatory variants (Figure 3.6 A, B). In addition, the effect size 

of rare LoF and missense variants clustered in LoF intolerant 

candidate genes (LoF pLI > 0.90) was larger (0.3 compared to -0.2) 

compared to the effect size of rare LoF and missense clustered in 

candidate genes with a LoF tolerance metric (0 < LoF pLI < 0.64). 

Moreover, the risk effect sizes are smaller for regulatory variants and 

benign missense variants compared to LoF and damaging missense.  

GRIK and NETO coding variants with adjusted p values that show 

either GWA significance (p ≤ 5 x 10-8) or nominal significance (p ≤ 

1x10-6) were highlighted. Single variant association analysis identified 

three missense damaging variants exceeding or close to GWA 

significance (p ≤ 5 x 10-8) (Figure 3.6 C, Table 3.4). GRIK3 S310A is 

found in the amino-terminal protein domain and is protective against 

developing neurodevelopmental disease phenotypes (OR = 0.586; p 

= 1.01 x 10-18). GRIK3 F586V, within the cytoplasmic protein domain, 

contributes to risk of developing autism spectrum disorders (OR = Inf; 

p = 2.84 x 10-5). In contrast, GRIK5 A895G is in the cytoplasmic 
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protein domain and is protective against developing schizophrenia 

(OR = Inf; p = 4.06 x 10-5). Of note, these three variants were found 

within missense and LoF intolerant genes. Moreover, forest plots of 

coding variants from the first discovery phase with nominal or GWA 

significance are provided in Appendix 6. 

In addition, the alpha value for the first discovery phase was also 

calculated. Given the sample size, the first discovery phase analysis 

would have > 80% power (at α = 0.0013) to detect significant GWA 

single allele associations, even if such variants had individually a 

relatively modest effect size. 

The variants that exceeded GWA significance were common or rare 

variants characterized either as regulatory or missense. Missense 

variants with a GWA significant p-value were all characterized as 

probably damaging based on the scores from in silico tools (e.g. SIFT, 

Polyphen2, MutationTaster, Align GVGD). 
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Figure 3.5. Allelic Odds Ratios plotted against minor allele frequencies (MAF) of all 

variants identified in the first discovery phase. The allelic odds ratio values are color 

coded depending on the population they were found (cases = red, controls = green, 

shared = blue). 
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Figure 3.6. Single variant association analysis findings for the first discovery phase. 

A) Violin graph of the effect size of regulatory and missense and LoF variants in LoF 

intolerant and tolerant genes. The mean effect size of missense damaging and non-

damaging variants is plotted alongside with the confidence intervals. B) Violin graph 

of the effect size of regulatory, missense benign, missense damaging and LoF 

variants identified within the initial discovery phase. Confidence intervals are also 

shown in the graph.  C) Manhattan plot of the Fisher’s exact p values (Bonferroni 

correction) for coding genetic variants of the first discovery phase. Analyzed variants 

are plotted on the X-axis ordered by chromosomal position. Y-axis plots the negative 

logarithm of the p values. Coding variants that achieved or are close to genome-

wide significance (p < 5 x 10-8) are highlighted with green. Abbreviations: LoF pLI, 

probability of LoF intolerance score; -log10(p), negative logarithm of the Bonferroni 

corrected p values from the Fisher’s exact test.   
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Table 3.4. List of functional coding variants (regulatory, missense and LoF), including variants with significant single variant associations as highlighted from the Manhattan plots, as identified in the first discovery 

phase. The protein consequence alongside with the cDNA position is provided. P values, OR values and Confidence intervals (CI) are also indicated. Abbreviations: MAF, minor allele frequency; Diag., diagnosis; 

con, controls; gnomAD, Genome Aggregation Database; cons., consequence, PDP, protein damaging prediction; OR, odds ratio; CI, confidence interval; PSC gain, premature start codon gain; Inf, infinity; ID, 

intellectual disability, SCZ; schizophrenia; All, all neurodevelopmental disease cohorts; PD, probably damaging; PsD, possibly damaging.

Gene Variant 
cDNA (Protein 

cons.) 
Type 

MAF cases 
N cases 

Diag. 
MAF con 

N con 
MAF 

gnomAD 
PDP P  value OR (CI) 

FIRST DISCOVERY PHASE (1648)        

GRIK1 L411X 
c.1232T>A 
(p.Leu411*) 

Nonsense 
3.03x10

-4
 

(1 A/T) 
SCZ-ID - 5.78 x 10

-5
 PD   Inf 

GRIK3 S310A 
c.928T>G 

(p.Ser310Ala) 
Missense 

 
0.17  

(451 A/C, 51 C/C) 
    All 

0.25 
(846 A/C, 
113 C/C) 

      0.27 PsD 1.01 x 10-18 
0.59 

(0.52 - 0.66) 

           

GRIK3 F586V 
c.1756T>G 

(p.Phe586Val) 
Missense 

0.003
 

(9 A/C) 
ASD -       Novel PD 2.84 x 10-5 

24 
(1.41 - 417.3) 

GRIK4 S98X 
c.293C>A 
(p.Ser98*) 

 Nonsense 3.03x10
-4

 
(1 C/A) 

ID -       Novel PD  Inf 

GRIK5 Q848X 
c.2542C>T 
(p.Gln848*) 

Nonsense 3.03x10
-4

 
(1 G/A) 

ASD    -  Novel PD  Inf 

GRIK5 A895G 
c.2684C>G 

(p.Ala895Gly) 
Missense 

0.005 
(9 G/C, 4 C/C) 

SCZ    -  Novel PsD 4.06 x 10-5 
44.83 

(2.7 - 765) 

GRIK5 19:42546908 c.1270-1G>T 
Splice   

acceptor 
3.03x10

-4

 
(1 C/A) 

  ASD          -               Novel   -          Inf 

NETO1 18:70534669 c.-143G>T PSC gain 3.03x10
-4

 
(1 C/A) 

ASD   -  Novel -  Inf 
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The case-control analysis was also run for the replication cohort using 

the Fisher’s exact test after applying the Holm-Bonferroni correction 

(Figure 3.7). The single allele association results with different 

correction measures applied are displayed in Appendix 5. Again, I 

identified GRIK and NETO functional coding variants that exceeded 

either the genome-wide significance or the nominal GWA significance 

threshold as we identified for the first discovery phase. Moreover, 

according to the QQ plots (Appendix 7 B), there was an early deviation 

of the observed p values (Fisher’s exact test p values with Bonferroni 

correction) from the expected p values for the coding variants of the 

second discovery phase. Similar with the first discovery phase, this 

observation indicates that there is an excess of coding variants with p 

≤ 10-4 associated with schizophrenia. 

Similar with the first discovery phase, rare regulatory variants within 

LoF intolerant or LoF tolerant candidate genes had similar effect sizes 

(Figure 3.7 B). However, owing to the low number of rare damaging 

missense variants within the LoF tolerant genes, no direct 

comparisons could be performed between the effect sizes of rare 

damaging missense variants of LoF intolerant and LoF tolerant GRIK 

and NETO genes (Figure 3.7 C). 

As mentioned above, no LoF variants were identified within the 

second discovery phase. However, missense damaging and 

regulatory variants with a GWA or nominal significance were identified 

showing an association with schizophrenia. According to the single 

variant association analysis, two coding variants with nominal GWA 

significance were identified (p < 1 x 10-6): GRIK2 6:102337505 (splice 

region) and GRIK3 R865G (Figure 3.7 A, Table 3.5). Less statistically 

significant associations within other GRIK and NETO coding variants 

were also highlighted. In addition, novel variants within the 

schizophrenia cohort that showed a possible association with a 

protective role against developing schizophrenia were identified (i.e 

GRIK4 H860P, NETO2 16:47177664) (Table 3.5). Of interest, GRIK3 

S310A variant was one of the associations which did not reach 
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statistical significance owing to the lower numbers of the 

schizophrenia replication cohort compared to the first discovery phase 

(Fisher’s exact test; p = 0.004). In addition, forest plots of coding 

variants from the first discovery phase with nominal or GWA 

significance are provided in Appendix 6. 

Moreover, the alpha value for the second discovery phase was 

calculated. Again, given the sample size, the second discovery phase 

analysis would have >80% power (at α = 6.294 x 10-5) to detect 

significant GWA single allele associations, even if such variants had 

individually a relatively small effect size. 

 

3.2.4 Schizophrenia mega-pedigree analysis 

The exomes of the Finnish schizophrenia mega-pedigree were 

analysed to annotate the GRIK and NETO genetic variation and 

assess the robustness of already identified GRIK and NETO genetic 

associations with schizophrenia. Unfortunately, no LoF variants were 

identified within the Finnish schizophrenia mega-pedigree. However, 

7 missense variants were identified in total, of which 2 were novel in 

ExAC (GRIK2 C230F, GRIK4 N595T) and 2 were known with a low 

ExAC MAF (GRIK3 D593N, NETO2 I35T). Interestingly, the two novel 

missense variants had a MAF > 0.03 within the pedigree and hence 

these variants could be risk variants segregating with disease in one 

branch of the pedigree (Table 3.5). 20 regulatory variants were also 

identified, of which 19 were identified in the previous cohorts. In 

addition, 6 out of the 27 identified GRIK and NETO coding variants 

within the mega pedigree were identified within the Finnish non 

Kuusamo cohort as well. As already described, the non Kuusamo 

cohort comprises is part of the schizophrenia replication cohort 

(second discovery phase). Unfortunately, I could not assess potential 

linkage with disease owing to a lack of further information concerning 

family structure. 
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Figure 3.7. Single variant association findings from the second discovery phase. A) 

Manhattan plot of the Fisher’s exact p values (Bonferroni correction) for coding 

genetic variants identified within the schizophrenia cohort. Analyzed variants are 

plotted on the X-axis ordered by chromosomal position. Y-axis plots the negative 

logarithm of the p values. Coding variants which either achieved or are close to the 

genome-wide significance level (p < 5 x 10-8) are highlighted with green. B) Scatter 

plot graph depicting the allelic odds ratio values of the GRIK and NETO identified 

variants against their minor allele frequency (MAF) again within the schizophrenia 

cohort. The allelic odds ratio values are color coded depending on the population 

they were found (cases = red, controls = green, shared = blue). C) Violin graph of 

effect size of regulatory and missense and LoF variants in LoF intolerant and 

tolerant genes. The mean effect size of missense damaging and non-damaging 

variants is plotted alongside with the confidence intervals. Abbreviations: LoF pLI, 

probability of LoF intolerance score; -log10(p), negative logarithm of the Bonferroni 

corrected p values from the Fisher’s exact test.  
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Table 3.5. List of functional coding variants (regulatory, missense and LoF) identified within the schizophrenia replication cohort (second discovery phase) and the “mega-pedigree”, including variants with significant single 

variant associations as highlighted from the Manhattan plots. The protein consequence alongside with the cDNA position is provided. P values, OR values and Confidence intervals (CI) are also indicated. Abbreviations: 

MAF, minor allele frequency; Diag., diagnosis; con, controls; gnomAD, Genome Aggregation Database; PDP, protein damaging prediction; OR, odds ratio; CI, confidence interval; Splice, splice region variant; Syn, 

synonymous; SCZ; schizophrenia; PD, probably damaging; PsD, possibly damaging.

Gene Variant 
cDNA (Protein 

cons.) 
Type 

MAF cases  
N cases 

Diag. 
MAF con 

N con 
MAF 

gnomAD 
PDP P OR (CI) 

     REPLICATION (838)            

GRIK2 6:102337505 c.1525-10C>T Splice  
0.010  

(16 C/T) 
  

SCZ - Novel - 4.43 x 10
-8

 
42.26  

(2.53 - 704.64) 

GRIK3 S310A 
c.928T>G 

(p.Ser310Ala) 
Missense 

0.29 
(349 A/C, 71 C/C) 

SCZ 
 0.25 

(846 A/C, 113 
C/C)  

0.27 PsD 0.004
 
 

1.2 
(1.06 - 1.37) 

GRIK3 R865G 
c.2593A>G 

(p.Arg865Gly) 
Missense 

0.008 
(14 T/C ) 

SCZ - 0.005 B 6.8 x 10
-6

 
73 

 (4 -1226) 

GRIK4 H860P 
c.2579A>C 

(p.His860Pro) 
Missense 

0.002 
(4 A/C)  

SCZ - Novel PsD 0.001 
22.55  

(1.21 - 419) 

NETO2 16:47177664 c.-141C>G 5’UTR  
0.002 

(4 G/C) 
SCZ - Novel - 0.001 

22.55  
(1.21 - 419) 

     MEGAPEDIGREE (128)             

GRIK2 C230F 
c.689G>T 

(p.Cys230Phe) 
Missense 0.037 (9 G/T)     Novel PD     

GRIK3 D593N 
c.1777G>A 

(p.Asp593Asn) 
Missense 0.004 (1 C/T)     1.6 x 10

-5
 PsD     

GRIK4 N595T 
c.1784A>C 

(p.Asn595Thr) 
Missense 0.088 (21 A/C)     Novel PD     

GRIK5 S654S 
c.1962G>T 

(p.Ser654Ser) 
Syn 0.004 (1 C/A)     1.7 x 10

-5
  -     

NETO2 I35T 
c.104T>C 

(p.Ile35Thr) 
Missense 0.008 (2 A/G)   

3 x 10
-4

 PD   
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3.2.5 In silico protein modelling of protein damaging missense 

variants 

 

As highlighted above, a high number of protein damaging missense 

variants was identified within individuals with neurodevelopmental 

disease phenotypes. Some of these variants were found in ‘key’ 

protein domains (i.e. transmembrane domains, ligand binding 

domain), therefore in silico protein modelling assays were performed 

to assess their possible functional impact. To improve the 

understanding of the possible functional impact of these genetic 

variants, a number of in silico tools was utilised to specifically model 

features related to protein structure and protein surface dynamics.  

The functional effect of three singleton damaging missense mutations 

(GluK2(K525E), GluK4(Y555N), GluK4(L825W)), which were 

identified in individuals with schizophrenia and within the LBD, the M1 

and M4 domains of GluK2 and GluK4 subunit respectively, was 

assessed (Figure 3.8, Figure 3.9 A, C). In silico protein modelling was 

performed to investigate structural, thermodynamic, and electrostatic 

changes in GluK2/GluK4 heteromeric receptors. Protein Data Bank 

(PDB) models for GRIK and NETO genes were acquired as outlined 

previously in Table 2.5. PDB models for GRIK2 and GRIK4 dimers 

with agonist compounds (mainly glutamate) were also obtained.  

Alterations in the secondary structure of GRIK and NETO mutations 

were assessed using PyMOL. Changes in the number of hydrogen 

bonds caused by the aforementioned damaging missense variants 

may affect interactions such as protein-protein binding. GluK2(K525E) 

led to creation of a hydrogen bond, whilst GluK4(Y555N) disrupted 

formation of one hydrogen bond. GluK4(L825W) did not affect the 

formation of hydrogen bonds. H bonds are of paramount importance 

for the assembly, structure, and functioning of membrane proteins 

such as kainate receptors. Disruption of H bonding in membrane 
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proteins such as KARs could lead to changes in membrane protein 

folding, structure formation and protein conformation.  

Further examination of the functional effect of these variants was 

performed by investigating their influence on the thermodynamic 

effect of these variants, an important factor affecting interactions such 

as protein-protein binding (Figure 3.9 C). The GluK4 (L825W) variant 

had a slightly destabilizing effect on the total energy (∆∆G = 0.755 

kCal/mol), whilst GluK4(Y555N) resulted in a significant destabilizing 

thermodynamic effect (∆∆G = 1.65 kCal/mol). No observable change 

was seen for the GluK2(K525E) variant (∆∆G = 0.06 kCal/mol), 

suggesting a neutral effect on the total energy. These observations 

supporting the idea that alteration in protein structure may be clinically 

important and associated with key changes in protein behavior. Taken 

together, the in silico protein modeling analysis suggests that these 

three damaging mutations may affect protein conformation and 

structure relationships. 

Since no thermodynamic changes caused by the GluK2(K525E) 

variant could be detected, an additional software was used to detect 

its potential effect on the electrostatic surface potential of this domain. 

The electrostatic surface potential plays an important role in protein-

protein and protein-ligand interaction, protein movement, and 

alterations in conformation amongst other behaviors. By utilizing the 

APBS software, it was found that GluK2(K525E) missense mutation 

led to a substantial loss of electrostatic surface potential observed 

over the ligand binding domain area around the GluK2(K525E) variant 

(Figure 3.10). 

In silico protein modelling was conducted for two additional damaging 

missense mutations within GRIKs and NETOs, GluK3(S310A) and 

GluK2(D493N). GluK3(S310A) located in the ATD, was found to be 

protective against a broader neurodevelopmental phenotype. 

According to PyMOL, GluK3(S310A) variant disrupted the creation of 

a hydrogen bond (H-bond) (Figure 3.11 A, B). GluK2(D493N) is 
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another damaging missense variant, which was identified within the 

GluK2 LBD dimer (Figure 3.9 B). Protein modelling results for 

GluK2(D493N) variant also showed that this variants disrupted the 

creation of a hydrogen bond (H-bond) (Figure 3.11 C, D). 
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Figure 3.8. Panel of figures indicating three damaging missense variants identified 

within GluK2 and GluK4 subunits (coded by GRIK2 and GRIK4 gene respectively). 

A) GluK2(K525E) variant is located in the ligand binding domain and leads to 

creation of a hydrogen bond. B) GluK4(Y555N) variant is located in the first 

transmembrane domain (M1) and causes a change in the hydrogen bonds. This 

specific amino acid change leads to disruption of a hydrogen bond. C) 

GluK4(L825W) variant is located in the last transmembrane domain (M4) and does 

not cause a change in hydrogen bonds. 
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Figure 3.9. In silico protein modelling results for selected GluK2 and GluK4 damaging 

missense variants. A) Model of GluK2 and GluK4 receptors in which the three damaging 

missense mutations are also indicated (GluK2(K525E) in the ligand binding domain, 

GluK4(Y555N) and GluK4(L825W) in the first and third transmembrane domains 

respectively); B) Mesh surface area assessment of two damaging missense variants 

found in the ligand binding domain of GluK2 dimer (GluK2(D493N) is shown with green, 

whilst GluK2(K525E) is shown with yellow and glutamate is shows an blue spheres). C) 

Results of FoldX ΔΔG quantification between WT and mutated GluK2 and GluK4 

subunits. 
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Figure 3.10. Protein modelling results for GluK2(K525E) damaging missense 

variant demonstrating the changes in the surface electrostatic potential assessed 

by the APBS software. Green stick figure denotes GluK2(K525E) variant, blue area 

refers to positive electrostatic potential and red area refers to negative electrostatic 

potential. A) and B) denote the differences in the electrostatic potential between 

GluK2(K525) and GluK2(E525) respectively. A substantial loss of electrostatic 

surface potential was observed over the ligand binding domain area of the 

GluK2(K525E) variant. 

 

 

 

 

 

 

 

 



116 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. In silico protein modelling results for GluK3(S310A) and GluK2(D493N) 

damaging missense variants. Panel A) denotes the wild type status for the 

GluK3(S310A) variant and panel B) the mutated status. GluK3(S310A) variant is 

located in the amino terminal domain and leads to disruption of a hydrogen bond. 

Disruption of H bond especially in the ATD domain which is crucial for protein-

protein interactions may affect KAR and Neto interactions. In addition, panel C) and 

panel D) show the protein modelling results for GluK2(D493N) which is located 

within the LBD dimer. Panel C denotes the wild type status and panel D the mutated 

status in which the variant leads to disruption of H bond. 
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3.2.6 GRIK and NETO genetic variants located within post-

translational modification sites 

The potential for GRIK and NETO variants to disrupt post translation 

modification sites was assessed using the PhosphoSitePlus and the 

BioGrid databases which annotates known post-translational 

modification sites including sites of SUMOylation, ubiquitination, PKC 

phosphorylation, N-cadherin interaction sites and RNA editing sites. 

Recent studies have shown that the last 20 amino acids of GluK2 are 

required for KAR incorporation at MF-CA3 synapses and this region 

mediates interactions between GluK2 and the neuronal cell adhesion 

molecule N-cadherin. Two damaging missense variants were 

identified within the CTD domain of GluK2 (GRIK2 M893L, GRIK2 

A908T) and which could potentially disrupt any N-cadherin interaction 

sites (Fievre et al., 2016). 4 singleton synonymous variants within 

GRIKs and NETOs (GRIK2 T171T, GRIK5 T359T, NETO1 S483S and 

NETO2 S416S) are found within phosphorylation sites. 3 out of the 4 

genetic variants identified within phosphorylation sites were found 

exclusively in controls, whilst only one was found within the cases 

population (NETO2 S416S). Moreover, none of the identified GRIK5 

variants were the GRIK5 CAMKII phosphorylation sites (S859, S892 

and T976). 

Q/R RNA editing sites are also post-translational modification sites 

which have been shown to alter single-channel conductance and ion 

selectivity in recombinant KARs. None of the identified coding variants 

were located within the Q/R RNA editing sites in the M2 loops of 

GluK1 and GluK2 subunits.  
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3.3 Discussion 

This chapter reports the screening of GRIK and NETO genes within 

individuals with a broad spectrum of neurodevelopmental disease 

phenotypes. To achieve this, two discovery phases were used: the first 

discovery phase (neurodevelopmental disorders), the second 

discovery phase (schizophrenia) and the mega pedigree 

(schizophrenia). By analyzing additional schizophrenia cohorts, the 

reliability of the genetic findings was further confirmed. Up to 

submission of this study, this is the first comprehensive screening of 

GRIK and NETO genetic coding variation within individuals diagnosed 

with neurodevelopmental disease phenotypes and general control 

populations. The screening was also conducted by using GRIK and 

NETO transcripts highly expressed in brain tissues according to the 

GTEx portal. This is the first study assessing GRIK and NETO coding 

variation, in which brain expressed and not the canonical transcripts 

are assessed. Therefore, the identified GRIK and NETO coding 

variants are expressed within the brain domains. This hints at a 

potential direct link of the GRIK and NETO (damaging) coding variation 

with brain disease risk. 

The integrated analysis of whole-exome and whole-genome 

sequences in total supports the hypothesis that rare missense 

damaging and LoF variants within GRIK and NETO genes are enriched 

in individuals with schizophrenia both with and without comorbidity with 

intellectual disability. According to the data, a high number of missense 

damaging and LoF variants was identified within the case individuals 

from the first and second discovery phase. Ultra-rare and rare 

missense and LoF variants within KAR subunit and NETO genes, 

which were novel and were characterized by a protein damaging effect, 

were also identified. These findings are in line with previous studies 

showing that rare variants are more likely to affect protein composition 

(in a disruptive manner) and to occur at predicted functional sites 

compared to common variants (Li et al., 2010, Zhang et al., 2010). 

However, there may be a bias in annotating the majority of GRIK and 
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NETO rare coding variants as protein damaging or deleterious, since 

previous studies showed that the lower the MAF of a coding variant, 

the more likely it is to be annotated as deleterious using a variety of 

variant effect prediction algorithms (Adzhubei et al., 2010).  

The location spread of rare variants detected in the current screen of 

GRIKs and NETOs did not show any clear clustering of the identified 

mutations within specific functional protein domains of GluKs. As the 

majority of these variants were found in individuals diagnosed mainly 

with schizophrenia, autism spectrum disorders, intellectual disability, 

there is no evidence supporting that mutation location influences 

clinical expression. However, as only exons encoding the functional 

domains were screened it is possible that there is a distribution bias in 

variant type, which may correlate to variable disease presentation. 

Missense mutations are known to give rise to dominant negative effects 

through an altered gene product that interferes with the wild type 

protein function. The location of the identified missense mutations 

within the encoded GluK and Neto proteins (LBD, TMD or ATD) 

suggests that pathology can result either from altering the agonist 

sensitivity and the decay kinetics of KARs or from their interaction with 

Netos (Figure 3.4). In contrast, LoF mutations, such as a truncated 

protein resultant from premature stop codon, are predicted to cause 

illness through either haplo-insufficiency owing to ‘nonsense-mediated 

decay’ of the truncated allele’s transcript or a gain-of-function effect 

where the truncated protein product gains a new and abnormal 

function. The present results suggest that both damaging missense 

and LoF mutations, which were identified exclusively within the case 

individuals, contribute to the broad spectrum of neurodevelopmental 

disorders. 

One LoF variant was identified within an individual diagnosed with 

schizophrenia comorbid with ID and three LoF variants were identified 

within the ASD cohorts (first discovery phase). Similarly, damaging 

missense variants were identified mainly within individuals from the 
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psychosis and the ASD/ID cohorts. Taken together, the occurrence of 

the same type of mutations in individuals with phenotypes across the 

neurodevelopmental disease spectrum supports an overlap of 

etiologies for these disorders consistent with previous findings (Gandal 

et al., 2018). However, it as yet unclear from the data whether the 

identified GRIK LoF mutations cause either a lethal or a clinically 

distinct severe phenotype. The identified LoF variants were found in a 

heterozygous state, whilst there is a possibility that only LoF variants 

in a homozygous state have a real loss of function effect for that 

protein.  

One of the limitations of this study is that the different models of genetic 

inheritance for GRIK and NETO damaging missense variants could not 

be explored. Previous studies have shown that genetic variants within 

KDM5B with homozygous or compound heterozygous inheritances 

may contribute to developmental delay-like syndromes (Faundes et al., 

2018). Consequently, identification of recessive homozygous or 

compound heterozygous inheritances for all the GRIK and NETO 

damaging missense mutations is an avenue to be explored. Moreover, 

additional validation of the potential damaging role of GRIKs and 

NETOs is necessary. This can be achieved by obtaining familial DNA 

and assessing the co-segregation of the mutation event with disease 

within a family.  

