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Abstract 

GABAA receptors are crucial for maintaining the balance between the excitation 

and inhibition in the brain. They mediate tonic inhibition at extrasynaptic locations 

or phasic inhibition by generating inhibitory postsynaptic currents at GABAergic 

synapses. Formation of GABAergic synapses during development involves 

complex protein-protein interactions between the presynaptic and postsynaptic 

elements. The focus of my thesis has been on interactions between GABAA 

receptors and Neuroginin-2 (NL2)/Neurexin, Dystroglycan/Pikachurin complexes 

and Diazepam Binding Inhibitor (DBI), using a co-culture approach.  

I used stable HEK293 cell lines expressing synaptic (α2β2γ2) or extrasynaptic 

(α4β3δ) types of GABAA receptors in co-culture with GABAergic neurons to study 

synaptic contact formation by immunolabelling and confocal and super-resolution 

imaging. My results show that synaptic GABAA receptors can induce 

synaptogenesis on their own but also enhance synaptogenic effects of NL2. 

Extrasynaptic GABAA receptors do not induce synaptic contacts but can enhance 

synaptogenesis induced by NL2, although significantly less than synaptic GABAA 

receptors. Synaptic GABAA receptors and NL2 cooperativity is mediated by direct 

interactions between the GABAA receptors γ2 subunit and NL2 via their 

intracellular domains. Functional assessment of synaptic contacts was done 

using electrophysiology and confocal imaging of the activity-dependent 

fluorescent labelling of presynaptic terminals forming contacts with HEK293 cells. 

Using the same approaches, I have also shown that Dystroglycan, a well-
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established synaptic adhesion protein, does not induce synaptic contacts but in 

combination with a synaptic matrix protein Pikachurin, can induce 

synaptogenesis in co-cultures. In a separate set of experiments, I have shown 

that expression of DBI, a multifunctional protein that inhibits allosteric modulation 

of GABAA receptors by benzodiazepines, can also promote synaptic contact 

formation in this system.  

In summary, my studies indicate that synaptic GABAA receptors play an 

important structural role during synaptogenesis and provide evidence for the key 

interaction between these receptors and NL2 in this process.  
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Impact Statement 

GABAergic synapses are the basic units of the neural circuits that regulate the 

activity of the central nervous system. They play a pivotal role in maintaining the 

excitation/inhibition balance, the disruption of which leads to a variety of 

neurological, neurodevelopmental, and psychiatric diseases including chronic 

pain, anxiety, depression, stroke, schizophrenia, and dementia. One important 

factor contributing to the normal functionality of GABAergic synapses is the 

clustering of specific GABAA receptors and scaffolding/adhesion proteins. 

Numerous studies have identified various proteins expressed in GABAergic 

synapses that facilitate their formation. Currently, we know very little about the 

cellular and molecular mechanisms underlying this process.  

The current study uncovered a novel molecular mechanism underlying the 

formation of functional GABAergic synapses, which relies on a synergistic 

interaction between the GABAA receptors and Neuroligin-2. This mechanism 

extends our understanding of the regulation of GABAergic synaptogenesis and 

provides new targets for drug development for the neuropsychiatric disorders 

caused by dysfunction of GABAergic synapses. 

In addition, I have characterized the synaptogenic effects of three proteins 

Pikachurin, Dystroglycan, and Diazepam binding inhibitor in vitro, which 

contributes to the current knowledge base for the proteins that regulate 

GABAergic synapse formation. These results can bring about further in vitro and 

in vivo studies that will reveal the exact roles of these proteins in neuronal 
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development. Moreover, Diazepam binding inhibitor acts by inhibiting the binding 

of benzodiazepines to GABAA receptors. Revealing how this protein regulates 

GABAergic synaptogenesis paves the way to potentially diminishing the adverse 

effects of benzodiazepines, which limit their clinic use.  

In conclusion, the current study has extended our knowledge about the 

GABAergic synaptogenesis, which supports the downstream investigation on the 

treatment of neuropsychiatric diseases by expanding the basic knowledge and 

providing novel potential drug targets.  
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1. Introduction 

Normal brain function is based on the information processed and transmitted by 

neural circuits. Synapses are highly specialized intercellular junctions that are the 

basic units of the neuronal circuits, which are crucial for the information exchange 

and storage between neurons (Mayford, Siegelbaum and Kandel, 2012). The 

term synapse was first described as a functional connection between excitable 

neurons, from the study of the spinal reflex by neurophysiologist C. S. Sherrington 

in the 1890s. There are two types of synapses: electrical and chemical. In the 

electrical synapses, the neighboring neurons are connected by gap junctions 

which are specialized intercellular channels permitting ions to flow directly 

between the cells and allowing reciprocal information exchange (Bennett and 

Zukin, 2004).  

In the human brain, the majority of the interneuronal connections are 

chemical synapses that possess a more complicated structure, involving various 

proteins expressed in and between the pre- and postsynaptic specializations, 

allowing information exchange from a presynaptic cell to a postsynaptic cell. The 

chemical synapses utilize molecules called neurotransmitters, as the chemical 

messengers for the synaptic transmission. In the majority of the chemical 

synapses in the brain, glutamate or γ-aminobutyric acid (GABA) is used as the 

neurotransmitter. Glutamate induces excitatory postsynaptic currents (EPSPs) 

which increase the probability of action potentials, while GABA induces inhibitory 
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postsynaptic currents (IPSCs) which decrease the probability of action potential, 

of the postsynaptic cell. It is crucial to maintain a balanced excitation/inhibition 

ratio for the normal function of neural circuits. In a simplified view, either when 

excitation exceeds inhibition or when inhibition exceeds excitation, the balance in 

the neural circuit is broken, which will lead to pathological symptoms in later 

development stages (Rubenstein and Merzenich, 2003).  

1.1 GABA and GABAA Receptors 

GABA is the predominant inhibitory neurotransmitter in the brain, which 

specifically binds to three different types of receptors: ionotropic GABAA receptors, 

metabotropic GABAB receptors, and ionotropic GABAC receptors. GABAA and 

GABAC receptors are ligand-gated ion channels, which show a high level of 

homology in the genes that express them, with the latter being predominantly 

found in the retina (Lukasiewicz, 1996). GABAB receptors are G protein-coupled 

receptors that primarily regulate tonic inhibition in the central nervous system 

(CNS).  

1.1.1 GABA Synthesis and Release 

GABA is a four-carbon amino acid initially discovered in plants and later identified 

in animal brains. GABA is synthesized by decarboxylation of glutamic acid which 

is catalyzed by the enzyme glutamic acid decarboxylase (GAD), of which two 

isoforms encoded by two separate genes, GAD 65 and GAD 67, exist. The 

majority of neurons express both isoforms but the spatial distribution varies. GAD 
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65 localizes in the synaptic terminals and synthesizes GABA for release into the 

synaptic cleft, while GAD 67 is more widely distributed in the cell body 

(Soghomonian and Martin, 1998).  

GABA is transported into the small synaptic vesicles by the activity of the 

vesicular GABA transporter (VGAT) which localizes to the membrane of these 

vesicles. GABA is released from the presynaptic terminal via vesicle exocytosis 

when the presynaptic membrane is depolarized in response to an action potential. 

This leads to an influx of calcium ions via the voltage-gated calcium channels, 

triggering the activity of the SNARE complex which mediates the fusion of the 

vesicle membrane with the plasma membrane and thus the release of GABA into 

the synaptic cleft (Barclay, Morgan and Burgoyne, 2005). 

1.1.2 Structure of GABAA Receptors 

GABAA receptors belong to a superfamily of the cys-loop pentameric ligand-gated 

ion channels (pLGICs) which also includes the nicotinic acetylcholine receptors, 

glycine receptors, and 5-hydroxytryptamine type 3 receptors (Olsen, 2018). 

GABAA receptors are heteropentamers, composed of subunits that have been 

classified according to the homology of the DNA sequence into α, β, γ, δ, θ, π, 

and ρ families. There have been six α, three β, three γ, three ρ, and one δ, θ, ε 

or π subunits discovered to form a variety of GABAA receptor subtypes that 

function differentially in the CNS (Sigel and Steinmann, 2012). Among these 

subunits, the ρ subunit is predominantly found in the retina and was previously 

considered to form GABAC receptors (Johnston, 1996). The GABAC receptor was 
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later categorized into a subfamily of GABAA receptor (Olsen and Sieghart, 2008).  

The subunits share a common structure. Each subunit contains a large 

extracellular N-terminus, four transmembrane domains (TM1-4), a relatively large 

intracellular loop (between TM3-4), which interacts with the cytoplasmic proteins 

and is subjected to posttranslational modifications, and a small extracellular C-

terminus (Figure 1.1A). The most common type of GABAA receptors in the brain 

is formed by two α, two β, and one γ or δ subunit in the order shown in Figure 

1.1B. The extracellular N-terminal domains of these subunits are essential for the 

assembly and trafficking of the GABAA receptors (Wong, Tae and Cromer, 2015), 

as well as the binding of GABA and many other ligands that regulate their function. 

The structure of the GABAA receptors was first resolved with β3 subunit 

homopentamers which showed consistency with the other pLGIC members 

(Miller and Aricescu, 2014). Later, several tri-heteropentameric GABAA receptor 

structures have been resolved with cryo-electron microscopy (EM) techniques, 

identifying multiple residues located on the α-/β+ subunit interfaces that contribute 

to the GABA binding by cation-π interaction, salt bridge, and a hydrogen bond 

(Phulera et al., 2018; Zhu et al, 2018; Laverty et al., 2019; Masiulis et al., 2019) 

(Figure 1.1B&C).  
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Figure 1.1 

Structure of GABAA receptor and GABA-binding sites. (A) The structure of a GABAA receptor 

subunit. A single subunit is formed with a large N-terminal ECD, four TMs and a short C 

terminal extracellular domain. (B) Subunit organization of α1β2γ2-GABAA receptor by high-

resolution EM (view from the extracellular domain) (Zhu et al., 2018). The location of GABA 

binding sites is shown in the black box and a benzodiazepine binding site is shown in the 

yellow box. A chloride/bicarbonate permeable pore is formed in the center of the five subunits. 

(C) Architecture of GABA-binding pocket (Zhu et al., 2018). The proposed hydrogen bonds 

and cation-π interactions are represented as dashed lines.  

A B 

C 
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The TM2 helices from each subunit form the central pore which is permeable 

to chloride and bicarbonate ions (Gallagher, Higashi & Nisiii, 1978) in a 4:1 

permeability ratio (Leonard et al., 1988). To be targeted to the cell surface, GABAA 

receptors need to contain the β subunits (Krasowski et al., 1998; Connor, Boileau 

and Czajkowski, 1998). The β3 subunit can form homopentamers which can be 

efficiently targeted to the cell surface but these receptors are largely inactive and 

they do not respond to GABA (Cestari et al., 2000; Hannan and Smart, 2018). 

GABAC receptors are also composed of only one subunit type, ρ subunits, but 

these receptors are found most predominantly in the retina (Nelson et al., 1999).  

A variety of molecules bind to GABAA receptors at distinct sites including 

GABA, barbiturates, benzodiazepines, neurosteroids, alcohol, and some 

anesthetics. There are two GABA binding sites on each functional GABAA 

receptor and these are located at the interfaces between the α and β subunits 

shown in the black boxes in Figure 1.1B (Sigel and Steinmann, 2012). When 

GABA binds to one of the two binding sites, the channel can open but the 

probability of the channel opening is greatly increased when both GABA binding 

sites are occupied (Sieghart, 2015). The benzodiazepine binding site is located 

at the ECD interface between α and γ subunits (Sigel and Buhr, 1997). Co-

expression of γ2 subunit with certain α and β subunits displays high 

Benzodiazepine affinity (Pritchett et al., 1989). Benzodiazepine binding to GABAA 

receptors exerts positive or negative allosteric modulation on the receptor 

function. A most recent study of GABAA receptors in complex with GABA and/or 
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benzodiazepines has revealed the structural basis of the positive allosteric 

modulation of GABAA receptors (Masiulis et al., 2019; Kim et al., 2020). Three 

new benzodiazepine binding sites were proposed in these two studies: two sites 

at the TM domain interfaces between β and α subunits (Masiulis et al., 2019), and 

one at the TM domain interface between γ and β subunits (Kim et al., 2020). The 

binding of Flumazenil to the benzodiazepine binding sites destabilizes the GABA 

binding possibly by creating a gap at the interface between γ and β subunits. The 

gap disappears in the presence of Diazepam, which dramatically stabilizes the 

GABA binding.  

1.2 GABAA Receptor Function 

When GABA binds to the binding sites on GABAA receptors, a series of 

conformational changes leads to the opening of the anion-permeable pore (Sigel 

and Steinmann, 2012). The exact conformational change in response to GABA 

binding remained debated for decades. A recent structural study of the GABA-

bound GABAA receptors (Masiulis et al., 2019) revealed that upon GABA binding, 

an anticlockwise (when from the extracellular space) rotation of extracellular 

domains of all subunits occurs and is stabilized by hydrogen-bond networks. This 

locks the extracellular domains of the β subunits to the neighboring α interfaces 

leading to a concerted anticlockwise rotation of the transmembrane domains and 

thus opens the ion channel. The flow of the anions depends on the 

electrochemical driving force. The chloride gradient across the cell membrane is 

regulated by the expression of different types of ion transporters which are 



 

Page | 23  
 

dynamically regulated during development (Kuzirian and Paradis, 2011). 

Therefore, the function of the GABAA receptors is altered from excitation to 

inhibition during development, which is regulated by chloride homeostasis.  

During the early development, the intracellular chloride concentration stays 

at a higher level (> 20 mM) relative to the adult brain due to the predominant 

expression of the sodium-potassium-chloride cotransporter (NKCC1) which 

transports the sodium, potassium, and chloride ions into the cell in 1:1:2 ratio 

(Yamada et al., 2004). Activation of GABAA receptors depolarizes the cell due to 

the outward chloride electrochemical gradient (Cherubini, Gaiarsa and Ben-Ari, 

1991; Ben-Ari et al., 2007) and this can generate the inward calcium current via 

activation of voltage-dependent calcium channels, which is sufficient to remove 

the voltage-dependent magnesium blockade of NMDA receptors (Leinekugel, 

Tseeb, Ben-Ari and Bregestovski, 1995). These activities help promote the 

maturation of the neuronal circuits (Khazipov, Ragozzino and Bregestovski, 1995).  

In the mature CNS (postnatal), the intracellular chloride concentration 

decreases due to the increased expression of the potassium-chloride 

cotransporter isoform 2 (KCC2) which pumps the potassium and chloride ions out 

of the cell generating an electrochemical gradient driving an inward flow of 

chloride ions. In the mature mammalian brain, the extracellular chloride 

concentration is 100 mM while the intracellular chloride concentration is ~5 mM 

(Bolsover, Shephard and White, 2011). Activation of GABAA receptors leads to 

hyperpolarization of the postsynaptic membrane (Ben-Ari et al., 2007) as the 
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influx of negatively charged chloride ions can further polarize the approximately -

70 mV resting membrane potential. This effect decreases the probability of 

postsynaptic cell excitation and thus produces an inhibitory signal.  

The dysfunction of GABAA receptors is related to several neuropsychiatric 

disorders. Thus, GABAA receptors have become one of the most intensively 

studied drug targets in the brain. As GABAA receptors are essential for the 

balance of excitatory and inhibitory signaling in the brain, the impaired GABAA 

receptor function is a major cause of epilepsy which is characterized by repeated 

seizures mainly caused by abnormal excitation in the brain. Thus, a large number 

of antiepileptic drugs have been developed over the years to potentiate the 

GABAA receptor inhibitory activity and inhibit seizures. (Perucca, 2005). 

1.2.1 Phasic and Tonic Inhibition 

The functional effects of GABAA receptors depend in part on their subcellular 

localization which is determined by the combination of incorporated subunits. The 

major type of GABAA receptors in the CNS is composed of α1, β2, and γ2 subunits 

which can be found throughout the whole brain (Baur, Minier and Sigel, 2006). 

Most GABAA receptors containing α1-3 subunits are localized within GABAergic 

synapses (Tretter et al., 2008; Tretter et al., 2011; Mukherjee et al., 2011) where 

they mediate the fast synaptic inhibition while most of the receptors containing 

α4/6 subunits are extrasynaptic (Sieghart and Sperk, 2002). However, expression 

of the δ/θ/ε subunit may result in the receptor being expressed extrasynaptically, 

for example, the α1β2δ and α3β3θ-containing GABAA receptors are found outside 
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of synapses (Sieghart and Sperk, 2002; Mortensen and Smart, 2006). The α5-

containing GABAA receptors are anchored by radixin to the actin skeleton in 

locations outside of synapses (Hausrat et al., 2015). However, the recent study 

showing the co-localization of the α5 subunit and gephyrin in synapses as well as 

their co-immunoprecipitation (Brady and Jacob, 2015) indicated that α5-

containing GABAA receptors are also expressed synaptically. 

Activation of GABAA receptors exerts two types of inhibition: phasic and tonic. 

The phasic inhibition is a point-to-point communication between inhibitory 

neurons and their synaptic targets which is mediated by the IPSCs generated by 

activation of synaptic GABAA receptors by GABA released into the synaptic cleft. 

In response to GABA binding, the synaptic GABAA receptors are activated to 

open the chloride channel for a very short time (milliseconds) which leads to a 

hyperpolarization of the postsynaptic cell. The tonic inhibition is achieved by the 

prolonged response of extrasynaptic GABAA receptors to the ambient GABA at 

low concentration spilled over from the synapses because they have a higher 

affinity for GABA binding than the synaptic GABAA receptors (Mortensen, Patel 

and Smart, 2012). The extrasynaptic GABAA receptors can also be activated by 

GABA released by glia cells by a non-vesicular mechanism (Yoon and Lee, 2014). 

The GABAA receptors are desensitized after prolonged activation by GABA 

(Bianchi, Haas and Macdonald, 2002), however, the extrasynaptic δ- or α4/6-

containing GABAA receptors are desensitized at slower rate than synaptic GABAA 

receptors (Belelli et al., 2009).  

https://www.frontiersin.org/articles/10.3389/fncel.2012.00001/full#B38
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1.3 Synthesis and Trafficking of GABAA Receptors to the Plasma 

Membrane 

The majority of GABAA receptors in neurons are expressed at the plasma 

membrane. The synthesis and intracellular trafficking to the plasma membrane 

are tightly regulated processes that depend on the coordinated activity of many 

proteins (Figure 1.2).  

GABAA receptors are assembled in the endoplasmic reticulum (ER), with the 

aid of the ER chaperone proteins calnexin and immunoglobulin heavy chain 

binding protein (BiP) (Connolly et al., 1996; Bradley et al., 2008). This process 

initiates with the assembly of α and β subunits followed by the assembling of the 

fifth subunit γ or δ, although single subunits and binary subunits can be 

oligomerized (Connolly et al., 1996). It has been also proposed recently according 

to the crystal structure of synaptic α1β3γ2-GABAA receptors that α1β3 dimer and 

α1β3γ2 trimer form and subsequently assemble to form the full pentameric 

receptor according to the energy profile (Laverty, 2019). The homopentamers 

formed with β1 or β3 subunits can escape the ER for membrane insertion while 

the other misfolded receptors are retained in the ER (Krishek et al., 1996; 

Wooltorton et al., 1997). The exit of the GABAA receptors is negatively regulated 

by the ER-associated degradation which leads to the proteasomal degradation of 

the misfolded or homomeric (excluding β1 or β3 subunit homomers) GABAA 

receptor in the cytoplasm (Saliba et al., 2007; Bradley et al., 2008). The 

interactions between GABAA receptor α and β subunits with a ubiquitin-like 
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protein PLIC-1 inhibit ubiquitination of GABAA receptors that leads to degradation 

by the proteasome. This process facilitates the forward trafficking of the newly 

synthesized GABAA receptors and also the reinsertion of the recycled GABAA 

receptors into the cell membrane (Bedford et al., 2001). In the Golgi apparatus, 

the γ2 subunit of the GABAA receptors acts as a substrate for palmitoylation by 

the Golgi-specific DHHC (Asp-His-His-Cys) zinc finger proteins (GODZ) (Keller 

et al., 2004), which indicates that γ2 subunit may play an important role in forward 

trafficking of the GABAA receptors to the postsynaptic membrane. Knockout of 

GODZ is related to the loss of synaptic GABAA receptor clustering and inhibitory 

innervation (Kilpatrick et al., 2016). After the palmitoylation, GABAA receptors are 

packed in the vesicles formed by the activity of brefeldin A-inhibited GDP/GTP 

exchange factor 2 (BIG2), which acts as a guanine exchange factor (GEF) 

(Charych et al., 2004), and the ATPase N-ethylmaleimide-sensitive factor (NSF) 

by direct interaction via β subunits (Goto et al., 2005). The ubiquitin-like GABA 

receptor associated protein (GABARAP) is another protein present in the Golgi 

apparatus that regulates the surface expression of the GABAA receptors by 

interacting with the γ2 subunit (Wang et al., 1999) via the intracellular domain 

between TM3-4 of the γ2 subunit (Ye et al., 2021). Although the function of 

GABARAP remains unclear, it was reported that GABARAP can enhance 

GABAergic synapses when overexpressed in neurons (Leil et al., 2004) while the 

deletion of GABARAP did not have any significant effect (O’Sullivan et al., 2005). 

However, this protein is not specific to the GABAA receptor but interacts with a 
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variety of other intracellular proteins.  

Both trafficking and synaptic anchoring of GABAA receptors are facilitated by 

the scaffolding protein gephyrin (Lorenz-Guertin and Jacob, 2017). GABAA 

receptor α1-3 and β2-3 subunits have been shown to localize at the postsynaptic 

membranes by binding to gephyrin (Groeneweg et al., 2018). Gephyrin is a 93-

kDa polypeptide that self-aggregates to form a hexagonal complex lattice in the 

postsynaptic membrane (Groeneweg et al., 2018). Gephyrin is tethered to the 

cell membrane by binding to collybistin (Poulopoulos et al., 2009) and is critical 

in maintaining the GABAA receptor synaptic localization and density. A significant 

loss of synaptic GABAA receptors and reduced clustering were detected in 

gephyrin knock-out mice (Kneussel et al., 1999) while the total level of surface 

GABAA receptors expression was unaffected (Jacob et al., 2005). The expression 

of the γ2 subunit and gephyrin are interdependent as inhibited gephyrin activity 

causes the loss of GABAA receptor clusters at the postsynaptic locations (Essrich 

et al., 1998), and the deletion of the γ2 subunit results in the parallel loss of 

postsynaptic GABAA receptors and gephyrin clusters (Schweizer et al., 2003). 

The expression of extrasynaptic GABAA receptors depends on the interaction 

with radixin which belongs to the ERM (Ezrin, Radixin, and Moesin) protein family. 

Radixin provides the linkage between the GABAA receptors and the actin skeleton 

at the extrasynaptic locations at the plasma membrane (Mele, Leal and Duarte, 

2016). How the other extrasynaptic GABAA receptors are restricted outside the 

synaptic area has not been fully elucidated. 
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The cell surface expression level of GABAA receptors is also regulated by 

endocytosis. The endocytosis is mostly clathrin-dependent and mediated by a 

GTPase dynamin-dependent invagination of the cell membrane (Kittler et al., 

2000). The clathrin which forms endocytic vesicles is recruited to the GABAA 

receptors by the clathrin adaptor protein 2 (AP2) as the blockade of GABAA 

receptor interaction with AP2 leads to an increase of synaptic responses (Kittler 

et al., 2008). This interaction was shown to be inhibited by phosphorylation of 

GABAA receptor γ2 and β subunits (Kittler et al., 2008).  
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Figure 1.2 

Synthesis and forward trafficking of GABAA receptors. GABAA receptors are assembled in the 

ER by the ER chaperones Calnexin and BiP. The misfolded receptors are degraded via ERAD. 

The assembled receptors are stabilized by interaction with PLIC-1, which inhibits ERAD, and 

transported to the Golgi apparatus. GODZ palmitoylates γ2 subunit-containing GABAA 

receptors which is critical for their membrane insertion. The GABAA receptors are forward 

transported in the vesicular transporters with the aid of BIG2 and GABARAP, and inserted into 

the cell membrane by NSF of the SNARE-mediated fusion machinery. The subcellular 

localization of GABAA receptors is determined by the scaffolding protein Gephyrin (synaptic 

localization) and ERM protein Radixin (α5 subunit-containing receptors).  
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1.4 Allosteric Modulation of GABAA Receptors by 

Benzodiazepines 

Many ligand binding sites have been found on GABAA receptors that can regulate 

the function of GABAA receptors in different ways. Benzodiazepines are the most 

widely studied category of GABAA receptor ligands which act as positive allosteric 

modulators. The γ2 subunit was identified to be essential for the high affinity 

binding of benzodiazepine (Shivers et al., 1989; Sontheimer et al., 1989). The 

benzodiazepine binding site has been targeted by a variety of drugs such as 

diazepam (Valium), flumazenil (Romazicon), alprazolam (Xanax) and zolpidem 

(Ambien). The occupancy of the benzodiazepine binding site leads to a change 

in the conformation of GABAA receptors which shifts the GABA concentration-

dose curve to lower concentrations but does not change the maximum current 

response to GABA binding (Sigel and Ernst, 2018), because the inclusion of 

benzodiazepines strengthens the α/γ extracellular domain interface that 

facilitates the rotation of the extracellular domains in response to GABA binding 

(Masiulis et al., 2019). It has also been shown that several additional low-affinity 

binding sites exist which possibly locate in the transmembrane domains (Sieghart, 

2015, Sigel and Ernst, 2018).  

1.4.1 Exogenous Benzodiazepine Binding Site Ligands 

Benzodiazepines have been used as drugs to treat a variety of neuropsychiatric 

diseases including anxiety, sleep disorders, depression, seizures, and muscle 

spasms (Ghit, Assal, Al-Shami and Hussein, 2021). Diazepam is one of the most 
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widely studied benzodiazepines which has been indicated for a wide spectrum of 

CNS diseases including anxiety, insomnia, muscle spasms, and epilepsy 

(Calcaterra and Barrow, 2014). As a positive allosteric modulator, diazepam 

potentiates the GABA binding affinity. The allosteric modulation by diazepam is 

inhibited by flumazenil, which is a competitive antagonist of the benzodiazepine 

binding site (Shoar and Saadabadi, 2019). The action of diazepam and its 

inhibition by flumazenil require the presence of the γ2 subunit. A recent study 

reported that prolonged exposure of GABAA receptors to diazepam can induce 

the loss of GABAergic synapses via the GABAA receptor internalization 

(Nicholson et al., 2018). Alprazolam is another member of the benzodiazepine 

family that is one of the most commonly prescribed drugs for psychotropic 

disorders including panic and anxiety disorders in the US (George and Tripp, 

2019).  

Zolpidem is a widely-studied non-benzodiazepine drug that binds to the same 

site as diazepam. It has been widely prescribed as a hypnotic for the treatment 

of insomnia (Bomalaski et al., 2017). Zolpidem acts as a high-affinity positive 

allosteric modulator to GABAA receptors containing the α1 subunits. Unlike 

diazepam, it has been reported that zolpidem can bind to the α1-α1 interface in 

binary αβ GABAA receptors, which suggests the existence of additional allosteric 

binding sites (Che Has et al., 2016). 

1.4.2 Endogenous Diazepam Binding Inhibitor 

Since the benzodiazepine binding site had been discovered, the search for 
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endozepines, the endogenous ligands that bind to this site, has been pursued. 

Diazepam binding inhibitor (DBI) was first isolated in 1983 (Guidotti et al., 1983; 

AIa and MI., 1983) and has become the most widely studied endozepine. Later 

on, it was found that DBI is identical to the acyl-CoA binding protein (ACBP) which 

serves as an important intermediate in lipid synthesis and fatty acid metabolism 

(Knudsen, 1991). In the brain, DBI is primarily secreted by astrocytes in the 

unconventional secretory pathway known as exophagy (Abrahamsen and 

Stenmark, 2010). The mechanism of DBI action at the benzodiazepine binding 

site on GABAA receptors has been shown to be largely due to negative allosteric 

modulation but with great variation in functions in different brain regions, which 

will be further discussed in Chapter 5.  

1.5 The GABAergic Synapses 

The two main categories of synapses in the brain were initially defined as 

asymmetric (Type I) and symmetric (Type II) synapses on the basis of the size of 

the postsynaptic density detected by high-resolution electron microscopy (Gray, 

1969). With the identification of glutamate and GABA, the function of these two 

types of synapses was established to correspond to glutamatergic excitatory 

synapses and GABAergic inhibitory synapses, respectively. Compared to the 

glutamatergic synapse, GABAergic synapse (Type II synapses) possesses a less 

dense postsynaptic density, with the proteomic studies showing a 100-fold lower 

number of postsynaptic density proteins than in glutamatergic synapses (Charych, 

Liu, Moss and Brandon, 2009; Bayés et al., 2010).  
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The fast, point-to-point inhibitory synaptic transition is achieved by the 

temporal and spatial restriction of the neurotransmitter GABA binding to the 

postsynaptic GABAA receptors at a synaptic junction (Südhof, 2018). GABAergic 

synapses are formed by the adhesion of the presynaptic terminals at specific 

locations on the postsynaptic membrane. In the synaptic cleft, there is a variety 

of adhesion and scaffolding proteins that are important for the formation of the 

synapses and the maintenance of their normal function (Südhof, 2017). Although 

many transsynaptic proteins have been discovered and shown to regulate 

synapse formation, the question remains as to which of these proteins are 

absolutely essential for the initiation of synaptogenesis and thus how the 

GABAergic synapses are actually generated.  

1.5.1 Structure of GABAergic Synapses 

1.5.1.1 Presynaptic Active Zone 

GABA is synthesized specifically for the release from axonal terminals by GAD 

65. In most neurons, only one neurotransmitter is released depending on the 

presynaptic enzymes present, which are considered not to change over time 

(Dale, 1935; Strata and Harvey, 1999). However, co-transmission of glutamate 

(Root et al., 2014), acetylcholine (Takács et al., 2018), or dopamine (Maher and 

Westbrook, 2008) with GABA has been observed. Even in the same terminal, 

these neurotransmitters are transported into different vesicles and released from 

different active zones (Takács et al., 2018; Granger et al., 2020).  
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In response to the presynaptic action potential, GABA is released into the 

synaptic cleft by the exocytosis of the synaptic vesicles. This process is regulated 

by a group of proteins anchored to the presynaptic plasma membrane forming an 

electron-dense area called the active zone (Zuber and Lučić, 2019) (Figure 1.3). 

The active zone is the site for synaptic vesicle exocytosis and is composed of a 

matrix formed by detergent-insoluble proteins. The core of the active zone is 

called the SNARE (soluble N-ethylmaleimide-sensitive component attachment 

protein receptor) complex formed by proteins Syntaxin, Synaptobrevin, and 

Synaptosomal-associated protein-25 (SNAP-25). This complex is essential for 

the synaptic vesicle docking and fusion with the plasma membrane (Zhen and 

Jin, 2004). The structure of the active zone is maintained by a complex of proteins 

Piccolo, Bassoon, RIMs, RIM binding proteins (RIM-BPs), α-Liprin, and ELKS 

proteins (Südhof, 2012).  

The active zone is composed of three components: the plasma membrane 

aligned to the postsynaptic membrane through transsynaptic adhesion molecules, 

the cytomatrix immediately attached to the plasma membrane, and the electron-

dense projections protruding into the cytoplasm (Zhai and Bellen, 2004). This 

structure is common for both excitatory and inhibitory synapses. The dense 

projections are connected with thin fibrils to form a highly organized structure that 

provides docking spaces for the synaptic vesicles spatially near the plasma 

membrane (Lenzi and von Gersdorff, 2001).  

The GABA molecules, produced by GAD catalyzed decarboxylation reaction, 
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are transported into the synaptic vesicles due to the action of VGAT. The vesicles 

are recruited and docked at the active zone where they undergo a priming 

reaction which is a pre-requisite for the fusion of their membrane with the plasma 

membrane. The priming reaction is regulated by the mammalian homolog of unc-

13 (Munc13) with the aid of Bassoon and Piccolo (Leal-Ortiz et al., 2008). 

However, the action of Bassoon and Piccolo here might be redundant as the 

deletion of both proteins does not lead to an apparent phenotypic deficiency in 

the synaptic transmissions (Mukherjee et al., 2010). Moreover, Piccolo and 

Bassoon are important in maintaining the presynaptic cytoskeleton (Südhof, 

2012). In the priming process, RIM protein prevents Munc13 from forming 

homodimers by binding to it and forming a heterodimer (Deng, Kaeser, Xu and 

Südhof, 2011). This heterodimer also forms a tripartite complex with a small 

GTPase, Rab3, from the synaptic vesicles to facilitate the docking of the vesicles 

(Gracheva et al., 2008). Once the action potential arrives in the presynaptic 

terminal, the voltage-gated calcium channels (VGCCs) open to allow an influx of 

Ca2+ ions. These VGCCs are tethered to the presynaptic domain plasma 

membrane by the RIMs and the RIM-BPs (Brünig et al., 2002). The Ca2+ ions 

trigger the fast opening of the fusion pore leading to the fusion of the vesicles with 

the plasma membrane to release GABA into the synaptic cleft.  
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Figure 1.3 

Schematic diagram of the presynaptic active zone. The SNARE complex formed by Syntaxin, 

Synaptobrevin and SNAP-25 is the core component of the active zone, which facilitates the 

Ca2+-dependent release of GABA by docking and fusing the presynaptic vesicle to the 

presynaptic membrane. Five proteins RIM, Munc13, RIM-BP, α-liprin, and ELKS proteins 

maintain the basic structure of the presynaptic active zone. Bassoon and Piccolo are important 

in maintaining the presynaptic structure by linking the active zone to the Actin skeleton.  
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1.5.1.2 The Synaptic Cleft 

The synaptic cleft is a narrow gap between the presynaptic axonal terminal and 

the postsynaptic cell membrane. It is a domain filled with extracellular matrix 

proteins and transsynaptic proteins that are important for synaptic adhesion and 

transmission of chemical signals (Figure 1.4). GABA molecules released from the 

presynaptic active zone diffuse through this dense network of proteins in the 

synaptic cleft to reach the postsynaptic receptors. Currently, little is known about 

these proteins due to difficulties in their biochemical isolation and characterization.  

In the human brain, adhesion between the presynaptic and postsynaptic 

membranes is regulated by proteins produced by both the neurons and 

astrocytes which are closely associated with the synapses (Chung, Allen and 

Eroglu, 2015). The extracellular matrix (ECM) provides a periodically organized 

pattern in a net-like structure (Zuber et al., 2005), which is composed of a variety 

of proteins, proteoglycans and glycoproteins. The ECM provides the anchoring 

of the postsynaptic proteins which are linked to the intracellular skeleton. For 

instance, Laminin, the core component of the basal lamina, interacts with the 

postsynaptic transmembrane protein Dystroglycan to maintain the structural 

framework of the postsynaptic membrane and linkage to the synaptic cleft (Briggs 

et al., 2016). The ECM plays crucial role in maintaining the inhibitory synapse 

integrity. Knockout of ECM proteins results in a decrease in the density of 

GABAergic synapses and thus perturbs the excitation/inhibition balance 

(Gottschling et al., 2019).  



