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Abstract 

GABA type-A receptors (GABAARs) are the most abundant proteins responsible for 

inhibitory signalling in the brain. These proteins assemble into a hetero-pentameric 

structure, constructed from a selection of α1-6, β1-3 and γ1-3, δ, ε, ρ, π and θ 

subunits. Although prototypic GABAARs are generally considered to be composed of 

αβγ subunits, the precise composition and arrangement of native GABAARs remains 

poorly defined. It is commonly accepted that distinct GABA receptors comprise only 

a single type of α subunit, which then dictates their pharmacological profiles 

influencing neural circuit activity and behaviour. 

The aim of this study was to investigate the likelihood of hetero-α subunit assembly 

in the same receptor pentamer, dissecting the complexity associated with subunit 

assembly for GABAARs and providing novel insight into their structures and functional 

footprints. To address this, we first electrophysiologically analysed α1 and α2 with 

β2/3 γ2L wild-type and reporter-mutant subunit mixtures in HEK293 cells to establish 

the presence of hetero-α-GABAAR isoforms. We also examined the stoichiometry of 

hetero-α-receptors and whether there is preferential positioning of α subunit 

isoforms at α-γ benzodiazepine binding interfaces.  

We then demonstrate that hetero-α-GABAARs are expressed in vivo and measure 

their abundance and subcellular localisation in hippocampal neurons using proximity 

ligation assays (PLA). In addition, we assess dynamic regulation of these receptors 

during long term potentiation (LTP). There is a significant increase in α1α2-containing 

receptors upon LTP induction, and these receptors are localised preferentially at 

inhibitory synapses. Finally, homo- and hetero-α1/2 GABAAR numbers at synapses 

were estimated using Spatial Intensity Distribution Analysis (SPiDA).  

In conclusion, this study demonstrates that hetero-α GABAARs do assemble in the 

brain and proposes their physiological importance for brain inhibition. This study also 

describes a multidisciplinary approach that is applicable for investigating other 

GABAAR hetero-α-subunit assemblies, including the assessment of their 

pharmacological profiles.  
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Impact statement  

In the brain, fast synaptic inhibition is mediated by GABAA receptors that are 

expressed as pentamers comprising of two α, two β and one γ subunits. The GABAA 

receptor composition determines receptor agonist sensitivity, pharmacological 

profiles and subcellular localisation. In particular, the identity of the two α subunits 

in a GABAA receptor complex largely dictates receptor GABA potency as well as 

pharmacological sensitivity and physiological effects of benzodiazepines – GABAAR 

positive allosteric modulators. Therefore, establishing GABAA receptor subunit 

composition is key to understanding the dynamics of inhibitory transmission within 

the brain.  

Previous studies have mostly focused on functional and pharmacological 

characterisation of GABAA receptor subtypes with two identical α subunit isoforms – 

‘homo-alpha’ receptors. Despite some biochemical studies showing the existence of 

CNS GABAA receptors with two distinct α subunit isoforms – ‘hetero-alpha’ receptors, 

corroborative evidence for such receptor subtypes using other techniques is limited. 

In this present study, we therefore focused on identifying and investigating the role 

of hetero-alpha’ GABAARs containing α1 and α2 subunits – the two most widely 

expressed α subunit types in the brain. By using a multidisciplinary approach, 

combining both electrophysiological and imaging techniques, we were able to 

establish the existence and relative proportion of such receptors in both recombinant 

and native GABAA receptor populations.  

The expression of receptors with two distinct α subunit isoforms adds a layer of 

complexity to the assembly, expression and localisation of GABAA receptors, likely 

shaping their physiological role in synaptic inhibition. Furthermore, the existence of 

‘hetero-alpha’ GABAA receptors in the brain is likely to be involved in fine-tuning their 

pharmacological activity, including physiological effects of benzodiazepines. This may 

aid the development of therapeutic agents showing greater receptor selectivity and 

with reduced off-target effects. Overall, this work expands our understanding of 

GABAA receptor subtypes, and provides a basis for further research into the fine 

control of synaptic inhibition.  
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Chapter 1: Introduction 

1.1 GABAA receptors 

In the mammalian brain, γ-aminobutyric acid (GABA) is the main inhibitory 

neurotransmitter and acts through both fast ionotropic type A receptors GABAAR and 

slow metabotropic type B receptors GABABRs (Smart and Stephenson, 2019). This 

introduction gives an insight into the former, as the emphasis of this project lies in 

the GABAA receptor family.  

GABAA receptors belong to a superfamily of ligand-gated ion channels (LGICs) 

previously known as Cys-loop LGICs, and now referred to as pentameric LGICs, which 

includes glycine receptors (GlyRs) and nicotinic acetylcholine receptors (nAChRs) as 

two examples (Bowery and Smart, 2006). When two GABA molecules bind to GABAA 

receptors, they initiate the gating and opening of the selective ion channel pore 

through which negatively charged ions, primarily chloride (Cl-) and bicarbonate 

(HCO3
-) flow, mediating phasic and tonic inhibitory synaptic transmission  (Olsen and 

Sieghart, 2009; Thomas et al., 2005). In the mature central nervous system (CNS), the 

resulting influx of anions into neurones results in a an increased membrane 

hyperpolarisation and increased membrane conductance, known as ‘shunting 

inhibition’ (Farrant and Nusser, 2005; Song et al., 2011). These have an effect on 

potential changes of other ion channels by reducing their amplitude and duration. 

Hyperpolarisation and increased membrane conductance act to decrease neuronal 

excitability, providing the principal mechanism for controlling brain activity.  

GABAA receptors are known for their prominent variety of subunit combinations, that 

upon assembly produce distinct physiological, kinetic and pharmacological properties 

(Mortensen et al., 2012b; Olsen and Sieghart, 2009; Semyanov et al., 2004; Sieghart 

and Sperk, 2002). GABAA receptors play a major role in CNS signalling, therefore their 

aberrant function is associated with a multitude of disease states such as epilepsy, 

memory deficits, schizophrenia, anxiety disorders and depression (Macdonald et al., 

2010; Möhler, 2006; Olsen and Sieghart, 2009). Hence, these receptors have an 

obvious relevance for pharmacotherapy for certain brain disorders (Olsen, 2018). It 
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is therefore important to understand GABAA receptors subunit assembly and 

arrangement to provide better physiological and pharmacological characteristics for 

such treatments – the underlying rationale for this thesis.  

 

1.1.1 GABAA subunit and receptor structure  
 

GABAAR are hetero-pentameric glycoproteins composed from a selection of nineteen 

subunits: α1-6, β1-3, γ1-3, δ, ε, θ, π, ρ1-3 (receptors containing ρ subunits formerly 

known as GABAC receptors) (Barnard et al., 1998; Sigel and Steinmann, 2012). There 

is ∼70% sequence identity within each subunit family and ∼50% sequence similarity 

(counting conservative amino acid replacements) between different families of 

subunits (Davies et al., 1996; Olsen and Tobin, 1990).GABAA receptor genes consist 

of nine coding exons and eight noncoding introns, except for γ3 and δ that have ten 

exons and eight introns (Sigel and Steinmann, 2012; Smart and Stephenson, 2019).  

Further diversity of receptor subunits results from the alternative splicing of RNA, 

generating two forms of a particular subunit (Sieghart, 1995, 1995; Smart and 

Stephenson, 2019). One of the most prominent examples is the splicing of a γ2 

subunit, allowing for existence of short and long variants (γ2S and γ2L respectively). 

The difference between the two subunit variants lie in an eight amino acid sequence 

in the intracellular loop region, that contains a consensus sequence for protein kinase 

C (PKC) binding (Harvey et al., 1994; Whiting et al., 1990). Other GABAAR subunit 

sequences  undergo RNA alternative splicing (α6, β2, γ3), however the function of 

these variants is still to be elucidated (Simon et al., 2004; Smart and Stephenson, 

2019).  

The mature GABAA receptor subunit is around 450 amino acid residues long (about 

50 kDa molecular weight). GABAAR subunits share a common topology: large N-

terminal extracellular domain (NTD), followed by four hydrophobic transmembrane 

(TM) spanning domains (TM1-4) with a large intracellular loop (ICL) between TM3 and 

TM4, and an extracellular C-terminus (Carter et al., 2010; Ernst et al., 2005) (see 

Figure 1.1). The description as a Cys-loop superfamily results from a conserved 13-

residue amino acid loop formed by a disulphide bridge between two cysteine 
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residues in the extracellular NTD (Connolly and Wafford, 2004; Unwin, 2005). It is 

located at the base of the NTD and plays a crucial role in forming GABA binding site 

and ion channel communication (Miller and Smart, 2010). Multiple cryo-electron 

microscopy (EM) structures of GLIC-GABAAR chimeras and more physiological 

GABAAR heteropentamers (αβγ) are available in various resolutions (Jansen, 2019; 

Laverty et al., 2017, 2019a; Masiulis et al., 2019a; Miller et al., 2017; Miller and 

Aricescu, 2014). The dimensions of the overall receptor can be noted from these. The 

height of the receptor (without the ICL) is ∼100 Å, more than a half of which is 

occupied by the NTD in the extracellular space (Laverty et al. 2019). The width of a 

GABAAR ranges between 60 and 80 Å depending on the state of the receptor. The 

interfaces formed between subunits have a specific nomenclature being labelled as 

the principal subunit face (+) and a complementary subunit face (-) – these are 

important for orthosteric and allosteric binding site specification.  

The extracellular domain is mostly comprised of a coalescence of orthogonally 

positioned inner and outer β-sheets (ten in total) that incorporate agonist and 

allosteric modulator binding sites (Laverty et al. 2019). Two α-helices break the 

ordered β-sheets: α-helix 1 (α1) positioned at the beginning of the NTD and α2 

between β-strands three and four (Laverty et al. 2019). Extensive studies reveal that 

the NTD forms a binding pocket for GABA (β+ -α- subunit interface) and for allosteric 

modulators such as the benzodiazepines (α+ -γ- subunit interface) (Michels and Moss, 

2007; Sigel, 2002). The NTD is also important for assembly and expression of 

functional GABAA receptors.  
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Figure 1.1 The structure of a GABAA receptor. A. Schematic of a subunit structure. The 

structure of all subunits follows the same topology: large N-terminal domain (NTD), four 

transmembrane domains (TMs) and a large intracellular loop (ICL) between TM3 and TM4. 

B. Schematic representation of the top (from the extracellular space) view of subunit 

arrangement in a GABAA receptor pentamer. Two GABA binding sites are located between β+ 

(principal) and α- (complementary) interfaces. GABA molecule is represented as an orange 

triangle. C and D. Top and side views of a cryo-EM structure of the α1β3γ2L GABAA receptor 

(Masiulis et al. 2019). The α1, β3, and γ2L subunits are shown in green, blue and light brown 

respectively, with (+) and (-) interfaces indicated. The protein is bound by the megabody, 

Mb38, shown in pink. PDB ID is 6HUJ.  

 

Unlike the NTD, transmembrane domains are α-helical in structure, spanning the lipid 

bilayer of a cell membrane (Miller and Smart, 2010). The TM2 domains of each 

subunit in a pentameric complex contribute to the lining of the ion pore and in the 

absence of GABA are held close together with a pore radius of 3.15 Å (Laverty et al. 

2019). The TM2 α-helices are highly conserved throughout the GABAA receptor 

subunit family (Miller and Smart, 2010). A selective anion channel pore is formed 
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from an electropositive ring in the cytosolic portal (Laverty et al. 2019; Keramidas et 

al. 2004). A prime number notation is used to describe the position of amino acids 

within the pore-lining TM2 domain: the first highly conserved amino acid residue 

from the cytoplasmic site of TM2 is denoted as 0’ and the extracellular end is denoted 

as 20’ (Miller, 1989). GABA binding leads to the tilting of TM2 domain outward by 9-

11° relative to the central vertical axis, allowing the flow of ions  (Laverty et al. 2019; 

Masiulis et al. 2019). The α-helices of TM1, TM3 and TM4 contain the binding sites 

for various allosteric modulators (Forman and Miller, 2016; Laverty et al., 2017; Miller 

and Aricescu, 2014). For example, the binding site for anaesthetics is situated in the 

TM region, β+/α- interface (Forman and Miller, 2016). Another group of drugs – 

barbiturates, have been shown to bind in the TM domain of the γ2+/β3- interface 

using photolabelled derivatives (Jayakar et al., 2015).  

The large ICL between TM3 and TM4 is where the highest amino acid sequence 

variability between GABAAR subunits lies and comprises ~10% of the total subunit 

molecular mass (Moss and Smart, 2001). It is therefore unsurprising that it plays a 

critical role in receptor function, trafficking, assembly and distribution via post 

translational modifications, such as phosphorylation and ubiquitination (Miller and 

Smart, 2010; Moss and Smart, 2001). For example, ICL of GABAA receptor β and γ 

subunits has been shown to comprise multiple consensus sequences recognised by 

several tyrosine and serine/threonine kinases, such as protein kinase A (PKA) and 

protein kinase C (PKC) (McDonald et al., 1998; Moss et al., 1992a).  

There are two GABA binding sites in each GABAA receptor located in the extracellular 

domain of the β+/α- interface (Miller and Smart, 2010). Both of these sites must be 

occupied by a GABA molecule for full receptor activation in the canonical GABAA 

receptor tri-hetero-pentamer (αβγ) (Macdonald et al., 1989; Petrini et al., 2014). 

Nevertheless, mutagenesis studies (α1 F65L and β2 Y205S at the α1+ and β2- 

interfaces respectively) in forced concatemeric GABAARs have revealed that the two 

GABA binding sites do not contribute equally to receptor activation (Baumann et al., 

2003). This difference is attributed to the subunit variability flanking the binding site. 

More specifically, one of the β+/α- interfaces is flanked by the γ and β subunits (site 

1), whilst the other is surrounded by the α and γ subunits (site 2) (Baumann et al., 
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2003; Miller and Aricescu, 2014). Studies in these concatemeric receptors suggested 

that site 2 had a three-fold higher affinity for GABA, than site 1. In contrast, muscimol 

(an extrasynaptic GABAA receptor super-agonist, see Section 1.3.1 for detail) showed 

a preference to binding site 1  (Baumann et al., 2003).  

The GABA binding site is comprised of six domains, known as loops A-F, where the β+ 

interface provides loops A-C and α- provides loops D-F (Bergmann et al., 2013; Miller 

and Aricescu, 2014; Miller and Smart, 2010). Initial GABA docking to the tyrosine (β2 

Y97) amino acid residue in loop A leads to a series of conformation changes, leading 

to the opening of the gate (Miller and Smart, 2010; Padgett et al., 2007).  This allows 

Cl- and HCO3
- anions to flow through the channel pore following their electrochemical 

gradients (Masiulis et al. 2019). In the developed adult brain, the Cl- concentration 

inside neurons is maintained at a low level by the actions of the K+-Cl- co-transporter, 

KCC2, resulting in a Cl- reversal potential more hyperpolarised than the resting 

membrane potential. Therefore, the opening of GABAA receptors results in the influx 

of anions into the neurones and subsequent hyperpolarisation of the cell membrane. 

Contrastingly, in immature neurones, intracellular Cl- concentration is maintained at 

higher levels, due to lower expression of KCC2 and higher expression of the Na+-K+-

Cl- cotransporter NKCC1. This leads to an efflux of Cl- upon opening of the GABAAR 

pore and an excitatory action of GABAA receptor activation (Ben-Ari et al., 2007; 

Olsen and Sieghart, 2009). 

 

1.1.2 GABAA receptor assembly, stoichiometry and cellular localisation 
 

GABAA receptors are pentameric in nature, providing an enormous variety for 

potential subunit assembly partners. Nevertheless, only a limited number of subunit 

combinations are expressed in vivo, which are spatially and developmentally 

regulated (Michels and Moss, 2007; Olsen and Sieghart, 2009). The receptor subunit 

stoichiometry and arrangement are important as they define physiological and 

pharmacological profiles of functional native GABAA receptors. Most GABAA 

receptors have a stoichiometry of  2 α1-6, 2 β1-3 and a γ1-3 or a δ (Olsen and Sieghart, 

2009). The major receptor isoform in the mammalian adult brain has a stoichiometry 
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of 2 α1: 2 β2: 1 γ2 (Farrar et al., 1999; Olsen and Sieghart, 2009; Tretter et al., 1997). 