In addition, more than 90% of the genetic coding variation within GRIKs 

and NETOs across case and control populations is rare (MAF < 0.01) 

or ultra-rare (MAF < 0.0001). This finding is consistent with previous 

reports showing that variation from deep sequencing of human exomes 

is mainly rare (Tennessen et al., 2012). Interestingly, individuals with 

the psychosis and/or ASD and ID are characterized by higher numbers 

of rare coding (missense, LoF, regulatory) variants. In contrast, 

common missense and regulatory variants were identified mainly 

within control individuals or they were shared in both case and control 

individuals. Interestingly, missense damaging and LoF variants had a 

larger effect size compared to regulatory and missense benign variants 
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across all genes assessed. These findings validate the hypothesis that 

rare missense damaging and LoF variants will have higher allelic ORs 

and hence have higher penetrance effect sizes compared to regulatory 

variants. 

I was able to perform variant analysis and annotation only for the single 

nucleotide variants (SNVs) within the different discovery phases. More 

appropriate and sophisticated tools will be needed to analyse all the 

different types of coding variants within GRIKs and NETOs, such as 

CNVs, indels, duplications etc. 

Previous studies have shown that GRIK3 S310A was associated with 

schizophrenia in different subpopulations, with most of the studies 

indicating a positive association. Of interest, this common missense 

GRIK3 variant is located within the amino-terminal domain and it may 

play a crucial role in the protein conformation and affect any protein-

protein interactions (i.e KAR subunit and Neto protein interactions). In 

this study, single allele association analysis within the first and second 

discovery phase was performed to provide substantial evidence for the 

link of GRIK3 S310A with neurodevelopmental disease and especially 

schizophrenia. The single allele association p value exceeded GWA 

significance within the first discovery phase (Fisher’s exact test; p < 5 

x 10-8) but did not reach significance for the second discovery phase  

(Fisher’s exact test; p = 0.002). Therefore, this association is further 

investigated in Chapter 4.  

One factor which significantly affects the single allele associations is 

the p-value cut off of significance. To ensure that no bias is introduced 

in the single allele association findings, three different corrections in 

the unadjusted p-values were applied: Bonferroni correction, FDR 

values and q values. FDR values and q values are less conservative 

whilst the Bonferroni correction is the most stringent one. The 

unadjusted and adjusted p-values were compared and the results from 

this comparison are displayed in the Appendix 4. If single allele 

associations were significant with the most stringent correction applied 
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(Bonferroni correction), then they were also significant with the other 

two corrections: FDR values or q values. Although I chose the GWA 

threshold of significance (p ≤ 5 x 10-8) to highlight single allele 

associations, I also took into consideration variants that exceeded the 

nominal threshold for significance (p = 1 x 10-6). By applying these two 

thresholds of significance, all the potential GRIK and NETO genetic 

coding variants, which were associated with neurodevelopmental 

disease phenotypes, were highlighted. 

In silico protein modelling results provide further evidence for a protein 

damaging effect of the identified GRIK and NETO missense variants. 

It was observed that damaging missense variants, lead to alteration of 

the number of hydrogen bonds (H bond), which are of crucial 

importance for the protein conformation and for any protein-protein 

interactions. The GluK3(S310A) variant, which was associated with a 

protective role against neurodevelopmental disease phenotypes, lead 

to a disruption of a hydrogen bond. GluK4(Y555N) and GluK4(L825W) 

damaging missense variants lead to (slightly) destabilizing effect on the 

free energy values, whilst GluK2(K525E) had a neutral effect on the 

free energy values but changed dramatically the electrostatic surface 

potential. In addition, GluK2(K525E) and GluK4(Y555N) changed the 

number of H bonds. These results suggest that these damaging 

missense variants induce changes in the protein stabilization and 

protein conformation. Electrophysiological studies of these mutations 

will be discussed in chapter 7. 

Taken together, the findings of this chapter support the hypothesis that 

GRIKs and NETOs carry common and rare variants with a protein 

damaging effect, as demonstrated by the in silico protein prediction and 

modelling tools. Overall, damaging missense GRIK and NETO variants 

were identified, which were also characterized by a significant 

association with a broad spectrum of neurodevelopmental disorders. 

Replication of these genetic findings in different schizophrenia and 

neurodevelopmental disease cohorts and use of larger general control 

populations is necessary to further establish these association findings.  
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4 Burden analysis and testing the robustness of 

genetic findings  

4.1 Preface 

Having performed a single variant association analysis for each coding 

variant identified within the GRIKs and NETOs in both discovery 

phases, the variant burden within each gene and the relationship of this 

burden with disease was subsequently examined.  As with the previous 

analysis, various burden tests were performed at the 0.3 threshold of 

genetic imputation and at both an individual gene level and a gene wide 

level.  

Similar with the single allele association analysis performed in the 

previous section, the nominal GWA level of significance (p < 1 x 10-6) 

was attained to assess the association of the variant burden of GRIK 

and NETO coding variants with the neurodevelopmental disease 

phenotypes. Where appropriate, the identification of a variant burden 

with close to the suggestive level of significance (p < 1 x 10-4) is 

reported. 

 

4.2 Results from the burden analysis tests 

A number of burden analysis tests was implemented including: 

Combined Multivariate and Collapsing (CMC) method which belongs 

in the burden tests class; Variable Threshold (VT), Kernel-Based 

Adaptive Cluster (KBAC) and Rare Variants (RVT1) methods which 

belong in the adaptive burden tests class; Sequence Kernel 

Association Test (SKAT) method which belongs in the variance 

component class; and SKAT-O and Fisher’s tests which are classified 

as combined tests. 

All the different types of variant burden were assessed at a gene-wide 

and a gene level including the variant burden of regulatory variants, the 

variant burden of missense and LoF variants and then the variant 
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burden of both these types of variants combined. It was hypothesized 

that synonymous variants (silent mutations) which involve the 

substitution of a common codon for a rare codon, may affect the 

kinetics of translation and hence co-translational folding processes and 

ultimately efficacy of protein function (Karlin and Mrazek, 1996, Kimchi-

Sarfaty et al., 2007, Supek and Vlahovicek, 2005). Therefore, it is 

important to assess the contribution of the variant burden (gene-wide 

or gene level) of regulatory variants to risk for neurodevelopmental 

disease. As highlighted in previous sections, rare missense and LoF 

variants within candidate genes are reported to significantly alter the 

protein function and structure and contribute to psychiatric disease risk 

(Knight et al., 2009). Consequently, it is important to assess the 

contribution of the variant burden of GRIK and NETO missense and 

LoF variants with risk for neurodevelopmental diseases (on a gene-

wide and at an individual gene level). 

Initially, burden analysis was conducted on a gene-wide level across 

GRIK and NETO genes. Most simple burden and adaptive burden tests 

did not return detailed p values (perm p value < 0.001). Then, burden 

analysis tests were performed within each GRIK and NETO gene (gene 

level approach), but the results of these tests were difficult to validate 

as they did not return detailed p values (Appendix 8, Appendix 9, 

Appendix 10). Only the KBAC adaptive burden test of rare missense 

variants returned accurate estimates of variant burden, showing 

correlation with the results generated by using more reliable statistical 

approaches. Whilst no variants reached GWAS significance in the 

KBAC test, burden analysis results for GRIK5 across all diagnoses 

were close to the suggestive level of significance (p = 0.0003). Similar 

observations were applied when we implemented KBAC test within 

GRIK and NETO genes aggregated (gene-wide approach). 

Although CMC, RVT1 and VT tests did not return detailed p values, 

specific genes carrying a burden of variants with p values close to the 

nominal level of significance were highlighted. When variants were 

examined across the different diagnoses, GRIK1, GRIK2, GRIK5 and 
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NETO1 were found to carry a significant burden of common and rare 

functional variants as highlighted in the CMC test (perm p-value < 

0.001).  RVT1 test revealed a burden of rare functional (i.e., regulatory, 

missense and LoF) variants within GRIK3, GRIK5 and NETO1 genes 

between individuals with neurodevelopmental disease phenotypes 

(affected) and control individuals (non-affected). In addition, a burden 

of rare regulatory variants was identified within GRIK3, GRIK5 and 

NETO1 between affected and non-affected individuals using again the 

RVT1 test (perm p-value < 0.001). VT test highlighted a significant 

burden of rare functional variants (i.e., regulatory, missense and LoF) 

within NETO1 again between individuals with neurodevelopmental 

disease phenotypes and control individuals (perm p-value < 0.001) 

(Appendix 8). 

Then, the burden and accumulation rates of rare and singleton 

functional variants were analysed within the GRIK and NETO genes 

aggregated by using SKAT and SKAT-O tests. SKAT and especially 

SKAT-O are powerful tests with respect to the percentage of causal 

variants and the presence of both trait-increasing and trait-decreasing 

variants.  

Again, burden analysis was initially conducted on a gene-wide level. 

When all case cohorts were analysed and compared to control 

populations, a GWA significant increased burden of rare regulatory, 

missense and LoF variants was observed (SKAT-O: p = 2.07 x 10-15). 

There was also an increased burden of common and rare regulatory, 

missense and LoF variants with GWA significance (SKAT-O: p = 3.38 

x 10-20). Burden analysis was also performed on a gene level with 

GRIK3, GRIK5 and NETO1 carrying an increased burden of functional 

variants. An increased burden of common and rare functional (i.e., 

regulatory, missense and LoF) variants within GRIK3 was observed 

with statistical significance close to the nominal level (SKAT-O: p = 1.26 

x 10-5). An increased burden of common and rare regulatory variants 

(SKAT-O: p = 4.655 x 10-16) within NETO1 was also identified. This 

significance was mainly driven by the increased number of regulatory 
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variants within the control individuals (Table 4.1). GRIK5 carried a 

burden of rare missense and LoF variants in cases compared to control 

individuals, which was characterised by a nominal statistical 

significance (SKAT-O: p = 9.99 x 10-6). Of interest, these three 

candidate genes are classified as LoF and missense intolerant 

according to LoF pLI values and missense intolerant constrain metric 

scores (ExAC browser) (Table 3.1).  
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Table 4.1. SKAT-O p values for the first discovery phase and at an individual gene 

level. SKAT-O test was run across all variant categories, according to their MAFs 

and their protein prediction functional effect (i.e. regulatory, missense etc.). The 

asterisk (*) denotes variant categories with GWA or nominal significance association 

p-values. 

Abbreviations: ‘of interest’, regulatory variants clustered with LoF & Missense 

variants. 
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4.3 Disease specific burden analysis 

Another aim of the burden analysis was to detect GRIK and NETO 

genetic associations within individual disease cohorts. Therefore, 

disease (cohort) specific burden analysis was performed by 

implementing the same set of burden analysis tests. It was postulated 

that the disease diagnosis may significantly alter the contribution of 

each GRIK and NETO variant burden to risk or protection for 

neurodevelopmental disease phenotypes. 

According to the results from the KBAC method, the burden analysis 

data on the whole candidate gene set (gene-wide level) were close to 

the suggestive level of significance between psychosis cases and 

control individuals (p = 0.0003). Similar observations were applied at 

an individual gene level for the KBAC method, where burden analysis 

data for GRIK5 were close to the suggestive level of significance (p = 

0.0003) between psychosis cases and control individuals. 

When comparing individuals with psychosis phenotypes with general 

population control individuals with the SKAT-O method, a significantly 

increased burden of rare missense and LoF variants was observed 

across the GRIK and NETO genes (SKAT-O; p = 1.83 x 10-10) (Table 

4.2). For the intellectual disability and ASD cohorts, a significantly 

increased burden of common and rare functional variants (i.e., 

regulatory, missense and LoF) was observed across the GRIK and 

NETO genes (SKAT-O; p = 6.86 x 10-18). 

Disease specific burden analysis was also performed on a gene level 

using again SKAT-O. For autism and intellectual disability samples 

compared to control samples, a genome-wide significant burden of 

common and rare regulatory, missense and LoF variants was 

identified within GRIK3 and NETO1 and which was not found in the 

other genes (SKAT-O; p = 3.31 x 10-13 and p = 2.79 x 10-12 

respectively) (Table 4.3). Interestingly, a burden of common and rare 

functional (regulatory, missense and LoF) variants was identified 

within GRIK1, which was characterized by a significance close to the 
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nominal level (SKAT-O; p = 1.20 x 10-5). When comparing the 

psychosis cases to control individuals, a genome-wide significant 

burden of rare missense and LoF variants was identified within 

GRIK5, which was not observed in the other candidate genes (SKAT-

O; p = 7.83 x 10-10) (Table 4.4). In addition, a burden of common and 

rare functional (i.e., regulatory, missense and LoF) variants was 

observed within NETO1 in psychosis samples compared to controls 

and which was close to the genome wide level of significance (SKAT-

O; p = 6.76 x 10-6) (Table 4.4).  

CMC, RVT1 and VT tests returned p values lower than 0.001, thereby 

highlighting the difference in the variant burden of both common and 

rare functional variants (i.e, regulatory, missense and LoF) between 

ASD and ID cohorts, when all GRIK and NETO genes were 

aggregated. Similar observations were made for GRIK1, GRIK3, 

GRIK4 and GRIK5 genes within ASD cohorts, in which a burden of 

common and rare functional variants with p < 0.001 was identified. In 

regards to psychosis cohorts, GRIK5 and NETO1 carried a burden of 

either regulatory and/or missense and LoF variants in each of the 

functional variant categories assessed (p < 0.001). Similar 

observations were made when all genes were aggregated and 

assessed for differences in the burden of variants carried within 

psychosis cohorts (Appendix 9, Appendix 10). 
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Table 4.2. Burden analysis results (using SKAT-O) for the first discovery phase 

across GRIK and NETO genes (gene wide level). GRIK and NETO coding variants 

had different MAFs and functional effects (i.e., missense, LoF, regulatory) and they 

were identified within the different diagnosis groups of the first discovery phase. The 

asterisk (*) symbol denotes that the respective variant burden reaches GWA 

significance. Abbreviations: All, variants of all frequencies; All neuro, all 

neurodevelopmental diseases clustered as one group; ASD & ID, disease group of 

individuals with autism spectrum disorders, intellectual disability or autism spectrum 

disorders comorbid with ID; Psychosis; disease group of individuals with psychosis, 

schizophrenia, and psychosis with ID. 

 

          Variant Type Frequency Disease status 
P value 

(SKAT-O) 

      FIRST DISCOVERY PHASE  (1648) 

All functional 

All (0.0-0.50) 

All neuro 3.38 x 10-20 * 

Psychosis 1.63 x 10-11 * 

ASD & ID 6.86 x 10-18 * 

Utra rare  & rare 

(< 0.01) 

All neuro 2.07 x 10-15 * 

Psychosis 3.69 x 10-13 * 

ASD & ID 1.30 x 10-9 * 

LoF and missense 

All (0.0-0.50) 

 

All neuro   2.97 x 10-8 

Psychosis 6.17 x 10-7 

ASD & ID 3.15 x 10-11 * 

Ultra rare  & rare 

(< 0.01) 

All neuro 6.02 x 10-7 

Psychosis 1.83 x 10-10 * 

ASD & ID 0.026 

Regulatory 

All (0.0-0.50) 

 

All neuro 7.72 x 10-8 * 

Psychosis 1.83 x 10-7 

ASD & ID 6.20 x 10-4 

Ultra rare  & rare 

(< 0.01) 

All neuro 1.17 x 10-6 

Psychosis 1.83 x 10-7 

ASD & ID 6.06  x 10-6 
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Table 4.3. SKAT-O p values for the ASD and ID phenotype of the first discovery 

phase and at an individual gene level. SKAT-O test was run across all variant 

categories and according to their MAFs and their protein prediction functional effect 

(i.e. regulatory, missense etc). The asterisk (*) denotes variant categories with GWA 

or nominal significance association p-values. 

Abbreviations: ‘of interest’, regulatory variants clustered with LoF & Missense 

variants. 
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Table 4.4. SKAT-O p values for the psychosis phenotype for the first discovery phase 

and at an individual gene level. SKAT-O test was run across all variant categories 

and according to their MAFs and their protein prediction functional effect (i.e. 

regulatory, missense, LoF). The asterisk (*) denotes variant categories with GWA or 

nominal significance association p-values. 

Abbreviations: ‘of interest’, regulatory variants clustered with LoF & Missense 

variants. 
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4.4 Replicating the burden load within GRIK and NETO genes 

The same set of burden analysis tests was implemented to assess 

the variant burden (burden load) of functional coding variants within 

GRIKs and NETOs from the second discovery phase (schizophrenia 

replication cohort). This analysis could not be performed for the 

individuals forming the mega-pedigree, since they are related. 

Therefore, burden analysis was conducted exclusively for the second 

discovery phase. 

Burden analysis tests conducted across the GRIK and NETO genes 

revealed a significant burden of functional (regulatory, missense & 

LoF) variants of all frequencies that contributed to susceptibility for 

schizophrenia and which exceeded the GWA significance threshold. 

Similar observations were applied for the identified burden of ultra-

rare and rare regulatory and ultra-rare and rare missense & LoF 

variants. These sets of variant burden were associated with risk for 

schizophrenia and the p values exceeded the GWA level of 

significance (Table 4.5). 

According to the burden analysis tests conducted at individual gene 

level, GRIK and NETO LoF intolerant genes had higher accumulation 

rates of LoF and rare missense damaging variants compared to GRIK 

and NETO LoF tolerant genes. More specifically, individuals with 

schizophrenia from the second discovery phase had a higher burden 

of common and rare functional (i.e, regulatory, missense and LoF 

variants) within GRIK3 compared to control individuals, which was 

mainly driven by common missense variants (SKAT-O; p = 2.18 x 10-

11). In addition, both NETO (NETO1 and NETO2) genes had higher 

accumulation rates of common and rare regulatory variants within 

individuals with schizophrenia compared to controls (SKAT-O; p = 

1.60 x 10-28 and p = 8.03 x 10-10) (Table 4.6). A burden of rare 

regulatory variants was identified within GRIK5 in individuals with 

schizophrenia (SKAT-O; p = 3.37 x 10-5).  
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Table 4.5. Burden analysis results for the second discovery phase across all the 

GRIK and NETO genes. SKAT-O p values indicate the association significance of 

the variant burden of each variant category with susceptibility for schizophrenia. The 

asterisk (*) symbol denotes that the respective variant burden reaches GWA 

significance. 

Abbreviations: ‘SCZ’, schizophrenia; ‘All functional’, regulatory (or regulatory) 

clustered with LoF & Missense variants. 

 

 

 

 

 

 

 

 

 

 

 

Variant Type Frequency 
Disease 

status 

P value 

(SKAT-O) 

SECOND DISCOVERY PHASE   (838) 
  

All functional 

All (0.0-0.50) SCZ 1.26 x 10-25 * 

Utra rare  & Rare     

(< 0.01) 
SCZ 3.55 x 10-7 

LoF and missense 
All (0.0-0.50) SCZ 4.39 x 10-15 * 

Utra rare  & Rare     

(< 0.01) 
SCZ 0.138 

Regulatory 
All (0.0-0.50) SCZ 7.37 x 10-22 * 

Utra rare  & Rare    

(< 0.01) 
SCZ 2.10 x 10-14 * 
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Table 4.6. SKAT-O p values for the second discovery phase and at an (individual) 

gene level. Burden and rare variant analysis tests were conducted for different 

variant categories and according to the MAF as well as the protein prediction 

functional effect (i.e. regulatory, missense etc.). The asterisk (*) denotes variant 

categories with GWA or nominal significance association p-values. 

Abbreviations: ‘of interest’, regulatory (or regulatory) clustered with LoF & Missense 

variants. 
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4.5 Robustness of GRIK and NETO allele associations within the 

non-psychiatric arm of the ExAC database 

To assess the robustness of significantly associated single alleles 

identified in the first and second discovery, allelic frequencies of all 

“interesting” variants in the UK10K affected cases (N = 1648 from the 

first discovery phase and N = 838 from the second discovery phase) 

were compared with non-affected exomes from ExAC cohorts (N = 

45,376). This simple allele association was conducted only for coding 

variants ‘of interest’ within the candidate genes. 

The findings of such association tests further established the 

association of KAR functional coding variants with risk or protection 

against neurodevelopmental disorders (Table 4.7). 8 functional coding 

variants exceeded the genome-wide level of significance, whilst 7 had 

p values reaching the nominal level of GWA significance. The 8 

functional coding variants that exceeded the genome-wide significance 

threshold were as follows: GRIK1 L902S, GRIK1 D391D, GRIK2 

6:102247673, GRIK3 S310A (double association), GRIK3 N119N, 

GRIK4 P545P, GRIK5 A895G, and GRIK5 A893A. The 7 nominally 

significant associations were the following: GRIK2 E808E, GRIK2 

6:101847066, GRIK4 V528I, GRIK5 L615L, NETO1 A487G, NETO1 

18:70534567, NETO2 S456T (Table 4.4). Of interest, 4 variants, for 

which significant association was observed, were not found in the 

ExAC database (GRIK2 6:101847066, GRIK5 19:42503282 (A895G), 

GRIK5 19: 42503287 (A893A), NETO1 18:70534567). 

Finally, using data from ExAC for well individuals (45,376) and the 

psychiatric disease arm of the ExAC study (15,328) which relates to a 

broader neurodevelopmental phenotype, the allele frequencies of 

variants with the following criteria were compared: LoF variants; 

damaging missense variants with GWA or nominal significance 

associations; variants with significant associations from the ExAC 

robustness tests.  Interestingly, all of the LoF variants and most of the 

damaging missense variants with GWA associations were novel. 
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Consistent with the discovery phase findings, a significant difference in 

allele frequency for the GRIK3 S310A variant was found (χ2 = 982, p = 

9.03 x 10-222; non-affected individuals MAF 0.342, individuals with 

psychiatric disorders MAF 0.245) giving an OR 0.62 (95% CI = 0.60 – 

0.64) and indicating a protective effect. Similarly, a significant 

association for GRIK3 R865G variant was replicated (individuals with 

psychiatric disorders MAF 0.008; non-affected individuals MAF 0.004) 

giving an OR 1.49 (95% CI = 1.26 - 1.78) with p = 7.19 x 10-5 and χ2 = 

40.46 and indicating a risk effect. Findings highlighted from 

comparisons of the affected individuals from the first or second 

discovery phase and the ExAC unaffected individuals were replicated 

by using ExAC affected and unaffected populations. More precisely, 

the association of GRIK1 L902S with a protective effect against a broad 

neurodevelopmental disease phenotype was replicated (Table 4.8). 

Similarly, a significant association of GRIK1 D391D, GRIK2 

6:102247673 and GRIK3 N119N was replicated and a protective effect 

was again indicated (Table 4.8). Moreover, the association of GRIK4 

P545P variant with a risk for psychosis phenotypes was replicated 

(Table 4.8).  

Variant associations from the comparison of MAFs from the first and 

second discovery phase versus the non-psychiatric population from 

ExAC, and, from the MAFs comparison between the psychiatric and 

the non-psychiatric arm from ExAC are highlighted in the Manhattan 

plots (Figure 4.1 and Figure 4.2)
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Table 4.7. Robustness of GRIK and NETO variant association by utilizing the non-psychiatric exome arm from ExAC browser. Details about the variant, the protein damaging effect, the case and control minor allele 
frequency (MAF), the Fisher’s exact test p values and odds ratio are provided. The asterisk before the p values (*) indicates genetic variants with significant GWA associated p values. Variant annotation according to the 
HGVS nomenclature is also provided in the cDNA column. Abbreviations:  SCZ, schizophrenia; All neurodevelopmental, all cohorts from the first discovery phase; Protein cons.; protein consequence; Inf, infinity.
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Table 4.8. Robustness of GRIK and NETO variant association by utilizing the 

psychiatric and the non-psychiatric exome arms from ExAC browser. Details about 

the variant, the nomenclature, the ExAC case and control minor allele frequency 

(MAF), the Fisher’s exact test p values and odds ratio (confidence intervals) are 

provided. 

Abbreviations: psy, psychiatric; non psy, non-psychiatric; CI, confidence intervals.  
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Figure 4.1. Summary of the robustness association results across the first and 

second discovery phase and the ExAC non psychiatric arm. Allelic frequencies of 

rare and common coding and splicing variants in the UK10K affected cases with 

non-affected exomes from ExAC cohorts were compared. The Manhattan plot of the 

Fisher’s exact p values (Bonferroni correction) for coding genetic variants identified 

within the case individuals of the first and second discovery phases arm. Analyzed 

variants are plotted on the X-axis ordered by chromosomal position. Y-axis plots the 

negative logarithm of the p values.  

 

 

 

 

 

 

 

 

 

Figure 4.2. Manhattan plot of the Fisher’s exact p values (Bonferroni correction) for 

coding and splicing variants which were found associated with a psychiatric disease 

phenotype. Analyzed variants are plotted on the X-axis ordered by chromosomal 

position. Y-axis plots the negative logarithm of the p values. The case and control 

population is comprised of the psychiatric and the non-psychiatric arm of ExAC 

respectively. The Fisher’s p values are extrapolated from MAFs comparison of the 

psychiatric and the non-psychiatric population from ExAC. 
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4.6 Discussion  

The rise of low-cost, large-scale next-generation sequencing has 

empowered the study of human genetic variation in ever larger 

samples at a whole genome and whole exome scale. Hundreds of 

rare variants were identified and they tend to be geographically 

restricted or even private to an individual or family (Henn et al., 2015). 