 

Page | 39  
 

1.5.1.3 The GABAergic Postsynaptic Density 

The GABAergic postsynaptic specializations mostly localize on the dendritic 

shafts and the neuronal somas, but can also form on the axons. Apart from 

GABAA receptors which localize opposite to the GABAergic projection terminals 

on the postsynaptic cell membrane, there have been numerous proteins identified 

in the same domain. The postsynaptic density can be defined as a specialized 

microdomain that is maintained by core scaffolding proteins, such as Gephyrin, 

that anchor the GABAA receptors and other cell adhesion molecules, including 

NL2, to the subsynaptic cytoskeletons. On the presynaptic membrane, the 

synaptic adhesion proteins are mostly multifunctional, such as Neurexins, which 

play distinct roles at different synapses (Sudhof, 2021). In comparison, the 

postsynaptic adhesion proteins are less “hub”-like proteins, and more diverse 

with specific roles in synapse formation. These postsynaptic density proteins 

include receptors, transmembrane cell adhesion molecules, and submembrane 

scaffolding protein complexes. (Figure 1.4) 

Among these proteins, Gephyrin has been shown to play a central structural 

role as a postsynaptic density protein (Tyagarajan and Fritschy, 2014). Gephyrin 

is one of the most important postsynaptic scaffolding proteins which plays a 

pivotal role in maintaining the organization of GABAergic synapses in the CNS. 

The name “Gephyrin” originates from the Greek word “Gephura” which means a 

bridge. As its name suggests, Gephyrin was initially discovered to cluster together 

with the postsynaptic glycine receptors, another inhibitory cys-loop LGIC, and 
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form a bridge between these receptors and the submembrane microtubules (Prior 

et al., 1992). It was later found that the expression of Gephyrin is far beyond the 

glycine receptors because Gephyrin is also co-localized with synaptic GABAA 

receptors and it regulates their postsynaptic clustering (Essrich et al., 1998). 

From the N-terminal to the C-terminal, Gephyrin possesses three functional 

domains: a G-domain which can form trimerization, an unstructured C-domain, 

and an E-domain which can mediate dimerization (Sander et al., 2013). The 

Gephyrin trimers connected with the G-domains are linked via E-domains to form 

a hexagonal structure that directly binds to the postsynaptic glycine or GABAA 

receptors (Sola et al., 2004). The structure of the C-domain is flexible, resulting 

in different structures in different postsynaptic densities. Compared to Gephyrin 

in glycinergic synapses, in the GABAergic synapses, the C-domain structure is 

less compact (Specht et al., 2013) which suggests a different mechanism of 

clustering of Gephyrin within GABAergic synapses.  

Gephyrin clustering appears to be less dense in the GABAergic synapses 

possibly due to a lower affinity of gephyrin-GABAA receptor interactions 

(Pennacchietti et al., 2017). The postsynaptic localization of GABAA receptors is 

largely but not completely dependent on interactions with Gephyrin (Kneussel et 

al., 2001). Unlike the GABAA receptors containing α2/3, β2./3, and γ2 subunits, 

those containing α1/5 subunits were reported to be localized to inhibitory synapses 

even in the absence of Gephyrin, although the α1 subunit and Gephyrin can 

interact directly in vitro (Mukherjee et al., 2011). However, the GABAA receptors 
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containing γ2 subunits require Gephyrin for their postsynaptic localization 

(Kneussel et al., 2001), and, conversely, these receptors are also required for 

postsynaptic Gephyrin clustering. Knockout of the GABAA receptor α3 (Studer et 

al., 2006) or γ2 (Essrich et al., 1998) subunits in mice results in loss of Gephyrin 

clustering.  

Collybistin is a brain-specific GEF selectively activating the Rho family cell 

division control protein 42 (CDC42), which stabilizes the Gephyrin clusters at the 

postsynaptic domain by remodeling the actin cytoskeleton (Xiang et al., 2006). It 

was shown to be essential for the submembrane clustering of the Gephyrin-

GABAA receptor aggregate (Kins, Betz and Kirsch, 2000). The deficiency of 

Collybistin results in the loss of gephyrin and GABAA receptors clusters in the 

hippocampus and thus impairs both the formation and maintenance of 

GABAergic synapses in the Collybistin gene inactivated mouse model 

(Papadopoulos et al., 2008). The SH3-domain of collybistin is conformationally 

closed to exert an autoinhibitory effect on the submembrane clustering of the 

Gephyrin-Collybistin complex. This inhibitory effect can be removed by 

expression of other postsynaptic density proteins (Kins, Betz and Kirsch, 2000; 

Soykan et al., 2014).  

The complex formed by NL2, Gephyrin, and Collybistin is essential for the 

tethering to the cell membrane and thus the formation of the GABAergic 

postsynaptic specialization. In the hippocampus of the NL2 knockout mice, the 

GABAergic synapses are disrupted in a subcellular region-specific manner: the 
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GABAergic synapses were fully preserved at the dendrites while at the 

perisomatic region the GABAergic synapses were dramatically reduced due to a 

loss of postsynaptic gephyrin-collybistin clustering (Poulopoulos et al., 2009). 

This is due to the loss of recruitment of Gephyrin and Collybistin to the 

postsynaptic submembrane domain. The binding of NL2 to Collybistin was shown 

to eliminate the autoinhibitory effect of the SH3-domain of Collybistin and thus 

associate the Gephyrin-Collybistin complex to the postsynaptic membrane 

(Poulopoulos et al., 2009). At the dendrites, it is likely that the loss of NL2 is 

compensated by another protein that can prevent the action of the Collybistin 

SH3-domain such as the small GTPase TC10 (Mayer et al., 2013). 

The Dystrophin-Glycoprotein complex (DGC) is a transmembrane signaling 

complex that mechanically links the intracellular cytoskeleton to the extracellular 

matrix (Culligan and Ohlendieck, 2000). The DGC is widely expressed in the 

human body and can be found in striated and cardiac muscle, neurons, 

astrocytes, and kidney epithelial cells (Haenggi and Fritschy, 2006). In the brain, 

the DGC comprises Dystrophin, Syntrophins (α1, β1/2, and γ1/2), Dystroglycan (α 

and β), Sarcoglycans, and Sarcospan to form a large molecularly heterogenous 

transmembrane complex (Pilgram et al., 2009). It has been suggested that the 

DGC can form a postsynaptic scaffolding complex that is independent of the 

Gephyrin-Collybistin complex. The WW domain of the synaptic scaffolding 

molecule (S-SCAM) binds to the proline-rich sequence of the β-Dystroglycan in 

the DGC and the PDZ domain of S-SCAM binds to the intracellular tail of NL2 to 
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link DGC with the NL2-Neurexin complex (Sumita et al., 2007), which results in 

the expression of the DGC at the GABAergic postsynaptic density even in the 

absence of GABAA receptors (Brünig et al., 2002). In a GABAA receptor α2 subunit 

knockout mouse model, the GABAergic synapse is not perturbed in the 

perisomatic regions in the hippocampus, with a loss of postsynaptic gephyrin 

clusters (Panzanelli et al., 2011). The pyramidal cell specific ablation of 

Dystroglycan results in a minor change in the postsynaptic clustering of Gephyrin 

and γ2 subunit-containing GABAA receptors (Früh et al., 2016). This observation 

can further support that the DGC postsynaptic scaffolding model is independent 

of the Gephyrin-Collybistin complex.  
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Figure 1.4 

Schematic diagram of GABAergic postsynaptic scaffolding proteins and adhesion protein 

interactions that are important in the formation of GABAergic synapses. GABA molecules are 

packaged into the presynaptic vesicles and released to the synaptic cleft by the fusion of the 

vesicles to the presynaptic cell membrane. The structure of the synapse is maintained by 

several transsynaptic protein complexes. Neurexin acts as a presynaptic hub of multiple 

transsynaptic interactions and signalling. Synaptic GABAA receptors receive GABA for signal 

transmission and provides structural role to maintain the GABAergic synapse by interaction 

with synaptic adhesion proteins Neurexin and NL2.  
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1.5.2 Dynamics of GABAergic Synapse Formation 

During development, the newborn neurons extend their axons which migrate to 

find the targets through a process named axon guidance (Suter and Jaworski, 

2019). Synapses are subsequently formed in excess followed by programmed 

pruning during the young age (Bourgeois and Rakic, 1993) for the establishment 

of the functional neural circuit. The plasticity of the GABAergic synapses is related 

to learning and memory (Malenka and Bear, 2004; Mayford et al., 2012). The 

balance between the excitatory and inhibitory synapses is maintained in the brain 

by the dynamic regulation of formation, maintenance, and elimination of the 

synapses, either spontaneously or in response to the change in circumstances 

(Wierenga, Becker and Bonhoeffer, 2008; Dobie and Craig, 2011; Paolicelli et al., 

2011).  

Live imaging studies show that the formation of GABAergic synapses along 

the axons is a dynamic and non-linear process, which involves repeated 

assembly and disassembly of the synaptic boutons (Wierenga, Becker and 

Bonhoeffer, 2008; Wierenga, 2017). It appears that the sites of these dynamic 

synaptic boutons are unchanged during this process, which express pre- and 

postsynaptic synaptic proteins after the “first touch” (Sabo, Gomes and McAllister, 

2006; Schuemann et al., 2013). This suggests that an unknown mechanism may 

underlie the decision of the site of synaptic contacts along the axon shaft, possibly 

due to a preceding structural change or expression of certain proteins that may 

induce the formation of pre- or postsynaptic specializations.  
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1.5.3 Formation of GABAergic Synapses 

Currently, little is known about the exact cellular and molecular mechanisms that 

drive the formation of GABAergic synapses. As suggested by the live imaging 

results, the formation of GABAergic synapses is not a direct “meet-and-touch” 

process but may involve several steps of assembly and disassembly of the 

synaptic boutons.  

A model was proposed that the neurotransmitter, GABA, can directly regulate 

synaptogenesis (Burlingham et al., 2022). The postsynaptic cell may recruit 

specific scaffolding and adhesion proteins and GABAA receptors in response to 

the presynaptic GABA release. This hypothesis is supported by the fact that 

neurons that co-express GABA and glutamate release these neurotransmitters 

from distinct active zones, and form separate synapses with distinct 

neurotransmitters (Root et al., 2014, 2018). This suggests that the presynaptic 

neurotransmitter release at least instructs the type of postsynaptic specializations. 

For the neurons that switch the expression of neurotransmitters during 

development, new synapses are formed in response to the new neurotransmitter 

(Spitzer, 2017; Li and Spitzer, 2020), which further supports that postsynaptic 

specialization is determined by the presynaptic neuron. In support of this 

statement, a most recent study showed that ectopic expression of GAD and 

VGAT in pure glutamatergic neurons is sufficient to produce GABA and effectively 

induce the formation of functional GABAergic synapses both in vitro and in vivo 

(Burlingham et al., 2022). Moreover, rapid local release of GABA was shown to 
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be sufficient to drive the formation of GABAergic synapses by inducing 

postsynaptic clustering of Gephyrin (Oh, Lutzu, Castillo and Kwon, 2016). 

Furthermore, this theory is strengthened by the importance of functional GABAA 

receptors on GABAergic transmissions (Essrich et al., 1998; Fritschy et al., 2006; 

Nguyen and Nicoll, 2018; Duan et al., 2019). However, in some studies, although 

GABAergic transmission is impaired due to the disrupted long-term maintenance 

of the GABAergic synapses, the initial establishment of the GABAergic synapses 

is not significantly affected (Fritschy et al., 2006).  

It is important to note that GABAA receptors are synaptogenic via a structural 

role of the subunit ECDs, which is not activity-dependent (Fuchs et al., 2013; 

Brown et al., 2016). Because the synaptic puncta of the synaptic adhesion protein 

NL2 are not altered by GABAA receptor deletion (Patrizi et al., 2008), the 

structural function of GABAA receptors may be downstream of NL2 interactions 

during the GABAergic synapse formation. NL2 is a postsynaptic transmembrane 

protein that has been shown to play pivotal roles in GABAergic synapse formation 

and maintenance.  

Therefore, another model is that the synaptic adhesion proteins induce the 

formation of the GABAergic synapses by forming the transsynaptic interaction 

(Missler et al., 2012; Südhof, 2021) (Figure 4). Extensive efforts have been 

devoted to the search for the key interactions facilitating this synaptogenesis 

process. Yet, no protein has been proposed to signal the initiation of this process, 

albeit several transsynaptic protein-protein interactions have been identified. 



 

Page | 48  
 

Currently, it appears that the synapse formation process is mediated by an 

interplay of multiple protein-protein interactions.  

Neurexin is widely believed to be one of the most important presynaptic 

proteins in charge of synaptic adhesive interactions. Neurexin is not only 

essential for the presynaptic Ca2+-dependent neurotransmitter release by 

clustering the VGCCs (Missler et al., 2003; Luo et al., 2020), but also acts as a 

“hub” for multifarious protein bindings (Südhof, 2017) including GABAA receptors 

(Zhang et al., 2010), Dystroglycan (Sugita et al., 2001; Reissner et al., 2014) and 

NL2 (Craig and Kang, 2007). Neurexin may not be essential for the formation of 

GABAergic synapses but it plays a crucial roles in GABAergic transmissions. The 

constitutive knockout of Neurexins significantly impairs the synaptic transmission 

in the neocortex and brainstem (Missler et al., 2003). However, in parvalbumin-

positive interneurons, the deletion of Neurexin decreases the number of inhibitory 

synapses but not the presynaptic Ca2+ influx in the medial prefrontal cortex (Chen 

et al., 2017). Therefore, Neurexin regulates the GABAergic synapse 

transmissions by distinct mechanisms in different brain regions. This is because 

Neurexin exists in more than 1000 isoforms due to alternative splicing (Ullrich, 

Ushkaryov and Südhof, 1995) and interacts with multiple proteins in the synapse. 

The role of Neurexin may vary depending on the ligand interactions.  

NL2 interaction with presynaptic neurexin has been extensively studied, 

which has been considered the core interaction in maintaining the functional 

GABAergic synapses. The constitutive triple knockout of NL1/2/3 is lethal and it 
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impairs the GABAergic synaptic transmission, but has little effect on the number 

or ultrastructure of the GABAergic synapses (Varoqueaux et al., 2006; Zhang et 

al., 2015). Moreover, the number of GABAergic synapses is not changed when 

the GABAergic transmission is impaired by the conditional knockout of NL2 

(Chanda et al., 2017). In this knockout model, the impaired GABAergic 

transmission is predominantly caused by loss of postsynaptic GABAA receptor 

clustering rather than altered presynaptic release parameters or GABAergic 

synapse formation. Overall, the NL2-Neurexin interaction plays crucial role in 

maintaining GABAergic synapse structure and signal transmission. However, it 

seems not to be involved in the initiation of the formation process.  

Calsyntenin3 is another postsynaptic type I transmembrane protein which 

has been shown to interact indirectly with both α- and β-neurexins (Kim et al., 

2020), suggesting a potential synaptogenic role. It has 2 isoforms calsyntenin1 

and calsyntenin2 belonging to the Ca2+-dependent cell adhesion molecule family. 

While calsyntenin3 is able to induce both excitatory and inhibitory synapse 

formation in co-culture assay (Pettem et al., 2013a), the knockdown of 

Calsyntenin does not affect the synaptic density (Um et al., 2014). However, the 

triple knockdown of all Calsyntenin isoforms selectively reduces the GABAergic 

synapse density and impairs the GABAergic synapse transmission (Um et al., 

2014). This suggests a redundancy of Calsyntenin isoforms in the GABAergic 

synaptogenesis. 

Dystroglycan is the central component of the DGC. The DGC interacts with 
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presynaptic neurexins via the α-dystroglycan (Graf et al., 2004). The 

transsynaptic interaction of Dystroglycan may play an essential role in the 

formation of GABAergic synapses. It has been shown that by binding to 

Pikachurin and GPR179, Dystroglycan is essential for the formation and signal 

transmission of the ribbon synapse in the retina (Orlandi et al., 2018). Ablation of 

Dystroglycan in early development does not disturb the DGC-mediated neuronal 

migration but impairs the formation of the inhibitory synapses formed by 

GABAergic cholecystokinin (CCK)-positive interneurons on pyramidal cells (Früh 

et al., 2016). The ablation in adults dramatically reduced the CCK-positive 

innervations, which suggests Dystroglycan is also important in maintaining the 

GABAergic synapses (Früh et al., 2016). Furthermore, conditional knockout of 

Dystroglycan in pyramidal cells results in the CCK-positive interneuron cell death 

and failure (Miller and Wright, 2021). The remaining CCK-positive interneuron 

axonal terminals were retargeted to the striatum where expression of 

Dystroglycan was retained (Miller and Wright, 2021). These data strongly suggest 

that Dystroglycan may play an essential role in GABAergic synapse formation 

process.  

Furthermore, a variety of postsynaptic adhesive proteins have been show to 

regulate GABAergic synapse formation. The immunoglobulin superfamily (IgSF) 

proteins are a class of neuronal cell adhesion proteins characterized by the 

expression of Ig domains which contribute to the synaptic adhesion of the pre- 

and postsynaptic membranes (Barclay, 2003). IgSF9b is an inhibitory synapse-
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specific adhesion protein linked to NL2 via the multiple PDZ-domain-containing 

S-SCAM to promote the GABAergic synapse development (Woo et al., 2013). 

Membrane-associated mucin domain-containing glycosylphosphatidylinositol 

anchor proteins (MDGAs) are another subfamily of IgSFs related to several 

neurodevelopmental disorders linked to the development of the GABAergic 

synapses (Wang et al., 2019). MDGA exerts a negative regulation specifically on 

GABAergic synapse formation by inhibiting NL2 interaction with Neurexin (Lee et 

al., 2012; Pettem et al., 2013b). Overexpression of MDGA decreases GABAergic 

synaptic transmission, while knockdown of MDGA increases GABAergic synapse 

formation in cultured hippocampal neurons (Lee et al., 2012).  

In addition to the IgSF protein family, Slitrk3 is a member of the Slit- and Trk-

like (Slitrk) family of postsynaptic proteins, which has been shown to selectively 

regulate the formation of GABAergic synapses by transsynaptic interaction with 

the presynaptic protein tyrosine phosphatases (PTPs) (Takahashi et al., 2012). 

The knockout of Slitrk3 results in decreased GABAergic synapse numbers but 

has no effect on the morphology of the synapses. On the contrary, gain-of-

function assays in co-culture models proved that overexpression of Slitrk3 

selectively increases the GABAergic synapse formation without changing the size 

or strength of the synapses (Yim et al., 2013). Slitrk3 is tethered to Gephyrin 

which is phosphorylated in response to adenosine A2A receptor activation 

(Gomez-Castro et al., 2021). The physical interaction of Slitrk3 and the 

presynaptic transmembrane protein PTPδ has been found to be specifically 



 

Page | 52  
 

occurring at GABAergic synapses to induce the presynaptic specialization 

development (Takahashi et al., 2012). It remains to be investigated if this 

transsynaptic interaction exists in parallel to the NL2-Neurexin interaction in the 

same type of GABAergic synapses.   

Despite the rich understanding of the composition of presynaptic active zones 

and the postsynaptic specializations, the core question remains as to what 

induces the formation and assembly of these complexes. Further, the mechanism 

underlying the synaptogenesis process, involving the initial formation, specificity, 

and plasticity of the GABAergic synapses, remains largely unknown.  

The two models describing the formation of the GABAergic synapses are 

different, but not fully separated from each other. Overall, the synapse formation 

process is a highly dynamic process (Wierenga, 2017), which may involve an 

establishment of the specific pre- and postsynaptic binding partners or the 

assembly of “general synaptic contacts” followed by the elimination of 

noncognate synapses. In either case, the functional GABAergic synapses require 

maintenance by transsynaptic interactions by various synaptic adhesion proteins 

(Sudhof, 2018). An orchestra of these synaptic adhesion protein interactions and 

signaling has been believed to be a core component of the GABAergic synapse 

formation process. Despite the advances in the currently available research 

methodologies, it is still a major challenge to draw a whole picture of the 

mechanisms underlying the GABAergic synapse formation.  
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1.6 Aim and Hypothesis 

Although the formation of the GABAergic synapses is a complex process 

involving interactions between many proteins, pre-, trans- and post-synaptically, 

and numerous signaling mechanisms, it seems that individual proteins have their 

unique effects on the formation of the GABAergic synapses, but they may even 

produce opposite effects in different brain regions which can be partially 

explained by the heterogeneity of GABAA receptors. A well-established co-culture 

model system of HEK293 cell and embryonic rat medium spiny neurons has been 

designed and extensively used in our lab for the study of GABAergic synapse 

formation (Fuchs et al., 2013; Brown et al., 2014; 2016).  

In this project, I have hypothesized that the formation of GABAergic synapses 

is regulated by synaptic adhesion proteins, including NL2, Pikachurin, 

Dystroglycan, and DBI, and their interactions with synaptic types of GABAA 

receptors. In order to test and verify this hypothesis, the following aims were 

investigated: 

1. Development of a HEK293 cell line stably expressing extrasynaptic α4β3δ-

GABAA receptors. 

2. Characterization of the role of different GABAA receptors in GABAergic 

synapse formation process. 

3. Investigation of the mechanism underlying the synergistic effect and 

functional maturation of GABAergic synapses mediated by NL2 and GABAA 

receptors.  

4. Testing the role of Pikachurin, Dystroglycan, and DBI in GABAergic synapse 
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formation with/without GABAA receptors.   
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2. Materials and Methods 

2.1 Cell Culture Maintenance 

2.1.1 Human Embryonic Kidney (HEK) 293 Cell Line 

Dulbecco’s Minimum Essential Medium (DMEM; Thermo Fischer) was used to 

maintain the HEK293 cells wild type and HEK293 cells (CRL-1573, ATCC) stably 

expressing GABAA receptors (Brown et al., 2016). To make complete DMEM, 10 % 

fetal bovine serum (FBS; Thermo Fischer), 10 mM L-Glutamine (Thermo Fischer), 

50 units/ml penicillin (Thermo Fischer) and 50 μg/ml streptomycin (Thermo 

Fischer) were added. HEK293 cell lines stably expressing GABAA receptors were 

kept in complete DMEM with the addition of suitable antibiotics. Geneticin G418 

sulphate (Thermo Fischer) was used for selection of cells expressing α2 and α4 

subunits at 800 μg/ml; Zeocin (Invitrogen) for β2 and β3 subunits at 800 μg/ml; 

and hygromycin B (Invitrogen) for γ2 and δ subunits at 800 μg/ml expressing 

HEK293 cells.  

At the start of a new culture, a vial containing frozen HEK293 cells in 1 ml of 

complete DMEM with 10 % dimethyl sulfoxide (DMSO) was taken from -140 ℃, 

and warmed up to 37 ℃ quickly. Cells were resuspended in complete DMEM and 

spun down to remove DMSO, and then plated in complete DMEM for 24 hours in 

the 37 ℃ 5 % CO2 humidified incubator. For cells stably expressing GABAA 

receptors, the medium was changed with a suitable selection medium after 24 

hours. Once the cells were 70-80 % confluent, they were detached using Versene 
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(Thermo Fischer) and seeded onto a new flask or plate at around 15-30% 

confluency.  

The HEK293 cell line was maintained in CELLSTAR® T-75 cell culture flask 

(Greiner) with 10 ml complete DMEM (with selection for GABAA receptor 

expressing cell lines) in the 37 ℃ 5 % CO2 humidified incubator. The confluency 

of HEK293 cells reaches > 70 % after ~3-day incubation. For passaging, the 

medium was aspirated and the HEK293 cells were washed with phosphate-

buffered saline (PBS; Thermo Fischer). The HEK293 cells were subsequently 

incubated with Versene in the 37 ℃ 5 % CO2 humidified incubator for 5 minutes. 

After incubation, DMEM was added to the flask and detached cells were collected 

and spun down at 3000 rpm for 5 min, at room temperature using a benchtop 

centrifuge (Mikro 2r, Hettich). The pellet was resuspended in complete DMEM 

medium and were seeded to the new T-75 flask with 1/10 dilution for maintenance.  

2.1.2 Embryonic Rat Medium Spiny Neuron Culture 

The GABAergic medium spiny neurons were prepared from striatum of ~ E17 

embryonic Sprague-Dawley rats (UCL-BSU) housed and sacrificed according to 

UK Home Office guidelines. The embryos were taken from the uterus followed by 

a series of washes with pre-chilled sterile PBS and brains were isolated. The 

brains were dissected in pre-chilled sterile Ca2+ and Mg2+-free HEPES-buffered 

saline solution (HBSS; Thermo Fischer) to dissect the striatum. The striata were 

collected and cut into fine pieces in chilled sterile HBSS and then carefully 

triturated using fire-polished Pasteur glass pipettes (Fischer) to dissociate the 
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tissue until the medium appeared homologous. Dissociated cells were filtered 

through sterile 70 μm Corning® cell strainer (431751, Corning) to remove clumps. 

The isolated medium spiny neurons were stained with Trypan blue solution 

(15250061, Gibco), which only stains dead cells, and counted using 

hemocytometer (0610010, Neubauer), and plated into poly-D-lysine (0.1 mg/ml; 

P1149-10MG, Sigma Aldrich) coated tissue culture dishes (Z707686, TPP) or 

poly-L-lysine (0.1 mg/ml; P6282-5MG, Sigma Aldrich) coated 13 mm glass 

coverslips (631-0148P, VWR). For immunoblotting and immunoprecipitation 

experiments, ~ 3 million cells were plated in each 10 cm cell culture dish coated 

with 0.1 mg/ml poly-D-lysine. For immunocytochemistry and electrophysiology 

experiments, 100,000 cells were plated on each glass coverslip coated with 0.1 

mg/ml poly-L-lysine and 0.01 mg/ml laminin (L2020, Merck). The medium spiny 

neurons were cultured in serum-free Neurobasal medium (Thermo Fischer) 

containing B27 supplement (Thermo Fischer), 2 mM L-glutamine, 50 units/ml 

penicillin, 50 μg/ml streptomycin and 10 % glucose (Thermo Fischer). After a 7-

day incubation in the 37 ℃ 5 % CO2 humidified incubator, the cells were treated 

with 5 μM cytosine β-D-arabinoside (Ara-C; Sigma Aldrich) to stop proliferation of 

glia cells.  

2.1.3 Co-culture Preparation 

HEK293 cells (wt or stably expressing GABAA receptors) were transfected with 

cDNAs of a protein of interest using Effectene (301425, Qiagen) (Brown et al., 

2014). The transfection procedure is described in Section 2.2.1. The HEK293 
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cells were incubated in the 37 ℃ 5 % CO2 humidified incubator for 24 hours. On 

12th day in vitro (DIV) of the medium spiny neuron culture, the transfected 

HEK293 cells were detached with Versene and collected into 15 ml Falcon tube 

in which they were centrifuged at 3700 rpm for 2 minutes at room temperature in 

a benchtop centrifuge (Mikro 2r, Hettich). The supernatant was aspirated and the 

pellet was resuspended in warmed Neurobasal medium (150 μl for HEK293 cells 

from one well of 6-well plate). The resuspended HEK293 cells (3 × 104 cells) were 

added to each well of the medium spiny neuron culture. The co-cultures were 

incubated in the 37 ℃ 5 % CO2 humidified incubator for 24 hours for 

immunocytochemistry and confocal imaging, and for 24 - 48 hours for 

electrophysiology recordings.  

2.2 Transfection 

2.2.1 Effectene 

HEK293 cells were plated on poly-D-lysine (0.1 mg/ml) coated 6-well plate (3 × 

105 cells/well) 24 hours before transfection. After 24-hour incubation of cells in 

the 37℃ 5% CO2 humidified incubator, a total of 200 ng DNA was mixed in 252.6 

μl EC buffer (Qiagen) with 8.1 μl enhancer (Qiagen) for 5 minutes at room 

temperature after briefly vortexing the mixture. Effectene (Qiagen) was then 

added into the mixture (25.25 μl per 200 ng DNA) and further vortexed. After a 

10-minute incubation at room temperature, the DNA-Effectene mixture was 

added into the wells drop-by-drop. The transfected cells were incubated in the 

37 ℃ 5 % CO2 humidified incubator for 24 hours before they were detached and 
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plated on poly-L-lysine (0.1 mg/ml) coated glass coverslips (VWR) in 24-well plate 

or added to cultured striatal medium spiny neurons already growing on glass 

coverslips for 12-13 days to form co-cultures.  

2.2.2 Nucleofection 

Nucleofection is an electroporation-based transfection method which allows the 

DNA to directly enter the nucleus (Distler et al., 2005). Amaxa nucleofector (Lonza) 

was used to perform nucleofection of the NL2HA cDNA into the HEK293 cells 

stably expressing α2β2γ2-GABAA receptors. The cells were plated to be at around 

70 % confluency 24 hours before transfection. The cells were detached with 

Versene and collected into a 15 ml Falcon tube in which they were centrifuged at 

3700 rpm for 2 minutes using a benchtop centrifuge (Mikro 2r, Hettich). The cells 

were then washed twice with warmed OPTI-MEM and subsequently resuspended 

in 0.5 ml warmed OPTI-MEM. The resuspended cells were combined with DNA 

(2 μg for 1 × 106 cells) and made up to 100 μl with OPTI-MEM for each 

nucleofector cuvette. The cuvettes were inserted into the Amaxa nucleofector to 

perform nucleofection with program A-23. After nucleofection, 200 μl warmed 

DMEM was added to each cuvette to collect all transfected cells into a 15 ml 

Falcon tube. The transfected cells were then plated into poly-D-lysine (0.1 mg/ml) 

coated 24-well plate (90,000 cells/well) for 24 hours in the 37 ℃ 5 % CO2 

humidified incubator before fixation.  
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2.2.3 Calcium Phosphate-Based Transfection 

The HEK293 cells were around 70 % confluency in T75 tissue culture flasks when 

ready for calcium phosphate-based transfection (Jordan and Wurm, 2004). The 

cDNAs for proteins of interest or empty vector control (5 μg each per T75 flask) 

were mixed with 100 μl 2.5 M CaCl2, made up to 1 ml with 1/10 Tris-EDTA (TE) 

buffer and then shaken vigorously for 15 seconds. The mixture was added to 2 × 

HEPES-buffered saline (50 mM HEPES, 280 mM NaCl, 1.1 mM Na2HPO4), pH 

7.4 (HBS) solution drop-by-drop, mixed and incubated for 45 minutes at room 

temperature. The mixture was added to the cells in flasks drop-by-drop and 

incubated in the 37 ℃ 5 % CO2 humidified incubator for 24 hours.  

2.3 Immunocytochemistry 

The cells plated on 13 mm coverslips (VWR) were briefly washed with PBS twice 

and 4 % paraformaldehyde (PFA) with 4% sucrose in PBS was used to fix the 

cells for 10 min at room temperature. The PFA was aspirated and the cells were 

rinsed with PBS twice briefly followed by three 5-minute washes. All washes were 

performed on a rocket shaker at room temperature. The residual aldehyde groups 

of PFA were blocked with 0.3 M glycine in PBS for 10 min at room temperature, 

followed by multiple washes with PBS. The cells were blocked in 1% bovine 

serum albumin (BSA, SIGMA) in PBS for 30 min at room temperature. The 

primary antibodies were diluted in 1 % BSA in PBS, added to the cells, and 

incubated for 2 hours at room temperature or overnight at 4 ℃. After incubation, 

the cells were rinsed twice and washed multiple times with PBS. For labeling of 
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intracellular proteins, the cells were permeabilized with 0.5 % Triton-X-100 in PBS 

for 10 min at room temperature prior to the addition of the primary antibody mix. 

The cells were washed and blocked again with 1% BSA in PBS for 30 min at room 

temperature. Fluorescently-labelled secondary antibodies (AlexaFluor) were 

diluted in 1 % BSA in PBS (1:750) and added to the cells for 1 hour at room 

temperature protected from light. The coverslips were washed with PBS and 

mounted on glass slides with ProLong Gold antifade reagent (Invitrogen). The 

slides were dried at room temperature protected from light and kept at 4 ℃ in 

boxes.  

2.4 Confocal Imaging and ImageJ Analysis 

The coverslips were imaged using Zeiss confocal microscope LSM 700/710/880 

with 63× oil immersion objective and analyzed using ImageJ (National Institute of 

Health) as described previously (Brown et al., 2016). Before acquiring images, 

the coverslips incubated with solely secondary antibodies were imaged for setting 

up the parameters which minimized the non-specific staining by secondary 

antibodies. The detector gain and offset were adjusted to show just no signal for 

secondary antibody control samples. Images were acquired at 12-bit depth with 

512 × 512 or 1024 × 1024 frame sizes from 10 - 15 cells from each co-culture. 

For each image, a series of z-stack images were acquired from the bottom to the 

top of the HEK293 cell with optimal intervals of 0.7 μm.  

For analysis of contacts formed between presynaptic GABAergic terminals of 

cultured neurons and HEK293 cells, I used ImageJ software. Images acquired in 
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Zen software (Carl Zeiss) were imported into ImageJ. The smallest square area 

that contains all parts of a single HEK293 cell was cropped and the individual 

channels were split. The co-localization was obtained by “Process → Image 

Calculator” function using the option “And”, which produced an image showing all 

the pixels that appeared in both channels. The threshold of the image was 

adjusted by the “Auto-Threshold” function. The data for co-localization were 

obtained by the “Analyze → Analyze Particles” function. For quantitative 

assessment of synaptic contacts formed between presynaptic GABAergic 

terminals and HEK293 cells, two parameters were considered, “Count” which 

represents the number of colocalized pixels between fluorescently-labelled 

terminals and HEK293 cells, and “% Area” which represents the surface area of 

each HEK293 cell with co-localized pixels normalized to the total surface area of 

the cell.  

These parameters were imported into Origin Pro software for statistical 

analysis and graphical presentation of the data. The Count and % Area data from 

N ≥ 2 independent experiments were individually pooled for each group. The data 

were plotted with Box-and-Whisker plots showing the median, standard deviation 

and outliers. The data were analyzed using Shapiro-Wilk normality test to test if 

the data show normal Gaussian distribution. Non-normally distributed data were 

subjected to non-parametric Mann-Whitney test for investigating the statistical 

significance of differences between each group. Normally distributed data were 

analyzed using a two-tailed student’s t-test for investigating the statistical 
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significance.  

2.5 SDS-PAGE 

Protein analysis using SDS-PAGE (sodium dodecyl-polyacrylamide gel 

electrophoresis) and immunoblotting has been used for over 40 years for the 

detection of protein expression levels by separating proteins according to their 

molecular weight. Proteins are unfolded: dithiothreitol (DTT) reduces disulfide 

bonds; sodium dodecyl sulphate (SDS) binds to the proteins which lose their 

secondary structure to linearize them and coat them with uniform negative 

charges. The electrophoresis is divided into two stages with different pore sizes 

and pH of the acrylamide gel. In the stacking gel with a relatively large pore size 

and pH 6.8, linearized and negatively charged proteins move towards the positive 

electrode. Glycine from the running buffer is positively charged at high pH (in the 

running buffer) but is negatively charged at pH 6.8 (in the stacking gel). Therefore, 

glycine is zwitterionic in the stacking gel and moves slower than the proteins. 

However, the chloride anions from Tris-HCl move faster than the proteins. This 

gradient in movement forms a ‘sandwich-like’ order of chloride ions in front, 

proteins in middle, and glycine at the end, which stacks proteins into a tight band. 