Electrophysiological studies using forced concatemeric receptors and studies using 

atomic force microscopy (AFM) to visualise antibody- and Fab fragment-labelled 

receptors have confirmed that the subunits are assembled clockwise in a α-β-α-β-γ/δ 

sequence around the central ion channel pore if viewed from the extracellular matrix 

(Barrera et al., 2008; Baumann et al., 2002). Receptor folding and assembly occur in 

the endoplasmic reticulum (ER) and requires chaperones such as calnexin, protein 

disulphide isomerase and immunoglobulin heavy-chain binding protein (BiP) 

(Connolly et al., 1996; Sarto-Jackson and Sieghart, 2008).  

GABAA receptors appear to follow specific assembly rules, where only certain 

combinations of subunits can co-assemble with each other in certain stoichiometries, 

that determine functional and pharmacological properties of the receptor as well as 

their cellular localisation (Olsen and Sieghart, 2009). This section will give an outline 

of the assembly rules, receptor subunit composition and subcellular localisation 

patterns.  

The presence of specific domains, known as ‘assembly boxes’ is important in homo- 

and hetero-pentameric GABAA receptor assembly (Sarto-Jackson and Sieghart, 2008). 

For instance, the amino acid residues 54-69 in α1 have been shown to be important 

for correct assembly with the β subunit (Srinivasan et al., 1999; Taylor et al., 1999). 

Specifically, amino acids (a.a.) Q67 and W69 are of great importance in assembly of 

the functional α1β3 pentamers (Srinivasan et al., 1999; Taylor et al., 1999). 

Furthermore, residues 76-89 in β3 sequence, specifically amino acids 85-89 are 

crucial for correct assembly with the α1 subunit and are located at the β3-/α1+ 

interface (Ehya et al., 2003). Sequence substitutions of γ2 (a.a. 67-81) and γ3 (a.a. 70-

84) with the homologous sequences of ρ1 significantly reduced the assembly 

between α1 and γ2/3 subunits (Klausberger et al., 2000; Sarto et al., 2002, 2002). 

Four amino acids on β3 subunits: G171, K173, E179, R180 are essential for the 

assembly of β3 homomeric GABAA receptors (Taylor et al., 1999). Other assembly 

boxes have been identified through the years that are important for GABAA receptor 

assembly (Sarto-Jackson and Sieghart, 2008).  
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The complexity of GABAA receptor pharmacology and function requires an 

understanding of how these receptors assemble in the brain. Multiple studies have 

shown that most single GABAA receptor subunits are retained in the ER after folding 

as a means to prevent the unassembled receptors from reaching the cell surface 

(Connolly et al., 1996; Gorrie et al., 1997; Taylor et al., 1999). Some receptor subunits 

are able to form homomeric receptors that are expressed on the cell surface. For 

example, the murine β1 and β3 subunits can form functional  Cl- channels, that are 

not gated by GABA and are also insensitive to bicuculine or muscimol respectively 

(Connolly et al., 1996; Krishek et al., 1996a; Wooltorton et al., 1997). β1 homomers 

can be activated by pentobarbitone and propofol and inhibited with picrotoxin 

(Krishek et al., 1996a; Sigel et al., 1989). In β3 cDNA injected oocytes, pentobarbitone 

and bicuculline increased the membrane conductance, whereas picrotoxin and Zn2+ 

had the opposite effect (Wooltorton et al., 1997). Moreover, when the γ2S splice 

variant but not γ2L is expressed alone in HEK293 cells, single subunits can reach the 

cell surface and are subsequently internalised (Connolly et al., 1999). However, upon 

co-expression with α1 and β2 subunits, γ2S monomeric cell surface expression is 

repressed proving that γ2S subunit is unlikely to be expressed in vivo as homomers 

(Connolly et al., 1999; Moss and Smart, 2001). Three ρ subunit isoforms are known 

to form both homo- and hetero-pentameric receptors. These receptors are thought 

to be largely expressed as homomers in the inner plexiform layer of the retina (Koulen 

et al., 1998). Co-immunoprecipitation studies suggest that ρ isoforms are co-

expressed with α1 subunits in Purkinje cells of the mouse cerebral cortex and in 

certain other brain areas (Harvey et al., 2006; Milligan et al., 2004).  

All αγ, βγ, and β3γ2 subunit combinations are retained in the endoplasmic reticulum 

(Connolly et al., 1999, 1996). Recombinant GABAAR studies concluded that α and β 

subunit co-expression is sufficient to form functional GABA-gated ion channels with 

low single-channel conductance and benzodiazepine insensitivity (Connolly et al., 

1996; Verdoorn et al., 1990). There is evidence that these receptors exist in vivo and 

account for up to 10% of the total extrasynaptic pool of receptors in hippocampal 

pyramidal neurons (Mortensen and Smart, 2006; Sieghart and Sperk, 2002). Inclusion 

of a γ subunit into the GABAAR is necessary to produce a receptor with a 
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benzodiazepine binding site (Angelotti and Macdonald, 1993; Connolly et al., 1996; 

Sigel et al., 1990; Verdoorn et al., 1990). Because most GABAA receptors in the brain 

harbour a benzodiazepine binding site, the majority of GABAA receptors that exist in 

vivo are thought to be a combination of α, β and γ subunits (Sigel and Steinmann, 

2012).  

Finally, multiple studies have suggested the possibility of GABAARs containing two 

distinct α or β subunits (Olsen and Sieghart, 2009). The evidence comes mostly from 

co-localisation, immunodepletion and co-immunoprecipitation studies (Benke et al., 

2004a; Chang et al., 1996a; Nakamura et al., 2016; Olsen and Sieghart, 2009). These 

receptors will be discussed in more detail in Section 1.4. 

The subunit composition dictates subcellular distribution: receptors can be localised 

within the synapse or extrasynaptically (Sieghart and Sperk, 2002). Tri-

heteropentameric synaptic GABAARs usually encompass a γ subunit isoform, whereas 

extrasynaptic receptors contain a δ subunit (Farrant and Nusser, 2005; Olsen and 

Sieghart, 2009). For instance, immunogold labelling localisation studies showed that 

α1, β2, β3, and γ2 prevail in GABAergic Golgi synapses, whereas the δ subunit was 

not detected in synaptic junctions, but was present in extrasynaptic locations on 

somatic and dendritic membranes (Nusser et al., 1995a; Zoltan Nusser et al., 1998). 

Interestingly, the former pool of subunits has been found extrasynaptically at low 

levels (Zoltan Nusser et al., 1998). Later, receptors that are clustered synaptically 

have been confirmed to be localised extrasynaptically (Bogdanov et al., 2006; Thomas 

et al., 2005). These represent a receptor pool that is involved in a rapid replenishment 

and dynamic control of receptors at inhibitory synapses (Olsen and Sieghart, 2009; 

Thomas et al., 2005).  

Extrasynaptic receptors usually contain a δ subunit in combination with α4/6 and β1-

3 (Olsen and Sieghart, 2009). These receptors are characteristically highly sensitive to 

GABA and have a slower desensitisation rate than receptors in the synapse which 

mediate phasic responses. From a pharmacological perspective, these receptors 

respond to THIP with greater efficacy than GABA, and lack benzodiazepine sensitivity 

(Brown et al., 2002). There is evidence that α5βγ2 receptors exist extrasynaptically in 

the forebrain region (Semyanov et al., 2004). α5 and α3 containing receptors can be 
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both localised synaptically and extrasynaptically, depending on the brain region 

(Burgard et al., 1996; Pirker et al., 2000).  

 

1.1.3 GABAAR in vivo expression patterns 
 

Evidence from immunohistochemical, genetic and pharmacological studies has 

provided an insight into the GABAA receptor and subunit distribution in the CNS (Chua 

and Chebib, 2017; Sieghart and Sperk, 2002). The expression patterns of GABAA 

receptors in the adult rat brain vary depending on individual subunits and receptor 

composition (Pirker et al., 2000). The α1β2γ2 subtype is by far the most abundant 

receptor isoform in the brain, comprising between 50% and 60% of total GABAARs, 

and is expressed in most brain areas (Chua and Chebib, 2017; Somogyi et al., 1996). 

Other α and β isoforms form functional receptors with γ2 subunit, however their 

expression is more region-specific (Olsen and Sieghart, 2008).  For example, α2β3γ2 

are expressed in hippocampal pyramidal neurones at high density, whereas the 

α3β3γ2 isoform is widely expressed in the cholinergic neurones of the basal forebrain 

(Chua and Chebib 2017). Immunohistochemical staining of the adult rat brain gave 

indication of the distribution of different α subunits. α1 and α2 expression is 

widespread throughout the brain, with the latter more localised to olfactory bulb, 

CA3 area of the hippocampus, dentate molecular layer and amygdala (Fritschy and 

Mohler, 1995; Pirker et al., 2000). Developmental regulation also occurs with α1-

subunit mRNA levels significantly increasing with age in both layer 3 and layer 5 

cortical pyramidal cells, whereas α2 mRNA levels decline (Datta et al., 2015). Out of 

all GABAAR α subunits, α1 mRNA and protein levels are the most abundant (Hörtnagl 

et al., 2013).  

Other α subunits are more localised in their expression. For example, α3 expression 

is most prominent in specific areas of the olfactory bulbs and amygdala, whereas α4 

is highest in regions of thalamus, striatum  and dentate gyrus (Pirker et al., 2000). The 

expression of α5 and α6 isoforms is significantly different from other α subunits, with 

wide expression of α5 in the hippocampus and α6 almost exclusively in cerebellar 

granule cells (Fritschy and Mohler, 1995; Jones et al., 1997; Zoltan Nusser et al., 1998; 
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Pirker et al., 2000). These findings are consistent with previous in situ hybridisation 

data (Nusser et al., 1996; Thompson et al., 1992). 

With regards to β subunits, all three isoforms are widely distributed in the brain. 

Notably, the expression of the β2 and β3 are complementary in the pallidum and 

striatum, β2 is highly concentrated in the pallidum, whereas β3 is more concentrated 

in striatum (Pirker et al., 2000). Furthermore, β subunits follow a cellular localisation 

preference, with β1 and β2 being highly concentrated in hippocampal interneurons, 

whereas β1 and β3 appear mainly expressed in the dendrites of principal cells  (Pirker 

et al., 2000). Out of all three γ subunits, γ2 is widely expressed in the brain, whereas 

γ1 localisation is mainly restricted to pallidum, substantial nigra and septum. γ1 

expression is limited to expression in specific somas and dendrites at low levels. 

Expression of the δ subunit is restricted to thalamus, dentate gyrus and striatum 

(Olsen and Sieghart, 2008; Pirker et al., 2000). 

 

1.1.4 GABAAR biophysical properties  
 

The subunit composition of GABAA receptors not only determines the cellular 

localisation, but also the biophysical properties of these receptors. Subunit 

composition influences a number of measurable parameters: the magnitude of the 

response, agonist sensitivity, and the rates of activation, deactivation and 

desensitisation (Farrant and Nusser 2005). The affinity of the receptor for the ligand  

(how avidly the ligand binds to the receptor) and the efficacy of the ligand (how 

effective the channel gating is) both influence the macroscopic sensitivity of a ligand 

gated ion channel to its agonists (Colquhoun, 1998). It is worth noting, that the 

affinity cannot be measured from electrophysiological experiments, therefore the 

terms ‘apparent affinity’ or agonist potency are often used to describe the EC50 

measure (Colquhoun, 1998). Typically, synaptic receptors – those composed of an 

α1-3, β and γ isoform combinations have a lower GABA apparent affinity than 

extrasynaptic receptors (α4/6, β and δ containing GABAA receptors) (Mody, 2001). 

This is in conjunction with the role of these receptors. Synaptic receptors are exposed 

to high transient levels of GABA (> 1 mM), released from the presynaptic terminal 
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into the synaptic cleft, mediating short-lasting phasic inhibition (Farrant and Nusser, 

2005; Galarreta and Hestrin, 1997). On the contrary, extrasynaptic receptors are 

exposed to much lower levels of ambient GABA (0.5-1 μM) in the extrasynaptic space, 

mediating a persistent level of receptor activation that results in a tonic current 

(Brickley et al., 1996; Brickley and Mody, 2012; Nusser et al., 1995b).  

The GABA potency of tri-heteropentameric GABAA receptors (α, β, and γ containing) 

is determined by the α isoform present. Both radioligand binding studies and 

electrophysiological experiments showed that a four amino acid domain in the GABA 

binding pocket of an α subunit mediates distinct sensitivities to GABA (Böhme et al., 

2004). Electrophysiological studies in transfected HEK293 cells have shown that 

synaptically localised α2 and α3 containing receptors (α2β3γ2 and α3β3γ2) exhibit 

the lowest sensitivity to GABA, with EC50 values 13.4 μM and 12.5 μM respectively 

(Mortensen et al., 2012b). The extrasynaptic, α6 δ-containing receptors display the 

highest potency to GABA (0.17 μM) (Mortensen et al., 2012b). Depending on the cell 

line used for recombinant receptor studies as well as experimental conditions, GABA 

potency ranges between 1 μM and 48 μM, with the order of α isoform EC50s being 

(from low to high): α6 < α1 < α2 < α4 < α5 << α3 (Farrant and Nusser, 2005; Mortensen 

et al., 2012b; Picton and Fisher, 2007). Therefore, this simple GABA potency 

relationship is important in underpinning GABAA receptor activation and subsequent 

mechanisms of neuronal inhibition (phasic or tonic).  

The relative positioning of an α subunit in a pentameric receptor complex with two 

distinct α subunit isoforms dictates pharmacological properties of GABA. Double and 

triple concatenated receptors (two linked subunits expressed alongside three linked 

subunits) containing an α1/α6 isoform mixture expressed in Xenopus oocytes 

exhibited different potency with respect to GABA, with γ2-β2-α1/β2-α6 having a 

much higher EC50 than γ2-β2-α6/β2-α1 (94 μM and 42 μM respectively) (Minier and 

Sigel, 2004a). Co-expression studies of α1/α3 and α1/α5 subunits determined that – 

the efficacy of the receptor is dictated by the α1 subunit, whereas the apparent 

affinity is dictated by both α subunits (Ebert et al., 1994).  

The presence of a specific β subunit isoform further dictates GABA sensitivity of the 

receptors, with the rank order of EC50s being β3 < β2 < β1 in an α1βxγ2 receptor 
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isoform (Mortensen et al., 2012b). The presence of γ or δ subunits plays an important 

role in receptor sensitivity to GABA. Pharmacological characterisation of a cell line 

stably expressing α4β3δ indicated that γ2 subunit replacement with δ, decreased 

GABA EC50 by almost five-fold (from 2.6 μM to 0.5 μM) (Brown et al., 2002). These 

results are in agreement with the localisation of extrasynaptic δ-containing receptors 

that are exposed to low concentration of GABA (Olsen and Sieghart, 2008). 

Interestingly, GABA efficacy at α4β3δ receptors is lower than that of α4β3γ2, 

indicating that GABA is a partial agonist at these receptors (Brown et al., 2002). 

Indeed, studies have shown that both 4,5,6,7-tetrahydoisoxazolo[5,4-c]pyridine-

3(2H)-one (THIP) and muscimol acted as super-agonists on α4β3δ receptors 

(Mortensen et al., 2010; Stórustovu and Ebert, 2006). Additionally, δ and γ2 

containing receptors present significant differences in kinetic parameters. In α1β2x 

receptors, γ2 replacement with δ subunits results in a significant decrease of channel 

opening bursts as well as the mean opening times (Fisher and Macdonald, 1997). This 

data is consistent with the idea that GABA has a high affinity but low efficacy in δ 

isoform containing receptors (Adkins et al., 2001; Farrant and Nusser, 2005).  