Therefore, rare variants are more likely to affect and/or disrupt protein 

function and to occur at predicted functional sites compared to 

common variants (Adzhubei et al., 2010). 

Burden load or variant burden is characterized as the component of 

genetic load attributable to the reduction in fitness caused by new and 

recent deleterious mutations. Single allele association analyses are 

helpful to highlight individual genetic associations, but it is equally 

important to assess the burden load of common and rare genetic 

variants in affected and control populations.  

To comprehensively examine the effect of the burden load of GRIK 

and NETO genetic coding variation, burden analysis approaches were 

applied alongside with single variant analysis approaches. Whilst the 

single variant testing was successful, the inclusion of burden analysis 

tools proved to be more difficult. The most recent and sophisticated 

burden analysis and rare variant association tests were implemented 

to achieve accuracy. However, RVTESTS and PLINK/SEQ could not 

properly assess imputed VCF files and the results from the CMC, VT, 

and KBAC tests were not as accurate as expected, since proper p 

values could not be extrapolated.  

SKAT and SKAT-O tests, which are arguably the most popular burden 

analysis packages in the field at present and were previously used in 

similar analyses using cohort data, appeared to produce more 

accurate results (Consortium, 2015). This is the first reported study 

implementing burden analysis tests to investigate the burden load of 

common and rare coding variants within GRIKs and NETOs and its 

association with neurodevelopmental disease risk. Interestingly, the 
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majority of the burden analysis results reached or exceeded GWA or 

(close to) nominal significance when conducted in a gene-wide 

approach. 

A burden of rare functional variants was identified within individuals 

with psychosis, whilst a burden of common and rare functional 

variants was identified within the ASD and ID cohorts. In addition, a 

burden of common missense and LoF GRIK and NETO variants was 

reported to contribute to risk for autism spectrum disorder 

phenotypes. In contrast, a burden of rare damaging missense and 

LoF variants within GRIKs and NETOs was shown to contribute to risk 

for schizophrenia. These findings could be interpreted to indicate that 

common missense and LoF variants give rise to ASD & ID 

phenotypes, whilst rare missense and LoF mutations contribute to risk 

for schizophrenia. This findings is in line with previous studies 

showing that rare genetic variation largely contributes to 

schizophrenia phenotypes, whilst more common genetic variation is 

associated with autism spectrum disorder phenotypes (Weiner et al., 

2017, Xia et al., 2014, Marshall and Scherer, 2012, Singh et al., 2016, 

Singh et al., 2017, Leonenko et al., 2018, Bassett et al., 2017).  

When variant burden was assessed at an individual gene level, a 

significant enrichment of common and rare functional coding variants 

within three genes classified as LoF and missense intolerant, GRIK3, 

GRIK5 and NETO1, was found and replicated across 

neurodevelopmental phenotypes in both discovery phases. The 

present findings from both discovery phases are also consistent with 

previous findings showing that both common and rare risk alleles 

within LoF and missense intolerant genes contribute to 

neurodevelopmental disease phenotypes, including autism spectrum 

disorders (ASD) and schizophrenia (SCZ) (Pardinas et al., 2018; 

Weiner et al., 2017). Similarly to findings presented in the previous 

chapter, the results of the burden analysis provides evidence to 

support the hypothesis that there is an overlap and a shared genetic 
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background in autism spectrum disorders and schizophrenia (Gandal 

et al., 2018). 

Novel missense variants, which were not previously annotated in any 

known database, were identified within the Finnish schizophrenia 

‘mega pedigree’. Owing to potential variant segregation with disease, 

two novel damaging missense variants (GRIK2 C230F, GRIK4 

N595T) were found with high MAFs (MAF > 0.03) within the pedigree. 

Therefore, it was postulated that these novel damaging missense 

variants could be risk variants that segregate with disease in one 

branch of the pedigree. However, further evidence will be needed to 

show that these rare variants are significantly associated with 

psychiatric diseases primarily by conducting family segregation 

analysis and assessing the different models of genetic inheritance. 

Previous studies have shown that loss-of-function (LoF) mutations in 

SETD1A were initially associated with risk for schizophrenia with 

closer inspection indicating that the majority of these individuals also 

had forms of ID (Singh et al., 2016). Extension of this work to larger 

cohorts confirmed that rare damaging variants, such as LoF 

mutations, are enriched in individuals with comorbid intellectual 

disability and psychosis as well as those who have schizophrenia 

alone (Singh et al., 2017, Takata et al., 2014). These studies and the 

current findings exemplify that intellectual disability comorbid with 

psychosis appears to be of particular interest in rare variant analysis. 

Such findings also highlight that rare damaging missense and LoF 

variants are clustered in individuals with schizophrenia with and 

without comorbidity with intellectual disability.  

In attempts to replicate the single allele association findings, all the 

coding and splicing variants were further assessed by using ExAC 

control data, and ExAC data for psychiatric cases and control data. 

Nine significant single allele associations were observed, which were 

replicated with high confidence. Interestingly, the majority of these 

associated alleles were found to be protective. One of these 
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associations was the association of GRIK3 S310A variant with a 

protective role against a broad neurodevelopmental phenotype which 

was further validated (χ2 = 982, p = 9.03 x10-222, OR = 0.62). This 

variant has been previously investigated for psychiatric phenotypes in 

case-control or family-based association studies in American, 

European, Indian and Chinese populations but with inconsistent 

results and limited sample numbers. Another significant and novel 

association was the association of GRIK3 R865G variant with risk for 

psychosis (χ2 = 40.46, p = 7.19 x10-5, OR = 1.49). These findings 

highlight the potential use of these biomarkers as potential risk new 

markers for treatment response a targets for future genetic studies.  

There are a number of limitations to this study. First, SKAT software 

identified a significant burden of genetic variants in genes that 

included a highly significant variant identified in the single variant 

testing. It is possible that the present sample size lacked the statistical 

power necessary to assess true variant burden, meaning that only 

highly significant variants were identified by the SKAT tests. The 

combined case-control population was under 4000 individuals, likely 

to afford low statistical power when investigating rare variants 

(Moutsianas et al., 2015). Increasing the number of case and control 

individuals will be necessary to increase the statistical power and to 

detect and further validate the burden analysis findings. 

Second, other parameters that could be improved in future studies is 

the use of genetic imputation in the NGS pipeline. The merging of 

multiple cohort datasets from differing sequencing platforms indicated 

that gaps in the data for particular variants in particular cohorts were 

inevitable. To minimize the effect of this, the focus of the present 

analysis (and imputation) was only on functional coding variants. As 

described in the methods, the flipping of the reference alleles in the 

VCF files was resolved by inputting the variant details into the required 

legend files. Although this could potentially influence imputation 

accuracy, re-running imputation with an original legend file did not 

alter the pattern of wild-type estimations. Future studies may focus on 
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performing heterozygote imputation using other programs and 

multiple reference panels, increasing the pool of haplotype 

information available (Kreiner-Moller et al., 2015). Moreover, it is also 

possible that further optimisation of these genetic imputation tools is 

required within the NGS pipeline. 

 

Third, the diagnosis grouping of the cohorts affected significantly the 

burden analysis results. In this study, burden analysis was performed 

by splitting the cohorts in three different groups: “psychosis” group, 

“autism spectrum disorders and intellectual disability” and a large “all 

neurodevelopmental diseases” which clustered all the analysed 

cohorts. This approach was chosen owing to the low numbers of 

affected individuals (cases). Splitting the second group in two 

independent groups (i.e “autism spectrum disorders” and “intellectual 

disability”) could possibly affect the burden analysis results and its 

further interpretation. In addition, the “psychosis” group included 

individuals with schizophrenia and schizophrenia comorbid with 

intellectual disability. Consequently, there is a possibility that the 

burden analysis results maybe be driven by the comorbidity with 

intellectual disability for a part of the schizophrenia samples. 

 

Another one of the limitations of this study is that due to the extremely 

large numbers of variants from the non-psychiatric arm of the ExAC 

consortium, burden analysis could not be performed. However, a 

simple case-control analysis test was performed, in which the 

association strength of the observations from the first and second 

discovery phase was assessed. Future studies could aim to develop 

more robust and sophisticated tools to assess the burden of rare 

damaging missense and LoF variants found within the non-psychiatric 

arm of ExAC and two different discovery phases. Future studies may 

also explore the idea of using adaptive methods such as backward 

elimination SKAT (BE-SKAT) to confirm whether the highly significant 

variants were driving the burden analysis results (Lin et al., 2016). 

More sophisticated tools shall be developed though to associate the 
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variant burden of GRIK and NETO variants with a protective or risk 

effect for neurodevelopmental disease phenotypes.  

Taken together, the burden analysis findings support the hypothesis 

that the variant burden of GRIK and NETO damaging missense and 

LoF variants largely contributes to schizophrenia and 

neurodevelopmental disease phenotypes. Despite the complex 

nature of genetic contributions to risk for neurodevelopmental 

disorders, risk loci of large effect concentrated in this small subset of 

candidate genes (GRIKs and NETOs) were identified. Previous rare 

variant analyses have successfully integrated information across de 

novo SNVs and CNVs to identify novel risk loci for 

neurodevelopmental disease phenotypes (Consortium et al., 2015; 

Krumm et al., 2015). As sample sizes increase, meta-analyses 

leveraging the shared genetic risk across study designs, variant types 

and inheritance models will be necessary for identification of 

additional risk genes for this broad spectrum of neurodevelopmental 

disorders. 
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CHAPTER 5 

INVESTIGATING THE ASSOCIATION OF THE GLUK4 INDEL 

WITH COGNITIVE PERFORMANCE 
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5 Investigating the association of the GluK4 indel with 

cognitive performance 

 

5.1 Preface 

GRIK4/GluK4 has been previously reported as a breakpoint gene 

disrupted in a complex chromosomal rearrangement in a patient 

diagnosed with schizophrenia co-morbid with learning disability (Pickard 

et al., 2006; Pickard et al., 2008). Moreover, a haplotype located within 

3’ UTR GRIK4 was found to be negatively associated with bipolar 

disorder in a tagging SNP case-control association study (Pickard et al., 

2006). Subsequent screening of the 3’ UTR region in bipolar protective 

haplotype homozygous carriers revealed a 14bp deletion (rs869187535) 

segregating with the SNP haplotype. In a previous imaging study, 

individuals with the GluK4 deletion allele were reported to show greater 

left hippocampal activation than insertion homozygotes during a cognitive 

face-processing task (Whalley et al., 2009).  

As described in the Introduction, cognitive deficits in brain function, such 

as memory or attention, can be indicative of psychiatric disease risk. To 

investigate this aspect, cognitive performance was compared in subjects 

carrying the protective 3’ UTR GluK4 deletion with subjects homozygous 

for the insertion genotype in members of the TwinsUK population cohort. 

This aimed to assess whether the GluK4 deletion genotype could be a 

marker of protection against developing disease-associated cognitive 

deficits. 
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5.2 Comparison of cognitive test outcome measures 

The cognitive performance of individuals from the Twins UK10K cohort 

was assessed by utilizing five cognitive tests. To assess the relationship 

between outcome measures of these tests, Pearson’s correlation tests 

were performed. Table 5.1 presents the Pearson’s correlation 

coefficients between each cognitive test outcome measure. Errors in 

paired associates learning (PAL) showed a significant positive correlation 

with spatial working memory task (SWM) errors (r > 0.39, p < 0.001), and 

with latency in the pattern recognition memory (PRM) (r > 0.26, p < 0.001) 

and reaction time (RTI) (r > 0.26, p < 0.001) tests. SWM errors also 

showed a significant positive association with RTI latency (r > 0.18, p < 

0.01). As would be expected for two tests which assess mental response 

speed, PRM and RTI latency were also correlated (r > 0.24, p < 0.0001). 

Moreover, there was no significant correlation between performance on 

the NART test and any of the CANTAB performance, supporting the 

distinction between general intelligence measured by NART and specific 

facets of cognition evaluated by the CANTAB tasks.  

Principal Component Analysis (PCA) is a statistical method for identifying 

the main sources of variance within a set of experimental variables. PCA 

analysis was used in order to identify related factors within cognitive test 

data (Lyall et al., 2016).  A KMO value of 0.581 (Barlett’s test of sphericity: 

x2= 67.799, df = 10, p < 0.001) indicated the identification of two derived 

cognitive factors. The first factor included PAL errors (component loading 

0.59), PRM latency (component loading 0.74), RTI latency (component 

loading 0.67), and NART score (component loading 0.32) as presented 

in Table 5.2. As performance in these measures is associated with 

visuospatial mnemonic indices and speed of response, this factor is 

referred to as ‘visuo-spatial ability and mental speed’. The second factor 

comprised of performance in PAL errors (component loading 0.53), and 

SWM errors (component loading 0.73), and NART score (component 

loading -0.675), shown in Table 5.2. As this grouping includes general 

intelligence, response times and errors in visual discriminatory ability, this 
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factor is referred to as ‘general intelligence and visual discrimination’. The 

distribution of the assessed cognitive tests within the PCA analysis is 

shown in Figure 5.1.  

 

 

 

Table 5.1. Correlation coefficients between cognitive performance in individual tests 

and derived cognitive factors. Positive Pearson’s r values indicate a positive correlation 

between test performances whilst negative values indicate a negative correlation. NART 

performance does not show a correlation with the attention and memory tests, whereas 

there is a positive association between the SWM, PAL and RTI tests. r values are 

significant at either the p < 0.01 (**) or p < 0.001 (***) level.  

Abbreviations: SWM, spatial working memory; NART, national adult reading test; PRM, 

pattern recognition memory; RTI, reaction time; PAL, paired associates learning. 
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Table 5.2. PCA component loadings for the two derived factors; visuo-spatial ability and 

mental speed, and general intelligence and visual discrimination. “PCA F1” denotes a 

‘visuo-spatial ability and mental speed’ factor and “PCA F2” denotes a ‘general 

intelligence and visual discrimination’ factor. Of note, the two derived PCA factors (“PCA 

F1” and “PCA F2”) explain 30.52 % and 26.36 % of the total variance respectively. 

 

Abbreviations: SWM, spatial working memory; NART, national adult reading test; PRM, 

pattern recognition memory; RTI, reaction time; PAL, paired associates learning. 
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Figure 5.1. Scree plot in rotated space showing the distribution of the assessed 

cognitive tests within the PCA analysis. The assessed cognitive tests are plotted as the 

logarithms of each cognitive performance value (e.g NART is plotted as the logarithm 

of the NART value). 

Abbreviations: SWM, spatial working memory; NART, national adult reading test; PRM, 

pattern recognition memory; RTI, reaction time; PAL, paired associates learning. 
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5.3 Cognitive performance and GluK4 indel genotype 

Table 5.3 presents the mean, standard error (SEM), F statistic, p values 

and partial-eta2 (hp2) effect size for cognitive performance for the two 

genotype groups (HOM INS homozygous insertion versus DEL deletion 

carriers), unadjusted and adjusted and for co-variance with a diagnosis 

of neurological or neuropsychiatric disease (see section 5.4). Figure 5.2 

A depicts a view of cognitive impairments and deficits in a variety of 

neurodevelopmental disorders (i.e., schizophrenia and ADHD) and the 

different cognitive profiles of GluK4 insertion homozygotes and carriers.  

As indicated in Figure 5.2 B and Figure 5.3 A by Z scores calculated for 

each outcome measure, DEL carriers displayed more variance in 

cognitive performance compared to HOM INS individuals. Only one task, 

the SWM CANTAB task, showed a trend towards significance when 

comparing performance scores in the two genotype groups (HOM INS 

1.57 ± 0.019; DEL 1.51 ± 0.035) (Figure 5.3 C; left hand side). This trend 

became significant when diagnosis was included as a co-variate (F = 

3.056, p = 0.041, hp2 = 0.017) with the DEL carriers making fewer SWM 

errors than the HOM INS individuals. No difference between the two 

genotype groups was observed for performance in either of the derived 

PCA factors. 

 

5.4 Cognitive performance and diagnosis of neurological and 

mental disorders 

Of the 1642 TwinsUK cohort members assessed, 571 individuals were 

reported to have a diagnosis of a mental health or neurological disorder. 

As these diagnoses were varied and often co-morbid, individuals with a 

diagnosis were categorized into the following groups: mental health 

problems alone (MH) N = 259; learning disability including learning 

disability with mental health problems (LD/LD & MH) N = 23; epilepsy 

including epilepsy co-morbid with other conditions (EP) N = 231; and, 

other neurological diseases (Other) N = 58. The numbers per diagnostic 
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group for the GluK4 indel genotype groups are presented in Table 5.4. 

No difference in diagnosis was observed with genotype status (χ2 = 

0.602, df = 4, p = 0.963).  

Figure 5.3 C and Figure 5.4 present the mean Z-scores of each cognitive 

test for the two different genotype groups separated for each different 

diagnosis group. As illustrated in these figures, a difference in the PAL 

(errors) performance of HOM INS and DEL individuals within the ‘mental 

health group’ was observed. However, owing to the low numbers of this 

group, statistical tests could not be performed (N = 2). In addition, a 

significant statistical difference in NART scores within the ‘other 

neurological disorders group’ was evident (N = 58, F = 8.006, df = 1, p = 

0.009, hp2 = 0.235), where again GluK4 DEL carriers showed better 

performance in this general IQ test than HOM INS individuals (Figure 5.3 

C). 
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Table 5.3. Mean cognitive performance in TwinsUK cohort members as grouped by 

genotype status. Mean, standard error (SEM), effect size (partial-eta squared, (hp2) and 

p values are presented. Statistical values are also presented when diagnosis is added 

as a covariate.  

Abbreviations: HOM INS, homozygotes for the insertion genotype; DEL, deletion allele 

carriers; SWM, spatial working memory; NART, national adult reading test; PRM, 

pattern recognition memory; RTI, reaction time; PAL, paired associates learning. 
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Figure 5.2. Brain domains associated with cognitive deficits which are core features of 

neuropsychiatric diseases, and cognitive profiles of GRIK4 insertion homozygotes and 

carriers. Panel A) depicts a view of cognition and how it may be disrupted in psychiatric 

disorders. Panel B) shows the mean of Z-scores of each genotype group for each 

cognitive test. 

Abbreviations: ASD, autism spectrum disorder; ADHD, attention deficit disorder; OCD, 

obsessive compulsive disorder; PTSD, post-traumatic stress disorder; GAD, 

generalized anxiety disorder; SWM, spatial working memory; NART, national adult 

reading test; PRM, pattern recognition memory; RTI, reaction time; PAL, paired 

associates learning. 
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Figure 5.3. Cognitive performance as grouped by genotype status and specific 

diagnostic groups and relationship between self-reported medication and diagnosis. A) 

The cognitive profile of GRIK4 DEL carriers and HOM INS homozygotes when diagnosis 

is added as a covariate factor. The mean of Z scores of each cognitive test and SEM is 

displayed for each genotype group. B) Venn diagram showing the percentage of overlap 

between medication group (red, ‘Med’), no medication group (blue, ‘No med’) and 

diagnosis (yellow, ‘Diag’). C) Cognitive performance for both genotypes in the SWM 

task with and without diagnosis as a covariate, and performance in NART and PCA 

Factor 1 (visuo-spatial memory and mental speed) within the other neurological 

disorders group and mental health problems group, respectively. Cognitive performance 

is shown as logged test scores and p values less than 0.05 indicate a significant 

difference in performance. Other neuro denotes ‘other neurological disorders’ group and 

MH denotes ‘mental health problems’ group.  

 

Abbreviations: logPAL, logged paired associates learning; logSWM, logged spatial 

working memory; logPRM, logged pattern recognition memory; logRTI, logged reaction 

time; logNART, logged National Adult Reading Test; SWM, spatial working memory; 

NART, National Adult Reading Test; PCA F1, PCA Factor 1; Med, medication; No med, 

no medication; Diag, diagnosis. 
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Figure 5.4. Cognitive profiles of GRIK4 insertion homozygotes and carriers within the 

different diagnosis groups. Panel A) and B) portray the cognitive profile of carriers of 

the GRIK4 indel and individuals homozygotes for the insertion when diagnosis is added 

as a variable influencing the genotype. The mean of Z-scores for each cognitive test 

(except for the derived PCA factors) is displayed for each genotype and diagnosis 

group. 

Abbreviations: SWM, spatial working memory; NART, national adult reading test; PRM, 

pattern recognition memory; RTI, reaction time; PAL, paired associates learning; 

Ins/Ins, insertion/insertion; Het, heterozygotes; LD, learning disability; MH, mental 

health; No med, no medication; EP, epilepsy; Com EP, comorbid epilepsy. 
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Table 5.4. Clinical diagnosis status of individuals in the genotype groups, HOM INS 

(INS/INS) and DEL carriers. Numerical values indicate the actual numbers of individuals 

for each diagnosis group and in each genotype group. Percentages indicate the number 

of individuals per genotype group for each diagnostic group. The asterisk (*) symbolizes 

the number of genotyped individuals within each diagnosis group.  

Abbreviations: HOM INS, homozygotes for the insertion genotype; DEL, deletion allele 

carriers; LD, learning disability. 

 

 

 

 

 

 

Table 5.5. Medication status of individuals in the HOM INS (INS/INS) and DEL carrier 

genotype groups. The percentages and numbers of each medication and no “daily” 

medication group are shown in the “All” column. Numerical values indicate the actual 

numbers of individuals for each medication group and per genotype group.  “BDZ” and 

“Brb” denote treatment with benzodiazepines or barbiturates respectively.  

Abbreviations: HOM INS, homozygotes for the insertion genotype; DEL, deletion allele 

carriers; BDZ, benzodiazepines; Brb, barbiturates. 
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When assessing performance on the derived PCA factors and within 

diagnostic groupings, DEL carriers performed better than HOM INS 

individuals within the ‘mental health problems alone’ group (MH) for 

‘visuospatial memory and mental speed’ derived factor (N = 259, F = 

3.176, df = 1, p = 0.043, hp2 = 0.102). Although the numbers within each 

group were relatively small, the effect sizes for these genotype 

differences in performance were relatively large. Moreover, although a 

difference in the ‘general intelligence and memory speed’ performance 

of HOM INS and DEL individuals within the ID and ID with MH group was 

observed, statistical tests could not be performed owing to the low group 

numbers (N = 2). 

 

5.5 Cognitive performance and medication 

To investigate the relationship between medication and the GluK4 indel 

genotype, individuals were categorized as taking antidepressants, other 

medication (antipsychotics, benzodiazepines, barbiturates) or no 

medication.  Table 5.5 presents the number of individuals on each type 

of medication in total and split by genotype group. 195 individuals were 

reported to have taken medication and had a diagnosis of disease, 

corresponding to ~12% of the total number of individuals with diagnosis 

and medication status both available (Figure 5.3 B). However, 74 

individuals had no reported history of medication (they did not receive 

daily medication for over one month) but had a diagnosis. This 

corresponded to a ~4.5% of the total number of individuals with a 

diagnosis and medication status both available (Figure 5.3 B).  

The number of individuals who had taken antidepressant medication or 

other medication showed no difference between the genotype groups (χ2 

= 0.653, df = 2, p = 0.722).  Differences in cognitive performance were 

assessed between GluK4 HOM INS individuals and DEL carriers who 

took no medication and individuals who received either antidepressants, 

antipsychotics or other medication. The effect of taking medication was 
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found not to influence cognitive performance between the two genotype 

groups (p > 0.259 for all cognitive tests).  

 

5.6 Discussion 

Impairments in working memory, attention and executive function are 

amongst the main cognitive deficits found in schizophrenia, bipolar 

disorder depression, and anxiety (Millan et al., 2012, Ferreri et al., 2011). 

Previous studies have shown that GluK4 indel is associated with a 

protective role against bipolar disorder, whilst other studies previously 

highlighted two different GluK4 haplotypes associated with risk for 

schizophrenia and protection against bipolar disorder (Pickard et al., 

2006, Pickard et al., 2008) (Appendix 12). 

In this chapter, the tested hypothesis is that a deletion variant within 

GluK4 reported to confer protection against developing bipolar disorder 

would show an association with enhanced cognitive performance in a 

number of domain-specific cognitive tasks in unaffected individuals, and 

in individuals with “mental health problems”, learning disabilities and 

individuals with “other brain diseases”. 

The cognitive profile of 1642 individuals from the TwinsUK study 

indicated a significant difference in spatial working memory performance 

between the DEL carriers and HOM INS genotype groups in the “mental 

health problems “ group who almost entirely came under the umbrella 

diagnosis of “mood disorders”, mainly depression and anxiety. 

Consistent with previous research, it was discovered that DEL carriers 

made fewer errors in spatial working memory. It was also observed that 

DEL carriers who had a mental health illness showed better performance 

in ‘visuo-spatial ability and mental speed’ than HOM INS individuals.  

Furthermore, DEL carriers within the ‘the other neurological disorders’ 

group showed better performance in the National Adult Reading Test, 

NART, than HOM INS individuals. As NART is a test which is commonly 

used to assess premorbid intelligence, i.e.  more general cognitive ability, 
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more general and not domain specific deficits were expected to be 

evident in a group with neurological diseases such as Parkinson’s 

disease, stroke, neuropathy, multiple sclerosis and migraine (McGurn et 

al., 2004). However, the findings show that although there was overall no 

difference in NART between this diagnostic grouping and the others 

assessed, there was a highly significant genotype effect for NART 

scores, with DEL carriers performing better than HOM INS individuals. 