In the separation gel with a smaller pore size and pH 8.8, glycine is fully negatively 

changed and travels much faster toward the cathode. Due to the smaller pore 

size, proteins move slower than glycine and chloride ions. Therefore, proteins 

move towards the cathodes at a speed determined by their molecular weight (the 

smaller the faster).  
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Cultured cells were washed twice with PBS and lysed with 2 % SDS. The 

lysates were boiled at 95 ℃ for 5 minutes and sonicated at 60 Amps for 30 sec 

and centrifuged at 13,000 rpm for 10 minutes. The concentration of proteins was 

determined by BCA Assay (Thermo Fisher Scientifics) as per the manufacturer’s 

instructions. For detecting proteins with molecular weight in the 50-100 kDa range, 

100-150 μg of total protein were loaded into a stacking gel (125 mM Tris, pH 6.8, 

0.1 % SDS, 5.1 % poly-acrylamide, 0.05 % ammonium persulphate (APS), 0.1% 

tetramethylethylenediamine (TEMED, Fisher Bioreagents)) and separated in a 

10 % SDS-poly-acrylamide separation gel at 55 V overnight. The 10 % SDS-

polyacrylamide separation gel was made with 0.375 M Tris pH 8.8, 0.1 % SDS, 

10 % poly-acrylamide, 0.025 % APS and 0.05 % TEMED. For 8 % SDS-

polyacrylamide separation gel the concentration of poly-acrylamide was adjusted 

to 8 %. For proteins with higher molecular weight, 8 % SDS-poly-acrylamide 

separation gel was used. Before being loaded into the gel, the protein samples 

were mixed with sample buffer (SB, 62.5 mM Tris, pH 8.0, 2 % SDS, 10 % glycerol, 

0.0025% Bromophenol Blue, 1 M DTT).  

2.6 Immunoblotting 

Proteins separated using SDS/PAGE were transferred onto a solid nitrocellulose 

membrane (Whatman) in transfer buffer (TB) (20 mM Tris, 120 mM glycine, pH 

8.6, 20 % methanol) for a minimum of 200 mA for 4 hours. Ponceau-S (Thermo 

Fisher Scientific) was used to reversibly visualize the protein bands on the 

nitrocellulose membrane, which detected the efficiency and quality of transferring 
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proteins.  

The membrane was incubated in a blocking solution (1.5 % (w/v) milk, 10% 

tris buffered saline-Tween (TBS-T, 50 mM Tris pH 7.6, 200 mM NaCl, 0.05 % 

Tween-20)) for 30 minutes to block non-specific binding with primary antibodies. 

The blocking solution was aspirated and the membrane was incubated with 

primary antibodies diluted in the blocking solution for at least 1.5 hours at room 

temperature or overnight at 4 ℃ on a GYRO-Rocker rocking plate (Jencons-PLS). 

After incubation, the primary antibody was removed and the membrane was 

washed with the blocking solution. The secondary antibody conjugated to alkaline 

phosphatese (goat anti-rabbit, 1:1000, A16099, Invitrogen; rabbit anti-mouse, 

1:2500, 31450, Invitrogen) was diluted in blocking solution and added to the 

membrane and incubated for 1 hour at room temperature on the rocking plate. 

When the incubation was finished, the membrane was washed with the blocking 

solution, TBS-Tween, and TBS (50 mM Tris pH 7.6, 200 mM NaCl), and the final 

wash was done using the alkaline phosphatase buffer (100 mM Tris pH 9.5, 100 

mM NaCl, 10 mM MgCl2·6H2O). The immunoreactive bands were revealed by 

incubation with 5-bromo-4-chloro-3-indolyl phosphate (BCIP, 0.175 mg/ml)/nitro 

blue tetrazolium (NBT, 0.35 mg/ml) (S3771, Promega) substrates for alkaline 

phosphatase at room temperature.  
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2.7 Protein Assays 

2.7.1 BCA Assay 

A standard curve correlating optical absorbance and protein concentration was 

obtained using 1 mg/ml BSA standard according to the table below. Each sample 

was duplicated.  

SDS cell lysates (2 μl) were mixed with 100 μl double distilled water (ddH2O) 

for each sample. Pierce™ BCA reagent A and B were mixed in 50:1 ratio and 2 

ml of this mix was added to each sample. The mixture was incubated in 37 ℃ 

water bath for 30 minutes. In this assay, the Cu2+ ions are reduced to Cu+ ions by 

the proteins in the alkaline condition, which is known as Biuret reaction. The Cu+ 

ions are chelated by bicinchoninic acid (BCA) from the reagents to produce a 

soluble dark purple complex. The intensity of the color reaction should be in a 

Standard 

(μg/μl) 

ddH2O (μl) 1 mg/ml BSA 

(μl) 

2 % SDS (μl) 

0 100 - 2 

1 99 1 2 

2 98 2 2 

3 97 3 2 

4 96 4 2 

5 95 5 2 

10 90 10 2 

15 85 15 2 

20 80 20 2 

Table 2.1 Standard curve establishment for BCA assay. 

 

Standard ddH2O (μl) BSA (μl) 2 % SDS (μl) 

1/1’ 100 - 2 

2/2’ 99 1 2 

3/3’ 98 2 2 

4/4’ 97 3 2 

5/5’ 96 4 2 

6/6’ 95 5 2 

7/7’ 90 10 2 

8/8’ 85 15 2 
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linear correlation with the protein concentration and is measured as absorbance 

at 562 nm (Davis and Radke, 1987). The absorbance at 562 nm was detected 

using a DU800 spectrophotometer (Beckman Coulter). 

2.7.2 Bradford Assay 

A standard curve correlating optical absorbance and protein concentration was 

obtained using 1 mg/ml BSA standard according to the table below. Each sample 

was duplicated. 

Protein samples (2 μl) were mixed with 100 μl ddH2O for each sample. The 

Bradford assay dye (Bio-Rad) was diluted with ddH2O (1:5 vol/vol) and 2 ml was 

added to each sample. The peak absorbance of the Coomassie dye in this assay 

shifts from 465 nm to 595 nm when it binds to proteins in the sample. This shift is 

proportional to the amount of protein in the sample (Bradford, 1976). The 

absorbance at 595 nm was measured using a DU800 spectrometer.  

Standard (μg/μl) ddH2O (μl) 1 mg/ml BSA 

(μl) 

Sample Buffer 

(μl) 

0 100 - 2 

5 95 5 2 

10 90 10 2 

15 85 15 2 

20 80 20 2 

Table 2.2 Standard curve establishment for Bradford assay. 

 

Standard ddH2O (μl) BSA (μl) 2 % SDS (μl) 

1/1’ 100 - 2 

2/2’ 99 1 2 

3/3’ 98 2 2 

4/4’ 97 3 2 

5/5’ 96 4 2 

6/6’ 95 5 2 

7/7’ 90 10 2 

8/8’ 85 15 2 

9/9’ 80 20 2 

 Table 2.1 Standard curve establishment for BCA assay. 
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3. Development of HEK293 Cell Line Stably Expressing 

Extrasynaptic GABAA-α4β3δ Receptors 

3.1 Introduction 

3.1.1 Extrasynaptic GABAA Receptors 

Extrasynaptic GABAA receptors mediate tonic inhibition in the brain in response 

to the ambient GABA at low concentrations spilled over from synapses as they 

have a higher affinity for GABA binding than synaptic GABAA receptors 

(Mortensen, Patel and Smart, 2012). The tonic inhibition resulting from the 

extrasynaptic GABAA receptors persistently increases the conductance of the 

neuronal plasma membrane and hence results in a decreased probability of 

action potential generation (Farrant and Nusser, 2005). Tonic inhibition can also 

occur by the spontaneous opening of the extrasynaptic GABAA receptors which 

does not require GABA binding (Wlodarczyk et al., 2013). This spontaneous 

activation may contribute significantly to the overall tonic inhibition (O’Neill and 

Sylantyev, 2018). The GABA-independent tonic inhibition caused by 

spontaneous GABAA receptors activation is also important for shaping the neural 

plasticity by its regulation of the neural signal filtering and integration (O’Neill and 

Sylantyev, 2018).  

3.1.2 Localization and Functional Role of Extrasynaptic GABAA 

Receptors in the Brain 

In the preferential combination with α4/6 and β2/3 subunits, δ-containing GABAA 
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receptors are predominantly expressed extrasynaptically in the thalamus, 

neostriatum and dentate gyrus to mediate tonic inhibition (Farrant and Nusser, 

2005). The α4 subunit was first cloned by Wisden et al. in 1991. The δ subunit 

was first identified to exist in different neuronal subpopulations from the γ2 

subunits by Shivers et al. in 1989 By continuously increasing the input 

conductance of the neurons, tonic inhibition by the extrasynaptic GABAA 

receptors regulates the amplitude and frequency of excitatory inputs to the 

neurons. By exerting the tonic inhibition in the brain and being a key target to 

anaesthetics, neurosteroids and alcohol, extrasynaptic GABAA receptors are 

crucial in modulating various aspects such as sleep, consciousness, stress and 

alcohol intoxication (Brickley and Mody, 2012). The extrasynaptic GABAA 

receptors expressed on the thalamic nucleus reticular cells were shown to be 

essential in modulating the thalamocortical oscillations which regulates the sleep-

wake cycles (Belelli et al., 2005). Except for GABA, neurosteroids are also 

regulators of GABAA receptors in the CNS, having a higher affinity for the δ-

containing GABAA receptors, which have been associated with stress and anxiety 

disorders (Brickley and Mody, 2012). Although tonic inhibition has been observed 

even in the absence of δ subunits, due to a shift of γ2 subunits from synaptic to 

perisynaptic domains, these receptors do not appear to respond to neurosteroids 

as observed in an epileptic mouse model (Zhang, Wei, Mody and Houser, 2007). 

The δ-containing GABAA receptors have also been shown to regulate alcohol 

consumption in response to low concentrations (1 – 30 mM) of ethanol (Lobo and 
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Harris, 2008). Whilst the potentiation of extrasynaptic tonic inhibition by ethanol 

was not altered in α4-KO mice, this effect was shown to significantly decrease in 

δ-KO mice (Liang et al., 2007).  

3.1.3 Forward Trafficking and Plasma Membrane Insertion 

After assembly in the ER, GABAA receptors are transported to the Golgi 

apparatus for translocation to the cell membranes (Lorenz-Guertin and Jacob, 

2017). During this process, α and β subunits play major roles in interacting with 

proteins that regulates the trafficking of GABAA receptors (Bedford et al., 2001; 

Goto et al., 2005). In the Golgi apparatus, γ2 subunit is believed to be essential 

for GABARAP-mediated postsynaptic targeting of GABAA receptors which is also 

regulated by PRIP (Wang et al., 1999). The localization of GABAA receptors once 

they are inserted into the plasma membrane depends on their subunit 

composition. Whilst GABAA receptors that contain α2 subunit usually have 

synaptic localization, those that incorporate the α4/6 and δ subunits are 

predominantly found outside of synaptic contacts where they contribute to tonic 

inhibition (Belelli et al., 2009). Recent studies have revealed that lipoma HMGIC 

fusion partner-like 4 (Lhfpl4, also named GARLH4) regulates the synaptic 

localization of GABAA receptors in a subunit-dependent manner (Yamasaki et al., 

2017, Davenport et al., 2017).  

The α5 subunit has been shown to contribute to both synaptic inhibition and 

extrasynaptic inhibition (Zarnowska et al., 2008; Loebrich et al., 2006). 

Membrane localization of extrasynaptic α5-containinig GABAA receptors depends 
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on the interaction with ERM protein radixin. Radixin provides the linkage between 

the GABAA receptors and the actin skeleton at the perisynaptic locations at the 

plasma membrane (Hausrat et al., 2015; Mele, Leal and Duarte, 2016). How the 

other extrasynaptic GABAA receptors are restricted outside the synaptic area has 

not been fully elucidated. Although the GABAA receptors show the ability to 

diffuse in and out of the postsynaptic domains, this diffusion seems to be 

restricted by the presence of certain subunits. The expression of the δ subunit is 

largely related to the α6 subunit, which leads to its extrasynaptic localization 

(Jones et al., 1997; Nusser, Sieghart and Somogyi, 1998). Martenson et al. (2017) 

showed that the GARLH-GABAA receptor complex depends on the γ2 subunits 

whilst the expression of the δ subunit inhibits such interaction and hence leads to 

the extrasynaptic localization of the GABAA receptors. A recent study shows that 

a chimera form of δ subunit which has the intracellular loop TM3-4 region 

swapped for γ2 equivalent changes the extrasynaptic localization of δ-containing 

receptors to the synaptic regions, which suggests that δ-containing GABAA 

receptors are restricted to the extrasynaptic area by interacting with unknown 

protein via its intracellular domain (Hannan et al., 2020).  

3.1.4 HEK293 Cell Line 

The HEK293 cell line expression system has been used for more than 40 years 

for its various advantages. Most importantly, HEK293 cells can be transfected to 

express exogenous membrane-anchored proteins (Thomas and Smart, 2005) 

and support their synthesis, trafficking and insertion to the cell membrane. 
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HEK293 cells are convenient to maintain in a 37 ℃ incubator with 5% carbon 

dioxide. The supporting reagents are accessible via commercial sources such as 

Gibco. The passaging of the HEK293 cells is relatively quick as they are fast 

dividing cells reaching 70% confluency from ~10% in 2 – 3 days, which is 

advantageous for designing and performing experiments. However, this growth 

rate of HEK293 cells is not too fast to occupy the whole growing area very quickly. 

This provides a large operational window for experiments such as microscopic 

imaging of single cells and quantitative assays such as cell surface ELISA which 

require an optimal cell density for detection of cell surface immunoreactivity. 

Moreover, the HEK293 cells are roughly 20 – 30 μm in length which is favored by 

electrophysiologists to perform whole-cell recordings and the expression level of 

exogenous protein in HEK293 cells is high enough to differ from endogenous 

noise (Thomas and Smart, 2005). Therefore, the HEK293 cell line has long been 

used in our lab for expressing proteins of interest. When studying the effect 

brought by a single receptor subtype, a HEK293 cell line without any other 

receptors is a suitable platform. For example, Brown et al. (2017) examined the 

role of the GABAA receptor N-terminal extracellular domains in inhibitory 

synapses formation using a co-culture of primary embryonic rat medium spiny 

neurons and HEK293 cell line transfected to stably express specific subtypes of 

GABAA receptors. The level of innervation was analyzed by 

immunocytochemistry and confocal microscope imaging of single HEK293 cells 

and the functionality of the synapses formed was examined by electrophysiology 
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recordings. Immunoblotting of cell lysates and ELISA were also used for the 

analysis of the receptor expression.  

3.1.5 Aim and Hypothesis 

The aim of this chapter was to create a stable HEK293 cell line that will express 

the α4β3δ-GABAA receptors at the cell surface. This cell line was going to be used 

to test whether the extrasynaptic GABAA receptors can facilitate the formation of 

synaptic contacts in a HEK293-medium spiny neuron co-culture model in which 

we have previously characterized the effects of synaptic α2β2γ2-GABAA receptors 

on synaptic contact formation (Brown et al, 2014, 2016). After insertion of 

individual subunits into plasmids with different antibiotic resistance genes and 

selection of clones in the presence of antibiotics, immunoblotting, 

immunocytochemistry and electrophysiology were used to confirm the stable 

expression and functionality of α4β3δ-GABAA receptors in this cell line. 
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3.2 Material and Method 

3.2.1 Preparation for Chemically Competent E. coli Cells 

A small volume of E.coli cells were streaked from a glycerol frozen stock onto 2 % 

(w/v) agar plate and incubated at 37℃ overnight. The next day a single colony 

was inoculated into 5 ml LB medium (Invitrogen) in a 50 ml Falcon tube which 

was incubated at 37℃ with shaking at 225 rpm overnight. A small volume of the 

overnight culture (0.5 ml) was then inoculated into supplement LB medium (LB 

medium with 0.01 M MgSO4 and 0.2 % (w/v) glucose) and incubated at 37 ℃ 

shaking at 225 rpm. When the optic density at wavelength 600 nm (ODλ = 600) 

reached between 0.6 and 0.7, the culture was immediately transferred to a 

centrifuge tube and incubated on ice for 10 minutes followed by 10-minute 

centrifugation at 2500 rpm at 4 ℃. The pelleted E.coli cells were resuspended in 

0.5 ml supplement LB medium and stored in 2.5 ml storage solution (36 % 

glycerol, 12 % (w/v) PEGMW = 8,000, 12 mM MgSO4 in LB medium) in 100 μl aliquot 

at -80 ℃ for up to 3 months. 

3.2.2 Transformation of E. coli and Amplification of DNA Plasmids 

α4 and δ DNA in pUNIV (ampicillin resistant) was provided by Dr. Martin 

Mortensen (NPP, Biosciences, UCL). β3 DNA in pcDNA3.1-zeocin was available 

in the lab. To achieve selection for all three subunits, α4 DNA was cloned into 

pcDNA3-G418 (Invitrogen) and δ DNA was cloned into pcDNA3.1-hygromycin 

(Invitrogen) vectors.  
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A small amount of DNA (1 ng) was mixed with 100 μl competent E.coli in a 

chilled Falcon polypropylene tube and incubated on ice for 30 minutes. The 

mixture was heat shocked in a 42 ℃ water bath for 50 seconds followed by 10-

minute incubation on ice. The cell suspension was shaken at 225 rpm in 1 ml LB 

medium at 37 ℃ for 1 hour. The cells were transferred into 1.5 ml centrifuge tube 

and centrifuged at 7,000 rpm for 1 minute. The pellet was resuspended in 100 μl 

supernatant and seeded on 1 % (w/v) agar plate with 100 μg/ml ampicillin 

incubated at 37℃ overnight.  

 The next day 10 single colonies were picked pipette tips and incubated in 5 

ml LB medium at 37 ℃ shaken at 225 rpm for at least 6 hours. A small portion of 

the culture (1 ml) was used to perform miniprep (Qiagen kit) as per the 

manufacturer’s instructions. The purified DNA was run on a 1 % agarose gel to 

check the quality. The culture giving the most promising result was grown in 200 

ml LB medium with 100 μg/ml ampicillin at 37 ℃ shaken at 225 rpm overnight. 

On the next day the culture was processed for maxiprep (Qiagen kit) as per the 

manufacturer’s instructions.  

3.2.3 Restriction Digestion and Ligation 

Both α4 and δ cDNA were obtained by double restriction digestion using restriction 

enzymes and suitable buffers from Promega at 37 ℃ for 2 hours. The details are 

shown in Table 1.  
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The digestion product was run on 1 % agarose gel and the bands reflecting 

both DNAs were cut out and processed by Qiagen DNA extraction kit as per 

manufacturer’s instructions. The extracted DNA was ligated with their destination 

plasmids, i.e. α4 with pcDNA3-G418 and δ with pcDNA3.1-hygromycin in 1:1, 2:1, 

3:1, 5:1 and 7:1 ratio using T4 DNA ligase and ligation buffer (Thermo Scientific). 

Ligation was performed in Thermo cycler (Thermo) overnight at 16 ℃. The 

products of the ligation were transformed into E.coli and plated on LB Agar plates. 

Following miniprep analysis of selected colonies, the constructs were amplified 

by maxiprep as per manufacturer’s instructions. The sequence was confirmed by 

Source Bioscience Sequencing. 

3.2.4 Stable Transfection 

3.2.4.1 Lipofectamine LTX 

HEK293 wild type cells were seeded on 10 cm tissue culture dish (TPP) (2×106 

cells/dish) 24 hours before transfection. DNA of α4-pcDNA3-G418 and β3-

pcDNA3.1-zeozin cDNA constructs (7.5 μg each) was mixed with 12.5 μl plus 

reagent and 500 μl OPTI-MEM® I reduced serum medium for 5 minutes at room 

temperature. Lipofectamine LTX (12.5 μl) was added and mixed by incubating at 

room temperature for 25 minutes. Warmed DMEM (3 ml) was added and the final 

Construct Restriction 

Digestion Buffer 

Restriction 

Enzyme I 

Restriction 

Enzyme II 

α4 in pUNIV Buffer C BamHI XhoI 

δ in pUNIV Buffer D BamHI NotI 

Table 1 Restriction digestion of α4 and δ subunit cDNA insert. 
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mixture was added to the 10 cm tissue culture dish dropwise. The cells were 

incubated in the 37 ℃ 5 % CO2 humidified incubator for 48 hours before they 

were split into 10 cm tissue culture dishes at six dilutions: 1:3, 1:5, 1:7, 1:10, 1:15 

and 1:20. Once the cells were settled in the 10 cm dishes G418 and zeocin 

antibiotics were added to the complete DMEM. The antibiotic-containing medium 

was changed every two days. Colonies were formed ~15 days after transfection. 

At least six colonies were picked from each plate and seeded into 24-well plate. 

The cells were transferred to 6-well plate, 60 mm tissue culture dish (Thermo 

Fisher Scientific) and 10 cm tissue culture dish once they were confluent which 

took 2~3 days for each step. The expression level was analyzed by 

immunoblotting and electrophysiology. 

3.2.4.2 Effectene 

The cells were seeded on 10 cm tissue culture dish and the amount of DNA and 

volume of reagent were adjusted according to the optimizing scheme from 

manual of Effectene transfection reagent kit given by the company (Qiagen). The 

transfected cells were maintained in complete DMEM + zeocin which was 

changed to complete DMEM + G418, zeocin and hygromycin after 48 hours. The 

cells were then split into 10 cm tissue culture dishes at six dilutions: 1:3, 1:5, 1:7, 

1:10, 1:15 and 1:20. The medium was changed every two days. Colonies were 

formed ~14 days after transfection and further selection and amplification of 

clones was done as described in section 3.2.4.1.  
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3.3 Results 

3.3.1 Development of HEK293 Cell Line Stably Expressing α4β3δ-GABAA 

Receptors 

Development of stable HEK293 cell lines expressing GABAA receptors was 

based on transfection of three plasmid DNA constructs incorporating α4, β3 or δ 

subunit together with antibiotic resistance genes for G418, zeocin and 

hygromycin, respectively. The development of the stable cell line was carried out 

in two stages. The first stage involved transfection of α4 and β3 subunits into 

HEK293-wt cells followed by selection with antibiotics G418 and zeocin. The 

second stage involved transfection of δ subunit into the HEK293 cell line stably 

expressing α4β3-GABAA receptors followed by selection with antibiotics G418, 

zeocin and hygromycin together. The expression of all three subunits in the stable 

cell line was confirmed by electrophysiology, immunoblotting and 

immunocytochemistry experiments. 

Figure 3.3.1 

Representative pUNIV backbone 

showing the available restriction 

sites. An extra BamHI site was 

confirmed to be present in the 

sequence of δ cDNA insert by 

EMBOSS Needle pairwise 

sequence alignment analysis.  
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3.3.2 Preparation for α4-pcDNA3-G418 and δ-pcDNA3.1-hygromycin 

constructs 

As β3-pcDNA3.1-zeocin was available in the lab, α4 and δ cDNAs, which were 

originally provided in pUNIV construct, needed to be subcloned into pcDNA3-

G418 and pcDNA3.1-hygromycin plasmids respectively. The α4-pUNIV and δ-

pUNIV constructs were amplified by transformation into chemically competent 

E.coli cells followed by overnight incubation at 37℃. The cDNA inserts of α4 and 

δ subunits were cut from pUNIV vector by restriction digestion. The selection of 

restriction enzymes was based on the comparison between the pUNIV and 

pcDNA3/3.1 vector maps. The restriction sites on pUNIV vector were obtained 

from published vector map (Venkatachalan et al., 2006) and Sanger sequencing 

(Source Bioscience). The restriction sites on pcDNA3/3.1 were obtained from the 

manufacturer manuals (Thermo Fisher Scientific). After sequencing, an extra 

BamHI site was found in δ sequence as shown in Figure 3.3.1. Figure 3.3.2 

shows the evidence for successful digestion by selected restriction enzymes. The 

cDNA inserts for both subunits were extracted and ligated with pcDNA3/3.1 

vectors to produce α4-pcDNA3-G418 and δ-pcDNA3.1-hygromycin constructs.  



 

Page | 80  
 

  

Figure 3.3.2 

DNA electrophoresis to show successful restriction digestion of the α4-pUNIV construct and 

empty pcDNA3-G418 vector (A, B) and δ-pUNIV construct and empty pcDNA3.1-hygromycin 

vector (C, D). (A) The double digestion with BamHI and XhoI produced a band at around 2.0kb 

(black arrow) in “insert” lane which corresponds to the size of α4 subunit insert. (B) The double 

digestion with BamHI and XhoI produced only one band, suggesting that the vector was 

linearized. (C) The double digestion with both BamHI and NotI produced three bands between 

3.0 and 4.0 kb, 2.0 and 3.0 kb and around 1.5 kb respectively. The ~1.5 kb band (black arrow) 

corresponds to the size of δ insert. (D) The double digestion with both BamHI and NotI 

produced only one band, suggesting that the vector was linearized. 

A B 

C D 
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3.3.3 Development of HEK293 Cell Line Stably Expressing α4β3-GABAA 

Receptors 

α4-pcDNA3-G418 and β3-pcDNA3.1-zeocin constructs were transfected into 

HEK293-wt cells using lipofectamine LTX and plated at dilution 1:3, 1:5, 1:7, 1:10, 

1:15 and 1:20. After ~2 weeks under antibiotic selection, six colonies from each 

dilution were picked and were labelled with a capital letter + number: A = colonies 

from 1:3 dilution, B = colonies from 1:5, C = colonies from 1:7, D = colonies from 

1:10, E = colonies from 1:15 and F = colonies from 1:20, and transferred to 24-

well plates. The cells were transferred to 35 mm dishes to further amplify the 

clones, followed by 60 mm dishes and 10 cm dishes. Fast growing colonies of 

cells were lysed with 2 % SDS and run on 10 % SDS-PAGE gel. The immunoblots 

indicated that α4 subunit was not expressed by any of the clones (Figure 3.3.3A), 

but clones A2, B2, B3, C3 and D1 expressed the β3 subunit (Figure 3.3.3B). Clone 

B2 was selected for the next stage of transfection.  

To test the cell surface expression of these two subunits, electrophysiological 

recordings were performed by Dr Martin Mortensen (NPP, Biosciences). As 

shown in Figure 3.3.4, the cells did not respond to the addition of up to 1 mM 

GABA but were depolarized by 1 mM picrotoxin. No response to GABA indicated 

that there were no α4β3 assembled receptors expressed at the cell surface. The 

depolarisation caused by picrotoxin and the pattern of the recording indicated the 

closure of the spontaneously open homomeric receptors composed of the β3 
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subunit (Cestari et al., 2000), which is consistent with our immunoblotting results 

(Figure 3.3.3).   

Figure 3.3.3 

Immunoblot analysis of α4 and β3 expression in various clones of GABAA receptor-HEK293 

stable cell. (A) Detection using the α4 specific antibody. No specific band was detected at the 

molecular weight of the α4 subunit. (B) Detection using the β3 specific antibody. Bands slightly 

above 52 kDa correspond to the molecular weight of β3 subunit for A2, B2, B3, C3 and D1 

clones. Each lane was loaded with 100 μg protein. Expression for both subunits was visualized 

using alkaline phosphatase conjugated secondary antibodies and NBT/BCIP colour substrate 

reaction.  

Figure 3.3.4 

Whole-cell recordings of HEK293 cell line stably expressing α4β3-GABAA receptors (cells were 

clamped at -60 mV). (A) Addition of 1 mM GABA caused no response. (B) Up to 1 mM 

picrotoxin application resulted in an upward current (depolarizing), which indicates closure of 

the spontaneously open homomeric GABAA receptors formed by the β3 subunit. (n = 12 cells 

were tested in N = 2 independent experiments).  
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3.3.4 Development of HEK293 Cell Line Stably Expressing α4β3δ-GABAA 

Receptors 

Because the expression of the α4 subunit was not detected in any of the clones 

following the first stage of selection, in the second stage δ-pcDNA3.1-hygromycin 

construct was transfected together with α4-pcDNA3-G418 using Effectene and 

plated at increasing dilutions 1:3, 1:5, 1:7, 1:10, 1:15 and 1:20. Six colonies from 

each dilution were picked and labelled with capital letter + number’: A = colonies 

from 1:3 dilution, B = colonies from 1:5, C = colonies from 1:7, D = colonies from 

1:10, E = colonies from 1:15 and F = colonies from 1:20 and transferred to a 24-

well plate. Fast growing colonies of cells were transferred to 35 mm dishes, 

followed by 60 mm dishes and 10 cm dishes to amplify the clones. Clone B2’ was 

shown to be the only clone expressing the α4 subunit (Figure 3.3.5A). β3 subunit 

was detected in many clones but at various levels. With the same amount of 

protein loaded in each lane, clone A2’ failed to show expression of the α4 subunit 

and was used as a negative control in further experiments.  

To further confirm the expression of the subunits in selected clones, the cDNA 

constructs with/without antibiotic resistance genes were transiently transfected 

into HEK293-wt cells using lipofectamine LTX. Figure 3.3.5B shows bands at the 

expected molecular weight for α4 subunit for clone B2’ and HEK293 cells 

transiently transfected with both types of cDNA constructs. Figure 3.3.6B shows 

bands at the correct molecular weight for the β3 subunit in clones B2’, A2’ and 

HEK293 cells transiently transfected with α4, β3 and δ cDNA. Figure 3.3.7 shows 
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a band at the expected molecular weight for δ subunit in clones B2’ and A2’, but 

no corresponding band was detected in transiently transfected cells (data not 

shown).  

  

Figure 3.3.5 

Immunoblot analysis of α4 expression in various clones of GABAA receptor-HEK293 stable cell. 

(A) Detection of the α4 subunit in α4β3δ cell clone lysates at ~52 kDa corresponding to the 

molecular weight of α4 subunit for B2’ clone. (B) Detection of the α4 subunit in α4β3δ cell clone 

B2’ compared to A2’ and HEK293 cells transiently transfected with α4,
 
β3 and

 
δ subunits. LC = 

HEK293 cells negative control; LpC = HEK293 cells transiently transfected with α4-pcDNA3-

G418, β3-pcDNA3.1-zeocin and δ-pcDNA3.1-hygromycin constructs; LpU = HEK293 cells 

transiently transfected with α4-pUNIV, β3-pcDNA3 and δ-pUNIV constructs. For each clone 100 

μg protein was loaded. Primary antibody binding was visualised using alkaline phosphatase-

conjugated secondary antibody and NBT/BCIP colour substrate reaction. This further confirms 

the expression of α4 subunit in the B2’ clone. 
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Figure 3.3.6 

Immunoblot analysis of β3 expression in various clones of GABAA receptor-HEK293 stable cell 

line. (A) Detection of β3
 
subunit in α4β3δ cell clone lysates. For each clone 100 μg protein were 

loaded producing a band around 52 kDa corresponding to the molecular weight of the β3
 

subunit for all clones tested. (B) Detection of β3
 
subunit in α4β3δ cell clone B2’ compared to A2’ 

and HEK293 cells transiently transfected with α4,
 
β3 and

 
δ subunits. LC = HEK293 cells 

negative control; LpC = HEK293 cells transfected with α4-pcDNA3-G418, β3-pcDNA3.1-zeocin 

and δ-pcDNA3.1-hygromycin constructs; LpU = HEK293 cells transfected with α4-pUNIV, β3-

pcDNA3 and δ-pUNIV constructs. For each clone 100 μg protein was loaded per lane. Primary 

antibody binding was visualised using alkaline phosphatase-conjugated secondary antibody 

and NBT/BCIP colour substrate reaction. This further confirms the expression of the β3
 
subunit 

in B2’ and A2’ clones. 

Figure 3.3.7 

Immunoblot analysis of δ
 
subunit expression in α4β3δ cell clone B2’ compared to A2’ and 

HEK293 cells. Incubation with the δ subunit specific antibody produced bands at ~50 kDa 

corresponding to the expected molecular weight. Primary antibody binding was visualised 

using alkaline phosphatase-conjugated secondary antibody and NBT/BCIP colour substrate 

reaction. For each clone 100 μg protein was loaded.  
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In order to test the cell surface expression of the three subunits, 30,000 cells 

were plated on coverslips in 24-well plate for immunocytochemistry experiment. 

Zeiss confocal microscope LSM 710 was used to acquire fluorescent images. 

Clone B2’, A2’ and HEK293-wt cells were tested. Because the α4 and δ subunit 

specific antibodies available in the lab were both raised in rabbits, the cells were 

double labelled with α4 and β3 subunit-specific antibodies at the same time 

(Figure 3.3.8) or β3 and δ subunit-specific antibodies (Figure 3.3.9). In the clone 

A2’, no signal for α4 or δ subunit was detected, which produced the same image 

pattern as HEK293-wt cells. The expression of β3 subunit was detected in all cells. 

In the clone B2’, expression of all three subunits was detected in all the cells. The 

merged channels of Figure 3.3.8 and Figure 3.3.9 (middle panel) show the co-

localization of α4 and β3 subunits and β3 and δ subunits on the cell surface. 

  



 

Page | 87  
 

  

  

Figure 3.3.8 

Fluorescent immunolabelling of α4 and β3 subunits on the cell surface of clones A2’ and B2’. 

HEK293-wt cells were used as negative control. Clone A2’ shows no expression of the α4 

subunit but expression of the β3 subunit (red). Clone B2’ shows expression of both α4 (green) 

and β3 (red) subunits. The merged channel shows the co-localisation of the two subunits on 

the cell surface. HEK293-wt cells show no expression of either α4 or β3 subunits. Scale bar = 

20 μm. The DIC channel shows all the cells in the field. Fluorescent imaging was done using 

Zeiss 710 confocal microscope at 40 x magnification.  
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Figure 3.3.9 

Fluorescent immunolabelling of β3 and δ subunits on the surface of A2’ and B2’ clones. 

HEK293-wt cells were used as negative control. A2’ clone shows expression of the β3 subunit 

(red) but very low expression of the δ subunit. B2’ clone shows expression of both β3 (red) and 

δ (green) subunits. The merged channel shows the co-localisation of the two subunits on the 

cell surface. HEK293-wt cells show no expression of either β3 or δ subunits. Scale bar = 20 

μm. The DIC channel shows all the cells in the field. Fluorescent imaging was done using Zeiss 

710 confocal microscope at 40 x magnification. 
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Once expression of the α4β3δ-GABAA receptors was confirmed, it was 

important to show that these receptors are functional. Expression of functional 

receptors in the clone B2’ was confirmed in dose-response experiments with 

GABA resulting the average EC50 = 0.53 μM. Expression of the δ subunit was 

further confirmed by the significant potentiation of currents with DS2 which is a 

positive allosteric modulator for GABAA receptor containing δ subunits (Figure 

3.3.10) (Jensen et al., 2013) (Experiments performed by Dr Martin Mortensen).  
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Figure 3.3.10 

Whole-cell recordings of α4β3δ-GABAA receptors currents in the clone B2’ (cells were clamped 

at -60 mV). (A) Typical recording trace of current responses of the α4β3δ-GABAA receptors 

evoked by various concentrations of GABA. (B) Dose-response curve. (C) Typical recording 

trace of current response of the α4β3δ-GABAA receptors in 0.1 μM GABA with/without 10 μM 

of a δ selective compound 2 (DS2). The 94 % potentiation of the current by DS2 confirms the 

presence of the δ subunit. 