The rates of activation and deactivation are also strongly influenced by GABAAR 

subunit composition. The α subunit plays an important role in kinetic profiles of GABA 

responses (Farrant and Nusser, 2005). Rapid (100 μs) saturating GABA applications to 

transfected HEK293 or cortical neuron patches, showed that activation of α1β2γ2 is 

two times faster than of α2β2γ2 (10-90% rise times were 0.5 ms and 1 ms 

respectively), whereas decay rate was six times slower (208 ms and 31 ms 

respectively) (Lavoie et al., 1997; McClellan and Twyman, 1999). The presence of an 

α3 subunit (α3β2γ2) produced a four-fold decrease in the activation rate compared 

to α1 containing receptors, putting the order of rise times as α2 < α1 < α3 (Gingrich 

et al., 1995). Activation and deactivation rates are also influenced by the presence of 

γ or δ subunit isoforms. Activation rate in the presence of γ2 (α1β3γ2) increases by 

almost four-fold compared with that of α1β3 heterodimers (current rise times of 0.46 

ms compared to 1.7 ms) (Haas and Macdonald, 1999). This is only seen with the long 

splice variant of the subunit (Benkwitz et al., 2004). On the contrary, γ subunit 
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presence reduces the deactivation rate by two fold (76.1 ms compared to 34.1 ms, 

α1β3γ2 and α1β3 respectively) (Haas and Macdonald, 1999).  

Desensitisation of GABAA receptors reflects transition to closed receptor states whilst 

GABA is still bound at the orthosteric site and provides a regulatory mechanism for 

receptor activation with a likely physiological role. Desensitisation has been shown 

to play a role in shaping the time course of IPSCs, initiation of inhibitory plasticity of 

synapses, and modulation of extrasynaptic receptors (Bright et al., 2011; Field et al., 

2021; Mortensen et al., 2010). Addition of the δ to α1β3 does not have any significant 

effect on the receptor activation rate, – however it does decrease both the extent 

(55.6% compared to 94.6%) as well as the rate (time constants 1260 ms versus 352 

ms) of desensitisation (Haas and Macdonald, 1999). These findings correlate with the 

functional role of δ-containing receptors in mediating tonic inhibition. 

 

1.1 Post-translational modifications 

1.2.1 Phosphorylation 
 

A further level of complexity is added to GABAA receptor function via post-

translational modifications. Various receptor modifications can be made but 

phosphorylation appears to be particularly critical for regulation of GABAA receptor 

mediated transmission (Moss and Smart, 1996). Tyrosine and serine/threonine 

kinases are both known to phosphorylate GABAARs. They act via a reversible 

mechanism consisting of a phosphoryl group (PO3
-) transfer from adenosine 

triphosphate (ATP) to a serine/threonine/tyrosine amino acid contained within a 

consensus sequence (Ardito et al., 2017; Moss and Smart, 1996). This change 

modifies the phosphorylated protein residue from hydrophobic to hydrophilic polar, 

potentially altering both protein function and its interaction with other proteins 

(Ardito et al., 2017). GABAA receptor phosphorylation is an important modulatory 

mechanism which affects a multitude of processes including cell surface expression, 

downstream protein interaction, channel function and pharmacological profiles 
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(Nakamura et al., 2015). Some of the currently known GABAAR phosphorylation sites 

and their physiological consequences are outlined in Table 1.1.   

The large intracellular domain between TM3 and TM4 has the highest sequence 

variability between GABAAR subunits and contains several consensus sequences 

recognised by various serine/threonine and tyrosine protein kinases (Moss and 

Smart, 1996). Pull down assays of glutathione S-transferase (GST) fusion proteins with 

intracellular loops of various GABAAR subunits have been used to identify specific 

kinases and corresponding phosphorylation sites. Studies have largely focused on 

phosphorylation sites identified in the ICD of β1-3 and γ2 subunits  (Brandon et al., 

2001; McDonald and Moss, 1997; Moss et al., 1995).  
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Table 1.1 GABAA receptor phosphorylation sites. Serine (S)/threonine (T) and tyrosine (Y) 

residues that are known to be phosphorylated in GABAA receptor subunits alongside their 

corresponding kinases are listed in the second and third columns of the table. Physiological 

effect is indicated, where ↓ stands for a decrease, and ↑ an increase. Original references 

are noted in the last column.  

Subunit Residue Kinases Physiological effect References 

α1 Putative 

T375 

- ↓ synaptic clustering 

↓ mIPSC amplitude 

(Mukherjee et al., 

2011) 

α4 S443 PKC ↑ surface expression 

↑ tonic inhibition 

(Abramian et al., 

2014, 2010) 

β1 S384 CamKII -  (McDonald and 

Moss, 1994) 

S409 CamKII, PKA, 

PKC, PKG 

↓ current amplitude 

↓ desensitisation rate 

(Brandon et al., 

2002; McDonald et 

al., 1998; McDonald 

and Moss, 1994; 

Moss et al., 1992b) 

β2 Y372/Y379 PI3-K ↑ surface expression (Vetiska et al., 2007) 

S410 Akt, CamKII, 

PKA, PKC, PKG 

↓ surface expression 

↓ tonic inhibition 

(Bright and Smart, 

2013; McDonald 

and Moss, 1997) 

β3 S383 CamKII ↑ surface expression 

↑ current amplitude 

↑ synaptic clustering 

(Houston et al., 

2007; McDonald 

and Moss, 1997; 

Petrini et al., 2014) 

S408/S409 CamKII, PKA, 

PKC, PKG 

Single site: ↓ current 

amplitude, ↑ 

neurosteroid-mediated 

current potentiation. 

Both sites: ↑ surface 

expression 

↑ current amplitude 

(Brandon et al., 

2002; Houston et 

al., 2007; Jovanovic 

et al., 2004; Kittler 

et al., 2005; 

McDonald and 

Moss, 1997) 

γ2S/L S327 PKC ↑ lateral diffusion,  

↓ current amplitude 

(Kellenberger et al., 

1992; Muir et al., 

2010) 

S348/T350 CamKII - 

 

(Houston et al., 

2007; McDonald 

and Moss, 1994) 

Y365/Y367 Src ↑ surface expression 

↑ current amplitude 

↑ synaptic cluster size 

(Brandon et al., 

2001; Tretter et al., 

2009) 

γ2L S343 CamKII, PKC ↓ current amplitude (Krishek et al., 1994; 

McDonald and 

Moss, 1994) 
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A well-studied example of a phosphorylation site is a conserved serine amino acid 

residue found across all three β subunits (S409 and S410 in β1/3 and β2 respectively). 

This residue is known to be a target for numerous kinases: protein kinase A (PKA), 

protein kinase C (PKC), protein kinase G (PKG) and Ca2+/calmodulin-dependent 

protein kinase II (CamKII) (McDonald and Moss, 1997, 1994). In vitro experiments 

have indicated some discrepancies between the ability of the PKA to phosphorylate 

β2 S410 residue. Some studies suggest that all three β subunits are phosphorylated 

by PKA, whereas others suggested that the β2 subunit in α1β2γ2L transfected HEK293 

cells is not modulated by PKA (McDonald et al., 1998; McDonald and Moss, 1997; 

Moss et al., 1992a). Furthermore, the downstream effects of the phosphorylation by 

PKA at the β1 and β3 subunit residues are opposing: PKA modulation reduces 

GABAergic currents in β1-containing receptors (α1β1γ2), but increases GABA-evoked 

currents in β3-containing receptors (α1β3γ2) (McDonald et al., 1998; Moss et al., 

1992a). This difference is attributed to the presence of an extra serine residue on the 

β3 subunit (S408), that can be phosphorylated alongside the S409 defining the 

direction of modulation with PKA (McDonald et al., 1998). The AP2 complex plays an 

essential role in clathrin-mediated internalisation of GABAA receptors (Vithlani and 

Moss, 2009). Studies suggested that the phosphorylation of S408/S409 residues on 

β3 subunit results in a significantly reduced affinity for the µ2 subunit of the adaptor 

protein 2 (AP2), hence preventing GABAA receptor endocytosis resulting in an 

increased cell surface expression (Kittler et al., 2005). Therefore, this provides a 

dynamic phospho-dependent mechanism to regulate receptor internalisation. 

Other phosphorylation sites have been identified in β1-3 intracellular domains as 

targets for various kinases (Nakamura et al., 2015). The S384 residue found on β1 

subunits has been shown to be phosphorylated by CaMKII, however the physiological 

function of such phosphorylation is unknown (McDonald and Moss, 1994). A 

homologous site on the β3 subunit (S383) is known to be a target for the same kinase 

(Houston et al., 2009; McDonald and Moss, 1994). Studies have shown that 

phosphorylation of  β3 S383 results in a significant potentiation of GABA-evoked 

currents in both a recombinant system (NG108-15 cells) and cultured cerebellar 

granule cells (Houston and Smart, 2006). Two tyrosine residues (Y372 and Y379) on 
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β2 subunit were established as phosphorylation sites recognised by phosphoinositide 

3-kinase (PI3-K) (Nakamura et al., 2015). Following insulin treatment, the association 

between these residues and PI3-K significantly increased, resulting in the enhanced 

expression of GABAA receptors at the membrane  and upregulation of mIPSC 

amplitude (Vetiska et al., 2007).  

Numerous phosphorylation sites have been identified in the intracellular domain of 

the γ2 subunit (Nakamura et al., 2015). Three residues: S327 and S343/T350 have a 

high affinity to protein kinase C (PKC) and CaMKII serine/threonine kinases 

respectively (Houston et al., 2007; Krishek et al., 1994; McDonald and Moss, 1994). 

Phosphorylation of S327 by PKC resulted in a downregulation of GABA-evoked 

currents when expressed in Xenopus oocytes (α1β2γ2S isoform) (Kellenberger et al., 

1992). Moreover, S327 phosphorylation caused a decrease in GABAA receptor lateral 

mobility within the cell membrane, providing a phospho-dependent control of 

synaptic inhibition and plasticity (Muir et al., 2010). Another serine residue found 

only in the eight-amino acid insert of the long splice isoform of γ2, S343, is 

phosphorylated by CaMKII and results in a significant reduction of GABA-evoked 

currents (Krishek et al., 1994; Moss et al., 1992a). Src tyrosine kinase has a high 

affinity for Y365 and Y367 residues of γ2S (Y373 and Y375 on γ2L) and upregulates 

GABA-evoked currents (Moss et al., 1995). CaMKII phosphorylation of the β3 S383 

residue has an indirect residual positive effect on the Y365 and Y367 residues of γ2, 

further increasing GABAA receptor currents (Houston et al., 2007).  

Unlike numerous identified β and γ phosphorylation sites, evidence for α subunit 

phosphorylation is limited. The only α subunit that is known to be phosphorylated is 

α4 at S443 amino acid within the intracellular domain (Abramian et al., 2010; 

Nakamura et al., 2015). Immunoprecipitation studies from transfected COS7 cells, 

showed that PKC activation increases phosphorylation of the α4 subunit and 

subsequently upregulates the cell surface expression of extrasynaptic α4β3 GABAA 

receptors (Abramian et al., 2010). Neurosteroids  were later shown to potentiate 

PKC-dependent phosphorylation of α4 subunit, further enhancing cell membrane 

insertion of extrasynaptic GABAA receptors (Abramian et al., 2014). On the contrary, 

immuno-labelling of α4β2δ GABAA receptors expressed in HEK293 cells revealed a 
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significant decrease in cell-surface expression following PKC application (Bright and 

Smart, 2013). Furthermore, a decrease in tonic inhibition in dentate gyrus was 

observed that was shown to be dependent on  β2 subunit phosphorylation at S410 

(Bright and Smart, 2013).  

 

1.2.2 N-linked glycosylation  
 

N-linked glycosylation is another important post-translational modification of 

proteins. This modification occurs in the endoplasmic reticulum (ER), where a 

multimeric enzyme – oligosaccharyltransferase (OST) – transfers assembled 

oligosaccharide complexes (comprising glucose, mannose and N-acetylglucosamine 

monosaccharides) to asparagine (N) residues within the consensus sequence 

asparagine-X-serine/threonine (N-X-S/T, where X is any amino acid) (Mohorko et al., 

2011; Parodi, 2000a). Glycosylation is an essential mechanism for correct protein-

folding, trafficking and degradation (Parodi, 2000b). Glycosylation of GABAA 

receptors has been shown to be altered in disease states such as schizophrenia and 

absence epilepsy (Mueller et al., 2014; Tanaka et al., 2008).  Samples of patients’ grey 

matter indicated a reduced glycosylation state of α1, β1 and β2 GABAA receptor 

subunits (Mueller et al., 2014).  

Functional studies in Xenopus oocytes were the first to identify the importance of N-

linked glycosylation in GABAA receptor cell surface expression. Applications of 

tunicamycin, an inhibitor of N-linked glycosylation, caused GABAA receptor 

expression in oocytes to be significantly reduced (Sumikawa et al., 1988). Later, site-

directed mutagenesis of two N-linked glycosylation sites in the α1 subunit (α1N10Q 

and α1N110Q) revealed that removing these sites reduces expression of α1β2γ2 GABAA 

receptors in Xenopus oocytes (Buller et al., 1994). Mass spectrometry of purified 

GABAA receptors from rat neocortex confirmed the presence of these sites in vivo 

(Chen et al., 2012a).  The N110 residue of all α subunits is a well-defined glycosylation 

site identified based on the sequence analysis and has also been confirmed in later 

GABAA receptor structural studies (Blom et al., 2004; Julenius et al., 2005; Laverty et 

al., 2019b; Phulera et al., 2018). This site is located at the ECD of the receptor and 
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oligosaccharides tethered at this site occupy a significant portion of the of the 

vestibule above the channel pore. The carbohydrate side chains of the 

oligosaccharide are well ordered, making multiple interactions between the sugar 

groups as well as γ2 subunit residues N101, L112 and W123 (Phulera et al., 2018). 

This glycosylation site is proposed to be important for GABAA receptor assembly, 

potentially blocking the formation of receptor complexes that contain more than two 

α subunits (Phulera et al., 2018).  

Three asparagine residues on the β2 subunit (N8, N80 and N149) were identified as 

potential glycosylation sites using site-directed mutagenesis experiments (Lo et al., 

2010). The same residues were then shown to be glycosylated in a crystal structure 

of a GABAA β3 homopentamer (Miller and Aricescu, 2014). Studies in transfected 

HEK293 cells showed that all three glycosylation sites on the β2 subunit played a role 

in α1β2 receptor assembly and trafficking. Glycosylation of N80 was identified to play 

a role in receptor assembly and stability in the ER. Electrophysiological experiments 

further showed that mutating any of the glycosylated residues reduced GABA-evoked 

current amplitudes as well as altering the gating properties of α1β2 receptors (Lo et 

al., 2010).  

 

1.3 GABAA receptor pharmacology  

A defining feature of the GABAA receptor is the diverse pharmacological profile 

displayed across receptor subtypes. This profile is altered depending on the structural 

diversity and arrangement of subunits in a GABAA receptor complex. Understanding 

the pharmacological properties of specific receptor isoforms is therefore crucial in 

predicting the functional profile (Carter et al., 2010; Möhler, 2006). The binding sites 

of GABAA receptor modulators are schematically represented in Figure 1.2. 
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Figure 1.2 αβγ GABAA receptor pharmacology. GABAA receptors have a diverse 

pharmacological profile which is determined by subunit composition and arrangement. Most 

binding sites are located at the subunit interfaces. Compounds that bind within the N-

terminal extracellular domain are highlighted in black. Compounds that have binding sites 

within the transmembrane region are highlighted in red. Some compounds (PTX and 

penicillin) bind directly in the channel pore. Abbreviations: BDZ – benzodiazepines, PS – 

pregnenolone sulfate, PTX – picrotoxin.  

 

1.3.1 GABAA receptor agonists  
 

Several selective exogeneous GABAA receptor agonists have been developed as 

potential therapeutic agents for regulating GABAergic inhibition. The two most 

commonly known agonists that bind to the orthosteric GABAA receptor site are 

muscimol – isolated from Amanita muscaria mushroom – and THIP (Johnston, 2014; 

Krogsgaard-Larsen et al., 2002; Stórustovu and Ebert, 2006).  