This would suggest that the GluK4 indel allele could be relevant to a 

broader disease phenotype than has previously been investigated and 

therefore has the potential to be a biological marker of function relevant 

to neurological disease prognosis. Future studies should aim to explore 

further the neuroprotective role of GluK4 deletion allele through both 

preclinical and neurological disease cohort studies. 

The current study also provides evidence that an allele which modulates 

GluK4 protein abundance in both the frontal cortex and hippocampal 

regions such as the CA3 and dentate gyrus granule cells, is also involved 

in modulating memory function associated with hippocampal neuronal 

circuitry. It was also observed that healthy and disease affected deletion 

carriers performed better in SWM, a test which involves hippocampal 

processing, i.e. the contextual component of spatial memory. These 

findings are consistent with the report that non-diseased GluK4 deletion 

carriers show increased hippocampal activity during a face-processing 

task (Whalley et al., 2009). Moreover, changes in the GluK4 abundance, 

which could be induced by genetic factors such as the GluK4 indel 

variant, may have physiological consequences on network activity 

underlying aberrant facets of cognition.  

However, in contrast to the present predictions, a difference in 

performance on the hippocampal-dependent CANTAB PAL test was not 

clearly shown. Nevertheless, DEL carriers who were identified as having 

a mental health problem performed better in the PCA-derived cognitive 

factor which included fewer errors in PAL, faster reaction time in visual 

pattern recognition (PRM) and visual object processing (RTI), indices 

which are all dependent on the ‘what’, ‘where’ and ‘when’ components of 
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contextual hippocampal processing. It was speculated that the underlying 

mechanism may involve decrease in GluK4 receptor function associated 

with the insertion allele, adding to an already maladaptive, allostatic 

dysregulation of key neurotransmitter systems in individuals with mental 

health disorders, which results in disrupted processing within specific 

pathways and regions of the brain and impairment in distinct affiliated 

cognitive domains.  Further neuropsychological testing combined with 

brain imaging of healthy and diseased cohorts may help to elucidate 

which additional brain structures are of importance to this GluK4 indel 

genotype effect.   

The use of pharmacogenetics to predict patients’ response to 

antidepressant treatments has become an increasingly important goal. 

Previous studies have identified intronic variants within GRIK4/GluK4 

which showed significant association with antidepressant and 

antipsychotic treatment efficacy (Paddock et al., 2007, Drago et al., 

2013). Interestingly, one of the associated SNPs as highlighted in the 

STAR*D study (rs1954787) is a component of the extended haplotype 

associated with schizophrenia, which was identified in the original 

Scottish SNP case-control study (Pickard et al., 2008). However this 

SNP, located within the first intron of GRIK4, is not in strong linkage 

disequilibrium with the associated bipolar haplotype or the GluK4 indel 

variant. Such observations still though show that multiple, common 

variants within GluK4 may give rise to psychiatric disease phenotypes.   

Although no difference between the genotypes was observed in the 

number of individuals on medication and different medication types, the 

number of individuals taking medication was low and treatment response 

could not be investigated. Further studies will be needed to examine 

whether the GluK4 indel could be a valid human biomarker helpful in 

identifying drugs with a significant risk of reducing depression during 

clinical use.  
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Findings from recent GWAS array and next generation sequencing 

exome studies of affected populations and multigenerational pedigrees, 

indicate shared genetic variation contributing to risk for schizophrenia, 

bipolar disorder as well as other brain diseases (Knight et al., 2009, Singh 

et al., 2017, Cross-Disorder Group of the Psychiatric Genomics, 2013). 

One such large GWAS study recently reported an association between 

high frequency variants of small effect spanning the major 

histocompatibility complex (MHC) and risk for schizophrenia and bipolar 

disorder (International Schizophrenia et al., 2009). Subsequent studies 

examining this locus identified multiple risk haplotypes composed of 

common alleles within the complement component 4 (C4) gene (Sekar 

et al., 2016). Although the C4 gene is involved in the immune system 

classical complement cascade, the C4 protein is highly expressed in post 

synaptic compartments in neurons. Of interest, members of a second 

complement cascade protein family (C1ql2 and C1ql3) are also located 

at postsynaptic sites and are known to bind directly to the amino-terminal 

domains of kainite GluK2 and GluK4 KAR receptor subunits and hence 

regulate recruitment and function of ionotropic glutamate receptors at 

synapses (Matsuda, 2017). 

This study was not without limitations though. Five cognitive tests were 

selected in order to assess the association of the GluK4 indel with 

cognitive performance across different disease groups within a general 

control population. Selection of other cognitive tests assessing different 

brain domains may have affected the results of the PCA analysis with 

different PCA factors being derived. Moreover, according to the present 

findings, the diagnosis variable influenced the GluK4 indel genotype, 

whilst the medication variable did not affect it. This could be explained by 

the limited available information on the types of medication that the 

individuals received and the low numbers of the derived medication 

groups. In addition, the medication variable was based upon the available 

information from the clinical questionnaires. Consequently, there may be 

inconsistencies in the patients’ answers, especially when the time is a 
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crucial parameter (i.e., “when was the last time you received 

antidepressant treatment?”). 

Unlike many other genes found associated with mental illness, GluK4 

research has provided consistent and replicated findings linking risk for 

mood disorders with molecular and proteomic changes, 

neurotransmission deficits and differential brain regional activity. The 

current novel findings suggest that the deletion allele also contributes to 

improved non-domain specific general cognitive ability in individuals with 

neurological diseases as well as better performance in domain-specific 

hippocampal dependent cognition in individuals with mood disorders. 

These studies show the potential clinical utility of the GluK4 indel in 

personalized medicine strategies and provide new insight into the 

relationship between genetic variation, neurobiology and disease. 
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CHAPTER 6 

INVESTIGATING THE EFFECT OF H.NETO1-S AND 

H.NETO2 AUXILIARY PROTEINS ON THE 

ELECTROPHYSIOLOGICAL PROPERTIES OF GLUK2 

AND GLUK2/GLUK4 RECEPTORS  
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6 Investigating the effect of h.Neto1-S and h.Neto2 

auxiliary proteins on the electrophysiological properties 

of GluK2 and GluK2/GluK4 receptors 

 

6.1 Preface 

KARs form functional tetrameric channels from a combination of five 

different pore-forming subunits (GluK1-5), which confer distinct functional 

and pharmacological properties. According to recent studies, the 

auxiliary subunits Neto1 or Neto2 co-assemble with KARs and modulate 

their electrophysiological properties by changing their current decay 

kinetics and their sensitivity to glutamate (Fisher, 2015, Palacios-Filardo 

et al., 2016).  

Previous studies have investigated the functional expression of different 

homomeric and heteromeric KAR subunit combinations in the Xenopus 

laevis oocyte system (Mott et al., 2010; Fisher and Mott, 2011; Fisher and 

Housley, 2013; Fisher, 2015). Straub and Tomita demonstrated that both 

Neto1 and Neto2 alter significantly the kinetic properties of KARs (Straub 

and Tomita, 2012). However, there are variations (species, sequences) 

in the GluK and Neto clones between different studies, therefore it was 

difficult to compare functional findings between different studies using 

different clones. As of submission, this is the first study in which voltage 

clamp assays were performed by using exclusively human GluK and 

human Neto isoforms (symbolized as h.Neto). In addition, the assessed 

KAR and h.Neto subunit combinations were highly expressed in the brain 

tissues according to the Genotype-tissue expression consortium (GTEx). 

In this chapter, two-microelectrode voltage clamp (TEVC) recordings 

were performed on Xenopus laevis oocytes, which had been injected with 

cRNA encoding different KAR and h.Neto subunit combinations. This 

allowed for characterization of the effect of the short h.Neto1 isoform 

(h.Neto1-S) and h.Neto2 on the agonist sensitivity and the current decay 

kinetics of GluK2 and GluK2/GluK4 receptors.  
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6.2 Pharmacological properties of human GluK2 and GluK2/GluK4 

ion channels without co-expression of h.Neto1-S or h.Neto2 

Oocytes injected with GluK2 cRNA transcripts elicited inward currents at 

a holding potential of −80 mV, when they were exposed to different 

concentrations of glutamate or kainate. Increasing the concentration of 

glutamate or kainate produced a monotonic increase in the peak current 

responses of homomeric GluK2 and heteromeric GluK2/GluK4 receptors 

(Figure 6.1, Figure 6.2 A). The steady state current amplitude of GluK2 

receptors, which denotes current measurements at 10 seconds of 

agonist application, also increased with increased agonist concentrations 

(Figure 6.2 B). A monotonic increase of the steady-state current 

amplitude of GluK2/GluK4 receptors was observed after application of 

kainate. However, GluK2/GluK4 receptors were characterized by a 

biphasic steady-state concentration curve following glutamate application 

with the current increasing to a maximum at 1 μM glutamate and then 

falling at higher concentrations (Figure 6.2 B).  

Of interest, current responses of GluK2/GluK4 receptors were 

characterized by a second peak current response following withdrawal of 

glutamate (Figure 6.1 C). This second peak current was observed only in 

GluK2/GluK4 heteromeric receptors and not in GluK2 homomeric 

receptors. Taken together, this finding implies that desensitization of 

GluK2/GluK4 receptors by glutamate is strongly concentration dependent 

and happens with a rapid rate compared to GluK2 homomers. 

One of the aims of the study was to assess the agonist sensitivity of both 

GluK2 and GluK2/GluK4 receptors. To achieve this, concentration-

response curves were produced after application of a wide range of 

kainate and glutamate concentrations (10-7 M - 10-3 M) for GluK2 

homomers and GluK2/GluK4 heteromers (Figure 6.2 A). The glutamate 

and kainate EC50s for GluK2 receptors in the absence of Netos were 42.0 

μM (n = 9 - 13, 95% CI = 24.3 – 68.1 µM) and 6.29 µM (n = 6, 95% CI = 

2.92 – 13.54 µM) respectively based on peak current measurements. The 

glutamate and kainate EC50s for GluK2/GluK4 receptors in the absence 
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of Netos were 0.15 μM (n = 15 - 17, 95% CI = 0.02 – 0.51 μM) and 3.59 

µM (n = 7 - 9, 95% CI = 1.44 – 8.95 µM) respectively (Table 6.1).  

Moreover, a significant statistical difference was observed between the 

glutamate log(EC50) values of GluK2 and GluK2/GluK4 receptors (extra 

sum of squares F test, p < 0.0001). No differences were observed 

between the kainate log(EC50) values of GluK2 and GluK2/GluK4 

receptors. In addition, the log(EC50) values of the steady state currents 

of GluK2 and GluK2/GluK4 receptors were compared by using the extra 

sum of squares F test. No statistical difference was observed for the 

glutamate or the kainate steady state EC50s of these receptors (p > 0.05). 
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A     C 

    

  

  

  

 

 

 

 

 

B      D 

 

 

 

 

 

 

 

Figure 6.1. TEVC recordings (VH = -80 mV) of Xenopus oocytes expressing human 

GluK2 or GluK2/GluK4 receptors following 10-second applications of glutamate (A, C) 

or kainate (B, D). The duration of TEVC traces in A, C and D is 30 seconds, whilst the 

duration of TEVC traces in B is 80 seconds, owing to the prolonged deactivation of 

GluK2 receptors following kainate removal. The arrows indicate the start time of the 10 

seconds agonist application. Glu = glutamate; KA = kainate; h.human. 
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Figure 6.2. Concentration-response relationships of homomeric GluK2 (left) and 

heteromeric GluK2/GluK4 (right) receptors to different concentrations of glutamate (top) 

and kainate (bottom), when h.Neto1-S or h.Neto2 were co-expressed for peak current 

(A) and steady-state current (B). Mean percentage of maximum response data were 

plotted (±SEM) and fitted by the Hill equation to estimate the EC50s. Steady-state 

currents were recorded after 10s of agonist application. Oocytes were voltage-clamped 

at -80 mV.  
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KAR subtypes 
Glu EC50 (μM), 

95%CI and (N) 

KA EC50 (μM), 

95%CI and (N) 

h.GluK2 
42.0 

24.3 – 68.1 

(9 – 13) 

6.29                                 

2.92 – 13.54              

(6) 

h.GluK2 + h.Neto1-S 

10.77                           

4.38 – 24.91                 

(15 – 20) 

2.72                                  

2.14 – 3.48                         

(7 – 8)               

h.GluK2 + h.Neto2 

94.47                 
45.21 - 192                   

(11 – 13) 

17.0                                

13 - 22.36                    

(8 – 9) 

h.GluK2/GluK4 

0.15                             

0.02 – 0.51            

(15 – 17) 

3.59                         
1.44 – 8.95                  

(7 – 9)                

h.GluK2/GluK4 + 

h.Neto1-S 

3.87                           

1.80 – 8.20                 

(16 – 19)   

8.50                          

5.16  – 13.88               

(9 – 14)               

h.GluK2/GluK4 + 

h.Neto2 

22.67                       

12.50 –  40                  

(10 – 12)  

42.0                            

23.71 – 71.11             

(5 – 8)                            

 

Table 6.1. Agonist EC50 values for different KAR subunit combinations in the absence 

and presence of h.Neto1-S and h.Neto2.  Glu = glutamate; KA = kainate; h = human. 
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Then, the kinetic properties of desensitization for GluK2 and 

GluK2/GluK4 heteromeric channels without addition of Neto subunits 

were assessed. Kainate receptors are generally characterized by their 

fast desensitization rate, which is defined as an entry into an inactive 

state, even though agonist remains tightly bound in the LBD pocket. The 

onset of desensitization was examined using 10-second applications of 

0.1 μM – 10 mM glutamate or kainate followed by an interval of 3 minutes 

between agonist applications (Figure 6.1). 0.1 mM glutamate or kainate 

produced complete desensitization of GluK2/GluK4 heteromers within 

the 10 seconds agonist application period and the falling phase of the 

current was fit with a two-phase exponential decay, giving mean τ1 

values of 354 ± 42 ms (n = 11) and 230 ± 29 ms (n = 9) respectively 

(Table 6.2 and Figure 6.1 C, D). 0.1 mM glutamate or kainate led to a 

plateau current within 10s following desensitization of homomeric GluK2 

receptors giving mean τ1 values of 805 ± 220 ms (n = 11) and 1422 ± 

422 ms (n = 9) respectively (Table 6.2 and Figure 6.1 A, B). Taken 

together, GluK2 channels were found to desensitize much more slowly 

and to a lesser extent compared to GluK2/GluK4 receptors after 

application of 0.1 mM kainate or 1 mM kainate (Mann Whitney: p = 0.01, 

U = 12, two-tailed; and p = 0.008, U = 7, two-tailed  respectively) (Table 

6.2).  

The deactivation rate of GluK2 receptors, which is the channel closing 

time estimated upon of the agonist application, was also measured. This 

measurement was not applicable though for GluK2/GluK4 heteromers, 

since they extensively desensitize in less than 10 seconds and there is 

little or no steady state current, especially with high agonist 

concentrations. A one-phase exponential decay was fit to estimate the 

deactivation rate of GluK2 current after application of glutamate. The 

mean τ value was 1.45 ± 0.8 s (n = 7) for 0.1 mM and 2.3 ± 0.8 s (n = 7) 

for 1 mM glutamate (Table 6.2). Kainate led to deactivation of GluK2 with 

a mean τ value of 5.3 ± 1.5 s (n = 9) for 0.1 mM and 14.5 ± 6.4 s (n = 9) 

for 1 mM kainate (Table 6.2).  
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Another decay kinetics parameter assessed was the ratio of current after 

10 seconds to peak current (Is/Ip) for both types of wild type KARs when 

either agonist compound was applied. The Is/Ip ratio values are indicative 

of the extent to which the current desensitises rather than the rate of 

desensitisation, which is indicated by the τ1 value. According to the data, 

GluK2/GluK4 receptors were characterized by an increased extent of 

desensitisation compared to GluK2 receptors, by 1.5-fold following 0.1 

mM kainate application (Mann Whitney: p = 0.116, U = 36, two-tailed) 

and by 5-fold following 0.1 mM or 1 mM glutamate application (Mann 

Whitney: p = 0.0003, U = 4, two-tailed for 0.1 mM Glu; Mann Whitney: p 

< 0.0001, U = 1, two-tailed for 1 mM Glu) (Tables 6.3 – 6.4). 

The percentage of maximum net charge, which is an estimate of the ionic 

permeation across the channels throughout the duration of the current 

response, was also assessed. A biphasic concentration-response (% net 

charge) relationship for GluK2/GluK4 receptors was observed, 

particularly when high concentrations of glutamate were applied. 

However, the GluK2/GluK4 concentration-response (% net charge) curve 

was characterized by a monotonic increase when kainate was the agonist 

applied (Figure 6.3). A monotonic increase in the percentage of net 

charge was observed for GluK2 transcripts alone with increasing 

concentrations of either agonist (glutamate or kainate) applied (Figure 

6.3). 

Taken together, these data further support previous studies assessing 

the main electrophysiological properties of KARs. The present data 

confirm that GluK2 is the low affinity subunit, responsible for the 

desensitization of KARs, whilst GluK4 is the high affinity subunit which 

leads to channel opening. These findings add up to the current KAR 

pharmacological knowledge and further highlight differences in the 

electrophysiological properties of homomeric GluK2 and heteromeric 

GluK2/GluK4 receptors.
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Table 6.2. Mean peak currents (Ipeak) and time constants (τ) for desensitization and deactivation of GluK2 homomers and GluK2/GluK4 heteromers without or with 

h.Neto1-S or h.Neto2 following channel activation by glutamate or kainate at two different concentrations (0.1 mM and 1 mM). τ1 indicates the fast component of 

the two-phase exponential decay equation used to fit the decaying phase of the currents. τdeact is the time constant estimating the time needed for complete channel 

deactivation. Numbers in parentheses are the number of oocytes tested.  

 

Receptor 

[Agonist] 

(mM) I
peak

(nA) – Glu τ1 (ms) – Glu τ
deact

(s) - Glu I
peak

(nA) - KA τ1
 
(ms) - KA τ

deact
(s) – KA 

h.GluK2 

0.1 

1 

-154 ± 95.5 (12) 

-306 ± 189.1 (12) 

805 ± 220 (11) 

517 ± 141 (14) 

1.45 ± 0.8 (7) 

2.3 ± 0.8 (7) 

-179 ± 142 (5) 

-249 ± 175.5 (5) 

1422 ± 422 (9) 

1860 ± 502 (9) 

5.3 ± 1.5 (9) 

14.5 ± 6.4 (9) 

h.GluK2/GluK4 
0.1 

1 

-60 ± 69.4 (12) 

-56.6 ± 50.8 (12) 

354 ± 42 (11) 

296 ± 48 (10) 

n/a -39 ± 16 (8) 

-55 ± 20 (7) 

230 ± 29 (9) 

188 ± 20 (7) 

n/a 

hGluK2 + 

h.Neto1-S 

0.1 

1 

-17.7 ± 13.3 (20) 

-30.1 ± 22.5 (16) 

2020 ± 378 (13) 

774 ± 203 (15) 

7 ± 1.3 (9) 

22 ± 2.8 (9) 

-168 ± 144.4 (8) 

-178 ± 147.6 (8) 

3558 ± 435 (7) 

3226 ± 394 (7) 

4.8 ± 0.9 (7) 

5.2 ± 1.15 (8) 

h.GluK2/GluK4 

+ h.Neto1-S 

0.1 

1 

-29 ± 15 (19) 

-46 ± 32 (16) 

299 ± 52 (13) 

279 ± 59 (13) n/a 

-45 ± 58 (9) 

-55 ± 90.8 (14) 

275 ± 58 (9) 

247 ± 46 (11) n/a 

h.GluK2 + 

h.Neto2 

0.1 

1 

-10 ± 6.4  (13) 

-44.6 ± 50.8 (13) 

622 ± 126 (9) 

285 ± 66 (10) 

2.4 ± 0.7 (8) 

3.37 ± 0.6  (9) 

-72 ± 53.2 (9) 

-147 ± 197 (9) 

189 ± 58.9 (9) 

268 ± 66 (9) 

4.26 ± 0.8 (6) 

9.76 ± 1.9 (8) 

h.GluK2/GluK4 

+ h.Neto2 

0.1 

1 

-16 ± 8.25 (12) 

    -32 ± 20 (11) 

533 ± 97 (13) 

262 ± 46 (12) n/a 

-25 ± 9 (8) 

-43 ± 16.5 (8) 

534 ± 41 (7) 

204 ± 41 (8) n/a 
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Table 6.3. Summary of the mean steady state to peak current current ratios (Is/Ip) values for each KAR subtype following application of a broad range of kainate 

concentrations (0.1 µM – 1 mM).  

 

 

[Kainate] 

Is/Ip  ± SEM (N) 

h.GluK2 
 

h.GluK2 + 
h.Neto1-S   

 

h.GluK2 + 
h.Neto2  

 

h.GluK2/GluK4  
 

h.GluK2/GluK4 + 
h.Neto1-S  

 

h.GluK2/GluK4 + 
h.Neto2  

 

0.1 µM 0.583 ± 0.148 (5) 0.792 ± 0.066 (4) 0.160 ± 0.091 (5) 0.263 ± 0.053 (10) 0.330 ± 0.048 (8) 0.303 ± 0.034 (5) 

1 µM 0.409 ± 0.07 (10) 0.600 ± 0.093 (7) 0.373 ± 0.066 (8) 0.365 ± 0.060 (11) 0.321 ± 0.060 (9) 0.405 ± 0.051 (7) 

10 µM 0.360 ± 0.083 (11) 0.502 ± 0.034 (9) 0.307 ± 0.076 (8) 0.253 ± 0.037 (10) 0.346 ± 0.056 (9) 0.389 ± 0.073 (7) 

0.1 mM 0.304 ± 0.050 (11) 0.444 ± 0.037 (10) 0.280 ± 0.093 (6) 0.183 ± 0.027 (11) 0.255 ± 0.062 (6) 0.211 ± 0.049 (7) 

1 mM 0.254 ± 0.07 (11) 0.356 ± 0.043 (10) 0.223 ± 0.085 (8) 0.235 ± 0.035 (9) 0.310 ± 0.046 (9) 0.150 ± 0.025 (7) 
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Table 6.4. Summary of the mean steady state to peak current current ratios (Is/Ip) values for each KAR subtype following application of a broad range of glutamate 

concentrations (0.1 µM – 1 mM). 

 

[Glutamate] 

Is/Ip  ± SEM (N) 

h.GluK2 
 

h.GluK2 + 
h.Neto1-S   

 

h.GluK2 + 
h.Neto2  

 

h.GluK2/GluK4  
 

h.GluK2/GluK4 + 
h.Neto1-S  

 

h.GluK2/GluK4 + 
h.Neto2  

 

0.1 µM 0.394 ± 0.06 (8) 0.287 ± 0.128 (3) 0.311 ± 0.015 (4) 0.110 ± 0.04 (10) 0.076 ± 0.021 (6) 0.269 ± 0.087 (6) 

1 µM 0.127 ± 0.023 (10) 0.321 ± 0.095 (6) 0.347 ± 0.071 (6) 0.142 ± 0.03 (10) 0.216 ± 0.042 (8) 0.368 ± 0.043 (8) 

10 µM 0.141  ± 0.037 (7) 0.213 ± 0.074 (6) 0.401 ± 0.048 (4) 0.029 ± 0.007 (11) 0.080 ± 0.022 (10) 0.249 ± 0.034 (8) 

0.1 mM 0.144 ± 0.021 (9) 0.133 ± 0.037 (7) 0.247 ± 0.068 (6) 0.028 ± 0.01 (11) 0.019 ± 0.005 (10) 0.090 ± 0.037 (8) 

1 mM 0.124 ± 0.015 (10) 0.078 ± 0.032 (7) 0.191 ± 0.061 (8) 0.023 ± 0.008 (11) 0.021 ± 0.010 (10) 0.044 ± 0.020 (8) 
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Figure 6.3. Agonist concentration-response curves based on area of the response for 

homomeric GluK2 (left) and heteromeric GluK2/GluK4 (right) receptors exposed to different 

concentrations of glutamate (top) and kainate (bottom) without or with h.Neto1-S or 

h.Neto2. Points are mean % maximum response, error bars are SEM and curves are fits 

of the Hill equation. 
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6.3 h.Neto1-S significantly changes the properties of human GluK2 

and GluK2/GluK4 ion channels  

 

Next, the effect of h.Neto1-S on the electrophysiological properties of 

GluK2 homomers and GluK2/GluK4 heteromers was examined. It was 

observed that h.Neto1-S decreased the maximum/peak current 

responses of GluK2 receptors (Figure 6.4 A, B). For example, the mean 

peak current response of GluK2 receptors decreased with the addition of 

h.Neto1-S from -306 ± 189.1  nA to -30.1 ± 22.5  nA following 1 mM 

glutamate activation. In contrast, little change was observed in the mean 

peak current responses of GluK2/GluK4 receptors co-expressing 

h.Neto1-S (Table 6.2, Figure 6.4 C, D). Similar to GluK2/GluK4 receptors 

alone, the occurrence of a second peak current was observed with 

h.Neto1-S co-expressed following removal of low glutamate 

concentrations. Moreover, slowly developing currents were observed for 

GluK2/GluK4 heteromers co-assembled with h.Neto1-S in the presence 

of high kainate concentrations (1 mM KA). 