 

1E-3 0.01 0.1 1 10 100 1000 10000

0

20

40

60

80

100

Data: Data1_Mean

Model: Hill 

  

Chi^2 =  1.94879

R^2 =  0.99921

  

Vmax 100.14922 ±1.1035

k 0.33783 ±0.02733

n 0.65965 ±0.03012

Data: Data5_Mean

Model: Hill 

  

Chi^2 =  3.94605

R^2 =  0.99873

  

Vmax 101.79833 ±1.41217

k 0.53224 ±0.04859

n 0.86238 ±0.05743

N
o
rm

a
lis

e
d

 c
u

rr
e

n
t 

re
s
p

o
n

s
e

 (
%

 o
f 

I-
m

a
x
)

[GABA], uM

 Human a4b3d (Glu recovered!?)

 Human a4b3d

A 

B 

C 

▪ Human α4β3δ sample1 

▪ Human α4β3δ sample2 

A 

B 

C 



 

Page | 91  
 

 

3.4 Discussion 

Compared to transient transfection of proteins of interest, working with a stable 

cell line is a much more efficient method for the study of the surface receptors. 

Apart from the relatively low transfection efficiency and the cells being more 

fragile after transfection, the cost of transient transfection is much higher for long 

term use than creation of a stable cell line. For its ease of maintenance, limited 

expression of endogenous membrane receptors, ability of expression and 

forward trafficking of transfected exogeneous membrane receptors, HEK293 cell 

line has been extensively used for more than 40 years. In our lab, COS-7 and 

SF9 cells have also been used for expression of proteins. SF9 cells, grown in 

suspension culture, have been used for high-level expression of proteins 

(Schneider and Seifert, 2010). These were used for expression and purification 

of GABAA receptor N-terminal extracellular domains in the investigation of how 

they affect GABAergic synapse formation (Brown et al., 2016). COS-7 cell line 

derived from the kidney of the African green monkey (Cercopithecus aethiops) is 

another immobilized cell line for the expression of various proteins and the study 

of their function (Yasumura and Kawakita, 1963). It has been shown that there is 

no significant difference in transfection of foreign vectors between HEK293 and 

COS-7 cells (Douglas, Piccirillo and Tabrizian, 2008). However, due to the fact 

that Cos-7 cells attach to the cell culture dish much more firmly than HEK293 

cells, trypsin is required in passaging or transferring such cell lines. For our future 
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experiments, especially in co-culture with primary cultured neurons, the presence 

of structurally and functionally intact GABAA receptors is necessary. Therefore, 

HEK293 cells were chosen to stably express α4β3δ-GABAA receptors.  

For the study of cell surface distribution of typical extrasynaptic GABAA 

receptors and their contribution to GABAergic synapses in a co-culture model in 

comparison with the typical synaptic α2β2γ2-GABAA receptors, the δ subunit was 

chosen because it was shown to restrict the diffusion of GABAA receptors to areas 

outside of the postsynaptic domain in hippocampal neurons in culture (Hannan 

et al., 2020). Amongst the six α subunits, α4 subunit is the one most frequently 

found in association with the δ and β2/3 subunits (Farrant and Nusser, 2005), 

jointly forming the extrasynaptic GABAA receptors to mediate tonic inhibition in 

the Forebrain, particularly in the Dentate Gyrus cells and the Thalamic Relay 

neurons (Brickley and Mody, 2012). Although the α6 subunit is also found to 

associate with the δ subunit, the expression of the α6 subunit is the most 

prominent in the cerebellar granule cells (Nusser, Sieghart and Somogyi, 1998). 

The importance of α4 subunits has been examined using an α4-knockout mouse 

model showing dramatically reduced tonic inhibition in the Dentate Gyrus and 

Thalamic Relay neurons (Chandra et al., 2006; Liang et al., 2007). In these mice, 

gaboxadol, a specific agonist to GABAA receptors which are not modulated by 

benzodiazepines, lost its effect. Moreover, the expression level of the γ2 subunit 

was observed to increase in the Hippocampus and Thalamus, indicating a 

compensation mechanism in the absence of the α4-containing GABAA receptors. 
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It has been shown that the β2 subunit is the most abundant β subunit in the brain 

(Olsen and Sieghart, 2008), however, it appears that the β3 subunit is more 

frequently found in the complex with α4 and δ subunit (Sur et al., 1999).  

Thus, it was decided to stably express the extrasynaptic α4β3δ-GABAA 

receptors for the study of GABAergic synapse formation. Development of the 

HEK293 cell line stably expressing α4β3δ-GABAA receptors involved the 

preparation of plasmids containing the GABAA receptor subunit cDNAs together 

with specific antibiotic-resistance genes, followed by transfection, antibiotic 

selection, and characterization of fast-growing clones. Plasmids with resistance 

to G418, zeocin and hygromycin were selected to deliver the α4, β3 and δ subunits, 

respectively, for the ease of selection and maintenance.  

The fact that the β3 subunit of the GABAA receptors can form homopentamers 

on the cell surface (Lorenz-Guertin and Jacob, 2017) brought a major challenge 

to the first stage of preparation of this cell line, and antibiotic selection, as the β3 

subunit was found to be expressed at the cell surface in several clones in the 

absence of the α4 subunit according to our immunoblotting with specific 

antibodies (Figure 3.3). Expression of β3-containing homopentameric receptors 

was confirmed by electrophysiological recordings that showed no response to 

GABA but blockade of the spontaneously open channels by picrotoxin with a 

similar current pattern compared to the literature (Cestari et al., 2000).  

Therefore, in the second stage of transfection and antibiotic selection, α4 

subunit cDNA was reintroduced at the same time as the δ cDNA. Finally, after the 
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14-day antibiotic selection, the expression of all three subunits was detected in 

one clone using immunoblotting with α4, β3 and δ subunits specific antibodies 

(Figure 3.3.5 – 3.7). Their colocalization at the cell surface was confirmed by 

immunocytochemistry and confocal imaging with α4, β3 and δ subunit-specific 

antibodies (Figure 3.3.8, 3.9). The cell line was then tested with 

electrophysiological recordings. The current was recorded in response to GABA 

ranging from 0.01 μM to 1000 μM and aconcentration-response curve was 

established to confirm the normal functionality of the α4β3δ-GABAA receptors 

(Figure 3.3.10).  

With immunocytochemistry and confocal microscope imaging, the cell 

surface expression of the subunits was demonstrated (Figure 3.3.8, 3.3.9). With 

the DIC images showing the HEK293 cell shape, the α4, β3 and δ subunits were 

labelled with respective antibodies which was visualized using AlexaFluoroTM 

secondary antibodies conjugated to a fluorophore. At the HEK293 cell surface, α4 

subunits were clearly shown to colocalize with the β3 subunits, which suggests 

efficient expression and assembly of α4β3 combinations (Figure 3.8). Although an 

obvious difference can be observed between A2’ and B2’ clones, the pattern of δ 

subunit expression was not always colocalized with the β3 subunits (Figure 3.9). 

This could be due to the low quality of the δ subunit-specific antibody for both 

immunoblotting and immunocytochemical experiments. With electrophysiological 

experiments, the hyperpolarizing current in whole -cell recordings induced by 

GABA was potentiated ~3 fold in the presence of specific positive allosteric 
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modulator DS2, which successfully confirmed the expression of the δ subunits in 

the pentamers (Figure 3.3.10). This together with the fact that δ subunits cannot 

access the cell surface without assembly with the α and β subunits confirms that 

the majority of the surface receptors formed were composed of the α4β3δ subunits. 

However, due to the fact that the β3 subunits are able to be assembled into 

homopentamers and insert into the plasma membrane, a small proportion of the 

surface receptors in this stable cell line could be composed of the β3 

homopentamers. As these homopentamers do not have GABA binding sites, and 

their spontaneous opening seems to be minor in electrophysiology recordings 

(Figure 3.10), their effect could be minimal in co-culture experiments.  

Apart from the use in electrophysiological recordings, immunocytochemistry 

and confocal imaging experiments, this stable cell line can be used in biochemical 

experiments. The expression level of GABAA receptors in these cells can be 

monitored for investigating the effects of different drugs or proteins on GABAA 

receptor assembly and forward trafficking.  

Overall, the expression pattern of α4β3δ-GABAA receptors on the HEK293 cell 

surface is consistent with the observed pattern of expression in neuronal cells 

(Hannan et al., 2020). This indicates that the functional properties of 

extrasynaptic α4β3δ-GABAA receptors stably expressed in HEK293 cells are 

similar to those expressed in neurons. This was crucial for the use of this cell line 

in further studies. Thus, the role of α4β3δ-GABAA receptors in the formation of 

synaptic contacts will be investigated in the following chapter.  
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4. Formation and Functional Maturation of GABAergic 

Synapses is Regulated by Interactions between γ2-

containing GABAA Receptors, Neurexin and 

Neuroligin-2 

4.1 Introduction 

4.1.1 Formation of GABAergic Synapses is Regulated by Various Cell 

Adhesion Molecules 

GABAergic synapses are the most important inhibitory inter-neuronal junctions 

that are essential for maintaining the excitation/inhibition balance in the brain. 

GABAergic synapses are formed by adhesion of the presynaptic terminals at 

specific locations on the plasma membrane of the postsynaptic neurons. This 

process is highly organized and regulated, and it involves the recognition of the 

contact region, recruitment of the pre- and postsynaptic adhesion proteins to 

these regions, and establishment of a functional synaptic transmission by the 

release and reception of the neurotransmitter GABA. In the synaptic cleft, there 

are many adhesion and scaffolding proteins that are important for the formation 

of synapses and maintenance of their normal function (Südhof, 2017). Although 

a large number of transsynaptic proteins has been discovered and shown to 

regulate synapse formation, the question remains as to which proteins are 

absolutely essential for the initiation of synaptogenesis and thus how the 

GABAergic synapses are actually generated. How is this process dynamically 

regulated also remains largely unknown. The complexity of this process brings 
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the major challenge to the investigators. One of the most widely used methods to 

study the role of individual synaptic proteins in this process is the co-culture 

model system in which neurons and non-neuronal HEK293 cells expressing 

proteins of interest are cultured together (Scheiffele et al., 2000). A protein can 

be defined as a cell adhesion molecule if it can induce synaptic contact formation 

when expressed on the surface of non-neuronal cells in this assay. Nevertheless, 

this model system provides information that is limited to the protein of interest.  

4.1.2 The Neurexin-Neuroligin Complex 

The Neurexin-Neuroligin complex is one of the most widely studied components 

of the GABAergic synapses. Neurexin was first discovered as a presynaptic 

receptor for α-latrotoxin which induces Ca2+-dependent synaptic vesicle release 

(Ushkaryov, Petrenko, Geppert and Südhof, 1992). Neurexin is expressed by 

three genes Neurexin 1/2/3 and each neurexin contains a long α-Neurexin and a 

short β-Neurexin, which share an identical cytosolic domain and a single 

transmembrane domain (Südhof, 2017). The extracellular domain of α-Neurexin 

contains six LNS (laminin-neurexin-sex hormone binding globulin) domains with 

three epidermal growth factor-like (EGF) domains between LNS 1/2, LNS 3/4 and 

LNS 5/6 (Reissner, Runkel and Missler, 2013). The shorter β-Neurexin contains 

a single extracellular LNS domain (Reissner, Runkel and Missler, 2013). 

Neurexins play a crucial role in regulating the functional properties of GABAergic 

synapses. Deletion of α-Neurexins by constitutive knockout in mice dramatically 

impairs the action potential-induced Ca2+ influx and hence compromises synaptic 
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transmission due to loss of presynaptic vesicle release (Missler et al., 2003). 

Notably, the deletion of α-Neurexin is lethal to the mice due to the loss of signal 

transmission rather than the loss of GABAergic synapse formation (Missler et al., 

2003). This indicates that neurexins may not be absolutely necessary for 

synaptogenesis but are essential for the functionality of synapses. Although the 

deletion of β-Neurexin is not lethal, the excitatory presynaptic vesicle release is 

significantly decreased in the presence of α-neurexins (Anderson et al., 2015). In 

the olfactory bulb, conditional knockout of Neurexin3β impairs the GABAergic 

synaptic signal transmission by decreasing the presynaptic release probability of 

GABA (Aoto et al., 2015). However, the role of Neurexin in the formation of 

GABAergic synapses has not been well studied.  

One of the best characterized postsynaptic interactors of Neurexins are 

Neuroligins of which there are four isoforms: Neuroligin-(1-4) (NL1-4). NL1 is 

restricted to the excitatory synapses (Song, Ichtchenko, Sudhof and Brose, 1999). 

NL3 is found in both excitatory and inhibitory synapses (Budreck and Scheiffele, 

2007). NL4 is expressed in glycinergic synapses (Hoon et al., 2011). NL2 is 

expressed in GABAergic, dopaminergic and cholinergic synapses (Varoqueaux, 

Jamain and Brose, 2004; Dong et al., 2007; Uchigashima, Ohtsuka, Kobayashi 

and Watanabe, 2016; Takács, Freund and Nyiri, 2013). This is possibly due to the 

role of GABA as a co-transmitter in the latter two types of synapses. NL2 plays 

an important role in GABAergic synaptic formation (Varoqueaux, Jamain and 

Brose, 2004; Dong et al., 2007). Same as the other family members, NL2 is a 
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type 1 membrane protein that includes a large extracellular domain. Two 

interaction sites have been recognized on the extracellular domain of NL2: a 

Neurexin binding site and an interface for Neuroligin dimerization which is not 

restricted to NL2 but is accessible to other Neuroligins due to the highly 

conserved sequence of the dimeric interface between extracellular domains of 

the Neuroligin family (Koehnke et al., 2008). Dimerization is required for 

clustering of the presynaptic Neurexin monomers and is essential for the 

functionality of the transsynaptic signaling (Bang and Owczarek, 2013). In the 

brain, the homodimeric NL2 is predominantly found. Although Neuroligin 

heterodimers are also detected (Poulopoulos et al., 2012), their functionality is 

currently unknown. The smaller intracellular domain of NL2 is different from that 

of other isoforms (Levinson et al., 2010). Different sequences in the intracellular 

domain of NL1-4 are thought to determine how these proteins interact with 

different postsynaptic scaffolding proteins which may impact on their localization 

to either excitatory or inhibitory postsynaptic sites. The intracellular region 

between amino acids 716 and 782 was shown to be critical for the Gephyrin 

interaction and the inhibitory clustering of NL2 at inhibitory synapses (Levinson 

et al., 2010).  

NL2 is also critical for the recruitment of the postsynaptic scaffolding proteins 

Gephyrin and Collybistin. Gephyrin is a 93-kb polypeptide which self-aggregates 

to form a supermolecular hexagonal complex lattice beneath the postsynaptic 

membrane (Groeneweg et al., 2018). Gephyrin is tethered to the cell membrane 
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by binding to Collybistin, a brain-specific guanine nucleotide exchange factor 

(GEF) (Poulopoulos et al., 2009), and is critical in maintaining the GABAA 

receptors synaptic localization and density (Essrich et al., 1998). NL2 was shown 

to be essential for the submembrane localization of the Gephyrin-Collybistin 

complex (Poulopoulos et al., 2009).  

4.1.3 The Role of GABAA Receptors in the Formation of GABAergic 

Synapses 

Functional GABAergic synapses can form in co-culture model systems (Brown et 

al., 2016) and in vivo (Poulopoulos et al., 2009) in the absence of Neuroligins. 

Conversely, formation of the Neurexin-Neuroligin complex can trigger GABAergic 

synaptogenesis in co-culture model systems in the absence or presence of 

GABAA receptors (Craig and Kang, 2007). It has been demonstrated that this 

complex facilitates the clustering of GABAA receptors at the postsynaptic sites by 

interacting with Gephyrin and Collybistin, proteins important for the maintenance 

and function of GABAergic synapses (Poulopoulos et al., 2009). The knock-out 

of NL2 in mice showed severely impaired synaptic transmission and postsynaptic 

GABAergic structures, but not a deficit in synapse formation (Poulopoulos et al., 

2009). This suggests that NL2 may be important for the functional maturation of 

GABAergic synapses but may not be crucial for the initiation of synaptic contacts. 

It has been shown that GABAA receptors alone are able to initiate the 

formation of GABAergic synapses between GABAergic medium spiny neurons 

and HEK293 cells expressing these receptors in a co-culture (Fuchs et al., 2013). 
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The GABAA receptor subunit N-terminal extracellular domain (ECD) was shown 

to contribute to the formation of GABAergic synapses (Brown et al., 2014; 2016) 

possibly by interacting directly with some of the presynaptic proteins including 

Neurexin (Zhang et al., 2010).  

Recently, GARLH4 was described as an auxiliary protein that forms a 

tripartite complex with NL2 and GABAA receptors selectively via the γ2 subunit, 

which is important for the synaptic localization of GABAA receptors (Yamasaki et 

al., 2017, Davenport et al., 2017). This interaction can possibly explain the finding 

that co-expression of GABAA receptors and NL2 in HEK293 cells has a 

synergistic effect in facilitating synapse formation with the medium spiny neurons 

in the co-culture (Fuchs et al., 2013). However, the underlying molecular 

mechanisms involved in this process require further investigation. 

It is important to note that neurexin-2β was shown to interact directly with the 

α1 subunit of the GABAA receptors in vitro and, when applied exogenously to 

cultured neurons, it decreases the GABAergic postsynaptic currents 

independently from NL2 (Zhang et al., 2010). Thus, expression of NL2 may act 

as an “on” switch for synaptic transmission at these initial points of contact by 

recruiting the postsynaptic scaffolding proteins and stabilizing GABAA receptors. 

Therefore, it has been hypothesized that a tripartite interaction between γ2-

containing GABAA receptors, NL2 and Neurexin may be important for initiation 

and functional maturation of GABAergic synapses. 
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4.1.4 Aim and Hypothesis 

The aim of this chapter was to investigate the role of Neurexin-GABAA receptor-

NL2 interactions in the formation and functional maturation of GABAergic 

synapses. To test this hypothesis, a co-culture model system incorporating either 

a HEK293 stable cell line expressing α2β2γ2-GABAA receptors or HEK293 stable 

cell line expressing α4β3δ-GABAA receptors, and GABAergic medium spiny 

neurons was used. I investigated the following specific questions: 

- Are extrasynaptic α4β3δ-GABAA receptors able to induce GABAergic 

synapse formation in the co-culture model system in the presence or 

absence of NL2? 

- Are the synapses formed in the presence of NL2 with α4β3δ- or α2β2γ2-

GABAA receptors functional? 

- Which subunits mediate the synergistic effects of GABAA receptors and 

NL2 in inducing GABAergic synapses? 

- What is the mechanism underlying this synergistic effect? 
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4.2 Materials and Methods 

4.2.1 Cell Culture 

Culturing of medium spiny neurons and HEK293 cells and preparation of co-

cultures was described in Chapter 2 section 2.1. Immunocytochemistry protocol 

was described in Chapter 2 section 2.3.  

4.2.2 Cell Surface ELISA 

Cell surface ELISA was performed using a well-established protocol (Jovanovic 

et al., 2004). HEK293 cells stably expressing GABAA receptors were transfected 

with HA-tagged NL2 cDNA (Poulopoulos et al., 2009) as described in the Chapter 

2 section 2.2.2, and incubated in 24-well plates coated with 0.1 mg/ml poly-D-

lysine (Sigma Aldrich) in the 37 ℃ 5 % CO2 humidified incubator for 24 hours. 

After incubation, the cells were fixed with 4 % paraformaldehyde (PFA)/4 % 

sucrose in phosphate-buffered saline (PBS) (w/v, pH 7.0) for 10 minutes at room 

temperature on a rocking plate. When the PFA was aspirated, the samples were 

washed with PBS first and then Hanks' Balanced Salt Solution (HBSS) (Thermo 

Fisher). The cells were incubated in 1 % BSA (Sigma Aldrich) in HBSS in order 

to block any non-specific interactions between the primary antibodies and other 

proteins. The anti-HA tag primary antibody (ab184643, Abcam) was diluted 

(1:10,000) in 1 % BSA in HBSS and added to the cells. The cells were incubated 

overnight at 4 ℃. The next day after the primary antibody was washed with HBSS, 

the cells were blocked in 1 % BSA in HBSS for 30 minutes at room temperature 
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on a rocking plate. The secondary antibody conjugated to horseradish peroxide 

(HRP) (31460, Thermo Fisher) was diluted in 1 % BSA in HBSS (1:2500) and 

added to the cells which were then incubated at room temperature for 1 hour on 

a rocking plate. The secondary antibodies were washed multiple times with HBSS. 

The HRP activity was detected using 0.5 ml Enhanced K-Blue® substrate 

(tetramethylbenzidine, TMB, Neogen), which was added to each well and 

transferred into 1.5 ml distilled H2O after 5-10 minutes. The time of incubation 

between different wells in the 24-well plate was kept constant. The oxidation of 

TMB substrate by HRP produced blue color, the absorbance of which was 

measured at 650 nm by DU800 spectrophotometer (Beckman Coulter).  

4.2.3 Calcium-Phosphate Based Transfection 

The HEK293 cell cultures were ~ 70 % confluent in T75 tissue culture flasks when 

they were subjected to calcium phosphate-based transfection (Jordan and Wurm, 

2004). For the study of interaction between NL2 and GABAA receptors, HEK293 

cells were transfected with cDNAs of α1/2, β3 and γ2 subunits with myc-tag 

(Connolly et al., 1996) for the expression of GABAA receptors. Equal amount of 

NL2HA cDNA or control with empty PRK5 plasmid was mixed with the GABAA 

receptor cDNAs to make up to 20 μg (5 μg each) in total for transfection. The 

DNA mixture was mixed with 100 μl 2.5 M CaCl2 and made up to 1 ml with 1/10 

Tris-EDTA (TE) buffer and then shaken vigorously for 15 seconds. The mixture 

was added to 2 × HBS (50 mM HEPES, 280 mM NaCl, 1.1 mM Na2HPO4), pH 

7.4 solution drop-by-drop slowly and mixed. The precipitates were incubated for 



 

Page | 105  
 

45 minutes at the room temperature, added to the cells drop-by-drop and 

incubated in the 37 ℃ 5 % CO2 humidified incubator for 24 hours.  

4.2.4 Detection of Presynaptic Activity by Uptake of Synaptotagmin 

Antibody 

This method is based on the immunocytochemistry and confocal imaging of co-

cultures of medium spiny neurons and HEK293 cells expressing proteins of 

interest as described in the Chapter 2, section 2.1.3 and 2.3. Synaptotagmin 1 is 

a synaptic vesicle associated protein which regulates their fusion with the 

presynaptic terminal membrane when activated by Ca2+ ions to release GABA 

into the synaptic cleft of GABAergic synapses (Chapman, 2008). During the 

fusion of synaptic vesicles synaptotagmin 1 is transiently expressed at the 

surface of active nerve terminals with its intraluminal domain facing the 

extracellular environment (Fernández-Alfonso, Kwan and Ryan, 2006), before it 

is endocytosed back into the pool of vesicles. While at the cell surface, 

synaptotagmin can be labelled with a Cy5-labelled anti-synaptotagmin 1 luminal 

domain-specific antibody which can be internalized together with synaptotagmin, 

thus allowing fluorescent labeling of active terminals. We have employed this 

method to study the activity of GABAergic terminals of medium spiny neurons in 

co-culture with HEK29 cells stably expressing GABAA receptors. After platting the 

HEK293 cells into the medium spiny neuron culture (12 days in vitro) the co-

cultures were incubated in the 37 ℃ 5 % CO2 humidified incubator for 24 hours. 

The medium was aspirated and replaced with Neurobasal medium containing 
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1:50 diluted anti-synaptotagmin 1 luminal domain-specific antibody (105311C5, 

Synaptic Systems) and incubated the 37 ℃ 5 % CO2 humidified incubator for 30 

minutes. The co-cultures were protected from light during the rest of the 

procedure. The cells were washed with PBS to remove excess antibody and fixed 

using 4 % PFA solution at room temperature for 10 minutes. The PFA was 

aspirated and the cells were rinsed with PBS twice briefly followed by three 5-

minute washes. The residual aldehyde groups of PFA were then blocked with 0.3 

M glycine in PBS for 10 minutes at room temperature, followed by multiple 

washes with PBS. The cells were permeabilized with 0.5 % Triton-X-100 in PBS 

for 10 min at room temperature, followed by multiple washes with PBS. The cells 

were blocked in 1 % BSA in PBS for 30 minutes at room temperature. After the 

blocking solution was aspirated, Anti-VGAT antibody (131003, Synaptic Systems) 

was diluted (1:500) in 1 % BSA and added to the co-culture for the detection of 

all presynaptic GABAergic terminals. The cells were blocked in 1% BSA in PBS 

for 30 minutes at room temperature. After the blocking solution was aspirated, 

fluorescently-labelled secondary antibodies (AlexaFluoro™) were diluted in 1 % 

BSA in PBS (1:750) and added to the cells for 1 hour at room temperature 

protected from light, followed by brief rinsing twice and multiple washes with PBS. 

The coverslips were mounted on glass slides with ProLong™ Gold antifade 

reagent (Invitrogen). The slides were dried at room temperature protected from 

light and kept at 4 ℃ in boxes. The coverslips were imaged using Zeiss confocal 

microscope LSM 700 with 63x oil-immerse objective. For single HEK293 cell 
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imaging, a z-stack with 0.70 μm interval series of images covering the whole 

HEK293 cell (~ 10 μm) were obtained with 12-bit depth.  

4.2.5 Co-immunoprecipitation 

4.2.5.1 Rat Brain Extracts 

A male adult rat was sacrificed under Schedule 1 methods according to the UK 

Home Office. The brain was dissected with pre-chilled tools to obtain cerebral 

hemispheres on ice. The cortex and striatum were dissected and cut into small 

pieces and transferred into the glass-glass homogenizer (Wheaton) containing 2 

ml pre-chilled lysis buffer (20 mM HEPES pH 7.4, 100 mM NaCl, 1 % TritonX-

100, 2 mM CaCl2, 1 mM MgCl2). Protease inhibitors (phenylmethylsulfonyl fluorid 

(PMSF), 10 μM; leupeptin, chymostatin, pepstatin, 5 μg/ml each; Peptide Institute) 

were added to the lysis buffer before homogenization. The tissue was 

homogenized with the glass homogenizer up and down for 30 times on ice and 

then transferred into 15 ml Falcon tube. The homogenized lysates were agitated 

at 4 ℃ for 2 hours and then centrifuged at 21,000 rpm for 10 min at 4 ℃. The 

supernatant was collected and the concentration of protein was determined by 

Bradford assay (Bio-Rad). The input (1 mg total protein) was incubated with 10 

μg of GABAA receptor α1/2 subunit-specific IgG (Duggan and Stephenson, 1990) 

or non-immune control IgG (31243, Invitrogen; from the same species as the 

specific antibody) for 2 hours at 4 ℃. The mixture was then incubated with 1 % 

BSA coated Protein-G-Sepharose beads (Generon) for 1 hour at 4 ℃. The 

mixture was washed with the lysis buffer 3 times quickly and 3 times for 10 min 
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at 4 ℃. The supernatant was removed and proteins pulled down with beads were 

denatured with Laemmli SB (62.5 mM Tris, pH 8.0, 2 % SDS, 10 % glycerol, 

0.0025% Bromophenol Blue, 100 mM DTT) with 10-minute incubation at 95 ℃, 

and then separated using SDS/PAGE. The proteins were aligned in a stacking 

gel (125 mM Tris, pH 6.8, 0.1 % SDS, 5.1 % poly-acrylamide, 0.05 % APS, 0.1 % 

tetramethyl ethylenediamine (TEMED, Fisher Bioreagents)) and then separated 

in 8 % separation gel (0.375 M Tris pH 8.8, 0.1 % SDS, 8 % poly-acrylamide, 

0.025 % APS and 0.05 % TEMED). Proteins were transferred onto a solid 

nitrocellulose membrane (10600011, Amersham) in TB (20 mM Tris, 120 mM 

glycine, pH 8.6, 20 % methanol) at the current of 200 mA for 4 hours. Ponceau-

S (A40000279, Thermo Fisher Scientific) was then used to visualize the protein 

bands on the nitrocellulose membrane. After Ponceau-S was washed with water, 

the membrane was incubated in blocking solution (1.5 % (w/v) milk, 10% TBS-

Tween (50 mM Tris pH 7.6, 200 mM NaCl, 0.05 % Tween-20)) for 30 minutes to 

block non-specific binding of the primary antibodies. The blocking solution was 

aspirated and the membrane was incubated with primary antibody specific to NL2 

(129203, Synaptic Systems) or Neurexin 1/2/3 (175003, Synaptic Systems) 

diluted in blocking solution for at least 1.5 hour at room temperature or overnight 

at 4 ℃ on a GYRO-Rocker rocking plate (Jencons-PLS). After incubation, the 

primary antibody was removed and the membrane was washed with blocking 

solution. The goat anti-rabbit secondary antibody conjugated to alkaline 

phosphate (A16099, Invitrogen) was diluted (1:1000) in blocking solution and 
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added to the membrane and incubated for 1 hour at room temperature on the 

rocking plate. The membrane was washed and proteins were visualized with 

BCIP/NBT substrates reaction as described in Chapter 2 section 2.6.  

4.2.5.2 Transfected HEK293 Cells 

HEK293 cells were transfected with myc-tagged GABAA receptor subunits and 

NL2HA cDNAs as described in section 4.2.4. After 24-hour incubation, the DMEM 

was aspirated and cells were washed twice with pre-chilled PBS on ice. The 

HEK293 cells were lysed using lysis buffer (0.5 ml per T75 flask) with Protease 

inhibitors followed by homogenization, antibody/ Protein-G-Sepharose beads 

incubation and immunoblotting as described in section 4.2.5.1.  

4.2.6 P2 Synaptosome Fractionation 

The cortex was obtained using the same method as in section 4.2.4. The tissue 

was cut and homogenized in pre-chilled 320 mM sucrose (VWR) at 4 ℃ using 

Potter-Elvehjem tissue grinder with a motor-driven Teflon pestle rotated at 900 

rpm using 8/10 up and down strokes. The homogenate was diluted two-fold and 

centrifuged at 5200 rpm for 2 min at 4 ℃ (Avanti J-20 XPI, Beckman). The 

supernatant S1 was centrifuged at 11400 rpm for 10 min at 4 ℃ to collect the 

pellet P2. The P2 pellet was resuspended in 30 ml HEPES buffered incubation 

medium (140 mM NaCl, 5 mM Na2HCO3, 1 mM MgCl2·6H2O, 1.2 mM Na2HPO4, 

10 mM HEPES, pH 7.4) (HBM) and centrifuged at 5180 rpm for 10 min at 4 ℃, 

which was repeated once. The pellet was then resuspended in 1 ml lysis buffer 
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for immunoprecipitation experiment as described in section 4.2.5.1 or lysed with 

2 % SDS for immunoblotting analysis.  

4.2.7 Super-Resolution Imaging 

Super-resolution imaging using a structured illumination microscope (SIM) allows 

acquisition of images of fluorescently labelled samples with increased resolution 

which breaks the limit due to the diffraction barrier when using conventional 

widefield or confocal microscopes. The highly mathematical and computer based 

super-resolution SIM applies a Moiré fringe pattern which increases the 

resolution limit by at least two-fold due to the frequency mixing of the fluorophores 

nearby (Allen, Ross and Davidson, 2014). The raw data was then processed by 

Fourier analysis which reconstructs the high frequency information in reciprocal 

space to produce a structured illuminated output (Allen, Ross and Davidson, 

2014). The image was processed to correct the chromatic aberration and 

deconvolved with the point scatter function for statistical analysis.  

The HEK293 cells stably expressing α2β2γ2- or α4β3δ-GABAA receptors were 

transfected with NL2HA cDNA and co-cultured with embryonic rat medium spiny 

neurons. The co-culture coverslips were prepared in the same method as 

described for immunocytochemistry and confocal imaging in the Chapter 2, 

section 2.3. The GABAA receptors were labelled with α2 (1:500; 224103, Synaptic 

Systems) or α4 (1:200; Hörtnagl et al., 2013) subunit-specific antibodies, 

respectively. The synaptic contacts were labelled with presynaptic active zone 

marker bassoon-specific antibody (MA1-20689, Thermo Fischer). Images were 
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acquired using ELYRA PS.1 SIM (Carl Zeiss) at 63x oil lens following chromatic 

shift correction by recording fluorescent beads. A 4 μm z-stack with 0.110 μm 

intervals of the samples was acquired to keep the z-range in focus. The images 

were then processed by Structured Illumination and Channel Alignment function 

in Zen 2012 Software. The images were deconvolved and analyzed using SVI 

Huygens Professional software. After deconvolution, the background was 

eliminated using Coastes Optimized method (Coastes et al., 2004). The Manders 

coefficients M1, which represents the fraction of the Bassoon-positive pixels that 

are also positive to the GABAA receptor α2 or α4 subunits signals, and M2, which 

represents the fraction of GABAA receptor α2 or α4 subunits-positive pixels that 

are also positive to the bassoon signal were calculated using the software based 

on the algorithm described by Manders et al. in 1992.  
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4.3 Results 

4.3.1 Formation of GABAergic Synapses can be initiated by α2β2γ2- but 

not α4β3δ-GABAA Receptors in vitro 

The α4β3δ-GABAA receptors are prototypical extrasynaptic receptors with distinct 

physiological properties and subunit composition to the synaptic GABAA 

receptors. They have been shown to mediate tonic inhibition with their 

perisynaptic localization in neuronal cultures (Hannan et al., 2020). Given that 

synaptic GABAA receptors composed of α1β2γ2, α2β2γ2, α1β3γ2 or α2β3γ2 subunits 

have been demonstrated to facilitate the formation of GABAergic synapses 

(Brown et al., 2016), we wanted to test if the α4β3δ-GABAA receptors can initiate 

or regulate the formation of GABAergic synapses in the absence of other 

postsynaptic cell adhesion molecules, such as NL2, under similar experimental 

conditions as the synaptic receptors.  

The α4β3δ-GABAA receptor stable cell line characterized in Chapter 3 was 

used to create a co-culture with the embryonic rat medium spiny neurons in which 

synapse formation can be studied as described previously (Brown et al., 2014). 

The α4β3δ-GABAA receptor-expressing HEK293 cells were first transfected with 

GFP cDNA to allow visualization of HEK cells under the confocal microscope and 

24 hours later, the cells were transferred to cultures of differentiated embryonic 

medium spiny neurons (14 DIV) and further incubated for 24 hours in 37 ℃ in the 

5 % CO2 humidified incubator, which is the minimum time required for synaptic 

contacts to be formed (Brown et al., 2014). The cells were subsequently fixed and 
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subjected to immunolabeling with primary and fluorescently-labelled secondary 

antibodies to label the VGAT protein specific for the presynaptic GABAergic 

terminals. Fluorescent z-stack images of GFP labelled HEK cells which were in 

the vicinity of at least one or several medium spiny neuron projections were 

acquired by Zeiss confocal microscope LSM 710 using 63× lens (Figure 4.3.1). 

The interval between each z-stack was 0.70 μm.  

Quantification of the % area of co-localized pixels (as described in section 

2.4) that represents contacts between VGAT terminals and HEK293 cells 

demonstrated no significant difference between the wt-HEK293 cell line and 

α4β3δ-GABAA HEK293 cell line (median = 0.30 %; IQR = 0.04 - 0.46 %; n = 21 

cells vs. median = 0.36 %; IQR = 0.24 - 0.63 %; n = 18 cells, respectively; from 

N = 2 independent experiments, p > 0.05, Figure 4.3.2).  