[3H]Muscimol binding and electrophysiological studies suggested that muscimol acts 

uniformly on most GABAA receptors (γ-containing), except for extrasynaptically-

located α4β3δ receptors (Ebert et al., 1997). In transfected HEK293 cells, muscimol 

acted as a super agonist, eliciting between 120-140% of the maximal GABA-evoked 

currents at α4β3δ receptors (Mortensen et al., 2010; Stórustovu and Ebert, 2006). 

THIP’s pharmacological profile has also been shown to be subunit-selective. It only 
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acts as a partial agonist on γ-containing GABAA receptors, whereas it acts as a super-

agonist on δ-containing receptors, eliciting peak currents 220% greater than 

saturating GABA-evoked responses in δ containing receptors (α4β3δ). The potency 

of both muscimol and THIP has been established ( Ebert et al., 1994; Mortensen et 

al., 2010). Muscimol potency is more than three-fold higher than GABA at α1β3γ2 

(0.92±0.34 µM and 3.4±1.0 µM respectively) and two-fold higher in α4β3δ (0.20±0.04 

µM and 0.35±0.03 µM respectively).  The potency of THIP is much lower than GABA 

across all these receptor combinations (α1β3γ2, α4β3γ2 and α4β3δ) ranging 

between 107±31 µM and 13±3.5 µM (Mortensen et al., 2010). The super agonist 

behaviour of THIP on α4β3δ receptors can be explained by its ability to influence both 

channel opening dwell times and frequency, resulting in a prolonged burst duration. 

However, muscimol’s moderate super agonist behaviour could be attributed to a 

decreased desensitisation of extrasynaptic receptors (Mortensen et al., 2010).  

Neither muscimol nor THIP show selectivity across GABAA receptor subtypes, 

therefore more selective GABAA receptor agonists have been developed to assess the 

properties of individual receptor subunit combinations (Johnston, 2014). A group of 

5-(4-piperidyl)-3-isoxazolol (4-PIOL) derived analogues have bidirectional effects on 

GABAA receptors, acting either as weak partial agonists or antagonists depending on 

subunit composition (Mortensen et al., 2002; Patel et al., 2016). 4-PIOL exhibits 

agonist-like effects in synaptic γ-containing receptors, and antagonist-type behaviour 

in extrasynaptic δ-containing receptors (Patel et al., 2016). Tonic currents were 

affected by 4-PIOL application to CA1 hippocampal neurones and thalamic relay 

neurones, that express α5βγ, α4βδ and αβ extrasynaptic receptors. Interestingly, the 

observed effect on tonic currents was bi-directional, and was dependent on ambient 

GABA concentration (Caraiscos et al., 2004; Mortensen and Smart, 2006; Patel et al., 

2016). Other analogues, piperidine-4-sulforic acid (P4S) and isoguvacine were shown 

to act as partial and full agonists respectively on α1β2γ2, α6β2γ2 and α1α6β2γ2 

receptors (Ebert et al., 1994; Hansen et al., 2001; Mortensen et al., 2002). Another 

orthosteric GABAA receptor ligand, thio-4-PIOL acts a partial agonist on α5β3γ2, 

α4β3δ and α6β3δ receptors, eliciting around 30% of the maximum GABA-evoked 

response (Hoestgaard-Jensen et al., 2013).  
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1.3.2 GABAA receptor antagonists  
 

Apart from agonists, antagonists are also used for probing the functionality of GABAA 

receptors. One of the most prominent competitive antagonists of  GABAA receptors 

is a phthalide isoquinoline alkaloid, bicuculline ( Johnston 1996; Johnston 2013; 

Masiulis et al. 2019). Single channel recordings from cultured mouse spinal cord 

neurons showed that bicuculline reduced GABAA receptor currents (Krishek et al., 

1996b; Macdonald et al., 1989). Changing the β subunit expressed with α6 and γ2 

subunits suggested that bicuculine affinity was significantly weaker in α6β3γ2 

compared to α6β1γ2 and α6β2γ2combinations (Ebert et al., 1997). 

Electrophysiological assessment of mutations in the GABA binding site of the β 

subunit suggested that bicuculline binds to the orthosteric site, but also interacts with 

additional sites on the receptor, causing a stabilisation of the receptor in a 

closed/resting state (Ueno et al., 1997). This was later confirmed with a 

GABAAR/bicuculline crystal structure (Masiulis et al. 2019). Another GABAAR 

competitive antagonist – SR-95531 (gabazine) – does not show any selectivity 

towards different β subunit-containing GABAA receptors  (Ebert et al., 1997). 

However, low concentrations (200 nM) of gabazine showed a 71% reduction of phasic 

but not the tonic current in CA1 hippocampal granule cells (Stell and Mody, 2002).  

A non-competitive antagonistic compound – picrotoxin (PTX) – does not bind 

between subunit interfaces, rather the binding site is located within the channel pore 

accessible only on the open state conformation of receptor (Korshoej et al., 2010). 

Early studies involving electrophysiological recordings suggested that PTX inhibition 

of GABA-evoked currents occurs via stabilisation of the closed/resting state of the 

receptor (Krishek et al., 1996b; Newland and Cull-Candy, 1992). A latter cryo-EM 

structure of an α1β3γ2L GABAA receptor with PTX/+/- GABA has confirmed this idea 

(Masiulis et al. 2019). 

Zn2+ is another GABAA receptor antagonist. Its effectiveness depends on GABAA 

receptor subunit composition. Synaptic and extrasynaptic GABAA receptors not only 

have different sensitivities to GABA, but also have distinct pharmacological profiles 

to Zn2+ inhibition (Smart et al., 1991). The Zn2+ binding site lies within the extracellular 



41 
 

end of the channel pore between the extracellular domains of the two adjacent 

subunits at the α-β interface. The γ subunit of synaptic αβγ GABAA receptors disrupts 

one of the two α-β binding sites, therefore reducing its sensitivity to Zn2+ compared 

with αβ receptors (Hosie et al., 2003; Mortensen and Smart, 2006). Extrasynaptic δ-

containing receptors are less sensitive to Zn2+ than αβ pentamers (IC50 1.9 µM) but 

are still highly sensitive to Zn2+ inhibition (IC50 16 µM), providing a mechanism for 

selective negative GABAAR modulation (Carver et al., 2016; Hosie et al., 2003; Nagaya 

and Macdonald, 2001).  

 

1.3.3 Benzodiazepine pharmacology  
 

Benzodiazepines (BDZs) are some of the most widely used drugs, prescribed for a 

variety of conditions such as sleep and anxiety disorders. BDZs are positive allosteric 

modulators (PAMs) for some GABAA receptors and have a large spectrum of clinical 

effects ranging from sedative and hypnotic to anxiolytic and anticonvulsant effects 

(Möhler, 2006). Single channel recordings suggested that BDZs potentiate GABA-

evoked currents without directly activating the receptor. Instead they act via an 

increased frequency of channel openings and bursts (Rogers et al., 1994).  

Subunit composition is crucial in determining GABAA receptor sensitivity to 

benzodiazepines. It has been shown that the presence of a γ subunit is essential for 

BDZ modulation: the disruption of the GABRG2 gene resulted in the absence of 94% 

of BDZ binding sites (Günther et al., 1995). The α subunit isoform also plays a crucial 

role in BDZ sensitivity: extrasynaptic α4 and α6 subunits, expressed as an αβγ 

pentamer exhibit no diazepam potentiation (Hevers and Lüddens, 1998). Therefore, 

GABAA receptors containing an αx+ / γy- interface where x = 1, 2, 3, 5 and y = 1-3 form 

a high affinity canonical binding site for benzodiazepines (Sigel and Ernst, 2018; Sigel 

and Lüscher, 2011).  In the most abundant GABAA receptor in mammalian brain, 

α1β2γ2, the benzodiazepine-binding pocket consists of principal α1 subunit A - C 

binding loops and complementary γ2 D - F binding loops (Masiulis et al. 2019). 

Multiple studies have evaluated the functional and pharmacological effects of single 

point mutations in the α and γ subunits. An α1 histidine to arginine substitution 
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(H101R), the latter corresponding to the amino acid residue present in this position 

in α4 and α6, was initially identified using photoaffinity labelling experiments and 

later characterised in recombinant systems (Knoflach et al., 1996; Korpi and Seeburg, 

1993; Whittemore et al., 1996; Wieland et al., 1992a). It was then shown that this 

conserved amino acid substitution in BDZ-sensitive α subunits (α1H101R, α2H101R, 

α3H126R and α5H105R) results in diazepam insensitivity (Benson et al., 1998a; Kleingoor 

et al., 1993a; Rudolph et al., 1999).  

Two other residues in the α1 subunit have been instrumental in identifying the 

orientation of the benzodiazepine, diazepam, in the binding pocket: S205 and T206. 

When these residues are mutated to cysteines they covalently interact with a 

cysteine reactive isothiocyanate (-NCS) group attached to nitrazepam acting as an 

irreversible covalent PAM (Tan et al., 2009). This study indicates that both α1 S205 

and T206 play a crucial role in benzodiazepine binding, which was later confirmed via 

a cryo-EM receptor structure (Masiulis et al. 2019). Further interactions between 

benzodiazepines and the γ2 subunit in α1β2γ2 have been identified, with key 

contacts at Y58, N60 and V190 in the benzodiazepine pocket (Middendorp et al., 

2014).  

Recently, an additional high-affinity binding site for BDZ at the β2+/γ2- interface has 

been identified, in the absence of α1 subunits (Wongsamitkul et al., 2017). The αβ 

GABAA pentamers have also been shown to contain a low affinity benzodiazepine 

binding site, allowing potentiation of GABA-evoked currents by diazepam and other 

BDZs at µM concentrations (Baur et al., 2008; Ramerstorfer et al., 2011; Walters et 

al., 2000). The TM2 mutations in all subunits of α1β2γ2 receptors abolished the µM 

action of diazepam, while the high affinity component remained unchanged (Walters 

et al., 2000).  

Diazepam is a largely non-selective benzodiazepine known to produce a wide range 

of effects in vivo such as sedation, anxiolysis, muscle relaxation and hypnosis. 

Genetically modified mice expressing the H101R mutation in individual α subunits 

have been studied to assess whether specific behavioural effects of benzodiazepines 

can be attributed to modulation of specific α subunit-containing receptors (Rudolph 
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et al., 1999; Rudolph and Möhler, 2004; Sigel and Ernst, 2018; Wieland et al., 1992a).  

Multiple attempts were made to separate the anxiolytic effects from sedation, where 

the latter was shown to be mediated specifically by α1 receptors (McKernan et al., 

2000; Rudolph et al., 1999). The anxiolytic activity of diazepam was shown to be 

mediated by α2-containing GABAA receptors, and under conditions of high-receptor 

occupancy, also by α3-containg receptors (Dias et al., 2005; Löw et al., 2000; Skolnick, 

2012).  

 

1.3.4 Neurosteroids  
 

Neurosteroids are a class of modulators that exhibit potent and selective effects on 

GABAA receptors (Reddy, 2010; Wang, 2011). Neurosteroids are synthesised 

endogenously in the brain (principal neurons and glial cells) and in peripheral tissues 

from cholesterol and neurosteroid precursors (progesterone, deoxycorticosterone 

and testosterone) (Agís-Balboa et al., 2006; Baulieu et al., 2001). Biosynthesis of 

several neurosteroids – allopregnanolone, 3α,21-dihydroxy-5α-pregnan-20-one 

(THDOC), and androstanediol – occur as a sequential reduction of the precursor 

steroid by 5α-reductase and 3α-hydroxysteroid dehydrogenase (Reddy, 2010). Non-

sulphated neurosteroids are lipophilic in nature, therefore can readily cross the 

blood-brain barrier from the peripheral tissues (Schumacher et al., 1996). 

Neurosteroids can be classified into three groups: positive allosteric modulatory 

pregnane-derived steroids that include allopregnanolone and THDOC; androstane-

derived neurosteroids that include etiocholanone and androstanediol; and sulphated 

neurosteroids, which include pregnanolone sulfate (PS) and dehydroepiandrosterone 

sulfate (DHEAS). Unlike other classes of neurosteroids, sulphated neurosteroids are 

negative allosteric modulators of GABAA receptors (Akk et al., 2001; Baker et al., 

2010).  

The binding site for PAM neurosteroids such as allopregnanolone and THDOC is 

located within the transmembrane domain (TM1) of an α subunit at the β+/α- subunit 

interface (Hosie et al., 2009; Laverty et al., 2017). A conserved glutamine residue 

across all α subunit isoforms (Q241 in α1) plays a key role in GABAAR-neurosteroid 
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interaction, where a single hydrogen bond is formed between the glutamine and C3α 

hydroxyl ring A of THDOC (Hosie et al., 2009, 2007, 2006; Laverty et al., 2017). 

Neurosteroids greatly enhance the probability of GABAAR channel opening, via an 

increase in both frequency and duration of channel bursts (Hosie et al., 2007; 

Twyman and Macdonald, 1992). Additionally, high concentrations (>10 µM) of 

neurosteroids have a direct effect on GABAA receptor activation and this is mediated 

by the presence of Y236 and Y284 amino acid residues on α and β subunits 

respectively (Hosie et al., 2006).  

GABAA receptors containing the δ rather than a γ subunit exhibit a much stronger 

modulatory response to potentiating neurosteroids, however inhibitory 

neurosteroids show no  subtype selectivity (Belelli et al., 2002; Brown et al., 2002). 

Potentiating neurosteroid selectivity was suggested to be a consequence of the 

functional properties of δ-containing GABAA receptors. Since the efficacy of GABA is 

low in these receptors, neurosteroids increase GABA efficacy, causing a higher 

relative enhancement of GABA-mediated currents (Bianchi and Macdonald, 2003; 

Brown et al., 2002). Slice recordings from CA1 region of hippocampus and dentate 

gyrus granule cells show that nanomolar concentrations of neurosteroids enhance 

both tonic inhibitory conductance and IPSC decay time (Harney et al., 2003; Stell et 

al., 2003).  

 

1.4 ‘Hetero-alpha’ GABAA receptors 

As described earlier, the majority of GABAA receptor subtypes that occur in the brain 

are composed of two α, two β, and one γ subunits. The receptor subtypes containing 

one type of these subunits (‘homo-alpha’ and ‘homo-beta’) have been well 

characterised in recombinant systems (Baumann et al., 2002; Olsen and Sieghart, 

2008; Sigel and Steinmann, 2012).  

Although only a small number of subunit combinations are thought to be expressed 

in vivo, there is increasing evidence that different α (‘hetero-alpha’) or β (hetero-

beta’) subunits may exist in a single receptor complex. This can vastly increase the 
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possible subunit combinations and receptor isoforms, producing receptor types with 

unique GABA and allosteric modulator sensitivities (Olsen and Sieghart, 2008; 

Sieghart and Sperk, 2002). There is extensive biochemical evidence supporting the 

existence of ‘hetero-alpha’ and ‘hetero-beta’ GABAA receptors from several research 

groups, which will be described below. Table 1.2 summarises all the biochemical 

evidence on hetero-subunit type receptors.  

 

1.4.1 ‘Hetero-alpha’ GABAA receptors: biochemical evidence 
 

Early immunohistochemistry studies based on colocalization analysis proposed that 

more than one α subunit type could exist in the same GABAA receptor pentameric 

complex. Combinations of α1/α2, α1/α3, α1/α5, and α2/α5 subunits were speculated 

to exist in different brain regions (Bohlhalter et al., 1996; Christie and de Blas, 2002; 

Fritschy et al., 1992; Fritschy and Mohler, 1995; Zezula and Sieghart, 1991). However, 

the evidence of the GABAA receptor subunit composition presented in these studies 

was not conclusive due to the nature of the colocalization studies.  

During the 1990s, a variety of selective GABAA receptor subunit antibodies were 

generated, allowing the biochemical assessment of receptor composition. 