Moreover, h.Neto1-S increased glutamate and kainate sensitivity of 

GluK2 receptors by 4-fold (p = 0.009) and 2-fold (p = 0.03) respectively, 

with EC50s of 10.77 µM and 2.72 µM. In contrast, h.Neto1-S decreased 

the glutamate and kainate sensitivity of GluK2/GluK4 receptors by 26-

fold (3.87 µM; p < 0.0001) and 2-fold (8.50 µM; p > 0.05) respectively 

(Table 6.1, Figure 6.2 A). Therefore, addition of h.Neto1-S leads to 

increased GluK2 channel activity and decreased GluK2/GluK4 channel 

activity at a given agonist concentration. A comparison between the 

negative log (EC50) values of the KAR subunit combinations with or 

without h.Neto1-S is provided in Figure 6.5.  

In addition, h.Neto1-S affected the desensitisation rate of KARs apart 

from the agonist sensitivity (Table 6.2). More precisely, h.Neto1-S slowed 

the desensitization rate of homomeric GluK2 receptors by 2.5-fold with a 

mean τ1 value of 2020 ± 378 ms (n = 13) (Mann Whitney: p = 0.025, U = 

33, two-tailed), following application of 0.1 mM of glutamate but not 
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kainate (Figure 6.4 A, B, Figure 6.6 B, Figure 6.7 A). In contrast, h.Neto1-

S did not change significantly the desensitization rate of GluK2/GluK4 

receptors after application of 0.1 – 1 mM of glutamate. More precisely, 

the mean τ1 value shifted from 354 ± 42 ms (n = 11) to 299 ± 52 ms (n = 

13) following 0.1 mM glutamate application (Mann Whitney: p = 0.116, U 

= 44, two-tailed) (Figure 6.4 C, Figure 6.6 B, Figure 6.7 A). Moreover, 

h.Neto1-S slowed the desensitization rate of GluK2 homomers by 2.5-

fold after application of 0.1 mM kainate with a mean τ1 value of 3558 ± 

435 ms (n = 7), but this observation did not reach statistical significance 

(Mann Whitney: p = 0.127, U = 16, two-tailed) (Table 6.2, Figure 6.4 B, 

Figure 6.6 A, Figure 6.7 B). Similarly, h.Neto1-S did not alter significantly 

the desensitization rate of kainate-mediated responses of GluK2/GluK4 

receptors (Mann Whitney: p > 0.05) (Figure 6.4 D, Figure 6.6 A, Figure 

6.7 B). 

The Is/Ip ratio values between GluK2 and GluK2/GluK4 receptors with or 

without co-expression of h.Neto1-S were compared after application of 

0.1 mM and 1 mM agonist (Tables 6.3 and 6.4). According to the present 

findings, the Is/Ip ratio was larger for GluK2 receptors co-expressing 

h.Neto1-S compared to wild type GluK2 receptors after application of 0.1 

mM kainate. GluK2 receptors co-assembled with h.Neto1-S were 

characterised by a persistent/steady state current after 10s of kainate 

application, whilst kainate-mediated responses of GluK2 homomers 

decay rapidly and fully after 10s of agonist application. This finding 

implies that GluK2 receptors co-assembled with h.Neto1-S are 

characterised by a decreased extent of desensitisation by 1.5-fold 

compared to wild type GluK2 receptors (Mann Whitney: p= 0.06, U = 28, 

two-tailed). 

According to the data, h.Neto1-S slowed the deactivation rate of GluK2 

homomers after application of glutamate as the agonist but not after 

application of kainate (Figure 6.6, Figure 6.7 C, D). More precisely, the 

mean τdeact shifted from 1.45 ± 0.8 s (n = 7) to 7 ± 1.3 s (n = 7) in the 

presence of h.Neto1-S (Mann Whitney: p = 0.0003, U = 1, two-tailed), 

when 0.1 mM glutamate was applied (Figure 6.7 C). Similar observations 
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were made for the deactivation rate of GluK2 homomers co-expressing 

h.Neto1-S after 1 mM glutamate application (Mann Whitney: p = 0.004, 

U = 4, two-tailed). This finding denotes that the current of GluK2 receptors 

co-assembled with h.Neto1-S requires more time to deactivate compared 

to GluK2 homomers alone. Overall, co-assembly of h.Neto1-S with 

GluK2 receptors increased the τdeact of GluK2 receptors by 5-fold and 10-

fold, when 0.1 mM and 1 mM glutamate were applied respectively. 

Co-expression of h.Neto1-S did not alter the shape of the glutamate or 

kainate concentration-response curves for both GluK2 and GluK2/GluK4 

receptors, regardless of whether peak current, steady-state current or net 

charge was being measured (Figure 6.2, Figure 6.3).  

In addition, the log(EC50) values of the steady state currents of the GluK2 

and GluK2/GluK4 receptors with or without h.Neto1-S were compared by 

using the extra sum of squares F test. A statistically significant difference 

was observed for the glutamate steady state log(EC50) between GluK2 

receptors (steady state EC50: 59.96 µM) and GluK2 homomers co-

assembled with h.Neto1-S (steady state EC50: 22.2 µM)  (extra sum of 

squares F test, p = 0.012). 
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Figure 6.4. TEVC recordings (VH = -80 mV) of Xenopus oocytes expressing human 

GluK2 or GluK2/GluK4 receptors co-expressing h.Neto1-S following 10 seconds 

application of glutamate (A, C) or kainate (B, D). Glu = glutamate; KA = kainate; h = 

human. 
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Figure 6.5. Bar charts indicating the differences in the pEC50 values of heteromeric 

GluK2/GluK4 and homomeric GluK2 receptors to different concentrations of kainate and 

glutamate, when h.Neto1-S or h.Neto2 are co-expressed. Error bars are SEM. *, **, *** 

and **** above the bar lines indicate p-values less than 0.05, 0.01, 0.001 and 0.0001 

respectively. The asterisk symbols are also indicative of the differences in the pEC50 

values when comparing each KAR subtype co-assembled with Neto with the 

corresponding KAR subtype without Netos. 
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Figure 6.6. Panel of figures showing the effect of h.Neto1-S and h.Neto2 on TEVC 

recordings for GluK2 and GluK2/GluK4 receptors following 10-second applications of 

either 0.1 mM kainate (A) or 0.1 mM glutamate (B). All responses were normalized to 

equalise the peak current and enable better comparison of desensitization rates. The 

10 seconds bars indicate the agonist application. Oocytes were voltage clamped at -80 

mV. 
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Figure 6.7. Bar charts showing differences in the time constants for desensitization (A 

and B) and deactivation (C and D) of heteromeric GluK2/GluK4 and homomeric GluK2 

receptors exposed to 0.1 mM kainate or glutamate without and with h.Neto1-S or 

h.Neto2. Error bars are SEM. * and **** indicate p-values less than 0.05 and 0.0001 

respectively. The asterisk symbols are also indicative of the differences in the τ1 

desensitisation values when comparing each KAR subtype co-assembled with Neto 

with the corresponding KAR subtype without Netos. 
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6.4 The effect of h.Neto2 on the properties of human GluK2 

homomers and GluK2/GluK4 heteromers  

The h.Neto2 subunit has been previously reported to change the 

electrophysiological properties of homomeric and heteromeric KARs with 

effects on the agonist sensitivity, the rate of recovery from desensitization 

and the onset of desensitization (Fisher, 2015). 

Like h.Neto1-S, h.Neto2 decreased the maximum/peak current 

responses of both GluK2 and GluK2/GluK4 receptors (Table 6.2, Figure 

2 A, Figure 6.8). More precisely, the mean peak current response of 

GluK2/GluK4 receptors decreased with the addition of h.Neto2 from -60 

± 69.4 nA to -16 ± 8.25 nA following 0.1 mM glutamate activation (Figure 

6.8 C, D). Similarly, the mean peak current responses for GluK2 

receptors co-expressing h.Neto2 decreased from -154 ± 95.5 nA to -10 ± 

6.4 nA following 0.1 mM glutamate activation (Table 6.2, Figure 6.8 A). 

Similar observations were made for GluK2 receptors following kainate 

activation (Table 6.2, Figure 6.8 B). More precisely, h.Neto2 decreased 

glutamate and kainate sensitivity of GluK2 receptors by 2-fold (extra sum 

of squares F test, p = 0.07) and 3-fold (extra sum of squares F test, p = 

0.02) respectively with EC50 values increasing to 94.47 µM and 17 µM 

(Table 6.1, Figure 6.2 A). In addition, h.Neto2 decreased glutamate and 

kainate sensitivity of GluK2/GluK4 receptors, by 150-fold and 12-fold 

respectively (extra sum of squares F test, p < 0.0001 for both), as shown 

in Figure 6.2 A and Figure 6.5 B, D.  

The second peak current following removal of the agonist, observed at 

high glutamate or kainate concentrations in GluK2/GluK4 receptors with 

or without h.Neto1-S, was not observed in GluK2/GluK4 heteromers co-

expressing h.Neto2. No second peak current was observed in GluK2 

homomers alone or with h.Neto2 co-expressed.  

Like h.Neto1-S, h.Neto2 affected the desensitisation rate of GluK2 and 

GluK2/GluK4 receptors (Table 6.2). Addition of h.Neto2 did not affect 

significantly the desensitization rate of GluK2 receptors following 

application of 0.1 mM or 1 mM glutamate (Mann Whitney: p = 0.926, U = 
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48, two tailed for 0.1 mM glutamate, p = 0.212, U =48, two tailed for 1 

mM glutamate) (Table 6.2, Figure 6.6 B, Figure 6.7 A). A significant 7-

fold difference was observed in the τ1 values of GluK2 and GluK2 

receptors co-assembled with h.Neto2 following 1 mM kainate application; 

the τ1 value shifted from 1860 ± 502 ms (n = 9) to 268 ± 66 ms (n = 8) 

respectively (Mann Whitney: p = 0.021, U = 12, two-tailed) (Figure 6.6 A). 

Similar observations were made after application of 0.1 mM kainate with 

h.Neto2 inducing a 7.5-fold decrease in the desensitisation rate of GluK2 

receptors (Mann Whitney: p = 0.018, U = 7, two-tailed) (Figure 6.6 A, 

Figure 6.7 B). In contrast, h.Neto2 slowed the desensitization rate of 

GluK2/GluK4 receptors following application of 0.1 mM kainate or 0.1 mM 

glutamate with mean τ1 values of 534 ± 41 ms (n = 7) and 533 ± 97 ms 

(n = 13) respectively. However, these observations did not reach 

statistical significance (Mann Whitney: p = 0.481, U = 28, two-tailed for 

kainate and p = 0.230, U = 50, two-tailed for glutamate) (Table 6.2, Figure 

6.6, Figure 6.7 A, B).  

Moreover, the Is/Ip ratio values between GluK2 and GluK2/GluK4 

receptors with or without co-expression of h.Neto2 were compared after 

application of 0.1 mM and 1 mM agonist (Tables 6.3 and 6.4). According 

to the Is/Ip ratio values, there was not a significant statistical difference in 

the extent of desensitisation of GluK2 and GluK2/GluK4 receptors with or 

without co-expression of h.Neto2. However, there was a great variability 

in the shape of the current responses of GluK2 receptors co-assembled 

with h.Neto2, since addition of h.Neto2 accelerates the desensitisation 

and deactivation rate of GluK2 receptors. 

In addition, h.Neto2 slowed the deactivation rate of GluK2 homomers 

after application of 0.1 mM glutamate, but this decrease was statistically 

non-significant. The mean τdeact value shifted from 1.45 ± 0.8 s (n = 7) to 

2.4 ± 0.7 s (n = 8) in the presence of h.Neto2 (Mann Whitney: p = 0.232, 

U = 17, two-tailed) (Table 6.2, Figure 6.6 B, Figure 6.7 C). The same 

observations were made after application of 1 mM of glutamate or kainate 

(0.1 mM or 1 mM) with any changes in the deactivation rate being 

statistically non-significant (Mann Whitney: p > 0.05) (Table 6.2, Figure 
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6.6, Figure 6.7 D). Taken together, h.Neto2 did not significantly alter the 

deactivation time of GluK2 homomers following kainate or glutamate 

application.  

Co-expression of h.Neto2 had no impact on the shape of the glutamate 

or kainate concentration-response curves for both GluK2 and 

GluK2/GluK4 receptors, regardless of whether peak current, steady-state 

current or net charge was being measured (Figure 6.2, Figure 6.3). 

In addition, the log(EC50) values of the steady state currents of the GluK2 

and GluK2/GluK4 receptors with or without h.Neto2 were compared by 

using the extra sum of squares F test. No statistical significant difference 

was found between the log(EC50) steady state values of GluK2 and 

GluK2/GluK4 receptors with or without co-assembly of h.Neto2.  
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Figure 6.8. TEVC recordings (VH = -80 mV) of oocytes expressing human GluK2 or 

GluK2/GluK4 receptors co-expressing h.Neto2 auxiliary subunit following 10 seconds 

application of glutamate (A, C) or kainate (B, D). The duration of TEVC traces in A, C, 

D is 30 seconds, whilst the duration of TEVC traces in B is 80 seconds owing to the 

prolonged deactivation of human GluK2/GluK4 receptors co-assembled with h.Neto2 

following kainate activation. Glu = glutamate; KA = kainate; h = human.  
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6.5 Discussion 

In this chapter, the properties of wild type GluK2 and GluK2/GluK4 

receptors with and without co-expression of Netos were assessed. As 

already mentioned, this is the first study so far in which the interaction of 

human KAR subtypes with human Neto auxiliary proteins is investigated.  

 

Significant differences in agonist sensitivity and the current decay 

kinetics were identified in Xenopus oocytes expressing GluK2 and 

GluK2/GluK4 receptors. GluK2/GluK4 channels were characterized by 

current responses of smaller amplitudes. This result led to the 

assumption that GluK4 is not necessarily responsible for eliciting high 

current peaks. Therefore, the availability of GluK4 may affect the type of 

current responses produced at a presynaptic or postsynaptic level. 

However, the main focus of this study was on current responses elicited 

by GluK2 and GluK2/GluK4 heteromers expressed at a postsynaptic 

level. If more GluK4 subunits are available then more GluK4-containing 

ion channels are likely to be formed and produce lower current responses 

compared to the glutamate-mediated current responses of GluK2 

subunits. Also GluK4-containing KARs seem to be more sensitive to 

glutamate compared to homomeric kainate receptors (e.g. GluK2). 

However, if GluK4 subunits are not available, then higher current 

responses are more likely to be produced by other subunit combinations 

(e.g. GluK2 homomeric channels). Consequently, this may relate to 

neuronal circuitry function and could underlie a protective effect against 

mood disorders (e.g. bipolar disorder). However, single channel 

recordings are required in order to assess the contribution of each KAR 

subunit to the channel conductance and to translate these KAR functional 

findings in the neurons. 

 

Previous studies have shown that heteromeric GluK2/GluK4 receptors 

are more sensitive to glutamate compared to homomeric GluK2 

receptors (Koromina, 2015). Although the findings from these studies 

mainly reflect upon rat KAR subunit combinations, comparisons between 
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rat and human KAR subunit combinations are feasible. It was observed 

that not only rat but also human GluK2/GluK4 heteromers are more 

sensitive to glutamate compared to human GluK2 homomers (human 

GluK2 EC50 = 42 µM compared to rat GluK2 EC50 = 35 µM; human 

GluK2/GluK4 EC50 = 0.15 µM compared to rat GluK2/GluK4 EC50 = 5.71 

µM) (Koromina, 2015). Interestingly, human GluK2/GluK4 heteromers 

are more sensitive to glutamate compared to rat GluK2/GluK4 receptors, 

as indicated by the respective EC50 values above.  

 

Structural heterogeneity of KARs can be achieved by changes in the 

composition of both their pore-forming (GluK1-GluK5) and auxiliary 

subunits (Neto1 and Neto2). The present findings with human KARs and 

human Netos are mostly consistent with previous studies with the rat 

counterparts of KARs, showing that addition of GluK4 subunits with 

GluK2 increases the agonist sensitivity and accelerates the densitisation 

rate compared to GluK2 homomers (Mott et al., 2010, Fisher and Fisher, 

2014). Such findings demonstrate that there are distinct 

electrophysiological properties characterising each different KAR subunit 

combination. The present findings are also in line with previous studies 

showing that the presence of high and low affinity binding sites 

responsible for KAR properties, such as channel activation and 

desensitization, is applicable to other heteromeric KAR subunit 

combinations regardless of the identity of the GluK4–5 or GluK1–3 

subunit. 

 

It was also demonstrated that the auxiliary proteins h.Neto1-S (human 

short Neto1 isoform) and h.Neto2 (human Neto2 isoform) have both 

distinct and subunit-dependent effects from one another. Prior findings 

as reported in the literature, support the idea that Neto1 and Neto2 

auxiliary proteins slow down the desensitization rate of KARs and affect 

agonist sensitivity (Sheng et al., 2015, Fisher, 2015). The present 

findings are in line with previous studies and indicate that both auxiliary 

proteins affect the agonist sensitivity and the decay kinetic properties of 

GluK2 and GluK2/GluK4 receptors. 
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Neto1 used in this study is the short human Neto1 isoform (h.Neto1-S) 

which has only the first CUB domain, whilst it lacks the LDLa domain 

(Stohr et al., 2002). Interestingly, Stohr et al. described this short h.Neto1 

isoform as expressed exclusively in retinal tissues. However, recent 

browsers and databases (i.e., GTEx portal) suggest a differential 

expression of short Neto1 transcripts in brain tissues (e.g., amygdala, 

hippocampus, and hypothalamus). The present findings for h.Neto1-S 

suggest that the first CUB domain is sufficient to alter the agonist 

sensitivity and the desensitisation rate of GluK2 and GluK2/GluK4 

channels. Given that this isoform lacks the membrane spanning domain, 

this might imply that Neto association with KAR subunits occurs before 

insertion into the membrane. Moreover, the present findings suggest that 

the first CUB (CUB1) domain and not only the second CUB (CUB2) 

domain is also necessary for association of Neto1 with GluK2 KARs. 

Interestingly, absence of the LDLa domain did not affect the interaction 

of h.Neto1-S with (human) GluK2 or GluK2/GluK4 receptors, an 

observation which is consistent with the findings of (Tang et al., 2011). 

 

The full h.Neto2 isoform was used in this study consisting of all the Neto 

structural domains including CUB and LDLa domains. Both CUB and 

LDLa domains are reported to be highly homologous, sharing about 70% 

sequence identity between Neto1 and Neto2 (Stohr et al., 2002). The 

present functional findings for h.Neto2 support previous studies reporting 

that both CUB and LDLa domains are critical for the ligand-binding 

capabilities of Netos and contribute to functions like agonist sensitivity 

and decay kinetics (Nakamura et al., 1998, Gagnon et al., 2000). 

 

The data also suggest that h.Neto1-S increased kainate and glutamate 

sensitivity of GluK2 receptors, whilst h.Neto2 decreased the agonist 

sensitivity of GluK2 receptors. In contrast, addition of either h.Neto 

subunit (h.Neto1-S and h.Neto2) decreased the agonist sensitivity of 

GluK2/GluK4 heteromers. These changes in glutamate sensitivity are 

consistent with previously reported effects of Neto subunits at homomeric 
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GluK2 receptors, where they have only modest (~3×) impact (Fisher and 

Mott, 2013, Zhang et al., 2009) comparable to the findings of Palacios-

Filardo et al., 2014.  Moreover, the present findings show a less clear 

effect of h.Neto2 on the characteristic KAR properties (e.g., 

desensitisation, decay kinetics) compared to h.Neto1-S. These findings 

draw similarities with previous studies, which report a less clear effect of 

Neto2 on the recovery from desensitisation for GluK2 receptors 

compared to the effect of Neto1 (Fisher and Mott, 2013). Sufficient 

evidence is also provided to demonstrate that the first CUB domain is 

largely responsible for the effect of h.Neto1-S on the KAR properties, 

such as the agonist sensitivity, the desensitisation and the deactivation 

rate.  

Similar to previous findings (Mott et al., 2010, Lerma et al., 2001), it was 

observed that the peak current amplitude of both KAR subtypes 

assessed (GluK2, GluK2/GluK4) is significantly larger, when currents are 

elicited by kainate rather than glutamate (Figures 6.1, 6.4, 6.8). Kainate-

mediated current responses of GluK2 and GluK2/GluK4 receptors were 

characterised by larger current amplitude compared to glutamate-

mediated responses. These observations did not change when KARs 

were co-assembled with either h.Neto subunit. 

 

Moreover, h.Neto1-S and h.Neto2 had a different effect on the current 

decay kinetics of KARs depending on the assessed KAR subtype. The 

present data show that the effect of h.Neto1-S was subunit dependent 

but not agonist specific. More precisely, h.Neto1-S slowed the 

desensitization rate of glutamate mediated responses of human GluK2 

receptors, whilst it did not affect significantly the desensitization rate of 

human GluK2/GluK4 receptors. These findings support previous studies 

suggesting that Neto1 reduced the onset of desensitization and 

accelerated recovery from desensitization of both heteromeric and 

homomeric GluK2 KARs (Fisher and Mott, 2013, Fisher, 2015). Although 

previous studies reported a similar effect of Neto1 and Neto2 on GluK2 

homomers, in which both Netos slowed the desensitization rate of GluK2 
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channels after glutamate application, the current observations for 

h.Neto2 differed for the assessed KAR subtypes. More precisely, the 

h.Neto2 isoform did not affect significantly the desensitization rate of 

either GluK2 or GluK2/GluK4 receptors following glutamate application, 

whilst it increased significantly the desensitisation rate of GluK2 

homomers following kainate application. Although there were no obvious 

methodological differences between the studies to account for this 

variation in the results, there still may be variations in the cloned subunits 

(different species or different amino acid sequences) or in the 

stoichiometry of the expressed receptors. 

 

According to the findings from previous studies, both Neto1 and Neto2 

were shown to slow the deactivation and desensitization of GluK1–3 

homomers and GluK2/GluK5 heteromers in heterologous systems, and 

accelerate recovery from desensitization (Zhang et al., 2009, Copits et 

al., 2011, Straub et al., 2011a). In this study, h.Neto1-S slowed the 

deactivation rate of GluK2 homomers after application of 0.1 or 1 mM 

glutamate, whilst h.Neto2 did not cause a significant change in the 

deactivation rate after application of either glutamate or kainate. 

However, the deactivation rate of GluK2/GluK4 receptors could not be 

accurately measured, owing to the rapid desensitization of these 

channels. This means that the majority of GluK2/GluK4 channels were 

closed before the agonist was withdrawn. GluK2/GluK4 receptors were 

also characterized by a second peak current, which was observed when 

low glutamate concentrations (0.1 µM and 1 µM) were applied. The 

presence of a second peak current indicates that recovery from 

desensitization is fast and that the desensitisation of GluK2/GluK4 

receptors is strong and concentration-dependent. Addition of h.Neto1-S 

in GluK2/GluK4 receptors produced smaller second peak currents after 

application of low glutamate concentrations, whilst no second peak 

currents were observed following kainate application. In contrast, co-

assembly of GluK2/GluK4 receptors with h.Neto2 led to elimination of 

second peak current responses. These findings show that the recovery 

from desensitisation for GluK2/GluK4 heteromeric channels with or 
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without h.Neto1-S is faster compared to GluK2/GluK4 heteromers co-

assembled with h.Neto2. 

 

The data from this study suggest that glutamate yields biphasic steady-

state glutamate concentration response curves for GluK2/GluK4 

receptors, whilst a monotonic increase was observed for GluK2 

homomers. This finding is supported by previous studies, which 

demonstrated that heteromeric kainate receptors (including 

GluK2/GluK4) have biphasic steady-state responses to glutamate (Mott 

et al., 2010). The bell-shaped, biphasic steady-state glutamate 

concentration response curves of GluK2/GluK4 heteromers indicate that 

there is differential activation of the GluK4 subunit with high affinity for 

agonist and the GluK2 subunit with low affinity for agonist. This finding is 

in line with previous studies showing that GluK4 is the high affinity subunit 

which leads to the increased agonist sensitivity of the heteromeric 

GluK2/GluK4 channels. Furthermore, this biphasic steady-state 

glutamate concentration relationship of GluK2/GluK4 receptors may 

result from a unique interaction of glutamate with the heteromeric channel 

compared to kainate. The present findings also show that GluK2/GluK4 

receptors desensitise in a greater extent compared to GluK2 receptors 

and that co-assembly of GluK2/GluK4 receptors with h.Neto1-S subunit 

did not change these observations. Taken together, the present data 

show that the distinct fast desensitisation rate of GluK2/GluK4 receptors 

is agonist concentration-dependent and remained unaffected in the 

presence of either Neto subunit.  

 

This study demonstrates that co-assembly of (human) recombinant 

kainate receptors with the (human) Neto auxiliary subunits alters the 

agonist sensitivity, the desensitization and the deactivation rate of KARs 

in a subunit-dependent manner. At the excitatory synapse, such effects 

may increase the ability of some postsynaptic (glutamatergic) receptors 

to continue to respond under conditions of rapid neuronal firing, 

enhancing summation. In addition, h.Neto1-S greatly increased the 

sensitivity of GluK2 receptors to glutamate and slowed their 
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desensitization and deactivation rate in response to high agonist 

concentrations. Therefore, the combination of these functional changes 

may permit activation of post-synaptic receptors by low ambient 

glutamate levels and hence increase the channel activity. 