Quantification of the number of co-localized pixels between VGAT terminals 

and HEK293 cells also demonstrated no significant difference between wt-

HEK293 cell line and α4β3δ-GABAA receptor-expressing HEK293 cell line 

(median = 51; IQR = 20 – 106; n = 21 cells vs. median = 38; IQR = 25 – 53; n = 

18 cells, respectively; from N = 2 independent experiments, p > 0.05, Figure 

4.3.2).  

These results indicate that α4β3δ-GABAA receptors do not promote the 

formation of inhibitory synapses in this model system, indicating that this activity 

is specific to synaptic GABAA receptor subtypes (Brown et al., 2016).  
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A 

Figure 4.3.1 

Synaptic contact formation in co-culture of (A) wt-HEK293 cells; (B) α4β3δ-GABAA receptor-

expressing HEK293 cells and embryonic medium spiny neurons. HEK293 cell lines 

expressing GFP were incubated in co-culture with medium spiny neurons for 24 hours. The 

HEK293 cell body was visualized by GFP (green) and synaptic terminals of medium spiny 

neurons were labelled with VGAT antibody (blue). Scale bar = 20 μm. Fluorescent imaging 

was done using Zeiss 700 confocal microscope at 63 × magnification with image size 1024 

× 1024. Max intensity projection of the z-stack images was shown. The enlarged images 

are 10 × zoom in. 
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Figure 4.3.2 

The α4β3δ-GABAA receptors expressed in HEK293 cells do not promote the formation of 

synaptic contacts with the medium spiny neurons in co-culture. Quantitative analysis of 

VGAT positive terminals in contact with HEK293 cells imaged using confocal microscopy. 

(A) The % area of co-localized pixels that represents contacts between VGAT terminals 

and HEK293 cells. (B) The number of co-localized pixels between VGAT terminals and 

HEK293 cells. The box and whisker plot show the mean (square dot with no fill), median 

(horizontal line), standard deviation (whiskers) and the outliers (square dot black fill). Data 

from n = 21 wt-HEK293 cells and n = 18 α4β3δ-GABAA receptor-expressing HEK293 

cells; N = 2 independent experiments. Shapiro-Wilk normality test was used to test the 

normal distribution of the data and Mann-Whitney test was used to analyze statistical 

significance of the difference. (* p < 0.05) 
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Figure 4.3.3 

Fluorescent immunolabelling of α2, β2 

and γ2 subunits on the cell surface of 

α2β2γ2-GABAA receptor-expressing 

HEK293 cell line. wt-HEK293 cells 

were used as negative control. The 

three subunits were visualized using 

specific antibodies for: α2 in 488 

(green), β2 in cy5 (blue) and γ2 in 555 

(red), respectively. The merged 

channel shows the co-localisation of 

the three subunits on the cell surface. 

wt-HEK293 cells show no expression 

of either α2, β2 or γ2 subunits. Scale bar 

= 20 μm. The DIC channel shows all 

the cells in the field. Fluorescent 

imaging was done using Zeiss 700 

confocal microscope at 40 x 

magnification. 



 

Page | 117  
 

HEK293 cells stably expressing α2β2γ2-GABAA receptors at the cell surface 

(Figure 4.3.3) were co-cultured with the medium spiny neurons (14 DIV) under 

the same conditions as previously described for the α4β3δ-GABAA receptor-

expressing HEK293 cell line. The contacts were identified and quantified as 

described above. Figure 4.3.4 shows representative images of synaptic contacts 

formed in co-culture.  

Quantification of the % area of co-localized pixels that represents contacts 

between VGAT terminals and HEK293 cells revealed a significant increase in 

synaptic contact formation in the presence of α2β2γ2-GABAA receptors in 

comparison with the wt-HEK293 cell line (median = 0.20 %; IQR = 0.16 % - 

0.30 %; n = 17 cells vs. median = 0.08 %; IQR = 0.03 % - 0.21 %; n = 21 cells, 

respectively; from N = 2 independent experiments, p < 0.05, Figure 4.3.5).  

Quantification of the number of contacts also showed that the difference 

between α2β2γ2-GABAA receptor-expressing HEK293 cells and wt-HEK293 cells 

is statistically significant (median = 45; IQR = 25 - 71; n = 17 cells vs. median = 

24; IQR = 12 - 45; n = 21 cells, respectively; from N = 2 independent experiments, 

p < 0.05, Figure 4.3.5).  

Together, the data show that with the expression of α4β3δ-GABAA receptors, 

the median of % area is 1.2 × higher than without expression of GABAA receptors 

(wt-HEK293 cells) albeit not significantly different (Figure 4.3.2) while with the 

expression of α2β2γ2-GABAA receptors the median of % area is 2.5 × higher than 

without expression of GABAA receptors (Figure 4.3.5). For the count of co-



 

Page | 118  
 

localized pixels, the median is 0.75 × when α4β3δ-GABAA receptors are 

expressed in comparison with the wt-HEK293 cells, but not significantly different 

(Figure 4.3.2), while the median count for α2β2γ2-GABAA receptor expressing-

HEK293 cells is 1.88 × higher than median obtained with the wt-HEK293 cells in 

which the difference was statistically significant (p = 0.03, Figure 4.3.5). These 

experiments indicate that the ability to promote synaptic contact formation is 

specific for the synaptic GABAA receptor subtypes, such as the α2β2γ2-GABAA 

receptors, while the extrasynaptic subtypes do not display this activity. This is in 

agreement with the previously published findings from our laboratory (Fuchs et 

al., 2013; Brown et al., 2016).  

  



 

Page | 119  
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B 

Figure 4.3.4 

Synaptic contacts formation in co-culture of (A) wt-HEK293 cells; (B) α2β2γ2-GABAA 

receptor-expressing HEK293 cells and embryonic medium spiny neurons. HEK293 cell 

lines expressing GFP were incubated in co-culture with medium spiny neurons for 24 hours. 

The whole cell body was visualized by GFP (green) and synaptic terminals of medium spiny 

neurons were labelled with VGAT antibody (blue). Scale bar = 20 μm. Fluorescent imaging 

was done using Zeiss 700 confocal microscope at 63 × magnification with image size 1024 

× 1024. Max intensity projection of the z-stack images was shown. The enlarged images 

are 10 × zoom in. 
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Figure 4.3.5 

The α2β2γ2-GABAA receptors expressed in HEK293 cells can initiate the formation of 

synaptic contacts between these cells and medium spiny neurons in co-culture. 

Quantitative analysis of VGAT positive terminals in contact with HEK293 cells imaged using 

confocal microscopy. (A) The % area of co-localized pixels that represents contacts 

between VGAT terminals and HEK293 cells. (B) The number of co-localized pixels between 

VGAT terminals and HEK293 cells. The box and whisker plot show the mean (square dot 

with no fill), median (horizontal line), standard deviation (whiskers) and the outliers (square 

dot black fill). Data from n = 21 wt-HEK293 cells and n = 17 α2β2γ2-GABAA receptor-

expressing HEK293 cells; N = 2 independent experiments. Shapiro-Wilk normality test 

was used to test the normal distribution of the data and Mann-Whitney test was used to 

analyze the statistical significance of the difference. (* p < 0.05) 
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4.3.2 Initiation of GABAergic Synapses in the presence of GABAA 

Receptors and NL2 

The synaptogenic effect of NL2 have been well characterized by many groups 

(for review: Lu, Bromley-Coolidge and Li, 2017). I therefore aimed to characterize 

the synaptogenic effects of GABAA receptors in the presence of NL2 given that 

these proteins are co-localized at the majority of GABAergic synapses in the brain 

(Varoqueaux, Jamain and Brose, 2004; Dong et al., 2007; Yamasaki et al., 2017). 

To investigate this question, NL2 cDNA was transfected into wt-, α2β2γ2- or α4β3δ-

GABAA receptor-expressing HEK293 cell lines and synaptic contact formation 

was assessed using the same approach as above.  

4.3.2.1 Cell Surface Expression of NL2 in the wt-, α2β2γ2- or α4β3δ-GABAA 

Receptor-Expressing HEK293 cell lines 

First, I have assessed whether intracellular processing and surface expression of 

NL2 may vary between the three HEK293 cell lines as this would have an impact 

on synaptic contact formation. In these experiments, NL2HA cDNA was 

transfected into the individual cell lines and its surface and total expression 

quantified using cell surface ELISA with an HA tag-specific antibody. The ELISA 

results showed no change in either surface or total levels of NL2 expression in 

the three HEK293 cell lines (Figure 4.3.6).  
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Figure 4.3.6 

(A) Cell surface and (B) total expression of NL2 in the wt, α2β2γ2-GABAA receptor- or α4β3δ-

GABAA receptor-expressing HEK293 cells. HEK293 cells were transiently transfected with 

NL2HA cDNA and 24 hours later fixed and incubated with an HA-tag specific antibody 

followed by an HRP-conjugated secondary antibody. The color substrate absorbance was 

measured at λ = 650 nm. NL2 surface and total expression showed similar values in all 

three groups indicating that co-expressed GABAA receptors do not influence how NL2 is 

processed in these cells. Data from N = 3 independent experiments. Each experiment was 

done in triplicates.  
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4.3.2.2 Synergistic effects of GABAA Receptor and NL2 in Synaptic Contact 

Formation 

To investigate whether and how co-expression of GABAA receptors and NL2 in 

HEK293 cells regulates the formation of synaptic contacts, HEK293 cells stably 

expressing α2β2γ2-GABAA receptors or α4β3δ-GABAA receptors or the wt-HEK293 

cells were transfected with GFP and mcherry-tagged NL2 cDNAs and co-cultured 

with ~E17 rat medium spiny neurons for 24 hours. The cells were fixed and 

immunolabeled with an VGAT-specific antibody to detect GABAergic terminals in 

contact with HEK293 cells using confocal microscopy. Synaptic contacts were 

defined based on signal colocalization between the VGAT and GFP (green and 

blue channel in Figure 4.3.7) and analyzed using Image J as described in the 

section 2.4.  
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Figure 4.3.7 

Synapse formation in co-culture of (A) wt-HEK293, (B) α4β3δ-GABAA receptor-

expressing HEK293 and (C) α2β2γ2-GABAA receptor-expressing HEK293 cells and 

embryonic medium spiny neurons. HEK293 cells expressing GFP and NL2 were incubated 

in co-culture with medium spiny neurons for 24 hours. The whole cell body was visualized 

by GFP (green); NL2 was tagged with cherry-tag (red); and synaptic terminals of striatal 

neurons were labeled with VGAT antibody (blue). Scale bar = 20 μm. Fluorescent imaging 

was done using Zeiss 700 confocal microscope at 63 × magnification with image size 512 

× 512. Max intensity projection of the z-stack images was shown. The enlarged images are 

10 × zoom in. 
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Quantitative analysis of colocalization of presynaptic terminals and HEK293 

cells was obtained using the method described in section 4.3.1. Furthermore, the 

data were normalized with the expression level of NL2 by the mean intensity 

expressed in the form of x 104 for the convenience in calculation to take into 

account variation due to transient transfection of NL2 in HEK293 cells.  

Quantification of the % area of co-localized pixels that represents contacts 

between VGAT terminals and HEK293 cells revealed a significant increase in 

synapse formation in the presence of GABAA receptors and NL2 (Figure 4.3.8A). 

The presence of NL2 significantly increased the synapse formation in all three 

cell lines as observed previously (Scheiffele et al., 2000; Fuchs et al., 2013). 

Compared to wt-HEK293 cell line, the presence of α4β3δ-GABAA receptors 

significantly increased the formation of synapses in the presence of NL2 (median 

= 0.95 %; IQR = 0.52 % - 1.49 %; n = 53 cells vs. median = 1.81 %; IQR = 1.25 % 

- 3.02 %; n = 52 cells, respectively; from N = 4 independent experiments, p < 

0.05). In the presence of α2β2γ2-GABAA receptors, the synapse formation was 

further increased significantly compared with the α4β3δ-GABAA receptor-

expressing HEK293 (median = 3.28 %; IQR =1.96 % - 4.78 %; n = 52 cells vs. 

median = 1.81 %; IQR = 1.25 % - 3.02 %; n = 52 cells, respectively; from N = 2 

independent experiments, p < 0.05). The difference between the wt- and α2β2γ2-

GABAA receptor-expressing HEK293 cell lines was also significant (p < 0.05).  

Quantification of the number of co-localized pixels between VGAT terminals 

and HEK293 cells demonstrated similar changes in synapse formation in the 
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presence of NL2 (Figure 4.3.8B). However, no significant difference was 

observed between wt-HEK293 and α4β3δ-GABAA receptor-expressing HEK293 

cell lines (median = 51; IQR = 30 - 96; n = 53 cells vs. median = 47; IQR = 32 - 

84; n = 52 cells, respectively; from N = 4 independent experiments, p > 0.05). In 

the presence of α2β2γ2-GABAA receptors, synapse formation was significantly 

increased when compared to that of α4β3δ-GABAA receptors (median = 72; IQR 

= 51 - 125; n = 52 cells vs. median = 47; IQR = 32 - 84; n = 52 cells, respectively; 

from N = 4 independent experiments, p < 0.05). The difference between wt- and 

α2β2γ2-GABAA receptor-expressing HEK293 cell lines was also significant (p < 

0.05). 

The count analysis showed consistent but more variable effects of GABAA 

receptors and NL2 expression on synapse contact formation in comparison with 

the % area analysis. The reason for this discrepancy could be the change in the 

morphology and size of HEK293 cells after transfection. We have observed that 

the wt-HEK293 cells had more uniform shape and size than the α2β2γ2-GABAA 

and α4β3δ-GABAA expressing cells. When using the % area analysis, as 

described in Chapter 2 section 2.4, the synaptic contacts were represented by 

the area they occupy on the surface of HEK293 cells normalized to the total 

surface area, which reduces the impact of variability in size and shape among 

the HEK293 cells on synaptic contacts analysis (Brown et al, 2016, 2015). On the 

contrary, the count analysis involved no consideration of the variation in size and 

shape among the HEK293 cells and the probability of receiving the larger number 
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of contacts by default due to the larger cell size and surface area. Therefore, 

remaining data included in this Chapter were quantified as the % area of HEK293 

cell surface occupied by the nerve terminals forming the synaptic contacts.  

Together, these results indicate that GABAA receptors and NL2 cooperate 

during the process of synapse formation. This was detected for both synaptic and 

extrasynaptic GABAA receptors, although the effects of synaptic GABAA 

receptors were significantly stronger. Whether these effects require active 

signaling through GABAA receptors or are mediated by direct protein-protein 

interactions between GABAA receptors and NL2 will be investigated further in this 

chapter.  
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Figure 4.3.8 

Quantitative analysis of HEK293 (wt, α4β3δ and α2β2γ2) cell in contact with VGAT terminals in the 

presence of NL2. The % area and Count was normalized with expression level of NL2. (A) 

Normalized % area of colocalization. The synapse formation was significantly higher in the presence of 

NL2 with α4β3δ-GABAA receptors than in wt-HEK293 cells (p = 0.00003). The α2β2γ2-GABAA receptors 

promoted significantly higher synapse formation than α4β3δ-GABAA receptors (p = 0.003). (B) 

Normalized count of colocalization. The synapse formation was significantly higher in the presence of 

NL2 in α2β2γ2-HEK293 cell line than in α4β3δ-HEK293 (p = 0.002) cell line. The box and whisker plot 

shows the mean (square dot with no fill), median (horizontal line), standard deviation of the mean 

(whiskers) and the outliers (square dot black fill), with filled dots representing individual data. Data from 

wt-HEK293 cells (n = 53, from N = 4 independent experiments), α4β3δ-GABAA receptor-expressing 

HEK293 cells (n = 52, from N = 4 independent experiments) and α2β2γ2-GABAA receptor-expressing 

HEK293 cells (n = 52, from N = 4 independent experiments). Shapiro-Wilk normality test was used to 

test the normal distribution of the data and Kruskal Wallis ANOVA followed by Dunn’s test was used to 

analyze the statistical significance of the difference. (* p < 0.05) 
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4.3.2.3 Synergistic Effects of GABAA Receptors with NL2 Depend on the 

Subunit Composition but not Activity of GABAA Receptors 

Given a clear difference between the synaptic and extrasynaptic GABAA 

receptors in inducing synapse formation in the presence of NL2, my next aim was 

to define which subunits of GABAA receptors mediate these effects. In these 

experiments, I have employed a stable cell line expressing the β3 subunit (B2 

clone) initially described in the Chapter 3, section 3.3.3. These cells were 

transiently transfected with α2, α4, γ2 or δ subunits together with NL2 to produce 

the following receptor subtypes: α2β3δ, α2β3γ2, α4β3δ or α4β3γ2 (Figure 4.3.9). The 

cells were co-cultured with the medium spiny neurons for 24 h, fixed and 

immunolabelled with a Bassoon-specific antibody and VGAT-specific antibody to 

detect GABAergic terminals forming contacts with HEK293 cells using confocal 

microscopy. The immunolabeling of Bassoon provides visualization of the 

presynaptic active zone in GABAergic terminals while immunolabeling of VGAT 

reveals the intraterminal small synaptic vesicle clusters (Fernández-Alfonso, 

Kwan and Ryan, 2006). NL2 was labelled with cherry-tag. Synaptic contacts were 

defined based on signal colocalization between the Bassoon and NL2 (cyan and 

red channel in Figure 4.3.9) and analyzed using Image J. The γ2 subunit was 

visualized using γ2-specific antibody (Mohler et al., 1995) and the δ subunit was 

tagged with GFP-tag (Hannan et al., 2020). The presynaptic marker VGAT was 

also imaged. The HEK293 cells expressing heteropentameric GABAA receptors 

were confirmed with the expression of γ2 or δ subunit on the surface (Figure 
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4.3.10) as these two subunits can only be inserted into the plasma membrane 

when co-assembled together with the α and β subunits.  
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Figure 4.3.9 

Synaptic contact formation in co-culture of HEK293 cells and embryonic medium spiny 

neurons. HEK293 cells expressing (A) α2β3δ-, (B) α2β3γ2-, (C) α4β3δ- and (D) α4β3γ2-GABAA 

receptors and NL2 were incubated in co-culture with medium spiny neurons for 24 hours. 

NL2 was tagged with cherry-tag (red); GABAergic terminals were labelled with VGAT 

antibody (blue) and Bassoon antibody (cyan). Scale bar = 20 μm. Fluorescent imaging was 

done using Zeiss 700 confocal microscope at 63 × magnification with image size 1024 × 

1024. Max intensity projection of the z-stack images was shown. The enlarged images are 

10 × zoom in. 
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Figure 4.3.10 

Surface expression of GABAA receptor δ or γ2 subunits in HEK293 cells expressing NL2 

and (A) α2β3δ-, (B) α2β3γ2-, (C) α4β3δ- and (D) α4β3γ2-GABAA receptors in co-culture with 

embryonic medium spiny neurons. Note that the fluorescent labelling of δ and γ2 subunits 

is not directly comparable because the former was visualized with the GFP tag while the 

latter was visualized using specific antibody. Fluorescent imaging was done using Zeiss 

700 confocal microscope at 63 × magnification with image size 1024 ×1024. Max intensity 

projection of the z-stack images was shown.  
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Quantification of the % area of co-localized pixels that represents contacts 

between presynaptic Bassoon and postsynaptic NL2 on HEK293 cell surface 

demonstrated that the level of synapse formation was significantly higher with 

α2β3γ2 combination (median = 1.22 %; IQR = 0.54 % – 1.96 %; n = 45) than α2β3δ 

(median = 0.62 %; IQR = 0.17 % – 1.19 %; n = 43), α4β3δ (median = 0.69 %; IQR 

= 0.34 % – 1.01 %; n = 43) or α4β3γ2 (median = 0.78 %; IQR = 0.36 % – 1.20 %; 

n = 43) (from N = 3 independent experiments, p < 0.05; Figure 4.3.11). No 

significant difference was observed with the other subunit combinations.  

These data indicate that GABAA receptor α2 and γ2 subunits are important for 

the further induction of synaptic contact formation in the presence of NL2  
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Figure 4.3.11 

Quantitative analysis of HEK293 (α2β3δ, α2β3γ2, α4β3δ and α4β3γ2) cell area in contact with 

striatal terminal bassoon in the presence of NL2. The % area and Count were normalized 

with expression level of NL2. (A) Normalized % area of colocalization. The synapse 

formation was the highest in the presence of α2β3γ2-GABAA receptors. The difference was 

statistically significant (α2β3δ p = 0.003; α4β3δ p = 0.03), except for comparing with α4β3γ2-

GABAA receptors. (B) Normalized Count of colocalization. The synapse formation was 

significantly higher in the presence of α2β3γ2-GABAA receptors than α2β3δ-GABAA receptors 

(p = 0.01). The box and whisker plot shows the mean (square dot with no fill), median 

(horizontal line), standard deviation of the mean (whiskers) and the outliers (square dot 

black fill), with filled dots representing individual data. Data from N = 3 independent 

experiments. Shapiro-Wilk normality test was used to test the normal distribution of the 

data and Kruskal Wallis ANOVA followed by Dunn’s test was used to analyze the statistical 

significance of the difference. (* p < 0.05) 
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4.3.2.4 Synergistic Effects of GABAA Receptors and NL2 do not Require 

GABAA Receptor Activation by GABA or Potentiation by a Positive 

Allosteric Modulator Diazepam 

We next examined if the GABAA receptor activity affects these observed 

synergistic effects between GABAA receptors and NL2 in synapse formation. 

HEK293 cells stably expressing α2β2γ2- or α4β3δ-GABAA receptors or the wt-

HEK293 cells were transfected with NL2cherry cDNA. In the co-culture system, 

bicuculline (BIC, 25 μM), a GABAA receptor antagonist, or DMSO as control, was 

applied 30 minutes after the HEK293 cells were plated into the medium spiny 

neuronal cultures and incubated for 24 h (Figure 4.3.12).  
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Figure 4.3.12 

Synaptic contact formation in co-culture of HEK293 cells and embryonic medium spiny 

neurons in the presence of DMSO control or bicuculline (25 μM). HEK293 cell body was 

visualized with GFP expression (green) and the presynaptic terminals were visualized with 

VGAT-specific antibody (blue). NL2 was tagged with cherry-tag (red) (A) wt-HEK293 cells 

expressing NL2 in co-culture treated with bicuculline; (B) wt-HEK293 cells expressing NL2 

in co-culture treated with DMSO; (C) α2β2γ2-GABAA receptor-and NL2-expressing HEK293 

cells in co-culture treated with bicuculline; (D) α2β2γ2-GABAA receptor and NL2-expressing 

HEK293 cells in co-culture treated with DMSO. Scale bar = 20 μm. Fluorescent imaging 

was done using Zeiss 700 confocal microscope at 63 × magnification with image size 512 

×512. Max intensity projection of the z-stack images was shown. The enlarged images are 

10 × zoom in.  
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Quantitative analysis of colocalization of presynaptic terminals and HEK293 

cell body was obtained using the same method described in section 4.3.1. 

Furthermore, the data were normalized with the expression level of NL2 by the 

mean intensity at x 104.  

Quantification of the % area of co-localized pixels of VGAT and GFP that 

represents contacts between the presynaptic terminals and HEK293 cells 

showed significant increase in the presence of α2β2γ2-GABAA receptors 

irrespective of whether the cultures were incubated with DMSO or bicuculline 

(Figure 4.3.13). In the case of the wt-HEK293/NL2 cells in co-culture, the % area 

values for DMSO-treated cultures were median = 1.68 %; IQR = 0.54 % – 2.57 %; 

n = 20, while for the bicuculline-treated cultures median = 1.11 %; IQR = 0.43 % 

– 2.00 %; n = 21 (from N = 2 independent experiments, p > 0.05). For the α2β2γ2-

GABAA receptor/NL2-expressing HEK293 cells no significant difference was 

observed between DMSO and bicuculine treatments (median = 4.21 %; IQR = 

2.00 % – 7.11 %; n = 20 vs. median = 2.28 %; IQR = 1.34 % – 4.22 %; n = 20, 

respectively; from N = 2 independent experiments, p > 0.05).  
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Figure 4.3.13 

No significant difference was observed with DMSO or bicuculline treatment in quantitative 

analysis of the wt/NL2 or α2β2γ2-GABAA receptor/NL2-expressing HEK293 cells forming 

contacts with VGAT terminals. The % area and count were normalized with the expression 

level of NL2. The box and whisker plot shows the mean (square dot with no fill), median 

(horizontal line), standard deviation of the mean (whiskers) and the outliers (square dot 

black fill). Data from n = 20 wt/NL2, n = 20 α2β2γ2-GABAA receptor/NL2-expressing HEK293 

cells treated with DMSO, and n = 21 wt/NL2, n = 20 α2β2γ2-GABAA receptor/NL2-expressing 

HEK293 cells treated with Bicuculline; N = 2 independent experiments. Shapiro-Wilk 

normality test was used to test the normal distribution of the data and Kruskal Wallis ANOVA 

followed by Dunn’s test was used to analyze the statistical significance of the difference. (* 

p < 0.05) 
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For comparison, the extrasynaptic α4β3δ-GABAA receptor/NL2-expressing 

HEK293 cells were also co-cultured with the medium spiny neurons and 

incubated in the presence of DMSO control or bicuculline for 24 hours. No change 

in the pattern of synaptic contact formation was observed in the presence of 

bicuculline (Figure 4.3.14).  

Quantification of the % area of co-localized pixels of VGAT and GFP that 

represents contacts between the presynaptic terminals and HEK293 cells 

showed significant increase in the presence of α4β3δ-GABAA receptors (Figure 

4.3.15). However, no difference in the % area was observed between DMSO and 

Bicuculline-treated co-cultures with either the wt/NL2- or α4β3δ-GABAA 

receptor/NL2-expressing HEK293 cells. For DMSO-treated wt/NL2-HEK293 cells, 

the median % area was 1.05 % (IQR = 0.52 % – 1.72 %; n = 20), while for the 

Bicuculline-treated wt/NL2-HEK293 cells the median % area was 0.61 % (IQR = 

0.27 % – 1.27 %; n = 20; from N = 2 independent experiments, p > 0.05). For 

DMSO-treated α4β3δ-GABAA receptor/NL2-expressing HEK293 cells, the 

median % area = 2.89 % (IQR = 1.77 % – 4.99 %; n = 20), while for the 

Bicuculline-treated α4β3δ-GABAA receptor/NL2-expressing HEK293 cells, the 

median % area was 3.23 % (IQR = 1.36 % – 4.79 %; n = 20; from N = 2 

independent experiments, p > 0.05).  
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Figure 4.3.14 

Synaptic formation in co-culture of α4β3δ-GABAA receptor/NL2-expressing HEK293 cells 

and embryonic medium spiny neurons in the presence of DMSO control or bicuculline (25 

µM). HEK293 cell body was visualized with GFP expression (green) and the presynaptic 

terminals were visualized with VGAT-specific antibody (blue). (A) α4β3δ-GABAA 

receptor/NL2-expressing HEK293 cells in co-culture treated with bicuculline; (B) α4β3δ-

GABAA receptor/NL2-expressing HEK293 cells in co-culture treated with DMSO; Scale bar 

= 20 μm. Fluorescent imaging was done using Zeiss 700 confocal microscope at 63 × 

magnification with image size 512 ×512. Max intensity projection of the z-stack images was 

shown. The enlarged images are 10 × zoom in.  
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Figure 4.3.15 

No significant difference was observed with DMSO or bicuculline treatment in quantitative 

analysis of the wt/NL2 and α4β3δ-GABAA receptor/NL2-expressing HEK293 cells forming 

contacts with VGAT terminals. The % area for each cell analyzed was normalized with 

expression level of NL2. The box and whisker plot shows the mean (square dot with no fill), 

median (horizontal line), standard deviation of the mean (whiskers) and the outliers (square 

dot black fill). Data from n = 20 wt, n = 20 α4β3δ-GABAA receptor-expressing HEK293 cells 

treated with DMSO, and n = 20 wt, n = 20 α4β3δ-GABAA receptor-expressing HEK293 cells 

treated with bicuculline; N = 2 independent experiments. Shapiro-Wilk normality test was 

used to test the normal distribution of the data and Kruskal Wallis ANOVA followed by 

Dunn’s test was used to analyze the statistical significance of the difference. (* p < 0.05) 
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These data demonstrate that the level of synapse formation induced by co-

expression of GABAA receptors/NL2 or NL2 alone was not affected by the 

treatment with the GABAA receptor antagonist bicuculline, indicating that 

activation of GABAA receptors is not required in this process. 

The effect of potentiated GABAA receptor activity on the formation of 

synapses in the presence of NL2 was investigated by applying diazepam (1 µM) 

to the co-culture system. In this case, I have only tested the wt/NL2- and α2β2γ2-

GABAA receptor/NL2-expressing HEK293 cells because diazepam requires the 

presence of the γ2 subunit to bind to and allosterically upregulate GABAA 

receptors (Figure 4.3.16). 
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Figure 4.3.16 

Synaptic formation in co-culture of α2β2γ2-GABAA receptor/NL2-expressing HEK293 cells 

and medium spiny neurons. Co-cultures were treated with (A) DMSO, (B) diazepam (DIA), 

(C) diazepam + flumazenil (Ro), and (D) flumazenil. α2β2γ2-GABAA receptor-expressing 

HEK293 whole cell body was visualized with GFP (green); NL2 was tagged with cherry-tag 

(red); synaptic terminals were visualized using VGAT antibody (blue); Scale bar = 20 μm. 

Fluorescent imaging was done using Zeiss 700 confocal microscope at 63 × magnification 

with image size 512 ×512. Max intensity projection of the z-stack images was shown. The 

enlarged images are 10 × zoom in.  
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Quantification of the % area of co-localized pixels of VGAT and GFP that 

represents contacts between presynaptic terminals and α2β2γ2-GABAA receptor-

expressing HEK293 cells showed a slight increase under diazepam treatment in 

comparison with DMSO control which was not significant (Diazepam: median = 

6.34 %; IQR = 4.62 % – 9.46 %; n = 30 vs. DMSO: median = 4.59 %; IQR = 2.59 % 

– 8.77 %; n = 30, respectively; from N = 2 independent experiments, p > 0.05). 

Addition of flumazenil, a competitive antagonist of the benzodiazepine binding 

site, together with diazepam (median = 3.25 %; IQR = 1.55 % – 4.85 %; n = 30; 

from N = 2 independent experiments) significantly decreased the level of synapse 

formation compared to diazepam added alone (p < 0.05). Addition of flumazenil 

alone (median = 6.33 %; IQR = 3.05 % – 9.31 %; n = 30; from N = 2 independent 

experiments) had no statistically significant effect on synapse formation in 

comparison with the DMSO control, although the median % area was significantly 

higher than the diazepam and flumazenil added together (p < 0.05; Figure 4.3.17).  

Together, these results indicate that the level of synapse formation induced 

by GABAA receptors and NL2 is not regulated by GABAA receptor activity. Either 

inhibition or potentiation of GABAA receptors does not change the level of 

GABAergic synapse formation in the presence of NL2.  
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Figure 4.3.17 

Quantitative analysis of synaptic contacts formed between the α2β2γ2-GABAA receptor/NL2-

expressing HEK293 cells and medium spiny neurons in the presence of DMSO control, 

diazepam (DIA, 1 µM), diazepam + flumazenil (DIA + Ro, 1 μM + 25 μM) or flumazenil (Ro, 

25 μM). The % area for each cell analyzed was normalized with expression level of NL2. 

The box and whisker plot shows the mean (square dot with no fill), median (horizontal line), 

standard deviation of the mean (whiskers) and the outliers (square dot black fill). Data from 

α2β2γ2-GABAA receptor/NL2-expressing HEK293 cells treated with DMSO (n = 30), 

diazepam (n = 30), diazepam + flumazenil (n = 27), and flumazenil (n = 30), from N = 2 

independent experiments. Shapiro-Wilk normality test was used to test the normal 

distribution of the data and Kruskal Wallis ANOVA followed by Dunn’s test was used to 

analyze the statistical significance of the difference. (* p < 0.05). 
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4.3.3 Active GABAergic Synapses are Formed in the Presence of NL2 and 

γ2 Subunit-Containing GABAA receptors  

Whole-cell recording of the IPSCs of the HEK293 cells in the co-culture model 

system was performed by our collaborator’s lab. The HEK293 cells were cultured 

with embryonic medium spiny neurons for 48 hours which was shown to be an 

optimal period of incubation for the electrophysiology experiments. In the 

absence of NL2, IPSCs were detected in 60 % of the α2β2γ2-GABAA receptor-

expressing HEK293 cells (9 out of 15), in which 8 cells were detected with < 0.1 

Hz IPSC and 1 cell with > 0.1 Hz. When NL2 was expressed, IPSCs were 

detected in 93.3 % α2β2γ2-GABAA receptor-expressing HEK293 cells (14 out of 

15), in which 2 cells were detected with < 0.1 Hz IPSC and 12 cells with > 0.1 Hz 

(Figure 4.3.18A). In the absence of NL2, no IPSCs were detected in the α4β3δ-

GABAA receptor-expressing HEK293 cells (11 cells), while in the presence of NL2, 

IPSCs were detected in only 1 α4β3δ-GABAA receptor-expressing HEK293 cell 

out of 15 (> 0.1 Hz).  

These data show that the expression of NL2 increases the frequency of 

GABAergic IPSCs in the presence of synaptic α2β2γ2-GABAA receptors but has 

limited effect in the presence of α4β3δ-GABAA receptors.  

To investigate which of the GABAA receptor subunits is necessary for the 

observed effects, we transfected the B2 clone of the HEK293 cells stably 

expressing β3 subunits (Chapter 2, section 2.2.1) with α4 + γ2 + NL2 or α2 + δ + 

NL2 cDNAs and co-cultured them with the medium spiny neurons for 
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electrophysiology recordings (Figure 4.3.18A). Compared to the α2β2γ2-GABAA 

receptor/NL2-expressing HEK293 cells, a similar level of activity was detected in 

7 out of 8 of the α4β3γ2-GABAA receptor/NL2-expressing HEK293 cells with the 

frequency > 0.1 Hz. In 8 out of 10 of the α2β3δ-GABAA receptor/NL2-expressing 

HEK293 cells, no IPSCs were detected, indicating that any synaptic contacts 

formed in these conditions were functionally silent just like in the case of 

synapses formed with the α4β3δ-GABAA receptor-expressing HEK293 cells in the 

absence of NL2.  

The typical recording traces are shown in Figure 4.3.18B. Expression of NL2 

resulted in a higher frequency of IPSCs in α2β2γ2-GABAA receptor-expressing 

HEK293 cells (Figure 4.3.18B(i) & (ii)). On the contrary, in the presence of NL2, 

IPSCs were detected in α4β3γ2-GABAA receptor expressing-HEK293 cells but not 

in α4β3δ-GABAA receptor expressing-HEK293 cells (Figure 4.3.18B(iii)).  