Immunoaffinity studies based on subtractive purification have been performed to 

estimate the relative abundance of receptor types containing homo- and hetero- 

subunit combinations (Bencsits et al., 1999; Jechlinger et al., 1998; Nusser et al., 

1999). Using this method of purification in rat brain extracts (excluding cerebellum), 

α4-containing receptors were identified to predominantly exist as α4α4, but also 

minor populations of α1α4, α2α4, α3α4, (not α5α4) were detected (Bencsits et al., 

1999; Benke et al., 1997). Immunoaffinity studies were also performed from calf 

cerebral cortex extracts, where out of all α1-contaning receptors, minor populations 

of α1α2 and α1α3 were identified (32±8% and 8±1% respectively) (Duggan et al., 

1991). Furthermore, results obtained from rat cerebellum extracts indicated that α6 

containing receptors are expressed as α6βxγ2 32%, α1α6βxγ2 37%, α6βxδ 14%, and 

α1α6βxδ 15% (Jechlinger et al., 1998). The same study suggested that 18% of all α6-

containing receptors had two different β subunits (Jechlinger et al., 1998). Earlier 
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immunoprecipitation and immunoaffinity studies also from cerebellum have also 

identified hetero-α receptors (α1α6) (Pollard et al., 1995, 1993).  

 

Table 1.2 Biochemical evidence for heteromeric GABAA receptors. The table outlines all the 

biochemical evidence of ‘hetero-alpha’ and ‘hetero-beta’ GABAA receptors. Publications are 

categorised by the type of hetero-subunit type assessed (first column). The third column 

outlines the biochemical techniques used (subtraction immunoaffinity chromatography, 

immunoprecipitation, or radioligand binding assays). Last column summarises the findings of 

the reports and the brain area assessed.   

Hetero-

receptor 

type 

 

Reference 

 

Assay 

 

Conclusions 

α1α2 (Duggan et al., 1991) Immunoaffinity 

purification 

Calf cerebral cortex 

extracts, out of all α1-

containg receptors: minor 

populations of α1α2 

(32±8%), α1α3 (8±1%), 

α2α3 * 

(Benke et al., 2004a) Immunoprecipitation 

Radioligand binding  

Mouse brain extracts, out 

of α1-, α2-, α3- containing 

receptors: α1α1 61%, α1α2 

13%, α1α3 15%, α2α2 12%, 

α2α3 2%, α3α3 4%** 

(del Río et al., 2001a) Immunoprecipitation 

Immunoaffinity 

chromatography 

Radioligand binding 

Rat hippocampal and 

cortical extracts, out of α2-

containing receptors, α1α2 

36.3 ± 5.2% (hippocampus) 

and 39.4 ± 5.5% (cortex), 

α1α2 purified receptors 

exclusively show α2-BDZ 

pharmacology 

α1α3 (Duggan et al., 1991) Immunoaffinity 

purification 

See * for details 

(Araujo et al., 1996) Immunoprecipitation  

Radioligand binding 

Rat cerebral cortex lysates, 

out of all α1-containing 

receptors, α1α3 20-25%; 

out of all α3 -containing 

receptors α1α3 50-55%, α1 

BDZ pharmacology prevails 

over α3 BDZ pharmacology 

(70% and 30% respectively) 
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(Dietmar Benke et al. 

2004) 

Immunoprecipitation 

Radioligand binding 

See ** for details 

α1α5 (Araujo et al., 1999) Immunoprecipitation  

Radioligand binding 

Rat hippocampal extracts, 

out of all α1-containing 

receptors, α1α5 7-10%, out 

of all α5-containing 

receptors, α1α5 18-23%; 

α1α5 receptors 

predominantly show an α5 

BDZ pharmacology  

 

(Ju et al., 2009) Immunoprecipitation 

Biochemical 

fractionation 

Mass spectroscopy  

Mouse hippocampal 

extracts, from α5-

containing receptors, α1α5 

and α2α5 identified. 

Different proportions of α1, 

α2 and α5 in synaptic and 

extrasynaptic receptors 

fractions.  

α1α6 (Pollard et al., 1993) Immunoprecipitation Rat cerebral cortex lysates, 

α1α6 minor population  

(Pollard et al., 1995) Immunoaffinity  

Radioligand binding 

Rat cerebellum extracts, 

out of all α6-containing 

receptors: α1α6 41 ± 12%, 

α1α6 receptors 

predominantly show an α6 

BDZ pharmacology (BDZ 

insensitive) 

(Khan et al., 1996) Immunoprecipitation 

Radioligand binding  

Cerebellum, α1 59-65%, α6 

22-28%, α1α6 11-17% 

 

(Jechlinger et al., 

1998) 

Immunoaffinity 

chromatography  

Rat cerebellum extracts, 

out of all α6-containing 

receptors: α6βxγ2 32%, 

α1α6βxγ2 37%, α6βxδ 14%, 

α1α6βxδ 15% 

(Nusser et al., 1999) Immunoprecipitation 

Radioligand binding 

Mouse cerebellar extracts 

(α6 gene disruption, α6 -/-), 

in control group (α6 +/+) 

α1α6 present. In α6 -/- mice 

26% reduction of α1 

expression 

(Pöltl et al., 2003) Immunoprecipitation  

Radioligand binding  

Mouse or rat cerebellum 

extracts. Mouse: out of α1- 
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and α6-containing 

receptors, α1βxγ2 40.5 ± 

2.4%, α6βxγ2 6.8 ± 0.8%, 

α1α6βxγ2 22.4 ± 1.4%, 

α1βxδ 0.8 ± 0.7%, α6βxδ 

17.7 ± 1.0%, α1α6βxδ 10.4 

± 1.2%. 56% of all receptors 

contain α6 subunits and 

59% contain both α1 and α6 

subunits.  

(Ogris et al., 2006) Immunoaffinity 

purification 

Radioligand binding 

RT-PCR 

Mouse cerebellar extracts 

(α1 gene disruption, α1 -/-), 

in control group (α1 +/+). In 

α1 -/- mice, α6 subunit 

expression is increased by 

54 % (replacing α1 

subunits) 

(Scholze et al., 2020) Immunoprecipitation 

Radioligand binding  

Rat cerebellum extracts, 

out of all γ2 containing 

receptors: α1γ2βxα1βx 

57%, α6γ2βxα6βx 19%, 

α1γ2βxα6βx 9%, 

6γ2βxα1βx 15% 

α2α3 (Duggan et al., 1991) Immunoaffinity 

purification 

See * for details 

(Benke et al., 2004a) Immunoprecipitation 

Radioligand binding 

See ** for details 

α2α5 (del Río et al., 2001a) Immunoprecipitation 

Immunoaffinity 

chromatography 

Radioligand binding 

Rat hippocampal extracts, 

out of α2-containing 

receptors, α2α5 20.2 ± 

2.1%, α2α5 purified 

receptors exclusively show 

α5-BDZ pharmacology 

α2αX, 

where x is 

1, 3, 4 or 5 

(Pöltl et al., 2003) Immunoprecipitation 

Immunoaffinity 

chromatography 

Mouse or rat cerebellum 

extracts. Mouse: out of all 

GABAA receptors: α1α2 

α2α3, α2α4, α2α5 were 

identified (between 1.3 and 

7.3 % each) 

(Nakamura et al., 

2016) 

Immunoprecipitation 

Proteomic analysis 

Mouse brain extracts 

(pHluorin-tagged α2 mouse 

model). α1α2 α2α3, α2α4, 

α2α5 were identified 
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α4αX, 

where x is 

1, 2 or 3 

(Benke et al., 1997) Immunoprecipitation 

Immunoaffinity 

chromatography  

Radioligand binding 

Rat brain lysates (different 

regions): out of α4-

containing receptors, α1α4 

α2α4 α3α4, but not α5α4 

was detected  

(Bencsits et al., 1999) Immunoaffinity  Rat brain extracts (no 

cerebellum), α1α4, α2α4, 

α3α4 identified (not α5α4) 

α5αX, 

where x is 

1, 2 or 3 

(Mertens et al., 1993) Immunoprecipitation 

Radioligand binding 

Rat brain extracts (various 

regions), α1α5 α2α5 and 

α3α5 were identified 

(Sieghart et al., 1993) Immunoprecipitation  Rat brain extracts, out of 

α5-containing receptors, 

α1α5 α2α5 and α3α5 were 

identified  

β1β2 (Li and De Blas, 1997) Immunoprecipitation Rat brain extracts, out of all 

β-containing receptors, 

β1β2 8% 

β1β3 (Li and De Blas, 1997) Immunoprecipitation Rat brain extracts, out of all 

β-containing receptors, 

β1β3 19% 

β2β3 (Li and De Blas, 1997) Immunoprecipitation Rat brain extracts, out of all 

β-containing receptors, 

β2β3 33% 

2 different 

β 

(Jechlinger et al., 

1998) 

Immunoaffinity 

chromatography  

Rat cerebellum extracts, 18 

% of α6 receptors contain 2 

different β subunits  

 

 

The subunit composition of α6-containing GABAA receptors has been widely studied. 

Cerebellar granule cells almost exclusively express α1, α6, β1-3, γ2, and δ subunits, 

making it an obvious target for studying hetero-α receptors (Fritschy and Mohler, 

1995; Laurie et al., 1992; Pirker et al., 2000). Immunogold labelling of α1 and α6 

GABAA receptors showed colocalization of these subunits in cerebellar granule cells, 

suggesting the possibility that α1 and α6 can co-exist in the same pentamer (Zoltan 

Nusser et al., 1998). Later, the same group utilised an α6 knock-out mice to study the 

effect α6-containing receptor populations. The results showed a 26% reduction of 

α1-subunit expression in α6 (-/-) mice compared to  α6 (+/+) mice (Nusser et al., 

1999). A similar study of α1 (-/-) mice cerebellar extracts suggested a 54% increase in 
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α6 subunits in α1-defficient mice compared to the wild-type ones, suggesting that α1 

is replaced by α6 subunit in α1α6 GABAA receptors (Ogris et al., 2006). These finding 

are in agreement with the previous reports (59% of all cerebellar receptors contain 

both α1 and α6 subunits) (Pöltl et al., 2003). Quantitative immunoprecipitation 

assays further identified hetero-α GABAA receptors containing both α1α6 subunits, 

as well as proposed their subunit arrangement. One study estimated that out of all 

α6-containg receptors, 41 ± 12% are α1α6 and these predominantly show an α6 BDZ 

pharmacology (BDZ insensitive, i.e. α6-β-α1-β-γ arrangement around the central 

pore, top view)  (Pollard et al., 1995). In accordance with these findings, 3H-Ro 15-

4513 binding experiments of γ2-prurified GABAA receptors concluded that the 

majority of α1α6βxγ2 cerebellar receptor are benzodiazepine insensitive 

(α6γ2βxα1βx 15% and α1γ2βxα6βx 9%) (Scholze et al., 2020).  

Numerous reports provide evidence for hetero-α GABAA receptors containing an α1 

subunit. Immunoprecipitation from whole mouse brain extracts suggested that out 

of all α1-, α2-, α3- subunit containing GABAA receptors the majority are α1α1 (61%), 

whereas α1α2 and α1α3 containing receptors account for a 13% and 15% respectively 

(Dietmar Benke et al. 2004). Immunodepletion experiments showed that α1α3 

GABAA receptors constitute a large proportion of α3- but not of α1- containing 

receptors (54% and  24% respectively) in rat cerebral cortex (Araujo et al., 1996). 

Furthermore, α1α5 containing receptors represent 7-10% of all α1-containg GABAA 

receptor population in rat hippocampal neurones (Araujo et al., 1999). These α1- 

‘hetero-alpha’ receptors constitute significant populations for the non-α1-subunit 

(i.e. α3, α5) but represent a smaller proportion of α1-receptors, probably due to their 

high expression levels (Datta et al., 2015; Hutcheon et al., 2004; Pirker et al., 2000). 

There is some evidence suggesting the existence of ‘hetero-beta’ GABAA receptors, 

however it is limited. Mixtures of two different β subunits were identified in 18% of 

all α6-containing receptors (α6βxγ2, α1α6βxγ2, α6βxδ, and α1α6βxδ) from rat 

cerebellum (Jechlinger et al., 1998). In addition, various combinations of ‘hetero-

beta’ GABAA receptors were found from total rat brain extracts, comprising around 

60% of all β-subunit containing receptors (Li and De Blas, 1997).  
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Insight into subunit arrangement in hetero-α receptor complex was assessed via 

benzodiazepine binding properties of immunoprecipitated GABAA receptors (Araujo 

et al., 1996, 1999; del Río et al., 2001a; Pollard et al., 1995; Scholze et al., 2020). 

Interestingly, results from these show that from purified α1αx-containing GABAA 

receptors (where x is 2, 5 or 6), αx benzodiazepine pharmacology prevails over α1 

(Araujo et al., 1999; del Río et al., 2001a; Pollard et al., 1995; Scholze et al., 2020). 

Hence, the majority of ‘hetero-alpha’ GABAA receptor subunit could present an 

αxγ2βα1β subunit arrangement. One exception appears to be α1α3-containing 

receptors, where α1 benzodiazepine pharmacology prevails over that of α3 (70% and 

30% respectively) (Araujo et al., 1996). The proposed subunit arrangements from 

these data are outlined in Figure 1.3.   

 

 

Figure 1.3 ‘Hetero-alpha’ GABAA receptor subunit arrangement and their benzodiazepine 

pharmacology. A. and B. Schematic representation of GABAAR subunit arrangement around 

the central pore (top view). The high-affinity benzodiazepine site, BDZ, at the αγ interface is 

shown as a dark red trapezoid. A. The αx (where x is 2, 5 or 6) BDZ pharmacology prevails 

over the α1 BDZ pharmacology in α1αx – containing GABAA receptors (>50% of receptors 

contain an αx+ / γ- interface) (Araujo et al., 1999; del Río et al., 2001a; Pollard et al., 1995; 

Scholze et al., 2020). B. In α1α3-containg receptors, α1 BDZ pharmacology prevails over α3 

(>50% of receptors contain an α1+ / γ- interface) (Araujo et al., 1996) .  
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The evidence described above suggests that a significant part of the GABAA receptors 

in the brain comprise of two distinct α and /or β subunit isoforms (Sieghart and Sperk, 

2002). Nevertheless, to establish the existence of these receptors in the brain, 

functional electrophysiological and pharmacological in vivo studies are required. It is, 

however, difficult to study the receptor composition, arrangement and 

pharmacology of a receptor type that is composed of a mixture of three or more 

distinct subunit isoforms. This is because various receptor subtypes with different 

subunit combinations and arrangements can be formed. Therefore, to study the 

pharmacological fingerprints of GABAA receptors with two different isoforms of α or 

β subunits it is essential to know the positioning of subunits in a pentameric complex. 

This can be achieved by forced assembly of receptors, known as concatenation. The 

next section will outline the benefits and caveats of concatenated receptor studies 

and how these contribute to the understanding of ‘heteroalpha’ GABAAR 

pharmacological profiles.  

  

1.4.2 Concatenated receptor studies 
 

The principle behind the concatenation of subunits was firstly applied to successfully 

study nicotinic acetylcholine receptors, nAChRs, and subsequently has been widely 

used to link Cys-loop receptor architecture with function (Im et al., 1995; Liao et al., 

2020). Receptor concatenation is a technique in which multiple subunits are 

expressed as a covalently linked fusion protein. The N-terminus of a subunit is linked 

to a C-terminus of a preceding subunit via a glutamine linker sequence of an optimal 

length (E. Sigel et al. 2006; Minier and Sigel 2004, 200; S. W. Baumann, Baur, and Sigel 

2001). Various combinations of concatenated oligomers (monomer/tetramer, 

dimer/trimer and pentamer) have been used to study the impact of subunit position 

and number on the function of receptors as well as positional effects of mutations in 

specific subunits that occur multiple times in a receptor (Baumann, Baur, and Sigel 

2003; Gallagher et al. 2004; Absalom et al. 2019;  Baumann, Baur, and Sigel 2002; 

Boileau, Pearce, and Czajkowski 2005; Minier and Sigel 2004). There is a clear 



53 
 

advantage for the use of concatenated receptors to study multi subunit GABAA 

receptors due to the ability to define subunit arrangement and stoichiometry.  