 

In contrast, h.Neto2 decreased the glutamate sensitivity of both GluK2 

and GluK2/GluK4 receptors, whilst h.Neto1-S increased the glutamate 

sensitivity of GluK2 receptors and decreased the glutamate sensitivity of 

GluK2/GluK4 channels. Taken together, these findings could hint that, 

KAR-mediated signaling may be dependent upon KAR co-assembly with 

Netos and cause downstream alterations in the glutamate system. In 

addition to the effects on the kinetic properties, the Neto subunits may 

also influence membrane trafficking and synaptic localization of KARs 

(Wyeth et al., 2014, Copits and Swanson, 2012, Palacios-Filardo et al., 

2016). Further work will be needed though to characterise the effect of 

Netos in neurons expressing distinct complements of pore-forming 

kainate receptor subunits. 

 

One of the limitations of this study is that owing to the rapid 

desensitisation of KARs, a trait that may ‘mask’ the expression in the 

Xenopus oocyte system, ‘biased injections’ could not be performed. 

Ideally, ‘biased’ injections of 4:1 or 3:1 ratios (either for the high affinity 

subunit in the heteromers or the Netos in the KAR subtypes) are sufficient 

to ensure exclusive expression of heteromeric KAR subtypes on the 

Xenopus oocyte system (e.g., GluK2/GluK4 heteromers or KARs co-

expressing Netos). However, KARs desensitize rapidly, which is one of 

the limitations of Xenopus oocytes as an expression system, hence why 

“too biased” injections may mask any potential expression. 

Consequently, the 1:1 injection ratio was retained to ensure sufficient 

expression of each KAR subunit combination. It is also worth noting that 

the electrophysiological properties and the surface expression of KARs 

may change depending on the cell line and the species of the cDNA 

clones (human or rat or mouse). This could potentially explain any 
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deviations in the identified agonist sensitivity values (EC50 values) and 

the current decay kinetics compared to previous literature findings.  

 

Overall, the findings of this chapter suggest a potential effect of (human) 

Neto proteins on the electrophysiological properties of (human) GluK2 

and GluK2/GluK4 receptors. Both h.Neto1-S and h.Neto2 demonstrated 

an agonist and subunit dependent effect on GluK2 and GluK2/GluK4 

channels by affecting their agonist sensitivity and altering their gating 

mechanisms through unique and specified interactions with agonist 

compounds. According to the present findings, h.Neto1-S had a strong 

gain of function effect on GluK2 receptors, whilst its pharmacological 

effect on GluK2/GluK4 receptors was less clear and similar with the effect 

of h.Neto2 on both of the assessed KAR subtypes. Consequently, co-

assembly of GluK2 with h.Neto1-S leads to increased channel activity, 

increased postsynaptic current and stronger depolarization of the post-

synaptic neuron. Although, h.Neto2 had a less clear effect on both KAR 

subtypes, h.Neto2 co-assembly with KARs altered significantly the decay 

kinetic properties. The combination of the functional changes induced by 

(human) Netos may permit activation of postsynaptic receptors by lower 

or higher glutamate levels, thereby inducing changes in the efficacy of 

glutamate neurotransmission. 

 

As already described, KARs play an important role in neuronal excitability 

and network activity and have been implicated in a variety of 

neuropsychiatric disorders (i.e., schizophrenia, epilepsy). Given the 

functional impact of Netos on KAR function, these auxiliary proteins could 

act as an interesting therapeutic target. For example, drug compounds 

disrupting the KAR-Neto interaction, may affect the depolarization of the 

postsynaptic neuron and hence affect the network excitability by lowering 

the seizure threshold. Therefore, such drug compounds may be a 

significant addition to the limited available pharmacological KAR 

compounds. 
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CHAPTER 7 

INVESTIGATING THE EFFECT OF RARE DAMAGING 

MISSENSE MUTATIONS ON KAR CHANNEL ACTIVITY  
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7 Investigating the effect of rare damaging missense 

mutations on KAR channel activity 

 

7.1 Preface 

Another aim of the present study was to assess the effect of KAR genetic 

variants on the electrophysiological properties of GluK2 and GluK2/GluK4 

receptors. Nayeem et al. identified an apparently nondesensitizing GluK2 

point mutant (D776K) located at the apex of the ligand binding (S1S2) 

domain dimer interface (Nayeem et al., 2009). In a previous study, a single 

de novo point mutation in the M3 domain of GluK2 was identified as 

causative for the neurologic symptoms of an individual diagnosed with 

neurodevelopmental delay. Whole-cell voltage-clamp recordings revealed 

that KARs incorporating the GluK2(A657T) subunits show altered channel 

gating and are constitutively active in nominally glutamate-free 

extracellular media (Guzman et al., 2017). Functional electrophysiological 

studies have also shown that GluK2(E738D) and GluK2(M867I) mutations 

induced changes in the agonist sensitivity and the channel gating 

properties of KARs (Han et al., 2010, Mott et al., 2010). 

Three damaging missense variants have been identified in this study 

(Chapter 3) within “key” domains of GluK proteins and they were found 

exclusively within individuals diagnosed with schizophrenia. The three 

damaging missense variants assessed were GluK2(K525E), 

GluK4(Y555N) and GluK4(L825W), with the first one identified in the ligand 

binding domain pocket and the other two in the first (M1) and fourth (M4) 

membrane helices of the TMD domain respectively. These ‘key’ protein 

domains affect significant properties of KARs such as agonist sensitivity 

and gating. In silico protein modelling findings also suggested that these 

variants may change the number of H-bonds between amino-acids and 

also affect the free total energy of the protein structure. In order to further 

assess the possible damaging effect of these three damaging missense 

variants, functional studies were performed by implementing two 
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microelectrode voltage clamp (TEVC) recordings. Xenopus oocytes were 

injected with cRNA encoding for the mutated GluK2 and GluK4 subunits 

and then subjected to TEVC assays at -80 mV. 

 

7.2 Rare variants in the TMD and LBD domains of KARs change 

agonist sensitivity  

As described in the Preface, three singleton damaging missense 

mutations identified exclusively within individuals with schizophrenia were 

introduced into recombinant human GluK2 or GluK4 cDNA clones: 

GluK2(K525E), GluK4(Y555N) and GluK4(L825W). The mutated GluK2 

and GluK4 cDNA clones were produced by Dr Alix Blockley. Then, Sanger 

sequencing was performed to confirm that the GluK2 and GluK4 cDNA 

clones were successfully mutated (Figure 7.1).  

GluK4 mutated subunits (GluK4(Y555N) and GluK4(L825W)) were co-

expressed with the wild-type GluK2 subunit. GluK2(K525E) transcripts 

were initially assessed without any other subunit co-expressed. Although 

a broad range of glutamate receptor agonist compounds was applied (i.e., 

glutamate, kainate, glycine, NMDA), functional expression of 

GluK2(K525E) transcripts on the Xenopus oocytes could not be detected. 

Therefore, the GluK2(K525E) subunit was co-expressed with the wild type 

GluK2 subunit (GluK2/GluK2(K525E)). Then, the electrophysiological 

properties of GluK2/GluK2(K525E) heteromers were compared with the 

properties of the wild type GluK2 homomers. 

First, the glutamate and kainate agonist sensitivity of the mutated KARs 

was assessed. Therefore, agonist concentration-response curves for all 

the mutated KAR subtypes were produced. Current responses were 

elicited by applying increased kainate and glutamate concentrations in 

oocytes expressing mutated KAR subunit combinations. As shown in 

Figure 7.2, both GluK2/GluK4(Y555N) and GluK2/GluK4(L825W) 

heteromers were characterized by lower peak current amplitudes 

compared to wild type GluK2/GluK4 receptors following kainate or 
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glutamate activation. For example, the mean peak current response of 

GluK2/GluK4(Y555N) receptors decreased from -60 ± 69.4  nA to -13.23 

± 14.8 nA following 0.1 mM glutamate activation and from -39 ± 16 nA to -

13.23 ± 19.5 nA following 0.1 mM kainate activation. Similarly, the mean 

peak current response of GluK2/GluK4(L825W) receptors decreased from 

-60 ± 69.4  nA to -22 ± 24.4 nA following 0.1 mM glutamate activation and 

from -39 ± 16 nA to -22.53 ± 17.9 nA following 0.1 mM kainate activation. 

Moreover, GluK2/GluK2(K525E) heteromers were also characterized by 

lower peak current amplitudes following 0.1 mM kainate activation (from -

249 ± 175.5 to -12.14 ± 8.29). However, application of glutamate led to 

little change in the peak current amplitude of GluK2 homomers. 

GluK4(Y555N) decreased the glutamate potency of GluK2/GluK4 

receptors by 6-fold (although this was not significant; extra sum of squares 

F test, p = 0.061) and increased the kainate potency by 52-fold (extra sum 

of squares F test, p = 0.0001) (Table 7.1, Figure 7.3, Figure 7.4). In 

contrast, GluK4(L825W) significantly decreased the glutamate potency of 

GluK2/GluK4 receptors by 42.6-fold (extra sum of squares F test, p = 

0.0001), whilst it did not change the kainate potency significantly (Table 

7.1, Figure 7.3, Figure 7.4). The GluK2(K525E) LBD variant was not 

functional by itself but when co-expressed with GluK2 it decreased 

glutamate potency of GluK2 homomers by 4.5-fold (extra sum of squares 

F test, p < 0.05). In addition, kainate potency of GluK2/GluK2(K525E) 

receptors increased by 52-fold (extra sum of squares F test, p < 0.0001) 

compared to the wild type GluK2 homomers (Table 7.1, Figure 7.3 B, 

Figure 7.4 B).   

Taken together, these data suggest that rare coding variants located within 

the agonist binding domain and the helices of the transmembrane domains 

of KARs alter significantly the agonist sensitivity of GluK2 homomers and 

GluK2/GluK4 heteromers. These three mutations induced a decrease in 

the glutamate sensitivity, hinting at a potential loss of function effect in the 

KAR channel activity. However, when kainate was the agonist applied, 

these mutations increased the agonist sensitivity, implicating a potential 

gain of function effect in the KAR channel activity. 
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Figure 7.1. Sanger sequencing confirming the mutations used in the 

electrophysiological studies: A) GluK2(K525E) subunit (left = mutation (GAG); right = 

wild type (AAG)); B) GluK4(Y555N) subunit (left = mutation (AAT); right = wild type 

(TAT)); C) GluK4(L825W) subunit (left = mutation (TGG); right = wild type (TTG)). The 

nucleotide change is highlighted with blue in the chromatograms. 
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Figure 7.2. TEVC traces of Xenopus oocytes expressing mutated KAR subunit 

combinations (GluK2/GluK4(Y555N), GluK2/GluK4(L825W) and GluK2/GluK2(K525E)) 

at -80 mV. A wide range of agonist (kainate, glutamate) concentrations is applied in 

order to elicit current responses (10-7M – 10-3M). The arrows indicate the start time of 

the agonist (glutamate or kainate) application.  
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Figure 7.3. Concentration-response curves for the mutated KAR subtypes expressed 

in Xenopus oocytes in response to A) glutamate and B) kainate.  Points are mean % 

maximum response, error bars are SEM and curves are fits of the Hill equation. EC50 

values are given in Table 7.1. 
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KAR subtypes 
Glu EC

50
 (µM), 

95%CI and (N) 

KA EC
50

 (µM),             

95%CI and (N) 

h.GluK2 
42.0 

24.27 – 68.12 

(9 – 13) 

6.29 

2.92 – 13.54 

(6) 

h.GluK2/GluK2(K525E) 

187                 

very wide        

(15-17)        

0.120,                          

0.002  – 0.66              

(13-14)                   

h.GluK2/GluK4 

0.15  
0.02 – 0.51        

(15) 

3.59  
1.44 – 8.95                  

(7 – 9) 

h.GluK2/GluK4(Y555N) 

0.87                   

0.24 – 2.27          

(7-11)    

0.133                       

0.004 – 0.57              

(7–10)             

h.GluK2/GluK4(L825W) 

6.39                   

2.19 – 15.75      

(10-18) 

3.30                            

1.77 – 5.95                 

(6-8)                   

 

Table 7.1. Glutamate and kainate EC50 values for wild-type and mutated KARs. Values 

were obtained from curve fits of Hill equation to concentration-response data in Figure 

7.3. 
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Figure 7.4. Bar charts indicating the differences in the pEC50 values of wild type 

homomeric GluK2 and heteromeric GluK2/GluK4 receptors compared to mutated GluK2 

or GluK2/GluK4 receptors. Error bars are SEM.*** (p < 0.001) and **** (p < 0.0001) 

indicate significant differences when comparing each mutated KAR subtype with their 

corresponding wild type KAR subtype. 
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7.3 Rare variants in the TMD and LBD domains of KARs alter the 

extent and the rate of KAR desensitisation   

 

One of the characteristic properties of KARs is their fast excitatory 

neurotransmission. Moreover, the rates of both KAR desensitization and 

KAR deactivation after glutamate removal contribute to the time course 

of excitatory neurotransmission. Therefore, factors influencing KAR 

desensitisation and KAR deactivation may affect the efficacy of KAR 

excitatory neurotransmission. In this chapter, it was hypothesized that the 

assessed rare damaging missense mutations (GluK2(K525E), 

GluK4(Y555N) and GluK4(L825W)) may affect the decay kinetics of KAR 

currents and influence the KAR mediated neurotransmission 

mechanisms. According to the present findings, the deactivation rate of 

the mutated GluK2/GluK4 heteromers could not be measured, owing to 

the complete desensitisation of these channels within 10 seconds of 

agonist (glutamate or kainate) application. Similar observations were 

made for the deactivation rate of GluK2/GluK2(K525E) receptors after 

glutamate but not kainate removal. However, any differences between 

the deactivation rates of GluK2 and GluK2/GluK2(K525E) channels 

following kainate removal were statistically non significant (Mann 

Whitney: p > 0.05) (Table 7.2, Figure 7.5). 

Similarly with Chapter 6, the τ1 values were calculated for all mutated 

KAR subtypes following agonist (glutamate or kainate) application (Table 

7.2). The τ1 values are indicative of the speed that the current decays as 

opposed to the extent, which is indicated by the ratio of steady-state to 

peak current. GluK4(L825W) subunit significantly slowed the 

desensitization rate of GluK2/GluK4 heteromers by 2-fold, with the mean 

τ1 value increased from 188 ± 20 (n = 7) to 363 ± 56.76 (n = 5) following 

activation with 1 mM kainate (Welch’s t-test: p = 0.03, t = 2.95, df = 4.99, 

two-tailed) (Figure 7.6 D). No significant differences were observed 

though following 0.1 mM or 1 mM glutamate application (Welch’s t-test: 
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p > 0.05, two-tailed) (Figure 7.6 A, B). Moreover, GluK4(L825W) induced 

a 3.5-fold increase in the mean τ1 value of GluK2/GluK4 receptors from 

230 ± 29 (n = 9) to 845.3 ± 199.7 (n = 5), after application of 0.1 mM 

kainate (Welch’s t-test: p = 0.036, t = 3.05, df = 4.172, two-tailed) (Figure 

7.6 C). Co-assembly of GluK4(Y555N) subunit with GluK2 increased the 

τ1 value of GluK2/GluK4 receptors by 2-fold  from 354 ± 42 (n = 11) to 

810 ± 127.34 (n= 10) after application of 0.1 mM glutamate but not 0.1 

mM kainate (Welch’s t-test: p = 0.006, t = 3.4, df = 10.95, two-tailed) 

(Figure 7.6 A, C). Any differences between the desensitisation rates of 

GluK2/GluK4 and GluK2/GluK4(Y555N) channels following 1 mM 

glutamate or kainate application were statistically non significant 

(Welch’s t-test: p > 0.05, two-tailed). 

Interestingly, GluK2(K525E) slowed the desensitization rate of GluK2 

homomers by 2-fold following application of kainate (KA 0.1 mM, Welch’s 

t-test: p = 0.007, t = 3.05, df = 18.9, two-tailed; KA 1 mM, Mann Whitney: 

p = 0.037, U = 10, two-tailed) (Table 7.2, Figure 7.6 C, D). No significant 

change was observed in the desensitization rate of GluK2 homomers 

after glutamate application. These findings indicate that GluK4(Y555N), 

GluK4(L825W) and GluK2(K525E) mutations slowed the desensitisation 

rate of KARs.  

The steady state current amplitudes of the mutated KAR subunit 

combinations were also measured after 10 s of agonist application. By 

making these measurements across a range of agonist concentrations, 

it was possible to create concentration-response relationships for steady-

state current. This relationship was characterized by a monotonic 

increase of steady-state current for responses of GluK2 receptors to both 

glutamate and kainate and for GluK2/GluK4 receptors to kainate, but for 

GluK2/GluK4 responses to glutamate it was bell-shaped (Chapter 6). For 

GluK2/GluK4(L825W) receptors the relationship became monotonically 

increasing, as glutamate concentrations increased but with no change to 

the relationship for kainate (Figure 7.7). However, GluK2/GluK4(Y555N) 

heteromers were characterized by a bell-shaped steady-state kainate 

concentration-response curve as well as with glutamate. The shape of 
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the steady-state concentration-response curve for GluK2/GluK2(K525E) 

receptors remained unchanged in the presence of glutamate , however, 

activation of GluK2/GluK2(K525E) receptors with kainate led to a steady-

state concentration-response relationship, which was not strongly 

correlated with the agonist concentration (Figure 7.7). The present 

findings provide strong evidence that the examined mutations affect the 

steady-state current of KARs in an agonist and subunit dependent way.  

In some instances, it was possible to compare the log(EC50) values of the 

steady-state currents for the mutated KAR subunit combinations with 

their wild-type counterparts. The glutamate steady state EC50 value of 

GluK2/GluK2(K525E) homomers (steady state EC50: 4.88 µM) was 

significantly different from wild type GluK2 homomers (steady state EC50: 

59.96 µM) (extra sum of squares F test, p < 0.0001).  No difference was 

observed in the kainate steady state EC50 values of GluK2/GluK2(K525E) 

receptors (extra sum of squares F test, p = 0.14). The kainate steady 

state EC50 values between the mutated GluK4 containing KARs did not 

differ significantly with the wild type GluK2/GluK4 receptors (extra sum of 

squares F test, p > 0.05). In contrast, the glutamate steady state EC50 

values between the GluK4(Y555N)-containing KARs (steady state EC50: 

0.056 nM) and the wild type GluK2/GluK4 receptors (steady state EC50: 

5.81 µM) differed significantly (extra sum of squares F test, p = 0.038). 

Similar with Chapter 6, the ratio of steady-state current (10 s) to peak 

current between the mutated KAR subtypes was calculated during 

application of 0.1 mM and 1 mM agonist (Table 7.3 and Table 7.4). As 

already mentioned, the ratio of steady-state to peak current indicates the 

extent by which the current decays. According to the present findings, 

GluK2(K525E), GluK4(Y555N) and GluK4(L825W) mutations did not 

affect the extent of KAR desensitisation following 0.1 mM or 1 mM kainate 

application (Table 7.3 and Table 7.4).  

In contrast, GluK4(L825W) decreased the extent of desensitisation by 6-

fold and 4-fold compared to GluK2/GluK4 receptors, when 0.1 mM or 1 

mM glutamate was applied respectively (Mann Whitney: p = 0.005, U = 
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3, two-tailed for both 0.1 mM and 1 mM glutamate) (Table 7.4). Such 

observations indicate that GluK2/GluK4(L825W) receptors were 

characterised by a persistent / steady-state current after 10s of 0.1 mM 

or 1 mM glutamate application, whilst there was little to no persistent 

current for the wild type GluK2/GluK4 heteromers. Similarly, 

GluK2/GluK4(Y555N) receptors were also characterised by a decreased 

extent of desensitisation by 5.5-fold and 4.5-fold compared to 

GluK2/GluK4 receptors, when 0.1 mM glutamate was applied (Mann 

Whitney: p = 0.012, U = 5, two-tailed) (Table 7.4). Taken together, 

GluK4(L825W) and GluK4(Y555N) mutations decrease the extent of the 

current desensitisation of KARs after 10 s of 0.1mM of 1mM glutamate 

application. The observation of a persistent current after glutamate 

removal denotes a potential gain of function effect and an increase of the 

KAR channel activity induced by these GluK4 TMD mutations. In addition, 

co-assebly of GluK2 receptors with GluK2(K525E) did not induce any 

significant change on the extent of desensitisation of GluK2 receptors. 

The percentage of net charge was also assessed for the 

GluK2/GluK4(L825W), GluK2/GluK4(Y555N) and GluK2/GluK2(K525E) 

receptors (Figure 7.8). As mentioned previously, the percentage of net 

charge is an estimate of the ionic permeation across the channels 

throughout the duration of the current response. This relationship was 

characterized by a monotonic increase of the percentage of net charge 

for responses of GluK2 receptors to both glutamate and kainate and for 

GluK2/GluK4 receptors to kainate, but for GluK2/GluK4 responses to 

glutamate it was bell-shaped (Chapter 6). A biphasic concentration-

response (% net charge) relationship was observed for 

GluK2/GluK4(Y555N) subunit transcripts following increased kainate or 

glutamate concentrations. In addition, a monotonic increase of the 

agonist concentration-response (% net charge) relationship for 

GluK2/GluK4(L825W) was observed following increased agonist 

concentrations of either glutamate or kainate. This monotonic increase of 

the agonist concentration-response (% net charge) relationship also 

characterized GluK2/GluK2(K525E) receptors following applications of 
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increased glutamate concentrations. However, the GluK2/GluK2(K525E) 

concentration-response (% net charge) curve did not show a strong 

correlation with agonist concentration, when kainate was the applied 

agonist (Figure 7.8).  In comparison, a monotonic increase in the 

percentage of net charge was observed for GluK2 alone with either 

agonist (glutamate or kainate) applied.  

Taken together, these data show that damaging missense mutations 

within the LBD domain or the helices of the TMD domain can alter the 

relationship between percentage net charge transfer through KAR 

channels and agonist concentration throughout the duration of the 

glutamate-mediated or kainate-mediated responses.  
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Figure 7.5. TEVC recordings (VH = -80 mV) from oocytes expressing 

GluK2/GluK4(Y555N) (A), GluK2/GluK4(L825W) (B) and GluK2/GluK2(K525E) 

receptors (C) in response to 0.1 mM or 1 mM glutamate or kainate, with wild-type 

responses superimposed. All responses have been normalized to the peak response to 

aid comparison of their shapes.  
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Figure 7.6. Bar charts of the desensitisation time constants (τ1) of mutated and wild 

type KARs in response to 0.1 mM or 1 mM kainate or glutamate. Error bars are SEM. * 

(p < 0.05) and ** (p < 0.01) indicate significant differences in the τ1 desensitisation 

values when comparing each mutated KAR subtype with their corresponding wild type 

KAR subtype. 
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Table 7.2. Mean peak current (Ipeak) values and τ1 values for desensitisation of wild type and mutated KARs. τ1 indicates the fast component of the two-phase 

exponential decay equation used to fit the decaying phase of the current in response to agonist. τdeact is from the decay of current following removal of the agonist 

(deactivation); “n/a” indicates that the deactivation rate could not be measured for these receptors. SEM error estimates are provided for τ1 and τdeact values, 

whilst SD error estimates are provided for Ipeak measurements.   

Receptor [Agonist] 
(mM) 

I
peak (nA) - Glu τ1 (ms) - Glu τ

deact (s) - Glu I
peak (nA) - KA τ1 (ms) - KA τ

deact (s) - KA 

hGluK2 
0.1 

1 

-154 ± 95.5 (12) 

-306 ± 189.1 (12) 

805 ± 220  (11) 

517 ± 141 (14) 

1.45 ± 0.8  (7) 

2.3 ± 0.8  (7) 

-179 ± 142 (5) 

-249 ± 175.5 (5) 

1422 ± 422 (9) 

1860 ± 502 (9) 

5.3 ± 1.5 (9) 

14.5 ± 6.4 (9) 

hGluK2/GluK4 
0.1 

1 

-60 ± 69.4  (12) 

-56.6 ± 50.8 (12) 

354 ± 42 (11) 

296 ± 48 (10) 
n/a 

-39 ± 16  (8) 

-55 ± 20 (7) 

230 ± 29 (9) 

188 ± 20 (7) 
n/a 

h.GluK2/GluK4(Y555N) 
0.1 

1 

-13.23 ± 14.8 (13) 

-34.4 ± 59 (13) 

810 ± 127.34 (10) 

343 ± 56.6 (11) 
n/a 

-13.23 ± 19.5 (10) 

-8.66 ± 3.54 (10) 

561.55 ± 180.3 (7) 

434 ± 164 (6) 
n/a 

h.GluK2/GluK4(L825W) 
0.1 

1 

-22 ± 24.4  (17) 

-37.96 ± 39.4 (18) 

801 ± 240.6 (8) 

318.5 ± 60.13 (9) 
n/a 

-22.53 ± 17.9 (6) 

-31.11 ± 20.8 (8) 

845.3 ± 199.7 (5) 

363 ± 56.76 (5) 
n/a 

h.GluK2/GluK2(K525E) 
0.1 

1 

-16.2 ± 15  (16) 

-89 ± 64  (17) 

478.3 ± 80.4 (5) 

206 ± 51 (6) 

3.35 ± 1 (7) 

5.96 ± 2.9 (8) 

-9.48 ± 3.86 (14) 

-12.14 ± 8.29 (13) 

3203 ± 405 (13) 

3686 ± 386 (12) 

6.9 ± 1.9 (8) 

5.92 ± 1.53 (8) 
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Table 7.3. Summary of the mean ratio values of the steady state current to peak current response for each wild-type and mutated KAR subtype following 

application of a broad range of kainate concentrations (0.1 µM – 1 mM). Is/Ip = steady state current to peak current.