These data indicate an important role of the γ2 subunit in generating 

GABAergic IPSCs during the formation of functional synapses in this model 

system. 
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Figure 4.3.18 

Whole cell recordings of IPSCs in co-culture of HEK293 cells and embryonic medium spiny 

neurons. (A) Recorded IPSCs in the presence of different GABAA receptors. Expression of 

NL2 increases the frequency of IPSCs in HEK293 cells expressing γ2 subunit containing 

GABAA receptors but has a limited effect in α4β3δ-GABAA receptor-expressing HEK293 cell 

line. (B) Typical recording traces of IPSCs in (i) α2β2γ2-GABAA receptor-expressing HEK293 

cells; (ii) α2β2γ2-GABAA receptor/NL2-expressing HEK293 cells and (iii) α4β3δ-GABAA 

receptor/NL2 (above) and α4β3γ2-GABAA receptor/NL2 (below) expressing-HEK293 cells.  
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4.3.4 Presynaptic GABAergic Terminals Show High Activity in Synapses 

formed with the α2β2γ2-GABAA receptor/NL2-expressing HEK293 cells 

To investigate further a possible reason for the lack of synaptic transmission in 

the majority of synapses received by the α4β3δ-GABAA receptors/NL2 expressing 

HEK293 cells, we have carried out the synaptotagmin-antibody uptake assays 

(Fernández-Alfonso, Kwan and Ryan, 2006), in which the active presynaptic 

terminals can be fluorescently labelled with the cy5-tagged anti-synaptotagmin 1 

vesicle-luminal domain-specific antibodies and imaged using the confocal 

microscope. In these experiments, we have added cy5-tagged anti-

synaptotagmin antibody (1:50, 105311C5, Synaptic Systems) into the co-cultures 

for 30 minutes at 37 ℃ 5 % CO2 prior to fixation and processing for 

immunocytochemistry with the VGAT-specific antibody and confocal imaging. 

Synaptic contact formation and presynaptic activity were thus recorded in parallel 

allowing us to quantify the number of active synaptic contacts formed with the 

wt/NL2-, α4β3δ-GABAA receptor/NL2- or α2β2γ2-GABAA receptor/NL2-expressing 

HEK293 cells (Figure 4.3.19).  
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Figure 4.3.19 

Detection of active synapses formed between HEK293 cells and embryonic medium spiny 

neurons in co-culture. (A) wt/NL2 expressing-HEK293 cells, (B) α4β3δ-GABAA 

receptor/NL2-expressing HEK293 cells, and (C) α2β2γ2/NL2-GABAA receptor-expressing 

HEK293 cells were incubated in co-culture with medium spiny neurons for 24 hours. Active 

presynaptic terminals forming synapses were visualized with the cy5-labelled 

synaptotagmin luminal domain specific antibody (cyan). All presynaptic terminals forming 

synapses were visualized with the VGAT antibody (green). NL2 was tagged with cherry tag 

(red). Scale bar = 20 μm. Fluorescent imaging was done using Zeiss 700 confocal 

microscope at 63 × magnification with image size 512 ×512. Max intensity projection of the 

z-stack images was shown. The enlarged images are 10 × zoom in. 
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Quantification of the % area of co-localized pixels that represents contacts 

between synaptotagmin (Figure 4.3.20A) or VGAT (Figure 4.3.20B) terminals and 

the wt-HEK293 cells, revealed that NL2 promotes synapse formation in the 

absence GABAA receptors and that in some of these synapses, presynaptic 

terminals are active.  

Compared to the wt-HEK293 cell line, the presence of α4β3δ-GABAA 

receptors and NL2 the formation of functional synapses was significantly 

increased (median = 0.12 %; IQR = 0.03 % - 0.22 %; n = 30 cells; from N = 3 

independent experiments, vs. median = 0.52 %; IQR = 0.18 % - 0.95 %; n = 21 

cells; from N = 2 independent experiments , p < 0.05). In the presence of the 

α2β2γ2-GABAA receptors, the synergistic effect was further increased significantly 

compared with the α4β3δ-GABAA receptor-expressing HEK293 (median = 1.32 %; 

IQR = 0.78 % - 2.03 %; n = 21 cells vs. median = 0.52 %; IQR = 0.18 % - 0.95 %; 

n = 21 cells, respectively; from N = 2 independent experiments, p < 0.05). The 

difference between the wt- and α2β2γ2-GABAA receptor-expressing HEK293 cell 

lines was also significant (p < 0.05) (Figure 4.3.20A).  

Compared to the wt-HEK293 cell line, in the presence of α4β3δ-GABAA 

receptors and NL2, the formation of synapses was significantly increased 

(median = 1.14 %; IQR = 0.54 % - 2.03 %; n = 30 cells, from N = 3 independent 

experiments, vs. median = 2.18 %; IQR = 1.39 % - 4.18 %; n = 21 cells from N = 

2 independent experiments respectively; p < 0.05). In the presence of the α2β2γ2-

GABAA receptors, the synergistic effect was further increased significantly 
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compared to the α4β3δ-GABAA receptor-expressing HEK293 (median = 4.38 %; 

IQR = 3.58 % - 6.39 %; n = 21 cells vs. median = 2.18 %; IQR = 1.39 % - 4.18 %; 

n = 21 cells, respectively; from N = 2 independent experiments, p < 0.05). The 

difference between wt- and α2β2γ2-GABAA receptor-expressing HEK293 cell lines 

was also significant (p < 0.05) (Figure 4.3.20B). 

In the presence of NL2, the number of VGAT positive contacts was always 

higher than the number of synaptotagmin positive contacts, indicating that not all 

synapses formed incorporated active presynaptic terminals. In the wt-HEK293 

cells, the synaptotagmin and VGAT normalized % area was 0.12 % and 1.14 %, 

respectively (10.53 % were active). In the α4β3δ-GABAA receptor expressing-

HEK293 cells, the synaptotagmin and VGAT normalized % area was 0.52 % and 

2.18 %, respectively (23.9 % were active). In the α2β2γ2-GABAA receptor 

expressing-HEK293 cells, the synaptotagmin and VGAT normalized % area was 

1.32 % and 4.38 %, respectively (30.1 % were active).  

These data demonstrates that in the presence of NL2 and α2β2γ2-GABAA 

receptors, more active synapses were formed than in the presence of NL2 alone 

or with the α4β3δ-GABAA receptors.   
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Figure 4.3.20 

Quantitative analysis of synaptic contacts received by the wt, α4β3δ-GABAA receptor- or 

α2β2γ2-GABAA receptor-expressing HEK293 cells in the presence of NL2, in co-culture with 

medium spiny neurons. The % area was normalized to the expression level of NL2. (A) 

Normalized % area of Synaptotagmin colocalization indicating that functional synapse 

formation was further significantly increased in the presence of α4β3δ-GABAA receptors and 

α2β2γ2-GABAA receptors, with the latter being significantly more potent. (B) Normalized % 

area of VGAT colocalization indicating that synapse formation was further significantly 

increased in the presence of α4β3δ-GABAA receptors and α2β2γ2-GABAA receptors, with the 

latter being significantly more potent. The box and whisker plot shows the mean (square 

dot with no fill), median (horizontal line), standard deviation of the mean (whiskers) and the 

outliers (square dot black fill). Data from wt-HEK293 cells (n = 30, from N = 3 independent 

experiments), α4β3δ-GABAA receptor-expressing HEK293 cells (n = 22, from N = 2 

independent experiments) and α2β2γ2-GABAA receptor-expressing HEK293 cells (n = 22, 

from N = 2 independent experiments). Shapiro-Wilk normality test was used to test the 

normal distribution of the data and Kruskal Wallis ANOVA followed by Dunn’s test was used 

to analyze the statistical significance of the difference. (* p < 0.05). 
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In order to quantitively analyze these effects, I have plotted the mean intensity 

of the NL2 signal measured in individual HEK293 cells (x-axis) and the % area of 

synaptotagmin or VGAT signal overlapping with the NL2 signal on the y-axis 

(Figure 4.3.21). The intensity of the 12-bit NL2 signal was represented at × 104. 

The slope of the linear regression analysis represents the synaptic contacts 

induced by a certain amount of NL2 expression which can be defined as a unit in 

this scenario.  

The slopes of the curves representing all VGAT positive synapses induced 

by a unit of NL2 expression are very different between the wt-HEK293 cells 

(Slope = 0.94, R2 = 0.21), α4β3δ-GABAA receptor-expressing HEK293 cells 

(Slope = 2.88, R2 = 0.41) and α2β2γ2-GABAA receptor-expressing HEK293 cell 

(Slope = 4.46, R2 = 0.57). These results suggests that the number of synapses 

induced by a unit of NL2 expression in the presence of synaptic GABAA receptors 

is almost doubled when compared to the extrasynaptic GABAA receptors and 

quadrupled when compared to the wt cells with no GABAA receptors expressed. 

Likewise, the slopes of the curves representing active synaptotagmin-positive 

synapses induced by a unit of NL2 expression are also very different between the 

wt-HEK293 cells (Slope = 0.14, R2 = 0.07), the α4β3δ-GABAA receptor-expressing 

HEK293 cells (Slope = 1.05, R2 = 0.19) and the α2β2γ2-GABAA receptor-

expressing HEK293 cell (Slope = 1.92, R2 = 0.51). This suggests that the number 

of active synapse induced by a unit of NL2 expression is ~ 8 times higher when 

the extrasynaptic receptors are expressed, and ~14 times higher in the presence 
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of synaptic GABAA receptors in comparison with the cells expressing NL2 alone.   
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Figure 4.3.21 

Linear correlation of the % area of synaptic contacts vs. NL2 expression level (× 104) in co-

culture of medium spiny neurons with (A) wt-HEK293 cells, (B) α4β3δ-GABAA receptor-

expressing HEK293 cells, and (C) α2β2γ2-GABAA receptor-expressing HEK293 cells 

expressing NL2. Solid green squares represent VGAT data points. Solid blue triangles 

represent synaptotagmin data points. Data from n = 34 wt-HEK293 cells; N = 3 independent 

experiments; n = 22 α4β3δ-GABAA receptor- and n = 22 α2β2γ2-GABAA receptor-expressing 

HEK293 cells; N = 2 independent experiments.  
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4.3.5 Pre-synaptic Terminal Marker Bassoon Shows a Higher Degree of 

Colocalization with the α2β2γ2-GABAA Receptors than α4β3δ-GABAA 

Receptors  

To analyze the degree of colocalization between the α2β2γ2-GABAA receptors or 

α4β3δ-GABAA receptors and the presynaptic zone protein Bassoon in synaptic 

contacts we have carried out super-resolution imaging using Zeiss ELYRA PS.1 

SIM (Figure 4.3.22). The α2β2γ2-GABAA receptor/NL2- or α4β3δ-GABAA 

receptor/NL2-expressing HEK293 cells were co-cultured with embryonic medium 

spiny neurons for 24 hours, fixed and processed for immunocytochemistry and 

super-resolution imaging with the α2 subunit or α4 subunit antibodies specific for 

the extracellular epitopes, to label receptors at the cell surface, and Bassoon 

specific antibodies. The z-stack images were rendered to 3-dimensional images 

for colocalization analysis and Manders coefficients were calculated to show the 

level of overlapping signals, with M1 indicating the proportion of Bassoon 

overlapping with the surface GABAA receptors and M2 indicating the proportion 

of the surface GABAA receptors overlapping with Bassoon. The M1 coefficient 

was significantly higher for the α2β2γ2- than α4β3δ-GABAA receptors in synaptic 

contacts (median = 0.27; IQR = 0.24 – 0.42; n = 8 cells vs. median = 0.17; IQR = 

0.10 – 0.25; n = 8 cells, respectively; from N = 2 independent experiments, p < 

0.05) indicating that higher proportion of the α2β2γ2-GABAA receptors was co-

localized with Bassoon and thus in proximity of the presynaptic active zone than 

in the case of the α4β3δ-GABAA receptors (Figure 4.3.22). The M2 coefficient 
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shows no significant difference between the two cell lines (median = 0.73; IQR = 

0.24 – 0.81; n = 8 cells vs. median = 0.51; IQR = 0.36 – 0.66; n = 8 cells, 

respectively; from N = 2 independent experiments, p > 0.05,), although the 

median of M2 for α2β2γ2-GABAA receptor-expressing HEK293 cells was slightly 

higher than that for α4β3δ-GABAA receptor-expressing HEK293 cells (Figure 

4.3.23).  
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B 

Figure 4.3.22 

Co-localization of the presynaptic marker Bassoon and GABAA receptors in co-culture of 

(A) α2β2γ2-GABAA receptor- and (B) α4β3δ-GABAA receptor-expressing HEK293 cells with 

embryonic medium spiny neurons. GABAA receptor α2 or α4 subunits were visualized using 

antibodies for each subunit (green) and Bassoon was visualized using Bassoon-specific 

antibody (red). Images were acquired using Zeiss ELYRA PS.1 SIM at 63 x magnification. 

Scale bar = 10 μm.  
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Figure 4.3.23 

Quantitative analysis of colocalization between the presynaptic active zone marker 

Bassoon and α2β2γ2-GABAA receptors or α4β3δ-GABAA receptors using Manders 

coefficients which indicate (A) M1- the proportion of Bassoon signal that overlaps with 

GABAA receptors in synaptic contacts, and (B) M2-the proportion of surface GABAA 

receptors that overlaps with Bassoon in two different cell lines in co-culture with the medium 

spiny neurons. The M1 coefficient is significantly higher for contacts formed with the α2β2γ2-

GABAA receptor/NL2-expressing HEK293 cells than with the α4β3δ-GABAA receptor/NL2 

expressing HEK293 cells. The M2 coefficient is higher for α2β2γ2-GABAA receptors than 

α4β3δ-GABAA receptors albeit not statistically significant. Data from n = 8 α2β2γ2-GABAA 

receptor/NL2-, and n = 8 α4β3δ-GABAA receptor/NL2-expressing HEK293 cells; form N = 2 

independent experiments. 

A B 

α2β2γ2 α4β3δ

0.0

0.1

0.2

0.3

0.4

0.5

0.6

M
a
n

d
e
rs

 M
1

*

α2β2γ2 α4β3δ
0.0

0.2

0.4

0.6

0.8

1.0

M
a
n

d
e
rs

 M
2

A B  



 

Page | 161  
 

4.3.6 GABAA Receptor γ2 Subunit Plays an Important Role in NL2-induced 

GABAergic Synapse Formation 

To investigate the mechanisms underlying the observed synergistic effects of 

α2β2γ2-GABAA receptors and NL2 in synapse formation, I first wanted to establish 

which domains of GABAA receptor subunits may be involved in this process either 

by interacting directly with NL2 or with any of the presynaptic binding partners of 

NL2. The extracellular N-terminals domain of GABAA receptor α1, β2 and γ2 

subunits were previously shown to contribute to the GABAergic synapse 

formation in the absence of NL2 (Brown et al., 2016). Therefore, I wanted to test 

if these domains may also play a role in the presence of NL2.  

4.3.6.1 NL2-Induced Synapse Formation is not Regulated by GABAA 

Receptor N-Terminal Extracellular Domains  

To test if the N-terminal ECD of GABAA receptor subunits may play a role in 

regulating NL2-induced GABAergic synapse formation, 4 μg of either the α2, β2 

or γ2 ECD (0.29 – 0.32 μM) purified from the SF9 cells (Brown et al., 2016) were 

individually applied to the co-culture of α2β2γ2-GABAA receptor/NL2-expressing 

HEK293 cells and embryonic medium spiny neurons (Figure 4.3.24). HEK293 

cells were transfected to express GFP for the visualization of the cell body. An 

equivalent amount of untransfected SF9 cell extract (4 μg), taken through the 

same purification procedure as extracts expressing ECDs, was used as control. 

ECDs were applied 30 minutes after the HEK293 cells and embryonic medium 

spiny neurons were cultured together and incubated at 37 ℃ with 5 % CO2 for 24 
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hours.  

Quantification of the % area of co-localized pixels of VGAT and GFP that 

represents contacts between presynaptic terminals and α2β2γ2-GABAA receptor-

expressing HEK293 cells showed no significant change with the application of 

ECDs (Figure 4.3.25). With SF9 extract control, the median was 5.82 % with IQR 

= 3.96 % - 6.90 % (n = 19 cells from N = 2 independent experiments). The 

application of β2 ECD slightly decreased the synapse formation albeit not 

significantly (median = 4.67 %; IQR = 2.67 % – 7.35 %; n = 20 cells; from N = 2 

independent experiments). No change was observed with application of α2 

(median = 6.03 %; IQR = 4.04 % – 7.58 %; n = 20 cells; from N = 2 independent 

experiments) or γ2 (median = 6.22 %; IQR = 4.05 % – 7.33 %; n = 20 cells; from 

N = 2 independent experiments) ECDs.  
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Figure 4.3.24 

Synaptic contact formation in co-culture of HEK293 cells and embryonic medium spiny neurons 

with the addition of GABAA receptor subunit ECDs. HEK293 cells stably expressing α2β2γ2-GABAA 

receptors + NL2cherry + GFP were incubated with medium spiny neurons and (A) SF9 cell extracts 

(B) α2 subunit ECD (C) β2 subunit ECD (D) γ2 subunit ECD, for 24 hours. HEK293 cell body was 

visualized with GFP expression (green); NL2 was tagged with cherry-tag (red); and the presynaptic 

terminals were visualized with VGAT-specific antibody (blue). Scale bar = 20 μm. Fluorescent 

imaging was done using Zeiss 700 confocal microscope at 63 × magnification with image size 512 

× 512. Max intensity projection of the z-stack images was shown. The enlarged images are 10 × 

zoom in. 
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Figure 4.3.25 

Quantitative analysis of the % area of synaptic contacts between the α2β2γ2-GABAA 

receptor-expressing HEK293 cells and embryonic medium spiny neurons. The % area 

values were normalized with the expression of NL2. The application of the ECDs exerted 

no significant effect on the synapse formation. The box and whisker plot shows the mean 

(square dot with no fill), median (horizontal line), standard deviation of the mean (whiskers) 

and the outliers (square dot black fill). Data from n = 19 α2β2γ2-GABAA receptor-expressing 

HEK293 cells treated with SF9, n = 20 treated with α2 subunit ECD, n = 20 treated with β2 

subunit ECD, and n = 20 treated with γ2 subunit ECD; N = 2 independent experiments. 

Shapiro-Wilk normality test was used to test the normal distribution of the data and Kruskal 

Wallis ANOVA followed by Dunn’s test was used to analyze the statistical significance of 

the difference. (* p < 0.05) 
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4.3.6.2 GABAA Receptor γ2 Subunit Intracellular Loop is Important for 

Synergistic Effects of GABAA Receptors and NL2 in Synapse Formation 

A chimera of the GABAA receptor δ subunit (δγ2ICL) (Hannan et al., 2020), in which 

the large intracellular loop (TM 3-4) was replaced with the TM 3-4 sequence of 

the γ2 subunit, was used to study whether and how the intracellular loop of GABAA 

receptor γ2 subunit may contribute to synapse formation in the presence of NL2. 

The TM 3-4 loop sequence shows a low level of similarity between the δ and γ2 

subunits (~ 45%) (Hannan et al., 2020). B2 clone of HEK293 cells stably 

expressing the β3 subunit was transfected to express NL2cherry and α2 + γ2, α2 + 

δγ2ICL, or α2 + δ subunits and cultured with embryonic medium spiny neurons at 

37 ℃ with 5 % CO2 for 24 hours (Figure 4.3.26).  

Quantification of the % area of co-localized pixels that represents contacts 

between presynaptic Bassoon and NL2 on HEK293 cell surface demonstrated a 

significant increase in synapse formation in the presence of α2β3δγ2ICL- when 

compared to α2β3δ-GABAA receptors (median = 2.42 %; IQR = 1.12 % – 4.06 %; 

n = 32 cells vs. median = 1.42 %; IQR = 0.78 % – 2.49 %; n = 30 cells, respectively; 

from N = 2 independent experiments, p < 0.05). The presence of γ2 subunit 

resulted in significantly higher level of synaptic contacts (median = 2.72 %; IQR 

= 1.63 % – 5.15 %; n = 31 cells; from N = 2 independent experiments) than δ 

subunit but not significantly different from δ chimera subunit (Figure 4.3.27). 
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Figure 4.3.26 

Synaptic contact formation in co-culture of HEK293 cells and embryonic medium spiny 

neurons. HEK293 cells expressing NL2 + (A) α2β3γ2-GABAA receptors, (B) α2β3δγ2ICL-

GABAA receptors or (C) α2β3δ-GABAA receptors were incubated in co-culture with medium 

spiny neurons for 24 hours. NL2 was tagged with pcherry (red); synaptic terminals were 

labelled with Bassoon antibody (cyan); and GABAA receptors were visualized with α2 

subunit specific antibody (green). Scale bar = 20 μm. Fluorescent imaging was done using 

Zeiss 700 confocal microscope at 63 × magnification with image size 512 × 512. Max 

intensity projection of the z-stack images was shown. The enlarged images are 10 × zoom 

in. 

A 

B  

C  



 

Page | 167  
 

  

Figure 4.3.27 

Quantitative analysis of the % area of synaptic contacts between HEK293 cells expressing 

α2β3γ2-GABAA receptors, α2β3δγ2ICL-GABAA receptors or α2β3δ-GABAA receptors and 

embryonic medium spiny neurons. The % area values were normalized with the expression 

of NL2. The normalized % area is significantly higher in α2β3γ2 and α2β3δγ2ICL group when 

compared to α2β3δγ2ICL than α2β3δ group. The box and whisker plot shows the mean (square 

dot with no fill), median (horizontal line), standard deviation of the mean (whiskers) and the 

outliers (square dot black fill). Data from n = 31 α2β3γ2-GABAA receptor-, n = 32 α2β3δγ2ICL-

GABAA receptor-, and n = 30 α2β3δ-GABAA receptor-expressing HEK293 cells; N = 2 

independent experiments. Shapiro-Wilk normality test was used to test the normal 

distribution of the data and Kruskal Wallis ANOVA followed by Dunn’s test was used to 

analyze the statistical significance of the difference. (* p < 0.05) 
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4.3.6.3 GABAA Receptors and NL2 Interact via Their Intracellular Domain to 

Promote Synapse Formation 

Neurexin-Neuroligin 2 interaction is important for the formation of functional 

GABAergic synapses (Südhof, 2018). However, initiation of GABAergic synapses 

is not solely dependent on this interaction (Varoqueaux et al., 2006). Given that 

synapses can be initiated by GABAA receptors in the absence of NL2 but also 

further increased when GABAA receptors and NL2 are co-expressed, I have 

hypothesized that Neurexin, NL2 and GABAA receptors may interact with each 

other during this process to initiate, stabilize and/or maintain functional 

GABAergic synapses.  

To test this hypothesis, I have first attempted to co-immunoprecipitate these 

proteins from the brain lysates. Adult male rat cortex was lysed under non-

denaturing conditions and incubated with Dithiobis (succinimidyl propionate) 

(DSP, Thermo Fisher) to cross-link and preserve protein-protein interactions. Co-

immunoprecipitation was carried out with a GABAA receptor α1 subunit C-

terminal-specific antibody as described in the section 4.2.5. Protein complexes 

were resolved using SDS-PAGE and immunoblotting was carried out in the 

presence of NL2-specific antibody (1:1000; 129203, Synaptic Systems). A band 

corresponding to the molecular weight of NL2 was detected in 

immunoprecipitates of the α1 subunit while no band was detected with the non-

immune control IgG (Figure 4.3.28). This confirms that NL2 forms complexes with 

GABAA receptors in the brain.  
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Figure 4.3.28 

NL2 interacts with the α1 subunit-containing GABAA receptors in the adult male rat cortex 

extracts detected by co-immunoprecipitation. Immunoprecipitation was carried out with the 

α1 subunit C-terminal-specific antibody. Input contained 100 μg lysates. For 

immunoprecipitation, 2.5 mg protein was used. NL2 was detected using a specific primary 

antibody followed by alkaline phosphatase-conjugated secondary antibody and NBT/BCIP 

color substrate reaction. Representative blot of N = 2 independent experiments.  
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Because detection of Neurexins was low in total brain lysates used for co-

immunoprecipitation, I used the synaptic membrane enriched fraction (P2) of 

brain lysates to attempt to co-immunoprecipitate GABAA receptors with 

Neurexins. The enrichment of GABAA receptor α1 subunit, NL2 and Neurexins, 

but not GABAA receptor α4 subunit was first demonstrated by immunoblotting in 

cortical lysate fractions (Figure 4.3.29A-C). 

Using the P2 fraction, Neurexins were immunoprecipitated with GABAA 

receptors using the α2 subunit C-terminal-specific antibody (Figure 4.3.30) and 

detected by a Neurexin1/2/3-specific antibody (1:800; 175003, Synaptic 

Systems). A very faint band was detected corresponding to the molecular weight 

of α-Neurexin, which suggests that GABAA receptor-Neurexin interaction may not 

be as strong as interaction with NL2. 
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Figure 4.3.29 

Characterization of (A) GABAA receptor α1 subunit, (B) GABAA receptor α4 subunit, (C) 

NL2，and (D) Neurexin expression in P2 synaptosome fraction in adult male rat cortex 

extracts. For each fraction 100 μg protein was loaded. Expression of each protein was 

visualized using alkaline phosphatase conjugated secondary antibody and NBT/BCIP color 

substrate reaction. H-Homogenate; P-Pellet; S-Supernatant; H-Washed with HBM.  
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Figure 4.3.30 

Neurexin interacts with the α2 subunit containing GABAA receptors in P2 synaptosome 

fraction of the adult male rat cortex extracts detected by co-immunoprecipitation. Input 

contained 200 μg lysates. For immunoprecipitation, 1 mg of protein was used. Neurexin 

was visualized using Neurexin1/2/3-specific primary antibody followed by alkaline 

phosphatase conjugated secondary antibody and NBT/BCIP color substrate reaction. 

Representative blot of N = 2 independent experiments.  

 



 

Page | 173  
 

To confirm the interaction between GABAA receptors and NL2, I used lysates 

of HEK293 cells transiently transfected with myc-tagged GABAA receptor α2, β3 

and γ2 subunits and NL2. Co-immunoprecipitation was carried out using myc-

specific antibody (10 μg per reaction; 05-724, Millipore), followed by 

immunoblotting with NL2-specific antibody (1:1000; 129203, Synaptic Systems). 

A band corresponding to NL2 was detected in lanes with proteins pulled down 

with the myc antibody (Figure 4.3.31), but not in lanes with the control, non-

specific IgG. This indicates that GABAA receptors and NL2 interact in HEK293 

cells possibly even in the absence of Gephyrin and Collybistin which were 

previously shown to mediate interaction between GABAA receptors and NL2 

(Poulopoulos et al., 2009).  

  

Figure 4.3.31 

NL2 interacts with the α2β3γ2-GABAA receptors in HEK293 cell lysates detected by co-

immunoprecipitation. The GABAA receptor subunits were myc tagged. The 

immunoprecipitation was carried out with myc-specific antibody. Input contained 100 μg 

lysates. For immunoprecipitation 2.5 mg protein was used. NL2 was visualized using a 

specific primary antibody followed by an alkaline phosphatase-conjugated secondary 

antibody and NBT/BCIP color substrate reaction. Representative blot of N = 2 independent 

experiments. 
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To further investigate the interaction between GABAA receptors and NL2, 

NL2HA and GABAA receptor subunits-α2, β3 and γ2 cDNAs were transfected to 

HEK293 cells as described in section 4.2.3, of which all GABAA receptor subunits 

were tagged with myc sequence. HA-specific antibody was used to pull down 

protein complex from the lysate for immunoprecipitation, followed by 

immunoblotting with β3 subunit-specific antibody (1:400; UCL112) or NL2-specific 

antibody (1:1000; 129203, Synaptic Systems). A band corresponding to NL2 was 

detected from the pulled down protein confirming the immunoprecipitation of NL2 

by HA-specific antibody (Figure 4.3.32A). A band corresponding to the β3 subunit 

was also detected in the same pull down (Figure 4.3.32B), confirming that NL2 

and GABAA receptors interact with each other in HEK293 cells.  
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Figure 4.3.32 

NL2 interacts with the α2β3γ2-GABAA receptors in HEK293 cell lysates detected by co-

immunoprecipitation. The GABAA receptor subunits were myc tagged. NL2 was HA tagged. 

The immunoprecipitation was carried out with HA-specific antibody. (A) Detection of NL2 

using specific primary antibody from proteins pulled down using HA-tag antibody. (B) 

Detection of β3 specific antibody from proteins pulled down with HA-tag antibody. Input 

contained 100 μg lysates. For immunoprecipitation 2.5 mg protein was used. NL2 and 

GABAA receptor β3 subunit were visualized using alkaline phosphatase-conjugated 

secondary antibody and NBT/BCIP color substrate reaction. Representative blot of N = 2 

independent experiments. 
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Our results shown in Figures 4.3.11 and 4.3.26 have demonstrated the 

importance of the γ2 subunit and, in particular, the TM3-4 intracellular loop of this 

subunit for the synergistic effects of GABAA receptors and NL2 in synapse 

formation. In order to test if these synergistic effects may be mediated by direct 

interaction between NL2 and GABAA receptors, transfection experiments were 

designed to compare the binding of NL2 to α2β3γ2-, α2β3δγ2ICL - or α2β3δ-GABAA 

receptors in HEK293 cells, conditions that showed clear difference in efficacy of 

synaptic contact formation (Figure 4.3.33).  

The NL2 and α2 + β3 + γ2,, α2 + β3 +δγ2ICL, or α2 + β3 +δ subunit cDNAs were 

transfected into HEK293 cells as described in section 4.2.3. The β3 subunit was 

myc tagged. Myc-specific antibody (10 μg per reaction; 05-724, Millipore) was 

used to pull down protein complexes from the lysates and β3 subunit-specific 

antibody (1:400; UCL112) or NL2-specific antibody (1:1000; 129203, Synaptic 

Systems) were used to detect presence of these proteins by immunoblotting. 

In the α2β3γ2-GABAA receptor/NL2 expressing HEK293 cells, a clear band 

corresponding to the right molecular weight for NL2 was detected while no band 

was detected in α2β3δ-GABAA receptor/NL2 expressing HEK293 cells (Figure 

4.3.32A). In the α2β3δγ2ICL-GABAA receptor/NL2 expressing HEK293 cells, a band 

corresponding the right molecular weight for NL2 was detected, albeit relatively 

faint compared to the band detected in α2β3γ2-GABAA receptor/NL2 expressing 

HEK293 cells (Figure 4.3.32A). The β3 subunit-specific antibody confirmed the 

presence of GABAA receptors in immunoprecipitates (Figure 4.3.32B).  
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These data together with confocal analysis in section 4.3.4.2, suggest that 

synapse formation may require direct interactions between NL2 and GABAA 

receptors. The TM 3-4 intracellular loop of the γ2 subunit was shown to play an 

essential role in this interaction, given that the δ subunit chimera with TM 3-4 loop 

replaced by the equivalent sequence from the γ2 subunit significantly increased 

this interaction as well as facilitated synapse formation.  
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Figure 4.3.33 

NL2-GABAA receptor interaction in the presence of the γ2 subunit intracellular TM 3-4 loop 

domain detected by co-immunoprecipitation. The β3 subunit was myc tagged. The 

immunoprecipitation was carried out with the myc-specific antibody. (A) Detection using the 

NL2-specific antibody from proteins pulled down using the myc-specific antibody. (B) 

Detection using the β3 subunit-specific antibody from proteins pulled down using the myc-

specific antibody. Input contained 100 μg lysates. For immunoprecipitation 2.5 mg protein 

was used. NL2 and GABAA receptor β3 subunit were visualized using alkaline phosphatase 

conjugated secondary antibody and NBT/BCIP color substrate reaction. Representative 

blot of N = 2 independent experiments. 
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4.4 Discussion 

Regulation of GABAergic synapse formation and function is achieved by multiple 

factors. The complexity and diversity of the proteins present in the pre- and 

postsynaptic membranes and the synaptic cleft bring a huge difficulty to the study 

of GABAergic synapses. A well-established co-culture model system of HEK293 

cells and embryonic rat medium spiny neurons has been used in our lab to study 

the role of GABAA receptors and the associating proteins in the GABAergic 

synapses (Brown et al., 2014). The co-culture model system provides a platform 

to study the effects of individual proteins or interaction between a small number 

of proteins on the formation and function of the GABAergic synapse, although 

this method overlooks the effects of multiprotein complexes and is thus 

considered as an overly simplified system. With the expression of proteins in 

HEK293 cells, and the presynaptic proteins by the embryonic rat medium spiny 

neurons, the synaptogenesis process can be investigated using 

immunocytochemistry and microscopic imaging.  

To investigate the role of different GABAA receptors in the formation of 

GABAergic synapses, HEK293 cell lines stably expressing typical synaptic 

α2β2γ2-GABAA receptors and typical extrasynaptic α4β3δ-GABAA receptors were 

tested in parallel. It has been shown that certain subtypes of GABAA receptors, 

which are mainly synaptically localized, are able to initiate inhibitory synapse 

formation and that this process is mediated by their N-terminal ECDs (Fuchs et 

al., 2013; Brown et al., 2016). The significant increase in synapse formation in 
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the presence of α2β2γ2-GABAA receptors (Figure 4.3.5) is consistent with these 

findings. In comparison, the α4β3δ-GABAA receptors were shown to have no 

effect on GABAergic synapse formation under the same conditions (Figure 4.3.2). 

The expression of α4β3δ-GABAA receptors in HEK293 cells resulted in a general 

distribution of α4β3δ-GABAA receptors on the cell surface. Although the δ subunit 

has been shown to restrict the extrasynaptic localization of the δ-containing 

GABAA receptors in neurons (Martenson et al., 2017), a great proportion of α4β3δ-

GABAA receptors are likely to be present in the synaptic domain in any given time 

in our co-cultures in the absence of a full repertoire of postsynaptic proteins. In 

contrast, the γ2 subunit-containing GABAA receptors which are restricted to the 

synaptic domains in neurons appear to be more abundant in the postsynaptic 

domain in co-cultures although not exclusively present here (Figure 4.3.22). At 

the same time, these receptors have the ability to induce the formation of synaptic 

contacts if in a combination with certain α and β subunits (Brown et al., 2016).  

Previous work from our lab has revealed synaptogenic effects of the α2β2γ2-

GABAA receptors and possible synergistic effects of GABAA receptors and NL2 

in GABAergic synapse formation (Fuchs et al., 2013). The current experiments 

have confirmed these synergistic effects but also showed that synaptic contact 

formation can be increased even in the presence of the α4β3δ-GABAA receptors, 

although significantly less than in the presence of the α2β2γ2-GABAA receptors 

(Figure 4.3.8). These effects are not affected by the activity of GABAA receptors 

(Figure 4.3.12 - 4.3.17), as previously observed in the absence of NL2 (Brown et 



 

Page | 181  
 

al., 2016). However, electrophysiological recordings showed that no signal 

transmission was detected in these NL2/α4β3δ-GABAA receptor-induced 

synapses (Figure 4.3.18). Therefore, the localization of the α2β2γ2- and α4β3δ-

GABAA receptors in the presence of NL2 was investigated with SIM super-

resolution imaging, which showed that a significantly higher proportion of synaptic 

contacts were observed to contain the α2β2γ2-GABAA receptors than α4β3δ-

GABAA receptors in the co-culture (Figure 4.3.23A). This is in line with the 

findings that the α2β2γ2-GABAA receptors are more potent in inducing synapse 

formation than the α4β3δ-GABAA receptors in the presence of NL2 (Figure 4.3.8). 