Dimer/trimer concatenated subunit constructs with two α subunit isoforms (α1 and 

α6) were designed to functionally assess γ2β2α1β2α1, γ2β2α6β2α6, γ2β2α1β2α6, 

and γ2β2α6β2α1 GABAA receptors (Minier and Sigel, 2004a). The GABA apparent 

affinity of γ2β2α6β2α1 was found to be two times higher than of γ2β2α1β2α6 (42 ± 

14 μM and 94 ± 38 μM respectively). Furthermore, inhibition with furosemide – a 

GABAAR α6 subunit selective non-competitive inhibitor (Thompson et al., 1999) and 

diazepam potentiation were also assessed. An α6 subunit positioning next to the γ2 

resulted in high sensitivity to furosemide, whereas an α1 neighbouring γ2 subunit in 

concatenated constructs (γ2β2α1β2α1 and γ2β2α6β2α1) resulted in diazepam 

sensitivity (Minier and Sigel, 2004a). This study pioneered the use of concatenated 

receptors as a diagnostic tool to study pharmacological signatures of ‘hetero-alpha’ 

GABAA receptors. Indeed, a recent study used a forced receptor assembly approach 

to study pyrazoloquinolinone (PQ) allosteric modulation of α1α6-containg GABAA 

receptors (Simeone et al., 2019). Concatenated receptors with two different β 

subunit isoforms were also used to assess the functional signatures of these 

receptors to β2-selective compounds: etomidate and loreclezole (Boulineau et al., 

2005). The results from this study showed that the response to these compounds is 

independent of β2 positioning in the receptor complex.  

Whilst receptor concatenation is a powerful technique, there are precautions that 

need to be taken in the experimental design. Firstly, structural artefacts could result 

during concatenated receptor assembly (Sigel et al., 2006). Examples include: one 

subunit of a dimeric concatenated construct lining the channel pore and the other 

sticking out, concatenated subunit constructs connecting two pentameric receptors, 

incorrect arrangement or subunits within the pentamer or linker proteolysis (see 

Figure 1.4 for details) (Minier and Sigel 2004). Some concatenated constructs of Cys-

loop receptors were also found to assemble in both clockwise and anticlockwise 

directions  (Ahring et al., 2018; Liao et al., 2020).  However, these artefacts can be 

avoided by optimising the cDNA concatenated constructs (omitting signal peptides 

and adjusting the length of the linker between concatenated subunits) and adjusting 
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the ratios of cDNAs used (Ericksen and Boileau, 2007; Sigel et al., 2009). Another 

major pitfall of forced arrangement receptor studies is  small agonist-evoked current 

amplitude (Boileau et al., 2005). Increasing the cDNA amount and using Xenopus 

oocytes as an expression system can, to some extent, overcome this problem 

(Baumann et al., 2001; Sigel et al., 2006).  

Despite the caveats of this techniques, receptor concatenation can vastly contribute 

to the understanding of GABAA receptors with two different α and β isoforms. 

Nevertheless, the results obtained from such studies need to be assessed with 

caution.  

 

Figure 1.4 Examples of undesired structural artefacts that could form during the assembly 

of dimeric subunit concatenated receptors. Dimeric subunit constructs are shown as green 

and blue circles (corresponding to each subunit) joined by a linker chain (dark blue). A. One 

subunit of a dimeric construct lines the channel pore of the receptor, whereas the other 

subunit is sticking out. B. Proteolysis in the linker region between two concatenated subunits 

can result in its false inclusion into the receptor pentamer. C. Dimeric subunit constructs can 

incorporate into two different receptor pentamers. D. If the linker chain between two 

concatenated subunits is too long, another subunit can get incorporated in between (Minier 

and Sigel 2004).  
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1.5 Thesis aims  

1.5.1 Electrophysiological assessment of GABAA receptors with two different α subunit 

isoforms 
 

Despite a multitude of biochemical evidence pointing to the existence of ‘hetero-

alpha’ GABAA receptors, functional assessment of these in a recombinant system is 

lacking. Our first aim, therefore, was to electrophysiologically identify and study 

GABAA receptors with two distinct α subunit isoforms. The α1 and α2 subunits were 

chosen, due to their abundance in the brain (both expression levels and localisation) 

(Pirker et al., 2000). Single α1 and α2 subunits or their mixtures were expressed with 

β2/3 γ2 to form functional GABAA receptors in HEK293 cells. This allowed for a 

comparison of functional signatures of ‘hetero-alpha’ receptors with those of ‘homo-

alpha’ populations. A selection of reporter mutations was then used to help 

distinguish between ‘homo’- and ‘hetero’-alpha receptor populations as well as 

estimate their relative abundances.  

Subunit arrangement is key in determining GABAA receptor sensitivity to 

benzodiazepines. The canonical benzodiazepine binding site lies between the α+ / γ- 

interface, where α1 H101, α1 N103, α1 S206, and γ2 N60 play crucial roles in BDZ 

binding (Masiulis et al. 2019). The α1 and α2 subunit BDZ pharmacology mediate 

distinct effects in the brain: sedative and anxiolytic affects respectively (Dias et al., 

2005; McKernan et al., 2000; Skolnick, 2012). GABAA receptor populations with two 

distinct α subunit isoforms could therefore present either α1 or α2 BDZ 

pharmacology or a mix of both. Here, a well characterised reporter mutation – α1 

H101R – was used to study the subunit arrangement in ‘hetero-alpha’ GABAA 

receptors (Benson et al. 1998; Dietmar Benke et al. 2004). We aimed, through 

mutagenesis and pharmacological studies, to determine whether the presence of a 

specific α subunit is more abundant at the α+ / γ- interface or indeed, is exclusively 

expressed at this interface. 
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From these data, we hypothesised that GABAA receptors containing both α1 and α2 

isoforms assemble in a recombinant system and present distinct pharmacological 

fingerprints.  

 

1.5.2 Evidence of existence in vivo 
 

After the in vitro assessment of ‘hetero-alpha’ GABAA receptors, our next aim was to 

establish the existence of these receptors in vivo. Even though, immunoaffinity 

purification and coimmunoprecipitation studies have been widely used to study 

receptor composition, most of these assess α1α6-containg receptors. Furthermore, 

biochemical conditions vastly determine coimmunoprecipitation outcomes 

(Nakamura et al., 2016). Here, we use proximity ligation assay (PLA) to visualise native 

α1α2-containg GABAA receptors in cultured hippocampal neurons and to assess their 

subcellular localisations. The PLA technique fluorescently labels proteins in close 

proximity (30 nm) and therefore allows us to detect α1 and α2 subunits within the 

same receptor. We also validated the reliability of the technique by using the 

microtubule inhibitor, nocodazole, and γ/δ GABAA receptor interactions.  

Our next aim was to elucidate the determinants of assembly of α1α2-containing 

GABAA receptors. This was attempted by transfecting either α1 or α2 subunits into 

hippocampal neurons and investigating the changes in PLA signals. Additionally, 

electrophysiological recording and IPSC kinetic analysis was used to explore 

functional fingerprints of ‘hetero-alpha’ GABAA receptor populations underpinning 

inhibitory synaptic transmission.  

 

1.5.3 Physiological role of α1α2-containg GABAA receptors 
 

To date, there is no evidence regarding the physiological role of GABAA receptors 

containing both α1 and α2 subunit isoforms. Therefore, the last aim was to 

investigate ‘hetero-alpha’ receptor importance and changes after the induction of 
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long-term potentiation (LTP). This was achieved through PLA and imaging techniques 

in hippocampal cultured neurons.  

 

1.5.4 Summary of aims 
 

1. To determine the existence, abundance and subunit composition of GABAA receptors 

with two distinct α subunit isoforms in a recombinant system (Chapter 3).  

 

2. To investigate two potential subunit arrangements of α1α2-containg receptors: 

γ2βxα1βxα2 and γ2βxα2βxα1 (Chapter 3).  

 

3. To establish the existence and determine the subcellular localisation of α1α2-

containg GABAA receptors in cultured hippocampal neurons (Chapter 4).  

 

4. To investigate functional fingerprints of these receptors using iPSC kinetic analysis 

(Chapter 4).  

 

5. To examine the physiological function of ‘hetero-alpha’ GABAA receptors using a long-

term potentiation protocol (Chapter 5).  
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Chapter 2: Materials and Methods 

2.1 Molecular biology 

2.1.1 GABAA receptor subunit constructs 
 

All point mutant and affinity-tagged subunits were made using our stocks of wild type 

subunit constructs. The wild type constructs were cloned into pRK5 vector with the 

Kozak sequence upstream of the signalling peptide for optimal mammalian 

expression. The murine GABAA receptor DNA of α1 (UniProtKB: P62812), α2 

(UniProtKB: P26048), β2 (UniProtKB: P63137) β3 (UniProtKB: P63080), and γ2L 

(UniProtKB: P22723) were used as templates for mutagenesis. Point mutations and 

affinity-tag insertions were introduced by inverse PCR method using Phusion Hot 

Start DNA polymerase kit (Thermo Fisher Scientific, F549), see Table 2.1 for details. 

Primers used in DNA mutagenesis are listed below (see Table 2.2).  

 

Table 2.1 PCR reaction concentration and volumes used per reaction. Reagents are listed in 

the left column, for more detail about the primers and DNA template used for each PCR see 

Table 2.2.  

Reagent 

 

Stock [conc.] Final [conc.] Volume 

Template cDNA 2.5 µg/ml (125 

ng) 

50 ng/ml (2.5 ng) 1 µl 

Forward primer 15 µM 0.3 µM 1 µl 

Reverse primer 15 µM 0.3 µM 1 µl 

dNTP mixture 

(concentration per each 

nucleotide (nt)) 

 

10 mM each nt 0.2 µM each nt 1 µl 

Phusion Buffer HF/GC 5X 1X 10 µl 

Phusion DNA Polymerase 2 U/µl 0.02 U/µl 0.5 µl 

MgCl2 (where required) 50 mM Between 1 and 

2.5 mM 

1 to 2.5 µl 

ddH2O — — To 50 µl 

Total volume:   50 µl 
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PCR products were separated on the 0.8% agarose gel (100 V for 45 minutes). 

Ethidium bromide was used as a fluorescent probe to label the DNA.  All PCR products 

were mixed with 6X loading dye (New England BioLabs, B7024) to visualise the gel 

front and run alongside 1 kb DNA ladder (New England BioLabs, B7025). The DNA 

band of the correct molecular weight was cut out of the agarose gel and subsequently 

purified using a DNA Gel Extraction kit (New England BioLabs, Monarch, T1020).  

The linear cDNA was then ligated using T4 Polynucleotide kinase (PNK) and T4 DNA 

ligase (New England Biolabs, M0201, M0202). Briefly, 16 µl of linear DNA gel-

extraction product was incubated at 72 ˚C for 5 minutes to separate the ends of 

dsDNA and cooled down on ice for 1 minute. T4 ligase buffer and PNK (2 and 1 µl 

respectively) were added to the gel extraction product and incubated for 40 minutes 

at 37 ˚C. Following this step, 1 µl of T4 DNA ligase was added to the mixture to ligate 

the linear DNA at 4 ˚C overnight.  
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Table 2.2 PCR primers used to introduce affinity tags or point mutations into GABAA 

receptor DNA. Primers are shown in the 5’ to 3’ direction. Nucleotides that correspond to 

the template sequence are shown as upper-case letters, nucleotides that have been added 

or changed are shown as lower-case letters. The template used to produce each construct 

(left column) is stated in the right column and corresponds to the wild type GABAA receptor 

subunit. 

Mutation/ 

affinity tag 

Forward primer 

(sequence 5’-3’) 

Reverse primer 

(sequence 5’-3’) 

Template 

GABAA α1 

F65L 

ATGTGTTTTTaCGTCAAAGTT

GGAAGG  

CTATTGTATACTCCATATCGTG

GTCTG  

GABAA α1 

GABAA α1 

H101C 

CAATGGAAAGAAGTCTGTG

GCCCACAA  

caGAAAAATGTATCTGGAGTC

CAGATT  

GABAA α1 

GABAA α1 

H101R 

CgCAATGGAAAGAAGTCTGT

GGCCCAC  

GAAAAATGTATCTGGAGTCCA

GATTTT  

GABAA α1 

GABAA ɑ1-

HA 

ttccagattacgctGATGAACTT

AAAGACAACACCACT 

catcgtatgggtaTTGGGAGGGCT

GTCCATAGCTTCT 

GABAA α1 

GABAA ɑ1-

myc 

tcagaagaggatctgGATGAACT

TAAAGACAACACCACT 

gatgagtttttgttcTTGGGAGGGC

TGTCCATAGCTTCT 

GABAA α1 

GABAA α2 

F65L 

ATGTTTTaTTTCGGCAAAAA

TGGAAAGG  

CTATTGTATACTCCATATCTGT

ATCTGG  

GABAA α2 

GABAA α2 

H101C 

CAATGGGAAAAAGTCAGTG

GCCCATAA  

caAAAGAAGGTATCAGGAGTC

CAGATT  

GABAA α2 

GABAA α2 

H101R 

CgCAATGGGAAAAAGTCAG

TGGCCCATAAC  

AAAGAAGGTATCAGGAGTCC

AGATTTTGCT  

GABAA α2 

GABAA ɑ2-

myc 

tcagaagaggatctgGATGAGG

CTAAAAATAACATCACC 

 

gatgagtttttgttcTTCTTGGATGT

TAGCCAGCACCAA 

 

GABAA α2 

 

 

Ligated cDNA was then transformed into 5α competent Escherichia coli (E. coli) (New 

England Biolabs, C2987). Ligated DNA product (1-2 μl) was gently pipetted and mixed 

with 25 μl of competent E. coli and left on ice for 30 minutes. The bacteria were then 

heat shocked (42 ˚C) for 40 seconds to take up the ligated DNA product. Following 1-

minute incubation on ice, SOC medium (100 μl) was added to the E. coli and 

incubated with robust shaking for 25 minutes. This mixture was then plated onto 

Luria Broth (LB) agar plates with a suitable antibiotic: ampicillin or kanamycin (100 

µg/ml and 50 µg/ml respectively). The plates with the transformed 5α competent E. 

coli bacteria were placed in the incubator (37⁰ C) overnight for colony growth. The 
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colonies were picked the next day and incubated in 2.5 ml of LB broth supplemented 

with an antibiotic with shaking overnight at 37⁰ C. The DNA was then purified using 

Plasmid Miniprep Kit (New England BioLabs, Monarch, NEB T1010). DNA 

concentration was measured using a Nanodrop (Thermo Fisher) at 260 nm 

wavelength. DNA plasmids were subjected to sequencing to identify successful 

constructs (SP6 was used as a forward primer and P5 was used as a reverse primer). 

The bacterial culture of a successful colony was grown in 150-250 ml of LB broth 

under the same conditions. The DNA was then subjected to purification using either 

a Midi or a Maxi HiSpeed Plasmid DNA Kit (Qiagen, 12643/12662). DNA concentration 

was measured and adjusted to 1 mg/ml for ease of use for HEK293 or neuronal 

transfections. Prior to use all constructs were sequenced one more time to confirm 

the correct sequence of the plasmid. 