[Kainate] 

 Is/Ip ± SEM (N)  

h.GluK2 
h.GluK2/GluK2 

(K525E) 
h.GluK2/GluK4  

h.GluK2/GluK4  
(Y555N)  

h.GluK2/GluK4  
(L825W)  

0.1 µM 0.583 ± 0.148 (5) - 0.263 ± 0.053 (10) - - 

1 µM 0.409 ± 0.07 (10) 0.257 ± 0.091 (3) 0.365 ± 0.060 (11) 0.060 ± 0.035 (5) 0.422 ± 0.101 (6) 

10 µM 0.360 ± 0.083 (11) 0.126 ± 0.058 (5) 0.253 ± 0.037 (10) 0.133 ± 0.049 (5) 0.383 ± 0.107 (6) 

0.1 mM 0.304 ± 0.050 (11) 0.169 ± 0.072 (6) 0.183 ± 0.027 (11) 0.152 ± 0.046 (5) 0.337 ± 0.093 (6) 

1 mM 0.254 ± 0.07 (11) 0.125 ± 0.068 (6) 0.235 ± 0.035 (9) 0.163 ± 0.017 (4) 0.200 ± 0.042 (6) 
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Table 7.4. Summary of the mean ratio values of the steady state current to peak current response for each wild-type and mutated KAR subtype following 

application of a broad range of glutamate concentrations (0.1 µM – 1 mM). Is/Ip = steady state current to peak current.

[Glutamate] 

 Is/Ip  ± SEM (N)  

h.GluK2 
h.GluK2/GluK2 

(K525E)  
h.GluK2/GluK4  

h.GluK2/GluK4 
(Y555N) 

h.GluK2/GluK4  
(L825W) 

0.1 µM 0.394 ± 0.06 (8) - 0.110 ± 0.04 (10) - - 

1 µM 0.127 ± 0.023 (10) 0.246 ± 0.067 (4) 0.142 ± 0.03 (10) - - 

10 µM 0.141 ± 0.037 (7) 0.161 ± 0.043 (4) 0.029 ± 0.007 (11) 0.155 ± 0.033 (5) 0.142 ± 0.044 (4) 

0.1 mM 0.144 ± 0.021 (9) 0.143 ± 0.053 (4) 0.028 ± 0.01 (11) 0.154 ± 0.079 (5) 0.176 ± 0.060 (5) 

1 mM 0.124 ± 0.015 (10) 0.110 ± 0.060 (4) 0.023 ± 0.008 (11) 0.103 ± 0.046 (5) 0.087 ± 0.017 (5) 
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Figure 7.7. Steady-state agonist concentration–response curves for the mutated 

GluK2/GluK4 and GluK2 receptors. Currents recorded after 10s under voltage clamp at 

different glutamate and kainate concentrations were normalized to their maximal steady 

state responses. Points are mean % maximum response, error bars are SEM and curves 

are fits of the Hill equation. 
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Figure 7.8. Agonist concentration–response curves based on net charge for the 

mutated GluK2/GluK4 and GluK2 receptors to different concentrations of kainate and 

glutamate. The % of maximum response is measured by the % of maximum net charge. 

Points are mean % maximum response, error bars are SEM and curves are fits of the 

Hill equation. 
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7.4 Discussion  

In this chapter, the functional effect of three damaging missense 

mutations within the GluK2 ligand binding domain (i.e., GluK2(K525E)) 

and the M1 and M4 transmembrane membrane helices of GluK4 (i.e., 

GluK4(Y555N) within M1 and GluK4(L825W) within M4) was assessed. 

Voltage clamp assays were performed on mutated GluK2 homomers and 

GluK2/GluK4 heteromers to allow for comparison of the 

electrophysiological properties (i.e., agonist sensitivity and current decay 

kinetics) between wild-type and mutated KAR receptors. As of 

submission of this study, this is the first assessing mutated GluK4-

containing receptors in the Xenopus oocyte system. 

The significant reduction in the glutamate sensitivity is particularly 

important for the GluK2(K525E) mutant, as the EC50 values are much 

closer to the expected glutamate concentration at a synapse (Glu EC50= 

187 µM). In contrast, GluK2/GluK4(Y555N) and GluK2/GluK4(L825W) 

heteromeric receptors alongside with the wild type GluK2/GluK4 

receptors will be saturated with this glutamate concentration in the 

synapses, since their glutamate EC50 values are quite low.   

According to the present findings, the EC50 value for the GluK2(K525E) 

mutant was lower for kainate and higher for glutamate. This could be 

explained by a different and unique interaction of the (mutated) ligand 

binding domain with kainate compared to glutamate. GluK2(K525E) is 

located within the ligand binding pocket of GluK2 subunits, therefore it 

may alter the agonist sensitivity and the desensitisation rate of GluK2 

receptors by direct changes in the binding site (Kristensen et al., 2016). 

GluK4(Y555N) is located within the M1 helix of the TMD, which is close 

to the S1 domain of the LBD. Therefore, any mutations occurring within 

the M1 helix may affect the gating of the pore of the ion channels, and 

consequently affect the ion influx and the agonist sensitivity of 

GluK4(Y555N)-containing channels. GluK4(L825W) is located within the 

M4 helix of the TMD, which is close to the S2 domain of the LBD and the 

hinge of the ligand binding site. Therefore, this mutation may influence 
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the efficacy and the stability of the ligand binding site of GluK4(L825W)-

containing channels.  

Taken together, these data show that rare damaging missense mutations 

induced changes in the agonist sensitivity, which is related to the efficacy 

of glutamate neurotransmission mediated by the different KAR subtypes. 

Consequently, factors (i.e., rare damaging missense mutations) 

influencing the agonist sensitivity of KARs may affect both the KAR 

channel activity and the efficacy of glutamate neurotransmission.  

In addition, GluK2(K525E), GluK4(Y555N) and GluK4(L825W) mutations 

changed significantly the decay kinetics properties of GluK2 and 

GluK2/GluK4 receptors, such as the desensitisation rate or the 

deactivation rate. The desensitisation rate is an important characteristic 

trait of KARs which affects the efficacy of KAR-mediated 

neurotransmission. GluK2(K525E), GluK4(L825W) and GluK4(Y555N) 

mutated subunits may significantly change the efficacy of KAR-mediated 

glutamate neurotransmission through changes in the desensitisation rate 

of KARs. No significant changes were observed though in the 

deactivation rate of the GluK2/GluK2(K525E) receptors compared to the 

wild type GluK2 KARs. 

Interestingly, GluK2(K525E), GluK4(Y555N) and GluK4(L825W) 

mutations also affected the steady state current – agonist concentration 

relationship. When the GluK4(Y555N) subunit was co-expressed with the 

wild type GluK2 subunit, the steady state current – agonist concentration 

relationship was characterised by a biphasic equation (Figure 7.8). When 

the GluK2(K525E) subunit was co-expressed with the wild type GluK2 

subunit, the steady state current – kainate concentration relationship was 

not concentration dependent. By changing the steady state current 

status, these three mutations may have an effect upon the shape of the 

current responses and the onset of KAR deactivation. In addition, 

GluK2(K525E), GluK4(Y555N) and GluK4(L825W) mutated subunits 

changed the extent of KAR desensitisation. More precisely, 

GluK4(Y555N) and GluK4(L825W) subunits induced a significant 
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decrease in the extent of desensitisation, whilst GluK2(K525E) did not 

affect it significantly. Overall, the present findings show that co-

expression of these mutated KAR subunits affected both the steady state 

current and the extent of KAR desensitisation.  

All three singleton damaging missense mutations (GluK2(K525E), 

GluK4(Y555N), and GluK4(L825W)) changed the KAR channel activity in 

an agonist-dependent way. When kainate was the agonist applied, all 

three mutations led to an increased agonist sensitivity, an increase in the 

τ1 values (slower desensitisation rate) and a decrease of the extent of 

desensitisation. These findings indicate a strong gain of function effect 

on the KAR channel activity. However, these observations changed when 

glutamate was the applied agonist. All three damaging missense 

mutations decreased glutamate sensitivity and slowed the 

desensitisation rate of KARs. This resulted in loss of function through 

reduced glutamate sensitivity for all mutants, but with slight gain of 

function through reduced desensitization rate with GluK4 mutants.  

Overall, these findings provide strong evidence that a gain of function or 

a loss of function effect of the KAR channel activity induced by damaging 

missense mutations may lead to downstream alterations in the glutamate 

neurotransmission and aberrant kainate receptor signaling in the central 

nervous system (CNS). 

Previous studies showed that a gain of function mutation (GluK2(A657T)) 

within the M3 domain of GluK2 changed significantly the gating kinetics 

of KARs. For example, GluK2(A657T)/Neto2 KARs had 10-fold slower 

desensitisation rate compared to GluK2/Neto2 receptors (Guzman et al., 

2017). In another study, Nayeem et al. assessed the effect of a GluK2 

mutation within the S2 domain of the LBD (GluK2(D776K)) and showed 

that GluK2(D776K) is a non-desensitising mutant which increased the 

thermodynamic stability of the GluK2 dimer (Nayeem et al., 2009). It was 

also proposed that incorporation of the GluK2(D776K) subunit into KARs 

produced constitutively active channels with significantly altered gating 

kinetics. In another study, a gain of function mutation within GluK2 

(GluK2(M867I)) slowed the channel desensitisation of GluK2 receptors 
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with a modest effect on the agonist sensitivity (Han et al., 2010). In 

addition, Fisher et al. (2011) showed that GluK2(E738D) subunit co-

expressed with GluK4 led to a significant reduction of the steady state 

current, whilst no change in the glutamate EC50 values was observed 

within the heteromeric GluK2 (E738D)/GluK5 receptors (Fisher et al., 

2011). Overall, the findings from these studies draw similarities with the 

present findings where a GluK2 mutation located within the S1 domain of 

the LBD (GluK2(K525E)) altered the agonist sensitivity (increased KA 

sensitivity and decreased Glu sensitivity), as well as the rate and extent 

of kainate-mediated desensitisation GluK2 homomers. In addition, the 

GluK2(K525E) mutant resulted in distinct transition from positive to 

negative electrostatic surface potential.  

Such findings further support the hypothesis that KARs co-expressing 

damaging missense mutations located within ‘key’ protein domains, 

which are critical for receptor function, may alter significantly the KAR 

channel behavior and the efficacy of glutamate neurotransmission. 

These findings also demonstrate how rare damaging mutations may give 

rise to disease phenotypes by changing important KAR 

electrophysiological properties. 

One of the limitations of this study is that owing to the rapid 

desensitisation of KARs, a trait that may ‘mask’ the expression in the 

Xenopus oocyte system, ‘biased injections’ could not be performed.  As 

highlighted in the previous chapter, ‘biased’ injections of 4:1 or 3:1 ratios 

for each mutated KAR subunit are sufficient to ensure exclusive 

expression of the mutated KARs. However, as KARs desensitize rapidly, 

“too biased” injections “mask” the detection of the potential KAR 

expression. Consequently, the 1:1 ratio was utilized in this study to 

ensure sufficient expression of wild type and mutated KARs in the 

Xenopus oocyte system. 

Moreover, future studies may aim to assess different mutated KAR 

subunit combinations (e.g., GluK2(K525E)/GluK4) and compare them 

with the wild type GluK2/GluK4 receptors for potential differences in their 
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functional electrophysiological properties. In addition, in vivo rodent 

models expressing rare damaging missense mutations will further 

establish the physiological mechanisms by which these mutations affect 

KAR mediated neuronal circuitry.  
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8 General Discussion 

 

This thesis has presented research utilizing two powerful approaches to 

examine genetic variation and cognitive ability or disease risk, and to 

investigate KAR electrophysiology properties in order to examine 

functional consequences. The first approach comprised bioinformatics 

analysis to investigate single allele association and burden enrichment of 

coding variants within GRIK and NETO genes and to assess an 

association between a GluK4 3’ UTR indel with cognitive performance. 

The second approach consisted of two microelectrode voltage clamp 

assays to characterize the electrophysiological properties of wild type 

and mutated KAR subunit combinations and the effect of human Neto 

isoforms on the agonist sensitivity and the decay kinetics of KAR 

currents.  

 

8.1 How do the findings add to our knowledge about the genetic 

architecture of neurodevelopmental disorders? 

8.1.1. Types of mutations within GRIK and N ETO genes 

The findings from the integrated analysis of approximately 5,000 samples 

support the hypothesis that LoF, damaging rare, and common variants 

within mutation intolerant KAR subunit and NETO genes are enriched in 

individuals with schizophrenia, autism and ID.  The present findings of a 

specific candidate gene set are congruent with recent large scale whole 

genome and exome studies of individuals with schizophrenia and 

schizophrenia with ID, which report an increased burden of ultra-rare 

coding and common variants in genes characterised as missense and 

loss of function variant depleted genes (Leonenko et al., 2018; Pardinas 

et al., 2018; Singh et al., 2017; Singh et al., 2016). In line with previous 

studies, the present study revealed a burden of  both common and/or 

rare damaging missense and LoF variants in individuals with 
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neurodevelopmental diseases, which was mainly identified within LoF 

intolerant genes (LoF pLI > 0.9), such as GRIK3, GRIK5 and NETO1.   

In addition, the present data showed that common LoF and missense 

variants were primarily responsible for ASD & ID phenotypes, whilst rare 

LoF and missense variants mainly contributed to schizophrenia. This is 

consistent with previous findings reporting a burden of rare variants 

associated with schizophrenia, whilst a burden of common variants 

mainly contributed to ASD phenotypes (Weiner et al., 2017, Marshall et 

al., 2017, Singh et al., 2017, Bassett et al., 2017). The identification of an 

enrichment of rare damaging missense and LoF schizophrenia variants 

within LoF intolerant GRIK5 and NETO1 supports previous findings 

showing that rare damaging schizophrenia variants are clustered in LoF 

intolerant genes (Singh et al., 2017). My thesis findings also provide 

further support that, in addition to rare de novo variation as a strong 

causative factor for autism, inherited loss of function and damaging 

mutations can confer risk for autism and ID. Moreover, strong evidence 

is provided to show that both common and rare genetic variation 

contributes to ASD phenotypes (i.e., burden of common and rare SNVs 

within GRIK3 and NETO1). These observations are in line with previous 

studies reporting a polygenic contribution of common and rare genetic 

variants associated with ASD (Weiner et al., 2012; Weiner et al., 2017).  

I also identified significant single allele associations which were 

replicated in a second cohort and which had large effect sizes (e.g., 

GRIK3 F586V, GRIK3 R865G, GRIK5 A895G). The single allele 

association findings support the hypothesis that one gene and one allele 

may alone increase risk for psychiatric disease. This hypothesis is also 

supported by previous studies reporting a cytogenetic lesion disrupting 

DISC1 which was causative of psychiatric disease (St Clair et al., 1990, 

Blackwood et al., 2001). However, the present data also suggest that 

point mutations with potentially smaller effect sizes may also contribute 

to variable clinical phenotypes, e.g. GRIK3 S310A. 
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The present findings provide support for both the ‘common disease - 

common allele’ hypothesis and the ‘common disease - rare allele 

hypothesis’ (Manolio et al., 2009). Within the field of psychiatric genetics, 

evidence supporting a model of additive allelic interaction has come 

mainly from studies of common, low penetrance associated SNPs or 

haplotypes (Pickard et al., 2005, Baum et al., 2008). From the present 

burden analysis, results suggest that interactions between ultra-rare 

moderate penetrance risk variants either at a gene-wide or an individual 

gene-level may be a mechanism which, in an additive manner, 

contributes to susceptibility to neuropsychiatric disease, and that such 

additive effects may also be a contributory factor to the severity of clinical 

outcome. 

Previous published research has also shown that SCZ, ASD and ID 

phenotypes share genetic predisposing factors and neuropathology, and 

that synaptic gene variants with a spectrum of allele frequencies and 

effect size contribute to these phenotypes (De Rubeis et al., 2014, 

Fromer et al., 2014, Gandal et al., 2018). In line with these studies, the 

present findings show that the variant burden of common and rare 

damaging variants within a small set of synaptic genes (i.e. GRIKs and 

NETOs) contributes to a large spectrum of neurodevelopmental 

disorders. 

Rare damaging missense variants were identified primarily within 

individuals from the psychosis and the ASD/ID cohorts (e.g., GRIK3 

F586V, GRIK3 R865G, GRIK5 A895G). Moreover, GRIK3 was 

associated with ASD & ID phenotypes, with GRIK3 S310A conferring 

protection against a broad spectrum of neurodevelopmental disorders 

and not only schizophrenia as previously reported (Schiffer and 

Heinemann, 2007; Wilson et al., 2006).  The occurrence of the same type 

of mutations in individuals with phenotypes across the 

neurodevelopmental disease spectrum supports an overlap of etiologies 

for these disorders consistent with previous findings (Gandal et al., 2018). 

Therefore, these findings provide evidence to show that there is an 

overlap in the genetic background of SCZ, ASD and ID, with common 
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and rare damaging missense and LoF variants largely contributing to 

these phenotypes. 

Whole genome or whole exome studies have not indicated GRIK1, 

NETO1 or NETO2 to be genetic factors contributing to psychiatric 

phenotypes. However, GRIK1 and NETO2 have been identified in 

separate studies as genes disrupted in structural genomic 

rearrangements in individuals with schizophrenia (Haldeman-Englert et 

al., 2010; Rippey et al., 2013). The present data support that GRIK1 and 

NETO2 LoF and damaging missense variants identified within individuals 

with schizophrenia may contribute to risk for schizophrenia. My thesis 

findings also suggest an association of NETO1 with risk or protection 

against the broad spectrum of neurodevelopmental disorders. I also 

found an association of GRIK2 with ASD & ID phenotypes, enhancing 

findings from previous studies reporting de novo GRIK2 mutations 

associated with neurodevelopmental delay (Griswold et al., 2012; 

Guzman et al., 2017). 

 

8.1.2. How could the present genetic (association) findings 

potentially influence the KAR-mediated physiological mechanisms? 

Variants which led to a change in protein sequence may impact upon 

KAR function and glutamate neurotransmission by a number of means. 

For instance, disruption of KAR and Neto interaction, either in the ATD 

domain of KARs or in the CUB domains of Netos, may affect KAR 

synaptic localisation (Copits and Swanson, 2012). Similarly KAR CTD 

alterations could inhibit N-cadherin interaction and thereby influence 

synaptic compartmentalization and recruitment of KARs (Fievre et al., 

2016) and mutations disrupting C terminal PDZ ligand binding might 

influence secretory pathway processes, feedback systems and neuronal 

activity (Sheng et al., 2017). Furthermore, as KARs, through non-

canonical metabotropic signaling, are involved in non-classical forms of 

plasticity, disruption of G protein motifs and binding could significantly 

alter structural as well as functional plasticity characteristics. It was 
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hypothesized that KAR mutations located within phosphorylation sites 

may disrupt KAR phosphorylation by SUMO proteins. Previous studies 

identified two sites for phosphorylation of GluK2 by SUMO proteins 

(GluK2 S868, GluK2 K886) (Chamberlain et al., 2012). Four identified 

synonymous GRIK and NETO variants, which are located within potential 

KAR phosphorylation sites, may potentially disrupt SUMOylation of 

KARs. Therefore, variants which disrupt KAR phosphorylation and 

SUMOylation could potentially prevent KAR endocytosis and therefore 

affect KAR trafficking (Chamberlain et al., 2012). 

Case-control GWAS studies of individuals with schizophrenia have 

recently indicated transcripts of the C4 and SNAP25 genes where 

common alleles contribute to risk for psychiatric disease and whose 

protein products suggest a common pathway involving KARs (Selak et 

al., 2009). SNAP25 is a vesicle fusion protein which at glutamatergic 

synapses, decreases the Ca2+ responsiveness. In contrast, C4 gene 

(complement C4) encodes a complement component 4 protein involved 

in the immune system classical complement cascade (Sekar et al., 2016). 

However, both SNAP25 and members of a second complement cascade 

protein family (C1ql2 and C1ql3) are located at postsynaptic sites and 

bind to KAR subunits and thereby regulate KAR behaviour (Sekar et al., 

2016). Further exploration of this emerging genetic risk pathway may aid 

in the development of new drugs to target neurodevelopmental 

conditions. 

 

8.2 Interpreting the functional electrophysiological findings for wild 

type and mutated KARs  

The present data from the voltage clamp assays highlighted differences 

within two of the main post-synaptic KAR subtypes; GluK2 and 

GluK2/GluK4 receptors. Consistent with previous studies (Mott et al., 

2010), my results support the hypothesis that GluK2 and GluK2/GluK4 

receptors have different agonist binding properties as well as different 
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roles in the KAR channel gating dependent upon the identity of the 

activated subunits. 

My thesis findings also show that GluK2/GluK4 receptors were 

characterized by a faster desensitisation rate and an increased extent of 

desensitisation compared to GluK2 receptors. These observations 

further demonstrate that KAR desensitisation is strong and concentration 

dependent as previously reported (Paternain et al., 1998). It is also 

suggested that, rather than being modulatory, GluK4 subunits may play 

a central role in gating current at heteromeric receptors. Moreover, my 

thesis findings show that glutamate application led to faster 

desensitization of both GluK2 and GluK2/GluK4 receptors compared to 

desensitization induced by kainate hinting at a unique interaction of KARs 

with glutamate compared to kainate.  

According to my thesis results, glutamate and kainate elicited higher peak 

current responses in GluK2 homomeric channels compared with the 

ones elicited in GluK2/GluK4 heteromeric channels. This result led to the 

assumption that GluK4 subunit is not necessarily responsible for eliciting 

high current peaks. Such observations are consistent with the hypothesis 

that changes in the KAR subunit abundance may affect the type of the 

elicited responses and cause downstream alterations in the glutamate 

system. Overall, since GluK2-containing KARs are involved in synaptic 

plasticity mechanisms (Chamberlain et al., 2012), the distinct roles of 

GluK2 and GluK2/GluK4 receptors may affect both the KAR channel 

activity and the efficacy of KAR mediated neurotransmission 

mechanisms. 

My findings for the short Neto1 isoform (h.Neto1-S) suggest that the 

CUB1 domain is largely responsible for the increase in the agonist 

sensitivity and the desensitisation rate of KARs co-assembled with 

h.Neto1-S. The h.Neto1-S findings provide details about the KAR-Neto1 

interaction. First, given that this isoform lacks the membrane spanning 

domain, this might imply that association with KAR subunits occurs 

before insertion into the membrane. Second, it is proposed that the CUB1 
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domain and not only the CUB2 domain is necessary for association of 

Neto1 with GluK2 receptors. Third, consistent with previous findings 

(Tang et al., 2011), the absence of the LDLa domain did not affect the 

interaction of h.Neto1-S with GluK2 or GluK2/GluK4 receptors. The 

h.Neto2 (full Neto2 isoform) findings suggest that h.Neto2 induced 

changes in the agonist sensitivity and the decay kinetics of KARs 

currents. Therefore, it was postulated that both CUB and LDLa domains 

contribute to the functional properties of KARs as previously reported 

(Straub et al., 2011b, Tang et al., 2011). Taken together, these findings 

suggest that Neto1 and Neto2 bind to KARs through their extracellular 

CUB domains, with the CUB1 domain being crucial for interaction of 

Neto1 isoforms with KARs. 

Moreover, my thesis findings suggest that both Neto1 and Neto2 have a 

distinct and subunit dependent effect on the functional properties of 

GluK2 and GluK2/GluK4 receptors. More precisely, Netos induced a 

modest effect on the agonist sensitivity of GluK2 channels, similar with 

previous studies (Fisher and Mott, 2013, Fisher, 2015). Netos had also a 

modest effect on the rate and the extent of desensitisation rate of GluK2 

channels following either glutamate or kainate application. In contrast, 

both Netos caused a significant and substantial decrease in the 

glutamate sensitivity of GluK2/GluK4, an observation which suggests a 

loss-of-function effect of Netos on heteromeric KARs and a decreased 

GluK2/GluK4 channel activity. However, Neto1 and Neto2 had an 

opposite effect on GluK2 channels, with Neto1 inducing a gain-of-

function effect regardless of the applied agonist and Neto2 a loss-of-

function effect on the GluK2 channel activity following kainate activation. 

Taken together, the changes in the electrophysiological properties 

induced by Netos enhance previous findings showing that Netos 

modulate the KAR pharmacological properties by demonstrating a strong 

gain of function or loss of function effect on the KAR channel activity. 

More precisely, Netos alter the KAR channel activity by modulating the 

agonist sensitivity and the decay kinetics of KAR currents in an agonist 

and subunit dependent manner. Therefore, the combination of these 
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functional changes may permit activation of post-synaptic KARs by 

different glutamate levels and affect the depolarization of post-synaptic 

neurons. 

My thesis findings also allow several conclusions to be drawn about 

structural features mediating the effects of genetic variants. The present 

data suggest that rare damaging missense GRIK variants identified 

exclusively within individuals with schizophrenia and residing within ‘key’ 

protein domains changed significantly the electrophysiological properties 

of KARs. I found that GluK2 (K525E), GluK4 (Y555N) and GluK4 

(L825W) damaging missense mutations changed the agonist sensitivity 

(mainly decrease), slowed the desensitisation rate and altered the steady 

state current of GluK2 and GluK2/GluK4 receptors. The changes in the 

agonist sensitivity differed according to the mutation, the assessed KAR 

subtype and the agonist applied. The present data also show that GluK4 

TMD mutations caused a significant change in the agonist sensitivity and 

the decay kinetics of KAR currents. Such findings demonstrate that 

mutations residing in the TMD domain may induce structural changes in 

the protein conformation and affect protein-protein interactions, since the 

TMD domain is crucial for both protein conformation and formation of the 

LBD domain of KARs (Meyerson et al., 2016, Sobolevsky et al., 2009). 