The difference in the proportion of the α2β2γ2- and α4β3δ-GABAA receptors that 

were co-localized with the presynaptic active zone protein Bassoon was also 

reduced but not significant level (Figure 4.3.23B). This suggests that the vast 

majority of the GABAergic synapses formed with α4β3δ-GABAA receptor/NL2 

expressing-HEK293 cells lacked the functional postsynaptic GABAA receptors 

which are able to mediate IPSCs in response to GABA. These results have raised 

a question about what may be the reason for the lack of postsynaptic responses 

given that extrasynaptic α4β3δ-GABAA receptors, with higher GABA affinity 

(Brown et al., 2002), are expected to mediate postsynaptic electrophysiological 

responses if present in the vicinity of GABA-releasing presynaptic terminals. One 

possible explanation could be that the presynaptic release of GABA may be 

impaired in synapses formed in the presence of the α4β3δ-GABAA receptors and 

NL2. Synaptotagmin-specific antibody was therefore used to label active 
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presynaptic terminals that undergo synaptic vesicle exocytosis and release of 

GABA in these co-cultures (Figure 4.3.19). While most of the presynaptic 

terminals were active in the presence of NL2 and α2β2γ2-GABAA receptors, 

significantly lower proportion of the presynaptic terminals were active in the 

presence of NL2 alone or with α4β3δ-GABAA receptors (Figure 4.3.20). Therefore, 

the lack of IPSCs detected in co-cultures in the presence of NL2 and α4β3δ-

GABAA receptors can be partially explained by a reduction in GABA release from 

presynaptic terminals. This suggests a role of the α2β2γ2-GABAA receptors in 

facilitating the functional maturation of presynaptic terminals in addition to their 

“structural” role in inducing synaptic contact formation. In summary, while both 

α2β2γ2- and α4β3δ-GABAA receptors show synergistic effects when co-expressed 

with NL2, the induced synapses are fully functional, i.e. releasing sufficient 

amount of GABA, in the presence of the α2β2γ2-GABAA receptors and NL2.   

The role of the γ2 subunit in combination with certain α and β subunits, in 

inducing functional GABAergic synapse innervation on HEK293 cells in co-

culture has been characterized previously (Brown et al., 2016). This is in 

agreement with the fact that the γ2 subunit is specifically concentrated in 

synapses in most of the brain regions (Somogyi et al., 1996). Although the α2β3γ2-

GABAA receptors were not as effective as other synaptic GABAA receptor 

subtypes tested in the absence of NL2 (Brown et al., 2016), in the current study, 

these receptors were significantly more active than α2β3δ-, α4β3γ2-, or α4β3δ-

GABAA receptors in inducing synapse formation in the presence of NL2 (Figure 
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4.3.11). This suggests a different underlying mechanism in inducing GABAergic 

synapse formation in the presence of NL2. This is further supported by my 

findings that application of purified N-terminal ECDs of α2, β2 and γ2 subunits did 

not affect the synaptic contact formation in the presence of NL2 (Figure 4.3.24), 

although these proteins were able to reduce synapse formation in the absence of 

NL2 (Brown et al., 2016). Therefore, in the presence of NL2, the formation of 

GABAergic synapses is independent of the ECDs of GABAA receptor subunits in 

the co-culture. On the contrary, the intracellular loop between TM 3-4 of the γ2 

subunit was shown to be important for synergistic effects between GABAA 

receptors and NL2 in inducing synapse formation (Figure 4.3.26). The co-

immunoprecipitation of NL2 and γ2 or δICL2 subunit, but not δ subunit, suggests 

that this synergistic effect is dependent on the interaction between NL2 and 

GABAA receptor via the intracellular loop of the γ2 subunit (Figure 4.3.33). The 

diffusion of the δ subunit was shown to be predominantly constrained outside the 

GABAergic synapses possibly due to the intracellular loop TM3-4 interacting with 

an unknown protein which is restricted to the extrasynaptic domain. This 

constraint can be largely relieved by replacing this loop with the γ2 equivalent 

(Hannan et al., 2020). Therefore, the intracellular loop TM3-4 of the γ2 subunit is 

crucial for the synaptic localization of GABAA receptors possibly due to binding to 

NL2 in the GABAergic synapses. This is in agreement with the findings that the δ 

subunit prevents the GABAA receptor assembly with GARLH4 and NL2, which is 

preferable with the γ2 subunit (Martenson et al., 2017). GARLH4 has been 
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recently identified to facilitate the synaptic localization of the γ2 subunit-containing 

GABAA receptors as an auxiliary protein in a complex  with the γ2 subunit-

containing GABAA receptors and NL2 (Yamasaki et al., 2017). However, using 

GARLH specific antibody, the expression of GARLH was not detected in HEK293 

cells (not shown) from which overexpressed GABAA receptor and NL2 could be 

co-immunoprecipitated (Figure 4.3.31 – Figure 4.3.33). This result indicated while 

the auxiliary chaperone protein GARLH4 can facilitate GABAA receptor and NL2 

interaction, it may not be necessary for it to occur. NL2 may interact with GABAA 

receptors directly via binding of their intracellular domains, as well as via GARLH4. 

Therefore, GARLH4 may be important for stabilizing GABAA receptor-NL2 

interactions at synaptic contacts and holding them together (Martenson et al., 

2017). However, a direct interaction between the γ2 subunits and NL2 requires to 

be tested further.  

The interaction between α-Neurexin and α2 subunit-containing GABAA 

receptors was demonstrated using co-immunoprecipitation (Figure 4.3.30), but 

the results were inconsistent which suggests that this interaction may be indirect 

possibly occurring via GABAA receptor interaction with NL2. Although, β-Neurexin 

has been shown to directly bind to the α1 subunit N-terminal ECD in vitro (Zhang 

et al., 2010), this interaction has not been confirmed in vivo. While knock-out of 

α-Neurexin has been shown to have a limited effect on GABAergic synapse 

formation, the impairment in both spontaneous and evoked vesicular release of 

GABA was clearly demonstrated (Missler et al., 2003). Moreover, the knock-out 
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of NL2 was also shown to impair GABAergic synaptic transmission without 

affecting synapse numbers (Zhang et al., 2015). These suggest that NL2 may 

play an essential role in facilitating the presynaptic vesicle release by binding to 

Neurexin as an “on” switch of the synaptic transmission activities. Moreover, this 

induction of the presynaptic activity may require the γ2 subunit-containing GABAA 

receptors in interaction with NL2 via their intracellular domains.  

In summary, this study has revealed a different mechanism underlying the 

formation of GABAA receptor-induced GABAergic synapses in the presence of 

NL2-Neurexin complex in the co-culture. A synergistic effect between GABAA 

receptors and NL2 was confirmed, with the synaptic α2β2γ2-GABAA receptors 

being more prominent than the extrasynaptic α4β3δ-GABAA receptors. The 

synergistic effect may be facilitated by interaction between the TM3-4 intracellular 

loop of the γ2 subunit and NL2, which may influence indirectly the NL2 interaction 

with the presynaptic Neurexins leading to activation of the presynaptic release of 

GABA. How these mechanisms operate together with other proteins shown to be 

important for synapse formation and synaptic clustering of GABAA receptors, 

such as Gephyrin or GARLH4, requires further investigations.  
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5. GABAergic Synapse Formation can be Initiated by 

Pikachurin and Diazepam Binding Inhibitor 

5.1 Introduction 

5.1.1 Cell Adhesion Molecules in GABAergic Synapses 

GABAergic synapse is categorized as Gray’s type II synapse which contains 

relatively simple postsynaptic density (PSD) with a similar size to the presynaptic 

active zone (Sassoè-Pognetto et al., 2011). Although the number of proteins 

present in GABAergic synapses may not be as high as in glutamatergic synapses, 

many of these proteins play an important role in inducing GABAergic synapse 

formation and functional maturation (Sassoè-Pognetto et al., 2011; Lu, Bromley-

Coolidge and Li, 2017; Südhof, 2018). The establishment of a functional 

GABAergic synapse requires precise recognition and connection between the 

presynaptic neuronal terminal with specific region of the postsynaptic neuronal 

membrane. However, the molecular and cellular mechanisms for the formation of 

GABAergic synapses have not been fully elucidated.  

5.1.1.1 Dystroglycan  

Dystroglycan is the key component of the DGC which is essential for the 

connection of the neuronal actin cytoskeleton and the extracellular matrix in the 

brain (Henry and Campbell, 1996). Dystroglycan is composed of two subunits: 

extracellular α-dystroglycan which binds to a variety of proteins including 

Laminins, Neurexins and Pikachurin (Bello et al., 2015), and β-Dystroglycan, 
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which anchors the α-Dystroglycan. The Dystroglycan gene is widely expressed 

within the human body and it can be found in cardiac and skeletal muscles, brain, 

kidney, liver, lung, diaphragm, placenta, pancreas and stomach (Ibraghimov-

Beskrovnaya et al., 1992). In the brain, Dystroglycan can be found in neurons of 

the cerebral cortex, hippocampus, olfactory bulb, basal ganglia, thalamus, 

hypothalamus, brainstem and cerebellum and has been shown to be essential 

for the early development of the basal lamina as a receptor for Laminins (Bello et 

al., 2015).  

In the early development of the brain, Dystroglycan is important for the 

proliferation and differentiation of the neuroepithelial cells as these processes are 

influenced by the impaired Dystroglycan function (Schröder et al., 2007) which 

can lead to a range of brain abnormalities, from a mild cognitive impairment to 

neuronal migration disorders (Waite, Brown and Blake, 2012). In the mature brain, 

Dystroglycan is closely associated with GABAergic synapses in which it is 

essential for the formation of DGC while it is not detectable in glutamatergic 

synapses (Lévi et al., 2002). Dystroglycan plays an essential role in the clustering 

of GABAergic postsynaptic proteins such as α1-containing GABAA receptors, NL2 

and Gephyrin, and is required for the maintenance of functional GABAergic 

synapses (Briatore et al., 2020).  

5.1.1.2 Pikachurin 

In the retina, a complex formed between Dystroglycan and Pikachurin is essential 

for the formation of the photoreceptor ribbon synaptic structures (Sato et al., 2008, 
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Omori et al., 2012). The mRNA of Pikachurin and the expressed protein were also 

detected in the brain (Sato et al., 2008, Allen Brain Atlas). Pikachurin is an 

extracellular matrix-like protein which was initially identified as a presynaptic 

Dystroglycan ligand containing three Laminin globular (G) domains (Sato et al., 

2008).  

Expression of Dystroglycan is essential for localization of Pikachurin to the 

synapses and vice versa (Omori et al., 2012). Laminin was shown to facilitate the 

expression and stability of the DGC and Pikachurin complex in the retinal 

synapses as well as formation and stabilization of these synapses (Hunter et al., 

2017). Moreover, a postsynaptic receptor GPR179 has been identified recently 

as a binding partner for Dystroglycan-Pikachurin complex, which is essential for 

the synaptic organization in the retina (Orlandi et al., 2018). The transsynaptic 

interaction between GPR179 and DGC via Pikachurin plays an essential role in 

coordinating the structure and signal transmission at synapses formed by ON-

bipolar neurons and the presynaptic photoreceptors in the retina (Dunn, Orlandi 

and Martemyanov, 2019). A previous proteomic screen for proteins that bind to 

GABAA receptor subunits in our lab revealed that Pikachurin can bind to the N-

terminal extracellular domain of GABAA receptor α2 subunit. This binding was 

subsequently confirmed in in vitro binding assays and co-immunoprecipitation of 

Pikachurin and α2 subunit from cortical and striatal lysates (Jessica Arama, PhD 

Thesis). These results suggest that Pikachurin may play an important role in the 

formation and maintenance of GABAergic synapses.  



 

Page | 189  
 

5.1.1.3 Diazepam Binding Inhibitor 

Diazepam binding inhibitor (DBI) is a ~10 kDa polypeptide that inhibits the binding 

of diazepam to GABAA receptors (AIa and MI, 1983, Barbaccia et al., 1991). DBI 

is secreted in the unconventional secretory pathway named exophagy 

(Abrahamsen and Stenmark, 2010), in which the cytosolic DBI lacking a signal 

peptide is sequestered into the autophagosomes transported to the cell 

membrane and released into the extracellular space (Abrahamsen and Stenmark, 

2010). The major source of DBI in the brain are glia cells but neuronal cells can 

also secrete DBI (Kavaliers and Hirst, 1986).  

In the brain, DBI is a precursor for two biologically active peptides: 

octadecaneuropeptide (ODN) and triakontatetraneuropeptide (TTN) (Costa and 

Guidotti, 1991, Slobodyansky et al., 1989). Both products of DBI bind to the 

benzodiazepine binding sites (Farzampour, Reimer and Huguenard, 2015). ODN 

plays an important role in protecting the neurons and astrocytes from cell death 

caused by oxidative stress (Masmoudi-Kouki et al., 2018) and TTN stimulates the 

biosynthesis of the neurosteroids from pregnenolone (Do-Rego et al., 1998).  

The effects of DBI on GABAA receptors appear to depend on where in the 

CNS these proteins interact: DBI can act as a negative allosteric modulator in the 

spinal cord neurons and neural progenitors in the subventricular zone (SVZ) of 

the lateral ventricles (Alfonso et al., 2012), or as a positive allosteric modulator in 

the thalamic reticular nucleus (Christian et al., 2013). DBI has been shown to 

promote stem cell proliferation and expansion by reducing the ambient GABA 
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signals which inhibit proliferation (Alfonso et al., 2012). DBI has also been shown 

to be present in the neurogenic niche for both excitatory and inhibitory neurons 

where it affects the neurogenesis by exerting regulation on the stem cells 

(Dumitru et al., 2017).  

However, while the allosteric modulation effect of DBI on GABAA receptors 

has been intensively studied, whether and how DBI influences the formation of 

GABAergic synapses has not been described. That DBI may play a part in the 

regulation of GABAergic synapses was inferred based on the fact that the long-

term exposure of neurons to Diazepam leads to a loss of GABAergic synapses 

(Nicholson et al., 2018). We have therefore hypothesized that DBI, by inhibiting 

Diazepam binding to the benzodiazepine binding sites on the GABAA receptors, 

may have a protective role in preventing this loss and any other structural 

changes caused by the prolonged exposure of neurons to benzodiazepines. 

5.1.2 Aim and Hypothesis 

The aim of this chapter was to test the effect of Pikachurin, Dystroglycan and 

DBI on the formation of GABAergic synapses in the co-culture model. These 

proteins are all found to express within the GABAergic synapses and can interact 

with GABAA receptors. I have hypothesized that the formation of GABAergic 

synapses requires the presence and functional activities of Pikachurin and 

Dystroglycan, and that DBI may have a protective role on maintaining and thus 

have a positive effect on the GABAergic synapse formation. Therefore, the role 

of each of these proteins in GABAergic synapse formation were test using a well-
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established co-culture model system of embryonic medium spiny neurons and 

HEK293 cells, stably expressing synaptic α2β2γ2-GABAA receptors.   
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5.2 Materials and Methods 

5.2.1 Effectene Transfection 

Embryonic rat medium spiny neuronal culture was prepared as described in the 

Chapter 20 section 2.1.2. HEK293 cells (wt or stably expressing the α2β2γ2-

GABAA receptors) were plated on the 6-well plate (3 × 105 cells / well) 24 hours 

before transfection. After 24-hour incubation of cells in the 37℃ 5% CO2 

humidified incubator, a total of 200 ng cDNAs (GFP + Pikachurincherry / 

dystroglycanmyc / DBImyc; Table 5.1) was mixed in 252.6 μl EC buffer (Qiagen) with 

8.1 μl enhancer (Qiagen) for 5 minutes at room temperature after 1-second vortex. 

Effectene (Qiagen) was then added into the mixture (25.25 μl per 5 μg DNA) and 

vortexed. After 10-minute incubation at room temperature, the mixture of DNA - 

Effectene was added into the wells drop-by-drop. The transfected cells were 

incubated in the 37 ℃ 5 % CO2 humidified incubator for 24 hours before they 

were detached and plated on poly-L-lysine (0.1 mg / ml) coated glass coverslips 

(VWR) in 24-well plates or added to rat medium spiny neurons already growing 

on glass coverslips for 12-13 days, to form the co-cultures.  

Table 5.1 The cDNA constructs of trans-synaptic proteins used in co-cultures. 

Construct Protein Reference 

pCAG-Pikachurin-FL-

mCherry 

Pikachurin Omori et al., 2012 

pCMV6-myc-DDK-

Dag1 

Dystroglycan OriGene 

pCMV6-myc-DDK-DBI Diazepam binding inhibitor OriGene 
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5.2.2 Immunocytochemistry and Confocal Microscope Imaging 

The transfected HEK293 cells were incubated at 37 ℃ with 5 % CO2 for 24 hours 

and subsequently transferred to the neuronal culture. The co-culture was 

incubated at 37 ℃ with 5 % CO2 for 24 hours and the fixed using 4 % PFA solution 

for 10 minutes at room temperature. GABAergic presynaptic terminals were 

labelled with VGAT-specific antibody (1:500; 131013, Synaptic Systems). 

HEK293 cells were labelled with GFP. Expression of Pikachurin was visualized 

with the cherry tag on the construct while Dystroglycan and DBI were labelled 

with a myc-specific antibody (1:500; 05-724, Merck Millipore). AlexaFluoroTM 

secondary antibodies (Abcam) were applied at dilution of 1:750. Images were 

acquired using LSM700 confocal microscope (Carl Zeiss) using 63× oil 

immersion objective and analyzed as described in Chapter 2 section 2.4.  
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5.3 Results 

In order to investigate how expression of various trans-synaptic proteins affects 

synapse formation, the constructs containing the cDNA of these proteins were 

transfected together with the GFP cDNA into the HEK293-wt cells or HEK293 

cells stably expressing α2β2γ2-GABAA receptors.  

After 24 hours of incubation, the cells were transferred into 14 DIV rat (E17-

19) embryonic medium spiny neuron cultures and further incubated for 24 hours 

in 37 ℃ in the 5 % CO2 humidified incubator before they were fixed and subjected 

to immunolabeling with the primary and fluorescently-labelled secondary 

antibodies as described in section 5.2.2. Fluorescent images were acquired by 

Zeiss confocal microscope LSM 710. Cell bodies were visualized by GFP at the 

λ = 488 nm, expressed trans-synaptic proteins were visualized at the λ = 555 nm, 

and synaptic terminals labelled with VGAT-specific antibodies were visualized at 

the λ = 647 nm (Cy5 secondary antibody). The cells imaged were located near at 

least one or several medium spiny neuron projections. During acquisition z-stack 

of a single cell was obtained using 63× lens. The interval between each z-stack 

was 0.70 μm.  
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5.3.1 Pikachurin Promotes GABAergic Synapse Formation 

After transfection into HEK293 cells and expression in co-cultures. Pikachurin 

was detected in synapses formed by VGAT terminals and HEK293 cells (Figure 

5.3.1). Pikachurin was also detected in association with other VGAT positive 

terminals which were not directly associated with HEK293 cells, which suggests 

that Pikachurin can be secreted by HEK293 cells into the medium (Figure 5.3.2). 

In the presence of Pikachurin, the number of contacts formed between the VGAT-

labelled presynaptic terminals of medium spiny neurons and HEK293 cells was 

increased, and this was noted in the case of both the wt-HEK293 and α2β2γ2-

GABAA receptor-expressing HEK293 cells (Figure 5.3.1.). 

Quantification of the % area of co-localized pixels that represents contacts 

between VGAT terminals and HEK293 cells using ImageJ demonstrated a 

significant increase in co-cultures where expression of Pikachurin was detected. 

In co-cultures with the wt-HEK283 cells, the median % area was 0.05 % (IQR = 

0.03 - 0.13 %; n = 20 cells from N=2 independent experiments) in the absence of 

Pikachurin, while the median % area in the presence of Pikachurin was 0.15 % 

(IQR = 0.04 - 0.23 %; n = 22 cells, from N = 2 independent experiments, p < 0.05, 

Figure 5.3.3A). In co-cultures with the α2β2γ2-GABAA receptor-expressing 

HEK293 cells, the median % area was 0.25 % (IQR = 0.08 - 0.54 %; n = 19 cell 

from N=2 independent experiments) in the absence of Pikachurin, while median % 

area in the presence of Pikachurin was 0.48 % (IQR = 0.31 – 0.91 %; n = 19, 

from N = 2 independent experiments, p < 0.05, Figure 5.3.3A). In addition, the % 
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area of co-localization was significantly increased in the presence of Pikachurin 

and α2β2γ2-GABAA receptors as opposed to Pikachurin alone (p < 0.05, Figure 

5.3.3A). 

Quantification of the count of co-localized pixel puncta between VGAT 

terminals and HEK293 cells using ImageJ also demonstrated a significant 

increase in co-cultures where expression of Pikachurin was detected. In co-

cultures with the wt-HEK283 cells, the median count was 24 (IQR = 16 - 68; n = 

20 cells from N = 2 independent experiments) in the absence of Pikachurin, while 

the median count in the presence of Pikachurin was 65 (IQR = 34 - 114; n = 22 

cells, from N = 2 independent experiments, p < 0.05, Figure 5.3.3B). In co-

cultures with α2β2γ2-GABAA receptor-expressing HEK293 cells, the median count 

was 53 (IQR = 29 - 93; n = 19 cell from N=2 independent experiments) in the 

absence of Pikachurin, while median count in the presence of Pikachurin was 

124 (IQR = 52 - 466; n = 19, from N = 2 independent experiments, p < 0.05, 

Figure 5.3.3B). Moreover, the count of co-localized pixel puncta was significantly 

increased in the presence of Pikachurin and α2β2γ2-GABAA receptors than 

Pikachurin alone (p < 0.05, Figure 5.3.3B).  

 These experiments indicate that overexpression of Pikachurin facilitates the 

formation of synaptic contacts between the medium spiny neurons and HEK293 

cells in the presence or absence of α2β2γ2-GABAA receptors. However, the effect 

of Pikachurin expression on contact formation appears to be more pronounced 

when HEK293 cells also express GABAA receptors.  
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Figure 5.3.1 

Synaptic contact formation in co-culture of HEK293 cells and medium spiny neurons. 

HEK293 cells (wt or stably expressing α2β2γ2-GABAA receptors) expressing GFP alone and 

GFP + Pikachurin were incubated in co-culture with medium spiny neurons for 24 hours. 

The HEK293 cells were visualized by GFP (green); Pikachurin was tagged with p-cherry 

(red); and synaptic terminals were labelled with VGAT antibody (blue). Scale bar = 20 μm. 

Fluorescent imaging was done using Zeiss 710 confocal microscope at 63 × magnification 

with image size 512 × 512. Max intensity projection of the z-stack images was shown. The 

enlarged images are 12 × zoom in. 
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  Figure 5.3.2 

Typical fluorescent image 

that shows co-localization 

of Pikachurin secreted by 

HEK293-wt and VGAT 

positive terminals of co-

cultured medium spiny 

neurons. Scale bar = 10 

μm (5 μm in enlarged 

image). Fluorescent 

imaging was done using 

Zeiss 710 confocal 

microscope at 63 × 

magnification with image 

size 512 × 512. Max 

intensity projection of the 

z-stack images was 

shown. 
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Figure 5.3.3 

Expression of Pikachurin promotes synaptic contact formation between medium spiny 

neurons and the wt- or α2β2γ2-GABAA receptor-expressing HEK293 cells in co-culture. 

Quantitative analysis of HEK293 cell in contact with VGAT terminals. (A) % Area of co-

localization. (B) Count of co-localization. The box and whisker plot shows the mean (square 

dot with no fill), median (horizontal line) and standard deviation of the mean (whiskers). 

Data from N = 2 independent experiments with n = 20 wt-HEK293 cells, n = 22 wt-HEK293 

cells expressing Pikachurin, n = 19 α2β2γ2-GABAA receptor-expressing HEK293 cells and 

n = 19 α2β2γ2-GABAA receptor-expressing HEK293 cells expressing Pikachurin. Shapiro-

Wilk normality test was used to test the normal distribution of the data and Mann-Whitney 

test was used to analyze the statistical significance of the difference. (* p < 0.05) 
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5.3.2 Dystroglycan Exerts No Effect on the Formation of GABAergic 

Synapses 

Dystroglycan, the key component of the DGC, is essential for the connection 

between the actin skeleton of the neuron and the extracellular matrix (Henry and 

Campbell, 1996). It has been shown to play an essential role in stabilizing 

GABAergic synapses but whether it induces the formation of GABAergic synapse 

is unknown. Moreover, it was found that Dystroglycan is essential in the structure 

maintenance of the ribbon synapses by docking Pikachurin (Dunn, Orlandi and 

Martemyanov, 2019).  

Myc-tagged Dystroglycan (at the N-terminal extracellular domain) was 

expressed in the wt- or α2β2γ2-GABAA receptors-expressing HEK293 cell line and 

the cells were co-cultured with the medium spiny neurons for 24 h. The cells were 

fixed and processed for immunocytochemistry and confocal imaging using a myc-

specific antibody to label Dystroglycan at the cell surface and VGAT antibody to 

label GABAergic terminals. Dystroglycan was detected at the surface of HEK293 

cells (Figure 5.3.4, dystroglycan channel), however, showing no co-localization 

with the VGAT terminals forming contacts with HEK cells. Moreover, there was 

no apparent difference in synaptic contact formation between the medium spiny 

neurons and either wt- or GABAA receptor-expressing HEK293 cells in the 

absence or presence of Dystroglycan (Figure 5.3.4).  

Quantification of the % area of co-localized pixels that represents contacts 

between VGAT terminals and HEK293 cells using ImageJ demonstrated no 
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significant change in co-cultures where expression of Dystroglycan was detected. 

In co-cultures with wt-HEK283 cells, the median % area was 0.15 % (IQR = 0.10 

- 0.29 %; n = 24 cells from N=2 independent experiments) in the absence of 

Dystroglycan, while the median % area in the presence of Dystroglycan was 0.19 % 

(IQR = 0.08 - 0.34 %; n = 22 cells, from N = 2 independent experiments, Figure 

5.3.5A). In co-cultures with α2β2γ2-GABAA receptor-expressing HEK293 cells, the 

median % area was 0.16 % (IQR = 0.05 - 0.40 %; n = 27 cell from N=2 

independent experiments) in the absence of Dystroglycan, while median % area 

in the presence of Dystroglycan was 0.22 % (IQR = 0.12 – 0.46 %; n = 27, from 

N = 2 independent experiments, Figure 5.3.5A).  
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Figure 5.3.4 

Synaptic contact formation in co-culture of HEK293 cells and medium spiny neurons. 

HEK293 cells (wt or stably expressing α2β2γ2-GABAA receptors) expressing GFP alone or 

GFP + dystroglycan were incubated in co-culture with medium spiny neurons for 24 hours. 

The HEK293 cells were visualized by GFP (green); Dystroglycan was tagged with myc-tag 

which was visualized by myc antibody (red); and synaptic terminals of medium spiny 

neurons were labeled with VGAT antibody (blue). Scale bar = 20 μm. Fluorescent imaging 

was done using Zeiss 710 confocal microscope at 63 × magnification with image size 512 

× 512. Max intensity projection of the z-stack images was shown. The enlarged images are 

12 × zoom in. 
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Figure 5.3.5 

Expression of Dystroglycan has no effect on synaptic contact formation between the 

medium spiny neurons and wt- or α2β2γ2-GABAA receptor-expressing HEK293 cells in co-

culture. Quantitative analysis of HEK293 cell in contact with VGAT terminals. (A) % Area 

of co-localization. (B) Count of co-localization. The box and whisker plot shows the mean 

(square dot with no fill), median (horizontal line) and standard deviation of the mean 

(whiskers). Data from N = 2 independent experiments with n = 24 wt-HEK293 cells and, n 

= 22 wt-HEK293 cells expressing Dystroglycan, n = 27 α2β2γ2-GABAA receptor-expressing 

HEK293 cells and n = 27 α2β2γ2-GABAA receptor-expressing HEK293 cells also expressing 

Dystroglycan. Shapiro-Wilk normality test was used to test the normal distribution of the 

data and Mann-Whitney test was used to analyze the statistical significance of the 

difference. 
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Quantification of the count of co-localized pixel puncta that represents the 

number of contacts between VGAT terminals and HEK293 cells using ImageJ 

also demonstrated no change in co-cultures where expression of Dystroglycan 

was detected. In co-cultures with wt-HEK283 cells, the median count was 50 (IQR 

= 31 - 86; n = 24 cells from N=2 independent experiments) in the absence of 

Dystroglycan, while the median count in the presence of Dystroglycan was 45 

(IQR = 33 - 45; n = 22 cells, from N = 2 independent experiments, Figure 5.3.5B). 

In co-cultures with α2β2γ2-GABAA receptor-expressing HEK293 cells, the median 

count was 48 (IQR = 19 - 67; n = 27 cell from N = 2 independent experiments) in 

the absence of Dystroglycan, while median count in the presence of Dystroglycan 

was 45 (IQR = 29 - 71; n = 27, from N = 2 independent experiments, Figure 

5.3.5B).  

Because Dystroglycan is expressed on the surface of HEK293 cells instead 

of being secreted into the culture medium like Pikachurin, the level of expression 

of Dystroglycan may affect the formation of synapses. Therefore, the data were 

normalized with the level of expression of Dystroglycan. The expression level of 

dystroglycan was quantified by the sum of mean intensity of Dystroglycan signal 

in each stack of the z-stack images at level of 104. In this way, I have analyzed 

the formation of GABAergic synapses induced by a certain amount of 

Dystroglycan in the presence or absence of GABAA receptors in the co-culture. 

However, even after this adjustment, the size of area with co-localized pixels that 

represents contacts between VGAT terminal and HEK293 cells was not 
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significantly different in the absence or presence of Dystroglycan (median = 

1.93 %; IQR = 0.38 – 3.55 %; n = 24 cells vs. median = 1.89 %; IQR = 0.56 – 

5.11 %; n = 28 cells from N = 2 independent experiments, respectively; p > 0.05, 

Figure 5.3.6A). The count of co-localized pixels that represents contacts between 

VGAT terminal and HEK293 cells was not significantly different in the absence or 

presence of Dystroglycan either (median = 0.42; IQR = 0.17 – 0.92; n = 22 vs. 

median = 0.38; IQR = 0.19 – 0.74; n = 27, from N = 2 independent experiments, 

respectively; p > 0.05, Figure 5.3.6B).  
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Figure 5.3.6 

No significant difference was observed in quantitative analysis of HEK293 (wt and α2β2γ2) 

cell in contact with VGAT terminals in the presence of Dystroglycan. The % area was 

normalized by the expression level of Dystroglycan in HEK293 cells. (A) Normalized % 

area of co-localization. (B) Normalized count of co-localization. The box and whisker plot 

shows the mean (square dot with no fill), median (horizontal line), standard deviation of the 

mean (whiskers) and the outliers (square dot black fill). Data from N = 2 independent 

experiments with n = 22 wt-HEK293 cells expressing Dystroglycan and n = 27 α2β2γ2-

GABAA receptor-expressing HEK293 cells expressing Dystroglycan. Shapiro-Wilk 

normality test was used to test the normal distribution of the data and Mann-Whitney test 

was used to analyze the statistical significance of the difference.  
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Furthermore, as Pikachurin was found to be a ligand of dystroglycan, which 

promotes the formation of synapses in the retina (Sato et al., 2008), these two 

proteins were transfected together into HEK293 cells for investigation of a 

possible cumulative effect they may have on GABAergic synapse formation in the 

co-culture model used above (Figure 5.3.7). Confocal imaging revealed that 

Dystroglycan was expressed on the surface of HEK293 cells while Pikachurin 

was secreted, with very little co-localization detected between these two proteins 

(Figure 5.3.7). Quantitative analysis of the % area of co-localized pixels between 

the presynaptic marker VGAT and HEK293 cells shows that co-expression of 

Pikachurin and Dystroglycan significantly increased synaptic contact formation in 

the presence of α2β2γ2-GABAA receptors (median = 0.79 %; IQR = 0.40 – 1.50 %; 

n = 44 vs. median = 1.32 %; IQR = 0.68 – 2.19 %; n = 44, from N = 3 independent 

experiments, p < 0.05, Figure 5.3.8A). However, with the wt-HEK293 cell, the 

level of synapse formation was not significantly different in the absence or 

presence of Dystroglycan and Pikachurin (median = 0.57 %; IQR = 0.35 – 1.09 %; 

n = 44 vs. median = 0.52 %; IQR = 0.36 – 1.04 %; n = 43, from N = 3 independent 

experiments, p > 0.05, Figure 5.3.8A). In addition, the % area of co-localization 

was significantly increased in the presence of Pikachurin, Dystroglycan, and 

α2β2γ2-GABAA receptors as opposed to Pikachurin and Dystroglycan alone (p < 

0.05, Figure 5.3.8A).  

Quantitative analysis of the count of co-localized pixel puncta between the 

presynaptic marker VGAT wt-HEK293 cells shows no significant difference in the 
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absence or presence of Dystroglycan and Pikachurin (median = 62; IQR = 42 - 

88; n = 44 vs. median = 66; IQR = 33 - 92; n = 43, from N = 3 independent 

experiments, p > 0.05, Figure 5.3.8B). With the α2β2γ2-GABAA receptor 

expressing-HEK293 cells, the level of synapse formation was not significantly 

different in the absence or presence of Dystroglycan and Pikachurin (median = 

43; IQR = 23 - 88; n = 44 vs. median = 70; IQR = 42 - 98; n = 43, from N = 3 

independent experiments, p > 0.05, Figure 5.3.8A). 
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Figure 5.3.7 

Synaptic contact formation in co-culture of HEK293 cells and medium spiny neurons. 

HEK293 cells (wt or α2β2γ2-GABAA receptor cell line) expressing GFP alone and GFP + 

dystroglycan + pikachurin were incubated in co-culture with medium spiny neurons for 24 

hours. The HEK293 cells were visualized by GFP (green); Dystroglycan was tagged with 

myc-tag which is visualized with myc antibody (blue); pikachurin was tagged with p-cherry 

(red) and synaptic terminals of medium spiny neurons were labelled with VGAT antibody 

(cyan). Pikachurin signal is more punctate in the absence of α2β2γ2-GABAA receptor than 

in the presence of α2β2γ2-GABAA receptor. Scale bar = 20 μm. Fluorescent imaging was 

done using Zeiss 880 confocal microscope at 63 x magnification with image size 512 × 

512. Max intensity projection of the z-stack images was shown. The enlarged images are 

12 × zoom in. 
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Figure 5.3.8 

Expression of Pikachurin and Dystroglycan significantly increases synaptic contacts 

formed between the medium spiny neurons and HEK293 cells in the presence of α2β2γ2-

GABAA receptors. Quantitative analysis of (A) % area and (B) Count of co-localized pixel 

puncta between VGAT terminals and HEK293 cells. The box and whisker plot shows the 

mean (square dot with no fill), median (horizontal line), standard deviation of the mean 

(whiskers) and the outliers (square dot black fill). Data from N = 3 independent experiments 

with n = 44 wt-HEK293 cells, n = 43 wt-HEK293 cells expressing Pikachurin and 

dystroglycan, n = 44 α2β2γ2-GABAA receptor-expressing HEK293 cells and n = 44 α2β2γ2-

GABAA receptor-expressing HEK293 cells expressing Pikachurin and dystroglycan. 