 

2.2 HEK293 cell culture and transfection 

2.2.1 HEK293 cell culture  
 

Human embryonic kidney (HEK293) cells were cultured on 10 cm dishes in Dulbecco’s 

modified Eagle medium (DMEM) (Gibco, Thermo Fisher Scientific) supplemented 

with 10% foetal calf serum (FCS) (Gibco, Thermo Fisher Scientific), 0.1 mg/ml 

penicillin and 0.1 mg/ml streptomycin (Gibco, Thermo Fisher Scientific) kept in 37°C/5 

% CO2 humidified incubator. Cells were passaged when they reached around 80% 

confluency, which was monitored regularly to prevent overgrowth. To passage, the 

DMEM media was aspirated and cells were carefully washed with Ca2+/Mg2+ free 

Hanks’ Balanced Salt Solution (HBSS) (Gibco, Thermo Fisher Scientific) and lifted using 

0.05% trypsin-ethylene-diamine-tetra-acetic acid (trypsin-EDTA) (Gibco, Thermo 

Fisher Scientific). EDTA is a divalent cation chelator that inhibits adhering proteins 

and trypsin is a proteolytic enzyme that breaks them down, therefore lifting the cells 

off the dish. To inactivate trypsin-EDTA, 10 ml of DMEM media was added and cells 

were collected and centrifuged at 168 x g for 2 minutes. Supernatant was then 

aspirated, and cells were resuspended in 1-5 ml of DMEM culture media. Cells were 
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subsequently plated at a lower confluence (20 or 50%) on 10 cm dishes for cell line 

maintenance or pull downs; or on 22 mm coverslips coated in poly-L-lysine (Sigma, 

P7280) for subsequent transfection.   

 

2.2.2 HEK293 cell transfection 
 

HEK293 cells plated on 22 mm coverslips were used for electrophysiological and 

imaging experiments, whereas 10 cm dishes were used for pull-down assays of 

specific GABAA receptor subunits. HEK293 cells were transfected using a calcium 

phosphate transfection method. Specifically, 1 µg or 6 µg (for 22 mm coverslips or 10 

cm dishes, respectively) of cDNA for each GABAA receptor subunit was used per 

transfection. A transfection ratio of 1:1:1 (α:β:γ)  was used for the GABAA receptor 

subunits unless otherwise stated.  In addition, 1 µg of eGFP cDNA was added to the 

DNA mixture used for 22 mm coverslips for identification of transfected cells. In brief, 

cDNA was added to 20 µl or 120 µl (coverslips or dishes respectively) 340 mM CaCl2 

and vigorously shaken with 24 µl or 144 µl (coverslips or dishes respectively) HEPES-

buffered saline (HBS: 50 mM HEPES, 280 mM NaCl, 1.1 mM Na2HPO4, pH 7.12). After 

transfection, cells were incubated for 24 to 48 h at 37°C, to allow the expression of 

receptors. The details of concentrations and volumes of reagents used can be found 

in Table 2.3.  
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Table 2.3 Reagents and their volumes used in calcium phosphate HEK293 cell transfection. 

Transfection ratio of GABAA receptor subunits was 1:1:1 (α:β:γ) unless otherwise stated. The 

total volume of the transfection reaction was pipetted onto 22 mm coverslips or 10 cm dishes 

as appropriate.   

Reagent Concentration  

 

22 mm coverslip 10 cm dish 

GABAA receptor 

cDNA 

1 mg/ml 1 µl/subunit 6 µl/subunit 

eGFP cDNA 1 mg/ml 1 µl — 

CaCl2 340 mM 20 µl 120 µl 

HBS  24 µl 144 µl 

    

Total volume:  48 µl 282 µl 

 

 

2.3 Neuronal cell culture and transfection 

2.3.1 Hippocampal cell culture 
 

Hippocampal neurons were prepared from E18 Sprague-Dawley rat embryos. Briefly, 

the brains were removed and placed in a 35 mm dish containing pre-chilled Ca2+/Mg2+ 

HBSS (Gibco, Thermo Fisher Scientific). The brains were separated into two 

hemispheres using a sharp blade. Working under the dissecting microscope, each 

hemisphere was treated in the following way to isolate the hippocampi: first, the 

cerebellum was cleaved off and then meninges were cautiously removed with a pair 

of fine forceps. This step is crucial, since meninges contain fibroblasts and can 

overgrow hippocampal neuronal cultures if not removed correctly. Lastly, 

hippocampi were extracted by carefully cutting around their outline. Dissected 

hippocampi were collected and transferred into a 35 mm dish containing pre-warmed 

(37°C) 0.1% w/v trypsin (Gibco, Thermo Fisher Scientific) in Ca2+/Mg2+ HBSS for 10 

minutes. Working in a sterile tissue culture hood, hippocampi were washed two times 

in 5 ml of fresh Ca2+/Mg2+ HBSS to remove any residual trypsin. The tissue was then 

triturated using fire-polished Pasteur pipettes with progressively smaller apertures in 

2 ml plating media [Minimum essential medium (Gibco, Thermo Fisher Scientific, 
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11095080) containing 2 mM L-glutamine, 20 mM glucose, 10 µg/mL penicillin, 10 

µg/mL streptomycin, 5% (v/v) horse serum and 5% foetal bovine serum (FCS)]. Once 

the mixture was homogeneous, plating media was added to the desired final volume 

(1 ml plating media per two hippocampi). Cells were then plated onto 18 mm 

coverslips coated with poly-L-ornithine (Sigma, P4957) (250 µl/coverslip). Cells were 

placed into the 37°C/5 % CO2 humidified incubator for three hours to allow for cell 

attachment to the coverslips. Plating media was then aspirated and replaced with 2 

ml maintenance media [Neurobasal-A Medium (Gibco, Thermo Fisher Scientific, 

10888022) supplemented with 0.5% (v/v) GlutaMAX supplement (Gibco, 35050061), 

1 % (v/v) B-27 supplement (Gibco, 17504044), 35 mM glucose, 50 µg/mL penicillin 

and 10 µg/mL streptomycin]. The maintenance media was changed weekly to 

replenish the nutrients necessary for neuronal growth.   

 

2.3.2 Neuronal Effectene transfection 
 

Neurons were transfected with a GABAAR subunit of interest on day 7 after plating 

using Effectene as per manufacturers protocol (Qiagen, 301425). EGFP cDNA was 

used alongside GABAA receptor subunit cDNA as an identification method for 

successfully transfected neurons. In brief, a total of 0.8 µl of 1 mg/ml cDNA was mixed 

with 6.4 µl Enhancer and 100 µl Effectene buffer. The mixture was left for 5 minutes 

before the addition of 10 µl Effectene. The solution was left for further 10 minutes. 

During this incubation, neuron-plated coverslips were briefly washed with room 

temperature HBSS (Ca2+/Mg2+, +/+) and replenished with 1.5 ml maintenance media. 

The effectene transfection mix was then added directly onto the coverslips and 

incubated for 2 hours before replacing the mixture with fresh media. Neurons were 

then left to express the proteins of interest and used for electrophysiological and 

imaging experiments 5-10 days later.   
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2.4 Electrophysiology  

2.4.1 Voltage-clamp electrophysiology (HEK293 cells) 
 

Electrophysiological recordings were undertaken 24-48 h after HEK293 cell 

transfection. Coverslips carrying HEK cells were transferred to a recording chamber 

and transfected cells were identified by their EGFP fluorescence (excitation at 465-

495 nm wavelength) using a Nikon Eclipse E600FN microscope (Nikon Instruments).  

Cells were constantly perfused with Kreb’s solution (5 mM HEPES, 140 mM NaCl, 4.7 

mM KCl, 1.2 mM MgCl2, 2.5 mM CaCl2, 11 mM glucose, pH 7.4 with NaCl,). Whole-cell 

patch-clamp electrophysiology was performed using thin wall borosilicate glass 

electrodes (World Precision Instruments, TW150-4) with a tip resistance between 2 

and 4 MΩ filled with internal solution (10 mM HEPES, 140 mM KCl, 1 mM MgCl2, 4 

mM MgATP, 10 mM ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic 

acid (EGTA), pH7.2). Osmolarity of the internal solution (300 ± 10 mOsm/l) was 

measured with a vapour pressure osmometer (Wecsor Inc, Model 5520). Prior to any 

measurements the osmometer was calibrated with a standard osmolarity solution of 

290 mOsm/l (Reagecon Osmolarity standard, Fisher Scientific). 

Membrane currents were recorded using an Axopatch 200B amplifier (Axon 

Instruments, Molecular Devices); voltage-clamp configuration was used for recording 

from HEK293 cells with a holding potential of -30 mV ± 10 mV (unless otherwise 

stated). Membrane currents were filtered at 4 kHz and digitised at 50 kHz (Digidata 

1320A, Molecular Devices). Data was acquired using Clampex software (version 10.2, 

Molecular Devices).  

Responses to brief applications (3-5 s) of GABA +/- drugs of interest (see Table 2.4 for 

full list of drugs used) were recorded. Local drug application onto the recorded cell 

was achieved using a U-tube (made by Prof. Trevor Smart), with 2 minutes in between 

the doses to achieve optimum recovery from desensitisation. U-tube has an 

approximate solution exchange time between 100 and 200 ms (Mortensen and 

Smart, 2006). Figure 2.1 shows a representation of a ‘patched’ HEK293 cell and the 

U-tube setup.  
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Figure 2.1 A schematic representation of U-tube drug application onto a patch-clamped 

HEK293 cell. eGFP transfected HEK293 cell (shown in green) patched with electrode 

fabricated as described in text. The electrode is connected to the head stage, amplifier and 

digitiser (not shown) to record changes of membrane currents upon GABA +/- drug 

application. The U-tube (represented in grey) delivers GABA +/- drugs to the cell, whereas 

the auxiliary tube (shown in blue) carries Krebs solution to the cell. Flow in each tube is 

controlled by a separate solenoid, which allows for rapid precise drug application. When both 

solenoids are open, drug passes around the U-tube small hole directly to the waste (not 

shown) under suction from the vacuum pump whilst the auxiliary tube successfully carries 

Krebs into the bath chamber (not shown). When the solenoids are closed, Krebs delivery onto 

the cell stops, and GABA +/- drug no longer circulates around the U-tube but instead flows 

onto to the HEK293 cell via a small hole in the tip.  
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Table 2.4 List of pharmacological compounds used throughout this project. Drug stock 

concentrations were prepared in an appropriate solvent. Where DMSO was used, its final 

concentration was below 0.1% (v/v).  

Compound Source  Solvent Stock [conc.] Final [conc.] 

(+)-Bicuculline-

methiodide 

Sigma DMSO 50 mM 50 μM 

D-AP5 Sigma ddH2O 50 mM 50 μM 

Diazepam Roche DMSO 1 mM ≤ 1 μM 

Flurazepam  DMSO 1 mM ≤ 1 μM 

GABA Sigma ddH2O 1-3 M ≤ 30 mM 

Glycine Sigma ddH2O 200 mM 200 μM 

Kynurenic acid Sigma Kreb’s solution Powder 1 mM 

Nocodazole  Sigma DMSO 10 mM 10 μM 

Picrotoxin Sigma DMSO 100 mM 100 μM 

PF-06372865 Pfizer DMSO 1 mM ≤ 1 μM 

ZnCl2 Sigma ddH2O 10 mM 10 μM 

 

 

2.4.2 Electrophysiology data analysis (HEK293 cells) 
 

All HEK293 cell recordings were processed and analysed using Clampfit software 

(version 11.2, Molecular devices). 

At the start of all recordings, a high dose of GABA (EC80-EC100) was applied at least 

three times at regular intervals (2 minutes) to ensure a stable current response. 

Throughout the experiment, the series resistance (Rs) was monitored closely for any 

changes. If Rs changed of more than 20%, the experiment was terminated. To 

produce a robust concentration-response curve, the order of GABA (+/- drug) 

concentrations applied was randomised to avoid any systematic error (e.g. 

desensitisation between consecutive dose applications). Every third dose, a 

reference concentration of GABA was applied (usually the maximum concentration), 

to which the responses were normalised to. Current responses for each 

concentration were normalised to the current evoked by this maximum dose of 

GABA, and expressed as a percentage, using a formula: 
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Equation 1: 

𝑋𝑛𝑜𝑟𝑚 =
𝑋

𝑋𝑚𝑎𝑥
× 100% 

Where Xnorm is the normalised current evoked by the concentration of interest, X is 

the observed current at a concentration of interest and Xmax is the current evoked by 

the maximum dose to which the current is normalised to. Concentration-response 

profiles were then plotted by fitting the normalised current response data using the 

Hill equation:  

Equation 2: 

𝐼[𝐴]

𝐼𝑚𝑎𝑥
=

1

1 + (
𝐸𝐶50

[𝐴]
)𝑛

 

Where I[A] is the peak current amplitude evoked by a defined concentration [A] of 

agonist (here i.e. GABA), Imax is the maximal current, EC50 is the concentration 

required to elicit a half maximal response and n is the Hill coefficient. Single 

component concentration response curves were plotted and fitted using GraphPad 

Prism software (version 8.4.2).  

 

For multicomponent concentration-response curves fitting, a modified Hill equation 

was used: 

Equation 3: 

𝐼[𝐴] = ∑
𝐼𝑚𝑎𝑥

1 + (
𝐸𝐶50

[𝐴]
)𝑛

𝑥

𝑦=1

 

Where x is the number of fitted components. All ααmutβγ2 concentration response 

profiles were fitted with two and three Hill components. Fits were ranked according 

to χ2 value where a better fit corresponded to the smallest χ2 value of the two. EC50 

and Imax  were allowed to differ for each component, while the Hill coefficient was 

assumed to be the same for all components to reduce the degrees of freedom during 
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the fitting procedure. This Hill coefficient is referred to as cumulative Hill coefficient 

in Chapter 3.   

Experiments where the optimum concentration of benzodiazepine (BDZ) 

potentiation was determined, were set up in the following way: first, GABA 

concentration-response profiles for a construct of interest (α1β2γ2L or α2β2γ2L) 

were obtained and EC15 (EC10-20) was estimated. This dose was then selected to 

determine BDZ potentiation profiles. The following equation was used to estimate 

the percentage potentiation of EC15 GABA concentration with BDZ: 

Equation 4: 

% 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑛𝑡𝑖𝑜𝑛 𝐸𝐶15 𝐺𝐴𝐵𝐴 =  
𝐼𝐸𝐶15[𝐺𝐴𝐵𝐴+𝐵𝐷𝑍] − 𝐼𝐸𝐶15[𝐺𝐴𝐵𝐴]

𝐼𝐸𝐶15[𝐺𝐴𝐵𝐴]
× 100% 

Where I is the peak current amplitude, EC15[GABA+BDZ] is the concentration of GABA 

producing 15% maximal response with a concentration of BDZ, and EC15[GABA] is the 

GABA concentration EC15 alone. BDZ potentiation curve was fit using the Hill equation 

described above (Equation 2).  

Once the BDZ concentration-response curve was plotted, a sub maximum dose of 

BDZ (usually 300 nM) was noted and used for further experiments. To determine the 

degree of BDZ potentiation on the whole GABA response profiles, a fixed dose (300 

nM) of BDZ was used. Firstly, range of GABA concentrations were applied as 

described above to obtain the dose-response relationship. Then, a maximum dose of 

GABA (1 mM) with 300 nM BDZ was applied to make sure that the maximum GABA 

response with or without BDZ is the same. Subsequently, the concentration-response 

relationship was obtained for the same GABA doses with 300 nM BDZ. Experiments 

were performed with BDZ pre-incubation prior to GABA+BDZ application, unless 

otherwise stated. BDZ in Krebs was delivered through the auxiliary tube (see Figure 

2.1) for 20 seconds – 2 minutes (depending on the BDZ used) prior to a rapid GABA 

(+BDZ) application through the U-tube. Peak currents were normalised, plotted and 

fitted using Equation 1 and 2. The GABA EC50 values in the presence of drug (GABA + 

BDZ) were obtained in the same way as EC50 GABA values alone.  
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Zn2+ inhibition experiments were also performed to check for the incorporation of 

the γ subunit in GABAA receptors (αβ or αβγ pentamers). To do this, a low 

concentration of Zn2+ was used (10 µM) (Hosie et al., 2003). This concentration blocks 

αβ-containing GABAA receptors, but not αβγ-containing receptors. From the GABA 

concentration-response profiles, an EC80 was estimated for each transfection (~30 

µM for α1β3γ2L, α2β3γ2L, α1α2β3γ2L and α1α2β3) and used to determine Zn2+ 

inhibition. This was achieved by preincubating transfected HEK293 cells with 10 µM 

Zn2+ through the auxiliary tube (see Figure 2.1) and subsequently applying an EC80 

GABA + 10 µM Zn2+. To calculate the Zn2+ inhibition percentage, the following formula 

was used: 

Equation 5: 

% 𝐸𝐶80 𝐺𝐴𝐵𝐴 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =
𝐼𝐸𝐶80[𝐺𝐴𝐵𝐴] − 𝐼𝐸𝐶80[𝐺𝐴𝐵𝐴+𝑍𝑛2+]

𝐼𝐸𝐶80[𝐺𝐴𝐵𝐴]
× 100% 

Where EC80[GABA] is the current of GABA concentration producing 80% maximal 

response, and [GABA+Zn2+] is GABA applied with pre-incubated Zn2+. The data was 

plotted as a bar chart with the mean percentage inhibition EC80 GABA ± s.e. 