According to the present findings, GluK2 (K525E) demonstrated a strong 

gain of function effect on the KAR channel activity, since it increased the 

agonist sensitivity and slowed the rate and extent of desensitisation, but 

only when kainate was applied. These findings complement findings from 

previous studies showing that damaging missense mutations residing 

within the LBD domain of KARs affect the KAR channel activity and the 

decay kinetics of these receptors (Nayeem et al., 2009).  

Taken together, the data from this chapter support the hypothesis that 

damaging mutations occurring in ‘key’ protein domains alter the efficacy 

of glutamate-mediated neurotransmission through changes in the agonist 

sensitivity and the KAR gating. Moreover, these rare damaging missense 

mutations may affect the ability of postsynaptic KARs to continue to 
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respond under conditions of rapid neuronal firing, either by enhancing or 

reducing summation.  In addition, these findings bring together results 

from two different fields, genetics and electrophysiology, and propose a 

possible mechanism of how rare damaging missense KAR mutations 

may contribute to psychiatric disease risk through downstream 

alterations in the glutamate system. More precisely, by performing TEVC 

electrophysiological recordings of mutated GluK subunits mirroring 

damaging variants in Xenopus oocytes, these findings add to the current 

pharmacological research avenues towards developing novel therapies 

for brain disorders.  

 

8.3 Future research 

The present NGS study highlighted significant relationships between rare 

damaging variants and neurodevelopmental disease phenotypes. 

However, as with most rare variant association NGS studies, many 

issues should be considered, such as the statistical power, the limitations 

of the study design, the biases of sample ascertainment and the 

assumptions statistical testing approaches (Lee et al., 2014). In addition, 

another issue that should be considered is the inability of the NGS studies 

to distinguish between de novo and inherited variants.  

Moreover, future studies may focus on identifying LoF and damaging 

missense variants (across the discovery phases and the pedigree) 

carried in the homozygous or compound heterozygous state, since the 

allele status may influence the disease expression. For example, 

Faundes et al., described a recessive histone-methylation defect caused 

by homozygous or compound heterozygous variants within a particular 

demethylase gene (i.e., KDM5B) resulting in a recognizable syndrome 

with developmental delay (Faundes et al., 2018). 

Animal models of psychiatric illness, candidate gene targeted knock out 

mice and the use of pharmacological interventions, are other areas of 

research which may prove particularly productive. For example, recent 
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studies showed that GluK4 knockout mice demonstrated hippocampal-

dependent cognitive impairments, marked hyperactivity and impaired 

prepulse inhibition, which reflect aspects of a schizophrenic phenotype 

(Lowry et al., 2013), whereas mice overexpressing GluK4 in the forebrain 

showed anhedonia, depression, anxiety, altered social interaction and 

synaptic transmission, features consistent with an autism spectrum 

disorder phenotype (Aller et al., 2015). Xu et al., showed by using GluK(1-

5) knockout mice that ablation of the KAR family genes results in 

alteration in stratial circuits and stratial function (Xu et al., 2017). 

Therefore, the recent generation of GluK(1-5) knock-out mice strains 

provides an opportunity for histological, neuroanatomical and phenotypic 

examination and may be proven valuable for the development of 

pharmacological agents. 

Future electrophysiological studies (using either the Xenopus oocyte 

system or brain tissue slices) could assess the electrophysiological 

properties of other KAR subunit combinations found either at a 

presynaptic or a postsynaptic level (e.g., GluK1, GluK3 or GluK2/GluK5 

receptors). Such studies further highlight the functional importance of 

homomeric and heteromeric KARs and may contribute to the discovery 

of potential differences in their functional properties. Moreover, other 

identified GRIK and NETO damaging missense mutations residing within 

‘key’ protein domains may be explored in future electrophysiological 

studies (i.e., GluK2 (D493N), GluK4 (I767V), GluK5 (A895G), GluK3 

(S310A) and GluK3 (R865G)). Another potential avenue of research is 

inducing mutations in the Netos in order to study the potential changes 

this could cause to their interaction with KARs.  

Future electrophysiological studies may also focus on performing single 

channel recordings in order to assess the mechanisms underlying 

changes to the form of the whole cell current. This could be performed 

for Neto co-assembly in the single channel properties of homomeric and 

heteromeric KARs. Single channel recordings are also required to assess 

the effect of the subunit co-assembly in the channel conductance of wild 

type and mutated KARs. 
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As highlighted in the Introduction, previous pharmacogenetics studies 

have associated GRIK4 variants with the response of patients to 

haloperidol or citalopram (Paddock et al., 2007b, Whalley et al., 2009, 

Drago et al., 2013a). Preliminary results from this study (data not shown) 

suggest a potential subunit dependent effect of citalopram and 

haloperidol on the agonist sensitivity and the decay kinetics properties of 

GluK2 and GluK2/GluK4 receptors. The preliminary data show that 

citalopram may act as a competitive antagonist of GluK2 receptors and 

as a positive allosteric modulator of GluK2/GluK4 receptors. In addition, 

haloperidol was reported to act as an antagonist of GluK2 receptors, 

however, its effect on GluK2/GluK4 receptors differed upon small 

changes in the agonist concentration applied. More advanced TEVC 

protocols shall be developed in order to comprehensively explore the 

pharmacological effect of haloperidol and citalopram on KARs.  

 

8.4 General conclusions 

The ultimate ambition of brain disease related studies is the development 

of effective treatments or preventative strategies by furthering the 

understanding of the aetiology of disease. This thesis has contributed to 

this goal through the genetic and electrophysiological investigation of the 

contribution of kainate receptors to neurodevelopmental disease 

phenotypes. The findings of all the results chapters offer significant 

potential for future research and provide unique insight into the genetic 

and molecular landscape of psychiatric disorders. This study also 

provided evidence that the kainate receptor system is a potential target 

for pharmacological treatments for a variety of neurodevelopmental 

disorders and gives further insight into the role of kainate receptor 

subunits in brain function. 
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Appendices 

 

Appendix 1. Summary of a couple of compounds/drugs which act upon 

different combinations of kainate receptor subunits (Adapted from 

Koromina, 2015). 
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Appendix 2. Schematic diagram illustrating how kainate receptors 

(KARs) may influence cognitive functions by modifying key functional 

features of neuronal and circuit activity (Adapted from Lerma et al., 2013). 

Any alteration in the regulation of these activities, including circuit 

maturation during development, may provoke sufficient disequilibrium as 

to lead to a disease state. 
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Appendix 3. Commands/Scripts developed to run the 

NGS/Bioinformatics pipeline 

 

3.1). The following commands were used to request, download, and 

decrypt the VCF files for all UK10K cohorts: 

-   java –jar EgaDemoClient.jar –p username password –rf filename –re 

decryptionkey –label request_filename            

#Where “filename” is the EGAF file name, “decryptionkey” is the unique 

Identifier you use for secure encryption/decryption.  

- java –jar EgaDemoClient.jar –p username password –dr 

request_filename 

-    java –jar EgaDemoClient.jar –p username password –dc path/to/file 

–dck decryptionkey 

 

3.2). Standard bash/Unix commands to process BAM files include the 

use of SAMtools: 

- samtools merge output.bam input_1.bam inpute_2.bam  

##input_1.bam and input_2.bam denote the individuals BAMs that when 

merged comprise the output BAM. 

- samtools index output.bam  

 

3.3). The following commands were used to cut our GRIK and NETO 

genes and then convert them to .tab format: 

-   cd /path/to/VCFtools 

-  ./bin/VCFtools --vcf /path/to/whole-genome or whole-exome VCF file -

-chr x --from-bp a --to-bp b --out output.vcf –recode        

#Where “x” is the chromosome your gene is located on, “a” is the first 
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base position of the region of interest, “b” is the last base position of the 

region of interest.                

#The “--recode" flag is required to write the region of interest to a new 

VCF file. 

-  gzip /path/to/output.vcf 

-  export PERL5LIB=/path/to/VCFtools/lib/perl5/site_perl/  

#PERL5LIB environment variable must be set to include Vcf.pm module 

in order to use the VCFtools PERL scripts. 

-  zcat < /path/to/output.vcf.gz | ./perl/vcf-to-tab > output.tab  

 

3.4). VCFtools was used to calculate the MAFs of the called variants: 

-  ./bin/vcftools --vcf /path/to/output.vcf --freq --out output.frq 

 

3.5). Variants were annotated using SnpEff and SnpSift tools: 

-  cd /path/to/SnpEff 

-_java –Xmx4g –jar snpEff.jar GRCh37.75 /path/to/output.vcf > 

/save/as/output_ann.vcf 

- java –jar snpSift.jar dbnsfp –v –db /path/to/my/dbNSFP2.9.txt.gz 

/path/to/output.vcf > /save/as/output_annotated.vcf  

 

3.6). Commands used to run the LOFTEE tool were: 

-  export PERL5LIB=/path/to/VCFtools/lib/perl5/site_perl/   

#PERL5LIB environment variable must be set to include Vcf.pm module 

in order to use the VCFtools PERL scripts. 

- export PERL5LIB=$PERL5LIB:/path/to/LOFTEE/             

#Path to Loftee directory. The PERL5LIB environment variable should 

also contain this path. 
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- cd /path/to/ensemble-vep 

- perl ./vep –i /path/to/output.vcf –plugin LOF, 

loftee_path=/path/to/LOFTEE   –o /path/to/output_annotated.tab --

offline  

 

3.7). The following procedure was followed for merging the VCF files: 

VCF files for each gene were first zipped:  

- bgzip /path/to/output.vcf  

 

Tabix was then used to create the .tbi files:  

- cd /path/to/tabix  

- tabix –p vcf output.vcf.gz  

 

VCFtools was used to merge all GRIK and NETO genes from each 

cohort:  

- cd /path/to/VCFtools  

- export PERL5LIB=/path/to/VCFtools/lib/perl5/site_perl/  

- export PATH=$(Aller et al.):/ path/to/tabix  

#Adds the tabix directory to your profile PATH so that it can be called 

during the vcf-merge command.  

 

- ./perl/vcf-merge output1.vcf.gz output2.vcf.gz… | gzip –c > merge.vcf        

#Where “output1.vcf.gz output2.vcf.gz…” is a list of VCF files for a 

specific gene from each cohort. 

 

3.8). Merged VCF files per gene were imputed according to our 

imputation protocol consisting of the following commands:  

-   cd /path/to/plink 

-  ./plink --vcf /path/to/merged.vcf --recode oxford --out merge_oxford 
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Next, IMPUTE2 was executed from the bash: 

- cd /path/to/IMPUTE2 

- ./impute2 -m /path/to/1000_Genomes_Phase_3_map.txt -h 

/path/to/1000 Genomes_Phase_3_hap.gz -l /path/to/amended 

legend.gz -g /path/to/merge_oxford.gen -int x y -Ne 20000 -o 

/save/as/gene.impute2  

##Where “x” and “y” are the start and end chromosomal positions of your 

merged gene of interest                

##Ne is the effective size of the population – IMPUTE2 suggests 20000 

for most analyses.                  

##int describes the region which you wish to be imputed (your gene / area 

of interest). 

GTOOL was then used to convert the output.impute2 file back into PED 

and MAP format. 

- cd /path/to/gtool 

- ./gtool –G --g /path/to/gene.impute2 --s /path/to/merge_oxford.sample 

--ped /save/as/gene.ped --map /save/as/gene.map --phenotype 

phenotype_1 --threshold 0.3 

#“phenotype” is the column in the SAMPLE file which needs to be 

outputted to the PED file. 

##threshold describes the point that the maximum of the 3 probabilities 

which make up a genotype must reach in order to be kept (and not 

categorised as missing).After multiple trials, we chose threshold 0.3 as 

this was the one retaining the calls for the majority of the variants.  

I used PLINK and VCFtools to convert the ped and map file back to a vcf 

file. 

- cd /path/to/PLINK  
 
- ./plink --file /path/to/gene.ped and gene.map --make-bed --out 
/save/as/bedgene  
 
- ./plink --bfile /path/to/bedgene --recode vcf --out 
/save/as/imputed_gene.vcf  
 



262 
 

3.9). In order to keep all variants of interest and any shared ones across 

the cohorts, BCFtools program was implemented. To use BCFtools, the 

imputed merged VCF files must first be zipped and tabix indexed, then 

BCF tools can be run. The commands run were as follows: 

- bgzip /path/to/imputed_gene.vcf  

- cd /path/to/tabix  

- tabix –p vcf imputed_gene.vcf.gz  

- cd /path/to/BCFtools  

- ./bcftools filter -R /path/to/positions.tab /path/to/imputed_gene.vcf.gz | 

bgzip –c > /save/as/final_gene.vcf.gz  

#“positions.tab” is a tab-delimited file containing all of the variant base-

pair positions to be removed. 

 

3.10). Single variant analysis  was performed within the identified GRIK 

and NETO coding variants. The following commands were run in R 

software: 

data <- read.csv (file=”/path/to/allele_counts_file.csv) 

pval <- apply(data,1,function(x) fisher.test(matrix(x,nr=2)$p.value)                

#Turns each line of the data variable into a case-control contingency 

table and returns the p value for each variant. 

pval2 <- p.adjust(pval, «holm»)                  

#Applies the Bonferroni correction of the p value of each variant with the 

in-built R statistical package “p.adjust”. 

sum <- cbind (pval,pval2) 

write.csv (sum, file=”/path/to/exported_Fisher’s_results.csv”) 

Odds ratios and confintence interval values can also be calculated:  

OR <- apply(data,1,function(x) fisher.test(matrix(x,nr=2)$estimate) 

Confint <- apply(data,1,function(x) fisher.test(matrix(x,nr=2)$conf.int) 
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3.11). The FDR corrected p-values were calculated using the qvalue R 

package. The following set of commands was run in R:  

- library (qvalue) 

- data <- as.data.frame 

(read.csv(file=”/path/to/Fisher’s_exact_test_output”)) 

- data$P <- as.numeric(as.character(data$P))           

#Where “data$P” is the column with the uncorrected Fisher’s exact p 

values 

- a <- data$P 

- qobj <- qvalue(a, fdr.level=NULL, pfdr=FALSE) 

- write.qvalue <- (qobj, file=/path/to/qvalue_output.csv) 

 

3.12). In addition, Manhattan plots were created for the GRIK and NETO 

identified coding variants within the first and second discovery phases. 

Variants with p values higher than 0.0001 were annotated. The following 

set of commands was run: 

 

- library(qqman)  

- data <- read.csv(“/path/to/manhattan_data.csv”)  

- manhattan <- (data, annotatePval= x, annotateTop= FALSE) 

#Where “x” is the pval threshold for annotation of the plots and in our 

instance is pval = 0.0001 (close to suggestive GWA significance). 

 

3.13). The alpha value for both discovery phases was calculated by using 

the FDRsampsize R package: 

- library (FDRsampsize) 

- data <- read.csv (file=”/path/to/file_unadjusted_pval.csv”) 

- data$P <- as.numeric(as.character(data$P)) 
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- a <- data$P 

-alpha.power (ave.pow=0.8, n=x, pow.func=power.twosampt, eff.size=a, 

null.effect=0, tol=1e-06)  

##where “a” is the effect size vector and in our case is the ln(OR)/1.21   

##where “null.effect” is the value of effect size that corresponds to the 

null hypothesis             

##where “tol” is the tolerance for bisection solution to alpha. 

 

3.14). QQ plots of the p values of the identified GRIK and NETO coding 

variants were also created by using the qqman R package: 

- library (qqman) 

- data <- read.csv (file=”/path/to/file_adjusted_pval.csv”) 

- data$P <- as.numeric(as.character(data$P)) 

- qq (data$P) 

 

3.15). Burden analysis was performed within GRIK and NETO genes 

either on a per gene level or on a gene-wide level. 

- cd /path/to/PLINK 

- ./plink --vcf /path/to/gene.vcf  -recode12 –out 

/Users/msxmf2/Desktop/myplink 

- ./plink --file /Users/msxmf2/Desktop/myplink -recode vcf --out 

/Users/msxmf2/Desktop/new 

- data <- read.csv("/path/to/transposed_vcf.csv") 

- names <- read.csv(“/path/to/selected_positions.csv”) 

- data[] <- lapply(data, as.character) 

- data[data=="0/0"] <- "0" 

- data[data=="0/1"] <- "1" 
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- data[data=="01-Jan"] <- "2" 

- data[data=="./."] <- "9" 

- names2 <- as.vector(names$a)         

##allows the software to read the positions as values 

- data1 <- subset(data,select=names2)       

##subsets selected positions 

- write.csv(data, file = "/path/to/genotype_data.csv") 

 

The SKAT test was run first and then the AssotesteR: 

- library(SKAT) 

- g <- as.matrix(read.csv(“/path/to/genotype_data.csv”) 

- p <- as.matrix(read.csv(“/path/to/phenotype_data.csv”) 

- obj <- SKAT_Null_Model(p ~ 1, out_type=”D”)        

## SKAT Null Model function should first be used to estimate parameters 

and to obtain residuals under the null model of no associations. Then 

SKAT function can be used to get p-values. 

- SKAT(g, obj)$p.value 

- SKAT(g,obj, method = “optimal.adj”)$p.value                  

## ‘optimal.adj’ corresponds to the correction applied for SKAT-O. 

 

And for AssotesteR: 

- library(AssotesteR) 

- g <- as.matrix(read.csv(“/path/to/genotype_data.csv”) 

- p <- as.matrix(read.csv(“/path/to/phenotype_data.csv”) 

- CMC (g,p, MAF=0.01, perm=100)           

##Runs CMC test with a rare MAF cut-off and a p value permutation of 

100 (the default value within AssotesteR). 
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- VT (g,p, MAF=0.01, perm=100)            

##Runs VT test with a rare MAF cut-off and a p value permutation of 

100 (the default value within AssotesteR). 

- RVT1 (g,p, MAF=0.01, perm=100)           

##Runs VT test with a rare MAF cut-off and a p value permutation of 

100 (the default value within AssotesteR).  

 

3.16). The KBAC test was run with the following script/commands: 

-  library(KBAC)  

-  new.dat <- read.csv(“/path/to/merged_phenotype_genotype.csv”)  

-  alpha <- 0.05  

-  num.perm <- 3000  

-  quiet <- 1  

-  alternative <- 1  

-  maf.upper <- 0.01  

-  kbac.pvalue <- KbacTest(new.dat, alpha, num.perm, maf.upper, 

alternative)  

# Runs the KBAC test on new.dat.  

# Alpha and number of permutations are kept at the default. Quiet is set 

to show the results matrix for the test. Alternative accepts the 

alternative hypothesis when true.  

-  print(kbac.pvalue)  
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Appendix 4. Additional single allele association graphs for the first 

discovery phase. The adjusted p-values with lfdr correction (local false 

discovery rate), Bonferroni corrections and q values are plotted against 

the unadjusted p-values. The p-values are extrapolated from the Fisher’s 

exact test to assess for single allele association. Panels A and C refer to 

all p values and panels B and D refer to p values less than 0.05. 
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Appendix 5. Additional single allele association graphs for the second 

discovery phase. The adjusted p-values with lfdr correction (local false 

discovery rate), Bonferroni corrections and q values are plotted against 

the unadjusted p-values. The p-values are extrapolated from the Fisher’s 

exact test to assess for single allele association. Panels A and C refer to 

all p values and panels B and D refer to p values less than 0.05. 
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Appendix 6. Forest plots of the odds ratio values of GRIK and NETO 

coding variants identified within the two discovery phases. Variants with 

nominal or GWA significance are plotted against their allelic odds ratio 

values 95% CI displayed as well (Panel A). The allelic odds ratio values 

of the GRIK3 S310 association in the two different discovery phases are 

plotted in a separate graph as well (Panel B).     
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Appendix 7. QQ plots showing the observed p-values from Fisher's 

exact test (significance of association, plotted as -log (p)) for each GRIK 

and NETO identified coding variant plotted against the expected p values. 

Panel A is a QQ plot of GRIK and NETO identified coding variants from 

the first discovery phase. Panel B is a QQ plot of GRIK and NETO 

identified coding variants from the second discovery phase. The 

Bonferroni correction was applied for all p values extrapolated from the 

Fisher’s exact test. 

 

 

A 

 

 

 

 

 

 

B 

 

 

 

 

 

 



271 
 

Appendix 8. Burden analysis results on NETO1 candidate gene-wide 

level within individuals diagnosed with neurodevelopmental diseases 

versus control individuals (first discovery phase). Results from all rare 

variant and burden analysis tests are provided. The tests have been 

conducted within NETO1 across all variant categories, according to their 

MAFs and their protein functional effect (i.e. regulatory, missense etc.). 

Variant categories with GWA or nominal significance are colour coded 

with magenta colour. 

Abbreviations: ‘of interest’, possibly functional (or regulatory) clustered 

with Missense & LoF variants. 

 

 

 

 

 

 

 

 

 

 

 



272 
 

Appendix 9. Burden analysis results on GRIK3 candidate gene-wide 

level within individuals diagnosed with ASD and ID versus controls 

(initial case study). Results from all rare variant and burden analysis 

tests are provided. The tests have been conducted within GRIK3 

across all variant categories, according to their MAFs and their protein 

functional effect (i.e. regulatory, missense etc). Variant categories 

with GWA or nominal significance are color coded with magenta color. 

Abbreviations: ‘of interest’, possibly functional (or regulatory) 

clustered with Missense & LoF variants. 
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Appendix 10. Burden analysis results on GRIK5 candidate gene-wide 

level within individuals diagnosed with psychosis disease versus 

controls (initial case study). Results from all rare variant and burden 

analysis tests are provided. The tests have been conducted within 

GRIK5 across all variant categories, according to their MAFs and their 

protein functional effect (i.e. regulatory, missense, LoF). Variant 

categories with GWA or nominal significance are color coded with 

magenta color. 

Abbreviations: ‘of interest’, possibly functional (or regulatory) 

clustered with Missense & LoF variants.  
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Appendix 11. Burden analysis results for the second discovery phase 

(schizophrenia replication cohort) within NETO1 gene. Burden and rare 

variant analysis tests for different variant categories (according to MAF 

and functional effect) were conducted. SKAT and SKAT-O p values are 

being displayed. 

Abbreviations: ‘of interest’, possibly functional (or regulatory) clustered 

with Missense & LoF variants; SCZ, schizophrenia. 
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Appendix 12. Schematic representations of multiple positive 

associations of GRIK4 with antidepressant treatment and with 

schizophrenia and bipolar disorder (adapted from Knight, 2009). Blue 

diamonds represent 12 independent significant marker associations 

found for cases of MDD non responsive to citalopram, as reported by the 

STAR*D study. Positive association haplotypes with schizophrenia and 

bipolar disorder (green and red filled rectangles and lines), as reported 

by Pickard et al., 2006, are also indicated. The position of the GluK4 

protective indel (red diamond) is shown. The negative log10 values of the 

respective p values are plotted on the y axis. Physical positions based on 

UCSC 2006, dbSNP build129 and GRIK4 gene structure is shown on the 

x axis. 
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Appendix 13. Web resources and computer programs used for the 

bioinformatics NGS pipeline. 

 

Web resources 

Align GVGD, http://agvgd.hci.utah.edu/ 

Ensembl GRCh37, http://grch37.ensembl.org 

ExAC Browser, http://exac.broadinstitute.org 

GnomAD, http://gnomad.broadinstitute.org 

GTEx portal, https://www.gtexportal.org/home 

HUGO Gene Nomenclature Committee, http://www.genenames.org/ 

LoFTEE, https://github.com/konradjk/loftee 

OligoCalc, 

http://biotools.nubic.northwestern.edu/OligoCalc.html,_http://www.ensembl.org

/index.html 

Protein Data Bank, www.rcsb.org 

RaptorX, www.raptorx.com 

PyMOL, http://pymol.org 

UK10K Project, https://www.UK10K.org 

UniProtKB, http://www.uniprot.org/ 

 

Computer programs 

APBS software, www.poissonboltzmann.org/       

BCFtools, https://samtools.github.io/bcftools/bcftools.html        

dbNSFP, https://sites.google.com/site/jpopgen/dbNSFP             

FoldX, https://foldxsuite.crg.eu/               

KBAC, http://tigerwang.org/software/kbac                                               

SKAT, SKAT-O, https://www.hsph.harvard.edu/skat/                             

http://agvgd.hci.utah.edu/
http://grch37.ensembl.org/
https://www.gtexportal.org/home
http://www.genenames.org/
https://github.com/konradjk/loftee
http://www.rcsb.org/
http://www.raptorx.com/
http://pymol.org/
https://www.uk10k.org/
http://www.uniprot.org/
http://www.poissonboltzmann.org/
https://samtools.github.io/bcftools/bcftools.html
https://sites.google.com/site/jpopgen/dbNSFP
http://foldxsuite.crg.eu/
http://tigerwang.org/software/kbac
https://www.hsph.harvard.edu/skat/
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snpEff, http://snpeff.sourceforge.net/                                                                

VCFtools, https://vcftools.github.io/index.html 
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