Shapiro-Wilk normality test was used to test the normal distribution of the data and Mann-

Whitney test was used to analyze the statistical significance of the difference. (* p < 0.05) 
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These experiments indicate that Dystroglycan does not induce formation of 

GABAergic synapses on its own or in the presence of α2β2γ2-GABAA receptors in 

our co-culture model. In addition, when co-expressed with Pikachurin, 

Dystroglycan appears to abolish the positive effects of Pikachurin on synapse 

formation in the case of wt-HEK293 cells and diminish these effects in the case 

of GABAA receptor-expressing HEK293 cells. However, the effects of Pikachurin 

were still statistically significant in the latter case. Still, these effects were no 

longer significant when the number of co-localized pixel puncta were quantified 

which was due to high variability in size between individual HEK293 cells. This 

discrepancy could be explained by differences in how these two parameters were 

calculated. In the case of the % Area of co-localization, the size of each individual 

HEK293 cell is taken into calculation while that is not the case when the Count of 

co-localized pixels is estimated because this simply represents the total number 

of sites where the pixels in two channels are co-localized. However, it is very well 

known that after transfection the shape and size of HEK293 cells can vary 

significantly (Ooi et al., 2016), and thus the surface area where the contacts can 

be formed. Therefore, the significance observed with the % Area analysis is not 

always also observed with the Count analysis especially when the factor of 

difference is lower than 2 ×.  
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5.3.3 DBI Promotes Formation of GABAergic Synapses  

Long-term treatment with Diazepam has been reported to induce the loss of 

GABAergic synapses in cortical neuronal cultures (Nicholson et al., 2018). As DBI 

inhibits the binding of Diazepam to GABAA receptors, we hypothesized that DBI 

may have a protective role in these processes. Therefore, it was of interest to 

study how the expression of DBI may influence the formation of GABAergic 

synapses in our co-culture model system.  

DBI cDNA is myc-tagged at the N-terminus, therefore, anti-myc primary 

antibody was used to label DBI via its extracellular domain. DBI was shown to 

express at certain locations on the cell surface (Figure 5.3.9, red channel), but 

the majority of the label was detected in the cytoplasm of HEK293 cells (Figure 

5.3.9). The merged channels show that more synaptic contacts (co-localization 

of cell body and VGAT) are formed with the cells expressing DBI. 

Expression of DBI significantly increased the GABAergic synaptic contacts 

formed between the wt-HEK293 cells and medium spiny neurons (median = 

0.12 %; IQR = 0.05 - 0.17 %; n = 38 vs. median = 0.19 %; IQR = 0.11 - 0.31 %; 

n = 39, from N = 3 independent experiments, p < 0.05, Figure 5.3.10A). In the 

presence of α2β2γ2-GABAA receptors, the GABAergic synapse formation was 

also increased by DBI (median = 0.09 %; IQR = 0.05 - 0.23 %; n = 30 vs. median 

= 0.27 %; IQR = 0.17 - 0.44 %; n = 36, from N = 3 independent experiments, p < 

0.05, Figure 5.3.10A).  
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Quantitative analysis of the number of colocalized pixel puncta (Count) 

between the VGAT and wt-HEK293 cells showed no significant difference in the 

absence or presence of DBI (median = 34; IQR = 17 - 68; n = 38 vs. median = 

43; IQR = 25 - 76; n = 39, from N = 2 independent experiments, p > 0.05, Figure 

5.3.10B). However, in the presence of α2β2γ2-GABAA receptors, the count of co-

localized pixels was significantly increased by DBI (median = 35; IQR = 24 - 60; 

n = 30 vs. median = 77; IQR = 49 - 121; n = 37, from N = 2 independent 

experiments, p < 0.05, Figure 5.3.10B). 

These data indicate that DBI promotes the formation of GABAergic synaptic 

contacts between the medium spiny neurons and HEK293 cells, and that this 

effect is further potentiated when synaptic α2β2γ2-GABAA receptors are also 

expressed on the surface of HEK293 cells.  
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Figure 5.3.9 

Synaptic contact formation in co-culture of HEK293 cells and medium spiny neurons. 

HEK293 cells (wt or α2β2γ2-GABAA receptor cell line) expressing GFP alone and GFP + 

DBI were incubated in co-culture with medium spiny neurons for 24 hours. The whole cell 

body was visualized by GFP (green); DBI was tagged with myc-tag which was visualized 

with the myc antibody (red); and synaptic terminals of medium spiny neurons were 

labelled with VGAT antibody (blue). Scale bar = 20 μm. Fluorescent imaging was done 

using Zeiss 710 confocal microscope at 63 × magnification with image size 512 × 512. Max 

intensity projection of the z-stack images was shown. The enlarged images show segments 

which were enlarged 12 ×. 
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Figure 5.3.10 

Expression of DBI significantly potentiates the formation of synaptic contacts between the 

medium spiny neurons and HEK293 (wt and α2β2γ2) cells. Quantitative analysis of (A) % 

area, and (B) count of HEK293 cell in contact with VGAT terminals. The box and whisker 

plot shows the mean (square dot with no fill), median (horizontal line), standard deviation 

of the mean (whiskers) and the outliers (square dot black fill). Data from N = 3 independent 

experiments with n = 38 wt-HEK293 cells, n = 39 wt-HEK293 cells expressing DBI, n = 30 

α2β2γ2-GABAA receptor-expressing HEK293 cells and n = 36 α2β2γ2-GABAA receptor-

expressing HEK293 cells expressing DBI. Shapiro-Wilk normality test was used to test the 

normal distribution of the data and Mann-Whitney test was used to analyze the statistical 

significance of the difference. (* p < 0.05) 
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5.4 Discussion 

The formation and maintenance of GABAergic synapses is regulated by a variety 

of cell adhesion molecules. However, the specific function of each of these 

proteins remains largely unclear. We focused on three plausible cell adhesion 

molecules that are present at GABAergic synapses and interact with GABAA 

receptors: Pikachurin, Dystroglycan and DBI. The role of Dystroglycan and 

Pikachurin as cell adhesion molecules that form complexes and interact with 

other proteins to mediate the formation and normal function of the ribbon 

synapses has been well characterized in the retina (Sato et al., 2008, Omori et 

al., 2012), and both proteins have been shown to be present in the brain (Sato et 

al., 2008). Preliminary experiments from our lab have demonstrated that 

Pikachurin can interact with GABAA receptor α2 subunit. While both Pikachurin 

and Dystroglycan are components of the ECM in the brain synapses (Bello et al., 

2015), how these two proteins participate in synapse formation is currently 

unknown. DBI is an endogenous ligand for the benzodiazepine binding site of the 

GABAA receptors that displaces the binding of Diazepam (AIa and MI, 1983). 

Prolonged Diazepam exposure has been shown to reduce the expression of 

GABAA receptors via calcium-dependent internalization from the neuronal cell 

surface, which leads to disassembly of GABAergic synapses (Nicholson et al., 

2018). Therefore, we hypothesized that DBI may work in the opposite direction 

to Diazepam and facilitate GABAergic synapse formation. 
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5.4.1 Pikachurin Promotes GABAergic Synapse Formation 

While playing an essential role in the retinal ribbon synaptic formation and 

maintenance, the role of Pikachurin in the brain is currently unknown. Confocal 

images of the co-cultures showed a significant increase in the contact formation 

between the medium spiny neurons and HEK293 cells expressing Pikachurin 

both in the absence and presence of α2β2γ2-GABAA receptors (Figure 5.3.3). 

These data suggest that Pikachurin might function as an adhesion molecule in 

the GABAergic synapses. A significantly higher level of synapse formation was 

observed in the presence of the α2β2γ2-GABAA receptors (Figure 5.3.3). This 

suggests a synergistic effect of GABAA receptors and Pikachurin in inducing 

GABAergic synapse formation. This synergistic effect might be subunit-specific, 

however, this will require further experimentations, such as a comparison 

between different GABAA receptor subtypes .  

Moreover, a significant amount of Pikachurin was found co-localized with 

VGAT in our co-culture (Figure 5.3.2). This indicates that Pikachurin is largely 

secreted into the extracellular space where it can interact with the presynaptic 

proteins. Although further analysis is needed to characterize these interactions, 

this suggests that Pikachurin might act as a “guide” that facilitates the adhesion 

of nerve terminals to the postsynaptic membrane. In the retina, Pikachurin is 

secreted by photoreceptors to facilitate the formation and function of ribbon 

synapses by physically connecting the presynaptic DGC and the GPR179 (Sato 

et al., 2008; Orlandi et al., 2018). Therefore, it is likely that α2-containing GABAA 



 

Page | 218  
 

receptors act as the postsynaptic ligand for Pikachurin in this process. However, 

the fact that Pikachurin can promote synapse formation in the absence of GABAA 

receptors as well (Figure 5.3.3) suggests that GABAA receptors are not likely to 

be the only player in this context.  

5.4.2 Dystroglycan only Promotes GABAergic Synapse Formation when 

Co-expressed with Pikachurin and α2β2γ2-GABAA Receptors 

Because Pikachurin was shown to promote the ribbon synapse formation in the 

retina as a component of the DGC, we tested the effect of co-expression of 

Pikachurin and Dystroglycan, the key component of the DGC, on the GABAergic 

synapse formation. The DGC plays an essential role in connecting the 

cytoskeleton to the extracellular matrix. Unlike Pikachurin which is secreted into 

the surrounding environment, Dystroglycan is expressed on the cell surface 

(Figure 5.3.4). Dystroglycan is selectively expressed in inhibitory synapses in the 

brain and is essential for clustering of GABAergic postsynaptic proteins (Lévi et 

al., 2002). However, no significant change in synapse formation was observed in 

the presence of Dystroglycan (Figure 5.3.5 & Figure 5.3.6). It has been recently 

shown that the deletion of Dystroglycan impairs the formation of inhibitory 

synapses in cerebellar Purkinje cells (Briatore et al., 2020). Conditional knockout 

of Dystroglycan in pyramidal cells can result in loss of GABAergic CCK-positive 

interneuron innervation of these cells and CCK-positive interneuron cell death 

and failure. The remaining CCK-positive interneurons axonal terminals were 

retargeted to the striatum where expression of Dystroglycan was retained in 



 

Page | 219  
 

(Miller and Wright, 2021). In a separate study, deletion of Dystroglycan also 

reduced the CCK-positive interneuron innervation of pyramidal cells in the 

hippocampus and neocortex, while the parvalbumin (PV)-positive cells were not 

affected (Früh et al., 2016). This can be explained by the expression of different 

proteins by these two types of cells. Albeit Dystroglycan interaction with both 

Neurexins and Neuroligins (Briatore et al., 2020) in the brain has been reported, 

the specificity of Dystroglycan inducing GABAergic interneuronal innervation 

suggests that other presynaptic cell adhesion molecules can be involved in this 

process. Overall, these findings demonstrate that Dystroglycan plays an 

important role in the GABAergic synapse formation and targeting of the 

GABAergic axons in vivo. However, in our co-culture model system, no such 

effect was observed with the expression of Dystroglycan in the absence or 

presence of α2β2γ2-GABAA receptors. In the basal ganglia, Dystroglycan is 

sparsely found in the Striatum but not in the Substantia Nigra (Zaccaria et al., 

2001) which the medium spiny neurons predominantly innervate (Tepper, 

Abercrombie and Bolam, 2007). These together suggest that Dystroglycan may 

not be relevant to synapses formed by the medium spiny neurons. Moreover, it 

has been shown that the clustering of the postsynaptic Gephyrin at GABAergic 

synapses is not dependent on Dystroglycan (Lévi et al., 2002). The same was 

reported for the clustering of GABAA receptor α2 or γ2 subunits at GABAergic 

synapses (Früh et al., 2016). Together, these studies suggest that Dystroglycan 

effects on GABAergic synapse formation require the presence of interactors.  
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With co-expression of Dystroglycan and Pikachurin, the level of synapse 

formation was significantly increased in the presence of GABAA receptors (Figure 

5.3.8). Without the expression of the α2β2γ2-GABAA receptors, no significant 

change in the synapse formation was observed (Figure 5.3.8). It seems that the 

expression of Dystroglycan reverses the synaptogenic effects of Pikachurin. Our 

analysis shows that in the presence of the α2β2γ2-GABAA receptors, the median % 

Area of contacts was 1.93 × higher than controls when Pikachurin was expressed 

alone. However, when Dystroglycan was co-expressed with Pikachurin, the 

median % Area of synaptic contacts was 1.68 × higher than controls. Also, in the 

presence of Pikachurin alone, the median % Area of synaptic contacts was 3.16 

× higher with HEK293 cells expressing α2β2γ2-GABAA receptors than wt-HEK293 

cells, but in the presence of Dystroglycan and Pikachurin, the factor was slightly 

lower (2.53 ×). Together, expression of Dystroglycan seems to reduce, if anything, 

the synaptogenic effects of Pikachurin but not fully eliminate them. This is likely 

due to the binding of Dystroglycan and Pikachurin, which may affect Pikachurin 

interaction with other postsynaptic ligands such as GABAA receptors. Moreover, 

Dystroglycan interaction with Neurexin seems to be inhibited by NL2 (Reissner 

et al., 2014), which suggests that the earlier expressed Dystroglycan may 

function as an inducer of synapses which is subsequently replaced by NL2 during 

functional maturation of synapses (Moore et al., 2002). This suggests a relatively 

low affinity of Dystroglycan-Neurexin interaction (Reissner et al., 2014). In the 

retina, Dystroglycan is linked to the Laminin via its binding of Agrin (Sato et al., 
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2008), and is linked to GPR179 to stabilize the ribbon synapse via Pikachurin 

interaction (Orlandi et al., 2018). Thus, Pikachurin might play a similar structural 

role in the brain to bridge Dystroglycan to the presynaptic transmembrane 

proteins, likely Neurexins, to induce the formation of GABAergic synapses. 

However, this requires further investigation and identification of a presynaptic 

ligand for Dystroglycan which may play a key role in these processes. For 

example, fluorescent labeling of Dystroglycan, Pikachurin and Neurexin in the co-

culture model system can allow quantitative assessment of Dystroglycan and 

Neurexin co-colocalization in the presence or absence of Pikachurin.  

The formation of GABAergic synapses is a highly organized and regulated 

process that leads to pre- and post-synaptic specialization, and functional 

maturation. Although Dystroglycan is essential for maintaining the structure of 

GABAergic synapses, our results indicate that Dystroglycan, alone or in the 

presence of GABAA receptors, is not sufficient to induce the GABAergic synapse 

formation.  

5.4.3 DBI Promotes GABAergic Synapse Formation 

Previous studies of DBI have focused primarily on its role in allosteric modulation 

of GABAA receptors which has a great effect on signal transmission (Christian et 

al., 2013) and neurogenesis (Dumitru, Neitz, Alfonso and Monyer, 2017). 

Recently, it has been revealed that loss of DBI exerts opposite effects in different 

subregions of the mouse Hippocampus. The inhibitory signals were enhanced in 

the CA1 pyramidal neurons but attenuated in the Dentate Gyrus granule cells 
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(Courtney and Christian, 2018). One of the possible explanations for this is the 

difference in the type of GABAA receptors expressed in these subregions 

(Hörtnagl et al., 2013). Therefore, we hypothesized that DBI might affect 

GABAergic signal transmission by interacting with specific subtypes of GABAA 

receptors. We, therefore, cultured the α2β2γ2-GABAA receptors expressing 

HEK293 cells with the medium spiny neurons. The confocal images show that 

DBI was predominantly accumulated in the HEK293 cell cytoplasm (Figure 5.3.9), 

however, a significant increase in contact formation was observed (Figure 5.3.10). 

Surprisingly, an increase in synapse formation was also observed with the wt-

HEK293 cell line expressing DBI, although the count analysis, which does not 

consider the change in the size of HEK293 cells after transfection, showed no 

significant change (Figure 5.3.10).  

There are two possible reasons for this result. The first possibility is that DBI 

interacts with the presynaptic GABAA receptors to exert an allosteric modulation 

and thus induce the innervation. When HEK293 cells express the α2β2γ2-GABAA 

receptors, DBI also binds to the postsynaptic receptors, which further promote 

the synapse formation process. The second possibility is that DBI is cleaved in 

the culture and the proteolyzed products interact with the pre- or postsynaptic 

ligands, which induce the innervation process. As the cleavage products of DBI 

mostly interact with benzodiazepine binding sites as well (Bormann, 1991), this 

effect is likely to be further promoted by the expression of the α2β2γ2-GABAA 

receptors on the surface of HEK293 cells. DBI has been shown to promote 
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postnatal neurogenesis events (Alfonso et al., 2012; Dumitru, Neitz, Alfonso and 

Monyer, 2017) and protect the central nervous system from oxidative stress-

induced cell death (Masmoudi-Kouki et al., 2019). Therefore, we also hypothesize 

that DBI may be part of a protective mechanism that prevents or reverses the 

long term benzodiazepine-induced loss of GABAergic synapses. To investigate 

the putative protection mechanism, future experiments with DBI treatment will be 

needed. Purified DBI from the culture medium will be applied to the culture model 

of the medium spiny neurons and the α2β2γ2-GABAA receptor-expressing 

HEK293 cells at the same time as Diazepam treatment to investigate if the 

GABAergic synapses can be rescued. Moreover, electrophysiological 

experiments will be conducted to test the allosteric modulation of GABAA 

receptors by DBI in the co-culture model, which will investigate if DBI regulates 

the strength of GABAergic signal transmission.  

Together, these data have revealed that not all proteins present in GABAergic 

synapses play a role in their formation and suggest diverse mechanisms involved 

in this process. Future work will be to study the mechanisms by which Pikachurin 

and DBI induce GABAergic synapse formation and establish their role using both 

in vitro and in vivo approaches. 



 

Page | 224  
 

6. Discussion 

Synapses are the key elements of neural circuits. The normal function of the brain 

depends on the precise maintenance of the excitation/inhibition balance which is 

mainly determined by the activity of Glutamatergic and GABAergic synapses. 

GABAergic synapse formation is a highly regulated and dynamic process 

(Wierenga, Becker and Bonhoeffer, 2008; Wierenga, 2017) and it involves 

multiple steps: the recognition of the pre- and postsynaptic neurons, adhesion of 

the pre- and postsynaptic membranes, and functional maturation of the synapse. 

Currently, little is known about the cellular and molecular mechanisms underlying 

these events, despite identification and detailed characterization of various 

synaptic adhesion proteins specifically expressed in GABAergic synapses. The 

interactions of the synaptic adhesion proteins have been extensively studied and 

proposed to be key mediators of GABAergic synapse formation (Lu, 2017; Sudhof, 

2017, 2021).  

The major challenge to the understanding of the role of GABAA receptors in 

GABAergic synapse formation in vivo is the diversity of GABAA receptors 

expressed in the CNS, and the heterogeneity of the proteins expressed in the 

GABAergic synapses. Using a reduced system of embryonic medium spiny 

neurons and HEK293 cells expressing proteins of interest, the role of GABAA 

receptors in inducing functional GABAergic synapses has been characterized 

(Fuchs et al., 2013; Brown et al., 2014, 2016).  

The current study aimed to investigate the regulation of GABAergic synapses 
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by GABAA receptors and their interaction with proteins expressed in GABAergic 

synapses including NL2, Dystroglycan, Pikachurin, and DBI.  

6.1 Creation and Characterization of the Extrasynaptic α4β3δ-

GABAA receptor expressing-HEK293 cell line 

A HEK293 cell line stably expressing extrasynaptic α4β3δ-GABAA receptors, 

which are the most abundant form of the extrasynaptic GABAA receptors in the 

brain (Sur et al., 1999; Belelli et al., 2009), was created to use as a control for the 

study of the synaptic GABAA receptors in the synaptogenesis events in co-culture 

with medium spiny neurons. The δ subunit has been shown to restrict the GABAA 

receptors from diffusing into the postsynaptic membranes (Martenson et al., 

2017). These extrasynaptic GABAA receptors are important for the tonic inhibition 

in the brain (Chandra et al., 2006; Liang et al., 2007). In comparison to the 

synaptogenic effects exhibited by the synaptic α2β2γ2-GABAA receptors (Figure 

4.3.5), fully functional α4β3δ-GABAA receptors, which were activated by bath-

applied GABA (Figure 3.3.10), did not induce the formation of synapses (Figure 

4.3.2). This result is consistent with the previous findings that the synaptogenic 

effect of GABAA receptors requires the presence of the γ2 subunit (Brown et al., 

2016).  

6.2 Subunit-Dependent GABAA Receptor-NL2 Synergistic Effects 

in GABAergic Synaptogenesis 

The postsynaptic transmembrane adhesion protein NL2 has been shown to 
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induce the formation of GABAergic synapses, but it was more effective in the 

presence of GABAA receptors (Fuchs et al., 2013). Here, I have characterized a 

subunit-dependent synergistic effect of GABAA receptors and NL2 in promoting 

GABAergic synapse formation and functional maturation, which is more 

prominent in the presence of the synaptic GABAA receptors than extrasynaptic 

GABAA receptors (Figure 4.3.8 & Figure 4.3.18). This synergistic effect was not 

dependent on the activity of GABAA receptors (Figure 4.3.12 – Figure 4.3.17), 

which is consistent with the findings in the absence of NL2 (Brown et al., 2016). 

However, the importance of GABA in inducing GABAergic synapse formation by 

stimulating the assembly of postsynaptic specializations has been well 

characterized in pure neuronal cultures and in vivo (Oh, Lutzu, Castillo and Kwon, 

2016; Burlingham et al., 2022). Together, these findings suggest that the activity 

of GABAA receptors plays a pivotal role in the recruitment of GABAergic 

postsynaptic specializations but not in the adhesion of the pre- and postsynaptic 

membranes. Furthermore, the GABAA receptor subunit ECDs were shown to 

mediate the induction of GABAergic synapses by GABAA receptors (Brown et al., 

2016), but did not appear to be involved in NL2-guided mechanisms (Figure 

4.3.25), which suggests an alternative mechanism. Moreover, by comparing the 

synaptogenic effects of NL2 in the presence of different GABAA receptor subunit 

combinations (α2β3δ, α2β3γ2, α4β3δ, or α4β3γ2), it became apparent that the γ2 and 

α2 subunits were required for this process (Figure 4.3.11). However, in the 

previous study, the α2β3γ2-GABAA receptors alone were not as potent as other 
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subunit combinations in inducing synaptogenesis (Brown et al., 2016). This 

further implies a different mechanism underlying the synaptogenesis effects of 

GABAA receptors in the presence of NL2. 

Intriguingly, although the synergistic effect was also observed in the presence 

of α4β3δ-GABAA receptors, the synapses showed no activity as revealed in the 

whole-cell recordings (Figure 4.3.18). Moreover, the super-resolution imaging 

revealed a lower level, but not a complete absence, of the α4β3δ-GABAA 

receptors from the synaptic contacts (Figure 4.3.23). In parallel, the presynaptic 

terminals were more active in releasing GABA in the presence of the α2β2γ2-

GABAA receptors than α4β3δ-GABAA receptors (Figure 4.3.20 & Figure 4.3.21). 

Together, in the presence of the α4β3δ-GABAA receptors and NL2, the lower 

presynaptic activity and postsynaptic GABAA receptor density may be the 

reasons for the lack of effective GABA-mediated transmission in these synaptic 

contacts.  

The fact that application of GABAA receptor subunit ECDs did not affect the 

induction of synapses by GABAA receptors and NL2 led to the hypothesis that 

the intracellular domains of GABAA receptors may play a role and indeed this was 

demonstrated in our experiments. It is however surprising that the interaction 

between the intracellular domains of NL2 and γ2 subunit in our experiments did 

not require the auxiliary protein GARLH4 (Yamasaki et al., 2017). The expression 

of this protein was not detected in our HEK293 cell lines. This suggests that 

GARLH4 may not be only protein that may facilitate the recruitment of GABAA 
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receptors to the NL2 (Martenson et al., 2017) or that these proteins undergo a 

direct interaction via their intracellular domains. The importance of the γ2 subunit 

TM3-4 loop was further demonstrated by using the δ chimera – δγ2ICL. In the 

presence of this chimeric subunit, the synapse formation was increased almost 

to the same level as with the γ2 subunit (Figure 4.3.26). In agreement with these 

results were our biochemical experiments in which similar level of binding to NL2 

was detected when the chimera was compared to γ2 subunit (Figure 4.3.33).  

Despite the prominent effect of NL2 on GABAergic synapses in the co-culture, 

the fact that knockout of NL2 impairs the GABAergic transmission but has little 

effect on the number of GABAergic synapses (Zhang et al., 2015; Chanda et al., 

2017) suggests the role of other transsynaptic interactions in the initiation of the 

GABAergic synaptogenesis. These interactions must precede the NL2-Neurexin 

interaction which then plays a pivotal role in maintaining the structure of 

GABAergic synapses and their functional maturation. Neurexin interaction with 

GABAA receptors may be a candidate for this synaptogenic interaction due to the 

direct interaction of Neurexins and the α1 subunit-containing GABAA receptors 

(Zhang et al., 2010), but this requires further experimentation. In my 

experiments,α Neurexin was co-immunoprecipitated with the α2 subunit-

containing GABAA receptors from the enriched synaptic membrane fraction, but 

this binding was weak and likely indirect, i.e. mediated by NL2 (Figure 4.3.30).  

Therefore, I propose here, that a tripartite complex formed by the γ2 subunit-

containing GABAA receptors, Neurexins, and NL2 may play an essential role in 
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the formation of functional GABAergic synapses. The Neurexins are the core of 

this complex because the deletion of Neurexins can lead to both decreased 

number of GABAergic synapses and decreased presynaptic Ca2+-dependent 

GABA release (Chen et al., 2017). Unlike NL2 and other postsynaptic adhesion 

proteins that are recruited to the synaptic domain during development, the 

Neurexins are expressed long before the formation of the synapses in the brain, 

which suggests they may be involved in the initial synaptogenesis (Daly and Ziff, 

1997). Co-expression of GABAA receptors and NL2 on the postsynaptic 

membrane and their interaction with Neurexins drives the functional maturation 

of the presynaptic terminals. The GABAA receptor-NL2 interaction is mediated by 

the γ2 subunit via its intracellular loop, which possibly triggers the Neurexin-

dependent presynaptic Ca2+ influx and thus allows the release of GABA. However, 

how GABAA receptors facilitate this process remains unknown. I propose here 

that GABAA receptors may stabilize the NL2-Neurexin interaction via the γ2 

subunit TM3-4 intracellular loop, which provides the structural stability of the 

complex while the postsynaptic density, i.e. the scaffolding proteins including 

Gephyrin and Collybistin, are assembled. To confirm this hypothesis, further 

experimentations will be required. For instance, characterization of the GABAA 

receptor-Neurexin-NL2 interactions at different developmental stages by co-

immunoprecipitation may reveal important temporal aspects of the tripartite 

complex formation. Furthermore, whether GABAA receptors can interact with 

Neurexin and/or NL2 via their extracellular and intracellular domains could also 
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be investigated using biochemical tools.   

An important question that remains to be explored is why synapses formed 

in the presence of NL2 and α4β3δ-GABAA receptors are functionally silent. The 

IPSCs largely disappeared while the α4β3δ-GABAA receptor exhibited a 

synergistic effect with NL2 in promoting GABAergic synapse formation, albeit less 

prominent than the α2β2γ2-GABAA receptor (Figure 4.3.8). The α4β3δ-GABAA 

receptors possesses a higher affinity for GABA than the synaptic α2β2γ2-GABAA 

receptor and slow desensitization (Mortensen, Patel and Smart, 2012), therefore 

they are expected to be activated by GABA even at much lower levels. The 

current results indicate that the presynaptic activities were not fully diminished in 

the presence of the α4β3δ-GABAA receptors, albeit lower than those induced by 

α2β2γ2-GABAA receptors (Figure 4.3.20 & Figure 4.3.21). One possible 

explanation is that the lower presynaptic release probability in these synapses 

and the free diffusion of the α4β3δ-GABAA receptors in and out of synapses 

decreased the overall probability of GABA reaching the GABAA receptors. This 

can also possibly explain a sporadic IPSCs recorded in very few α4β3δ-GABAA 

receptor/NL2 expressing-HEK293 cells in our electrophysiology experiments 

(Figure 4.3.18). 

6.3 Synaptogenic Effects of Proteins Expressed in GABAergic 

Synapses: Pikachurin, Dystroglycan, and DBI  

Although the co-culture model system has been considered as a reduced system 

that is far from the in vivo conditions, it provides an efficient platform for 
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investigating the role of specific proteins in the GABAergic synapse formation 

because it allows a precise control of the protein expression. In the current study, 

I expressed Pikachurin, Dystroglycan, and DBI individually in HEK293 cells and 

quantified the innervation of these cells by the embryonic medium spiny neurons. 

Both Pikachurin and DBI were able to induce GABAergic synapse formation 

either in the presence or absence of GABAA receptors (Figure 5.3.3 & Figure 

5.3.10). Pikachurin and DBI are secreted proteins and both interact with the 

GABAA receptors so it was surprising to see an increase in GABAergic synapse 

formation caused by them in the absence of GABAA receptors. This suggests that 

there may be other proteins that interact with Pikachurin or DBI to mediate 

synaptic adhesion. The mechanism underlying the formation of GABAergic 

synapses may differ between these two proteins. DBI, or its proteolyzed products 

(Bormann, 1991), binds to the Benzodiazepine binding site of GABAA receptors, 

which induces an allosteric modulation of GABAA receptors that enhances their 

synaptogenic effects. To investigate this, the advances in the cryo-EM may help 

to resolve the exact conformation change of GABAA receptors binding with DBI 

and to compare with the models of GABAA receptors binding with other ligands 

such as Diazepam. DBI could be a part of a protection mechanism in the brain in 

response to the synaptic loss induced by Diazepam (Nicholson et al., 2018). 

Pikachurin, as suggested by its role in the retina (Orlandi et al., 2018), may act 

as an adhesion molecule that structurally bridges the pre- and postsynaptic 

membranes via interacting with transmembrane proteins such as GABAA 
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receptors or Dystroglycan.  

Dystroglycan alone did not have any effect on GABAergic synapse formation 

(Figure 5.3.6). However, co-expression of Dystroglycan with Pikachurin was able 

to induce the formation of GABAergic synapses in the presence of GABAA 

receptors (Figure 5.3.8). This is in agreement with the finding that Pikachurin, in 

physical interaction with Dystroglycan, promotes the formation of ribbon 

synapses in the retina (Sato et al., 2008; Orlandi et al., 2018). However, in the 

current study, it appeared that the expression of Dystroglycan reduced the 

synaptogenic effect of Pikachurin, which suggests that the Pikachurin interaction 

with the postsynaptic protein such as GABAA receptor was affected by the 

Pikachurin binding to Dystroglycan (described in Chapter 5 section 5.4.2). 

Dystroglycan has been shown to express early in development as Neurexins, 

which suggests a possible role in inducing the initial GABAergic synapse 

formation (Moore et al., 2002). This is supported by direct in vivo evidence that 

deletion of Dystroglycan impairs the formation of inhibitory synapses by several 

types of interneurons (Früh et al., 2016; Briatore et al., 2020; Miller and Wright, 

2021). The contradiction between these studies and the current study which is 

supported by the in vivo evidence from Dystroglycan knockout mice (Früh et al., 

2016) suggests that Dystroglycan may exert distinct effects on synaptogenesis in 

different brain regions. 

6.4 Limitation and Future Experiment Plan 

Currently, we are still far from being able to draw a whole picture of the 
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mechanisms underlying the formation of GABAergic synapses. However, it is well 

acknowledged that the synaptic adhesion proteins that are expressed in 

GABAergic synapses may play pivotal roles in the GABAergic synaptogenesis 

process. What we do not know is how these various proteins coordinate this 

dynamic process.  

The current study has characterized the specific role of synaptic GABAA 

receptors and their interactions with distinct proteins expressed in the GABAergic 

synapses. It is evident that not all proteins found in GABAergic synapses show 

synaptogenic properties. Within the proteins investigated in the current study, all 

proteins that showed a synaptogenic effect had a more prominent effect in the 

presence of GABAA receptors. Although these proteins showed an ability to 

induce innervations in the co-culture model system, it cannot be directly 

concluded that they would induce the initiation of GABAergic synapse formation 

in vivo. In the co-culture model system, the HEK293 cells expressing no 

exogenous proteins can receive sporadic innervations by the medium spiny 

neurons (Figure 4.3.1A & Figure 4.3.4A). Indeed, more than 30 % of molecules 

that are active in inducing innervations in the co-cultures demonstrated no 

evidence for their function in initiating the synapse formation process in vivo 

(Sudhof, 2018). Therefore, it is difficult to conclude from a co-culture experiment 

whether or not the same properties will be retained in vivo and that a protein will 

take part in GABAergic synapse formation.  

To support the current in vitro study demonstrating the complex formed by 
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GABAA receptor, Neurexin, and NL2, the loss-of-function models can be 

generated by acute knockout of specific proteins such as NL2. The knockout of 

NL2 in several brain regions impairs inhibitory transmission but does not affect 

the presynaptic neurotransmitter release (Poulopoulos et al., 2009; Zhang et al., 

2015; Panzanelli, Früh and Fritschy, 2017). This is in line with the current finding 

that the impaired transmission may be caused by impaired Neurexin-mediated 

presynaptic Ca2+ influx, which can be investigated by evaluating the level of 

presynaptic VGCCs and their activities in the acute NL2 knockout model. 

Furthermore, co-immunoprecipitation of GABAA receptors and Neurexins can be 

compared between knockout and wt mice, followed by in vitro binding of the 

recombinant GABAA receptors and Neurexins, to characterize the binding 

affinities and interaction sites in each of these molecules.  

The next step in the study of Pikachurin and DBI effects on synapses could 

be performed using the medium spiny neuronal cultures. The role of these 

proteins in synapse formation could be confirmed by characterizing changes in 

the number of neuronal synapses following application of purified Pikachurin or 

DBI. A possible protection mechanism of DBI can be tested by applying DBI after 

Diazepam treatment to cultured neurons culture and analyzing changes in the 

level of GABAergic innervation. These experiments could be followed by in vitro 

binding assays and proteomics to isolate and characterize possible binding 

partners of Pikachurin in neuronal synapses. 

The specific roles of Dystroglycan in synaptogenesis by different types of 
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GABAergic cells could be attributed to specific pre- or postsynaptic components. 

In Cerebellar Purkinje cells, in which deletion of Dystroglycan impairs GABAergic 

innervation, Dystroglycan mediates the clustering of the postsynaptic proteins 

including GABAA receptors, NL2, and Gephyrin (Briatore et al., 2020). Therefore, 

it would be beneficial to establish a profile of Dystroglycan interaction with 

different types of GABAA receptors, which will contribute to the understanding of 

Dystroglycan functions in synaptogenesis. The type of GABAA receptors that may 

interact with Dystroglycan and possibly contribute to the GABAergic synapse 

formation can be determined by immunolabelling and confocal microscopy in 

either the cultured neurons or in vivo. 

In conclusion, my studies have characterized roles of several GABAergic 

expressing proteins, including GABAA receptors, NL2, Pikachurin, Dystroglycan, 

and DBI, in formation of GABAergic synapses in vitro. These results contribute to 

the knowledge about GABAA receptor-related regulation of the GABAergic 

synaptogenesis. However, the co-culture model system is not a perfect imitation 

of the real brain environment, which can be supported by more in vivo and in vitro 

experiments.   
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