In some experiments, transfected receptors showed a high level of spontaneous 

activity in the absence of GABA. To quantify this spontaneous current, a saturating 

dose of GABA was applied to determine maximal whole cell current. Subsequently, 

when the current baseline was reached a high concentration of picrotoxin (PTX), 100 

µM, was applied to block the spontaneous GABAA receptor activation (see Figure 

2.2). Spontaneous currents were then calculated as a percentage of the total GABAA 

receptor current using the following equation: 

Equation 6: 

% 𝐼𝑆𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 =
𝐼𝑃𝑇𝑋

𝐼𝑃𝑇𝑋 + 𝐼𝐸𝐶𝑚𝑎𝑥[𝐺𝐴𝐵𝐴]
× 100% 

Where IPTX is the current inhibited by PTX.  
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Figure 2.2 Calculating spontaneous activity of recombinant GABAA receptors. A saturating 

GABA concentration (1 mM GABA) was applied to HEK293 cells transfected with GABAA 

receptor subunit combinations. GABA-activated current amplitude was noted as  

𝐼𝐸𝐶𝑚𝑎𝑥[𝐺𝐴𝐵𝐴]. Once the current returned to baseline, a high dose of PTX (100 μM) was applied, 

revealing the spontaneous activity of the construct (IPTX). These two values were used to 

calculate the percentage spontaneous activity, as described in Equation 6.  

 

2.4.3 Voltage-clamp electrophysiology (neurones) 
 

Neuronal electrophysiological recordings were undertaken using the same 

experimental set-up as described in Section 2.4.1. Generally, a slightly higher 

resistance of the electrode tip was used (between 3 and 5 MΩ) compared to that for 

HEK293 cells. Electrode tips were filled with internal solution (10 mM HEPES, 2 mM 

NaCl, 2 mM MgCl2, 0.5 mM CaCl2, 140 mM CsCl, 5 mM ethylene glycol-bis- N,N,N’,N’-

tetraacetic acid (EGTA), 2 mM Na2ATP, 0.5 mM Na2GTP, 2 mM QX-314, pH7.3) with 

osmolarity of 300 ± 10 mOsm/l.  

Cells were constantly perfused with a modified Kreb’s solution, pH7.3 (see recipe in 

Section 2.4.1), to which 2 mM kynurenic acid was added to block excitatory post 

synaptic currents (EPSCs). Neuronal recordings were performed at a holding potential 

of -60 mV. Drugs (if used) were bath-applied by addition to the perfusing Kreb’s 

solution.  
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Recording were briefly interrupted at 1-minute intervals, where the series resistance 

(Rs) was calculated, to monitor any changes. If Rs changed by more than 20%, the 

voltage-clamp experiment was terminated, and all data gathered for this neurone 

was discarded. 

 

2.4.4 Electrophysiology data analysis (neurons) 
 

The analysis of GABA-mediated spontaneous inhibitory postsynaptic currents 

(sIPSCs) was performed using programmes: WinEDR (version3.9.4, John Dempster) 

for event detection and WinWCP (version 5.5.5, John Dempster) for further analysis.   

Recordings were firstl imported to WinEDR, where parameters were set for optimal 

synaptic event detection. Depending on the recording baseline stability and noise, 

the following threshold parameters were used: amplitude of 6-9 pA deviation from 

the baseline (negative), with a duration of 1-2 ms. The events were then detected by 

the programme and all events were manually checked before exporting to WinWCP. 

Here, all validated events were used to calculate the average sIPSC amplitude and 

frequency. For further analysis of sIPSC kinetics, at least 50 ‘clean’ events 

(uncontaminated rise and decay phases) were selected. These selected events were 

aligned at the start of their rise phases before averaging to create mean sIPSC 

waveforms. The averaged waveforms were then used for fitting mono- or bi-

exponential curves to the sIPSC decay phase. A better fit (usually bi-exponential) was 

used for comparison afterwards.  From a bi-exponential fitting, a weighted tau (τw) 

value was calculated using the following formula: 

Equation 8: 

τ𝑊 =
𝐴1 × τ1 + 𝐴2 × τ2

𝐴1 + 𝐴2
 

Where τ1 and τ2 are the time constants of each exponential component, and A1 and 

A2 are the relative amplitude contributions to the overall bi-exponential fit.  

 



73 
 

2.5 Neuronal and HEK293 cell immunostaining and confocal imaging 

2.5.1 Antibody labelling 
 

HEK293 cells were stained 48 hours after transfection. Hippocampal E18 neuronal 

cultures were fixed and stained on day 14 (D14) after the culture. Neurons were 

immuno-labelled for either endogenously expressed GABAARs, or for exogenously 

transfected receptor subunits. For the latter, hippocampal cultured neurons were 

transfected on day 7 (D7) after plating.  

The same protocol of immunostaining was used for neurons and HEK293 cells. Cells 

were cultured on 22 mm coverslips (HEK293 cells) and 18 mm coverslips 

(hippocampal neurons). Cells were thoroughly washed with phosphate buffered 

saline (PBS) (Sigma, P4417) before they were fixed in 4% paraformaldehyde (PFA) / 

4% sucrose (w/v) in PBS for 5 minutes at room temperature (RT). After extensive 

washing, cells were incubated with 10%   normal goat serum (NGS) in PBS for 20 min 

to block any non-specific binding of primary antibodies and subsequently washed 

with 1% bovine serum albumin (BSA) in PBS. Extracellular primary antibodies were 

added to coverslips to label surface protein of interest for 1 hour. All antibodies 

(primary and secondary) were diluted in 3% NGS in PBS to a desired concentration. A 

complete list of antibodies used in this project can be found in Table 2.5. To minimise 

the amount of antibodies used, 50 µl of diluted antibody mixture was pipetted onto 

parafilm to give a droplet. Coverslips were taken out of 35 mm dishes, excess liquid 

removed carefully with a tissue, before being inverted onto the antibody mixture 

droplet. To prevent evaporation of the antibody solution, the coverslips were 

covered with the cap from the dishes. At the end of the incubation, coverslips were 

gently lifted and placed back into the dishes, where they were washed with 1% BSA 

in PBS before permeabilization (where necessary to label intracellular proteins). To 

permeabilise the cells, coverslips were incubated in PBS with 0.1% Triton X-100 for 5 

minutes and then extensively washed. Before adding antibodies to label intracellular 

proteins, cells were incubated with the same blocking mixture as before (10% NGS in 

PBS, 20 minutes). After extensive washing with 1% BSA in PBS to remove unbound 

antibodies, cells were subjected to secondary antibody labelling. Secondary 
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antibodies were Alexa Fluor® labelled (see Table 2.5 for details), therefore coverslips 

were protected from light during subsequent incubations to prevent fluorophore 

bleaching. Coverslips were then washed 4 times with 1% BSA in PBS for 5 minutes to 

wash off all the unbound secondary antibodies, before being mounted onto the glass 

slides using the Prolong Gold mounting reagent (Thermo Fisher Scientific, P36930) 

and left at RT to cure overnight. For storage, slides were kept in the dark at 4oC.  
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Table 2.5 List of antibodies used throughout this project. Primary antibodies were used for immunocytochemistry (ICC) and/or proximity ligation assay (PLA) 

at a concentration stated in column 5 of the table. Secondary antibodies were conjugated to Alexa Fluor®. 

 Antibody Species Epitope Dilution Catalogue 

number 

Source 

P
ri

m
ar

y 
A

n
ti

b
o

d
ie

s 

Polyclonal anti-GABAA α1 Rabbit Amino acids 1-15 from rat GABAA α1 1:500 Ab33299 Abcam 

Polyclonal anti-GABAA α1 Rabbit Cytoplasmic loop from rat GABAA α1 1:500 06-868 Upstate 

Polyclonal anti-GABAA α2 Rabbit Amino acids 29-37 from rat GABAA 

α2 

1:500 224-103 Synaptic Systems 

Monoclonal anti-GABAA α5 Mouse Amino acids 368-419 from human 

GABAA α5 

1:500 N415/24 NeuroMab 

Monoclonal anti- GABAA β2,3 (Clone 

BD17) 

Mouse Extracellular domain (β chain) from 

bovine GABAA β2,3 

1:500 MAB341 Sigma-Aldrich 

Polyclonal anti-GABAA γ2 Rabbit Amino acids 39-53 from rat GABAA 

γ2 

1:100 AGA-005 Alomone labs 

Polyclonal anti-GABAA γ2 Rabbit Cytoplasmic loop from rat GABAA γ2 1:300 832A-GG2C PhosphoSolutions 

Monoclonal anti-GABAA δ Mouse Internal region from rat GABAA δ 1:500 200-301-F33 Rockland 

Monoclonal anti-gephyrin Mouse Amino acids 326-550 from rat 

gephyrin 

1:500 147-111 Synaptic Systems 

Polyclonal anti-MAP2 Chicken Full length protein of cow MAP2 1:100 Ab92434 Abcam 

Polyclonal anti-Vesicular inhibitory amino 

acid transporter (VIAAT) 

Guinea Pig Amino acids 106-120 from rat VIAAT 1:200 AGP-129 Alomone labs 

Se
co

n
d

ar
y 

A
n

ti
b

o
d

ie
s Alexa Fluor® 488 anti-chicken IgY (H+L) Goat n/a 1:750 A32931 Invitrogen 

Alexa Fluor® 488 anti-rabbit IgG (H+L) Goat n/a 1:750 A32731 Invitrogen 

Alexa Fluor® 555 anti-guinea pig IgG (H+L) Goat n/a 1:750 A21435 Invitrogen 

Alexa Fluor® 555 anti-mouse IgG (H+L) Goat n/a 1:750 A31570 Invitrogen 
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Alexa Fluor® 555 rabbit IgG (H+L) Goat n/a 1:750 A21428 Invitrogen 

Alexa Fluor® 647 anti-chicken IgY (H+L) Goat n/a 1:750 A21449 Invitrogen 

Alexa Fluor® 647 anti-guinea pig IgG (H+L) Goat n/a 1:750 A21450 Invitrogen 
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2.5.2 Proximity Ligation Assay (PLA) method 
 

Proximity ligation assay (PLA) is a powerful method that allows sensitive and highly 

specific detection of protein interactions at a single molecule resolution. It employs 

the basis of immunofluorescent labelling and, therefore, can be visualised using 

conventional confocal microscopy. The principle of the PLA methodology is briefly 

outlined in Figure 2.3. Normally, two primary antibodies (raised against different 

species) are used to detect the epitopes of interest. Then, two secondary antibodies 

coupled to a specific oligonucleotide sequences (known as PLA PLUS and MINUS 

probes) bind to the primary antibodies. If the PLA probes are in close proximity (≤30 

nm), the oligonucleotides from the complimentary PLA probes hybridise and are 

subsequently ligated to form a closed circular DNA template. At this point, DNA 

polymerase and fluorescently labelled oligonucleotides are added, and the circular 

DNA loop acts as a template for rolling circle amplification. This allows ~1000-fold 

amplification of the PLA signal that can then be directly visualised with confocal 

microscopy. The signals are discrete PLA dots, each representing a single interaction 

(Gomes et al., 2016b).  

 

2.5.3 PLA fluorescence protocol  
 

This protocol was performed on HEK293 cells and cultured hippocampal neurons. 

Neurones were either transfected (see Sections 2.2.2 and 2.3.2 for details) or used 

to identify native protein interactions. PLA was performed on its own in HEK293 cells 

or alongside immunostaining in neurones. Cells were washed, fixed and blocked as 

described in Section 2.5.1. PLA was performed between α1 and α2, α1 and α5, or γ 

and δ GABAAR subunits. If the antibodies used for PLA recognised intracellular 

epitopes, the cells were permeabilised prior to PLA. Details can be found in Table 2.6.  

All incubations were performed on parafilm with coverslips inverted and in a heated 

humidity chamber at 37 ˚C. Between incubations, cells were washed twice with 1X 

wash buffer A (Duolink®, DUO82049) for 5 minutes, unless otherwise stated. The final 

volumes of reagents added to each coverslip were 40 µl per incubation. 
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Figure 2.3 Proximity ligation assay (PLA) principle. A. Two proteins that are in close spatial 

proximity.  B. Primary antibodies raised in different species bind to target protein epitopes. 

C. Secondary antibodies coupled to oligonucleotides (PLA probes) recognise primary 

antibodies. D. The oligonucleotides are in close proximity, hybridise and form a close circular 

DNA template following ligation. E. DNA template is amplified with addition of DNA 

polymerase and fluorescently labelled oligonucleotides. F. PLA signal can be detected with 

confocal microscopy, where each PLA dot represents a discrete protein interaction.   

 

After blocking, primary antibodies were diluted in Duolink® antibody diluent at a 

concentration used for ICC and coverslips incubated for 1 hour. After washes, PLA 

probes (PLUS and MINUS) were diluted in antibody diluent, applied to the coverslips 

and subsequently incubated for 1 hour. Following PLA probe incubation, 5X Duolink 

ligation buffer was diluted in ddH2O and ligase (Duolink®, DUO92008) was added to 

A. B. C.

D. E. F.
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1X ligation buffer (1:40). This mixture was applied to the coverslips and incubated for 

40 minutes. During the washes, 5X Amplification buffer was diluted in ddH2O and 

DNA polymerase (Duolink®, DUO92008) was added to it at 1:80 dilution. The mixture 

was then added to the coverslips and incubated for 110-120 minutes. The final 

washes were subsequently performed: two washes for 10 minutes with 1X wash 

buffer B ((Duolink®, DUO82049) followed by two 1-minute washes with 0.01X wash 

buffer B. The coverslips were mounted with a small volume of Duolink® in situ 

mounting medium with DAPI (DUO82040) and left in the fridge overnight before the 

edges were sealed with nail varnish. The coverslips were then imaged within 3 days 

with a confocal microscope.  

 

Table 2.6 Antibodies used for PLA. Primary and secondary antibodies used for a detection of 

protein interaction are listed in columns 2 and 3 of the table. For more details of target 

epitopes and dilutions see Table 2.5. (*) - rabbit polyclonal anti-GABAA α2 antibodies (224-

103) were conjugated to the PLUS probe using In Situ Probemaker PLUS kit (Duolink®, 

DUO92009) as per manufacturer’s instructions. This antibody was used during the primary 

incubation step of the protocol.  

PLA targets Primary antibodies Secondary probes Permeabilised? 

 

 

α1 and α2 

Rabbit polyclonal anti-

GABAA α1 (ab33299) 
Anti-rabbit MINUS 

probe (DUO 92005) 

 

 

No Rabbit polyclonal anti-

GABAA α2 (224-103) 

conjugated to PLUS 

probe* 

n/a 

 

α1 and α5 

Rabbit polyclonal anti-

GABAA α1 antibody (06-

868) 

Anti-rabbit MINUS 

probe (DUO 92005) 

 

Yes 

Mouse monoclonal anti-

GABAA α5 (N415/24) 
Anti-mouse PLUS 

probe (DUO 92001) 

 

γ2 and δ 

Rabbit polyclonal anti-

GABAA γ2 (832A-GG2C) 
Anti-rabbit MINUS 

probe (DUO 92005) 

 

Yes 

Mouse monoclonal anti-

GABAA δ (200-301-F33) 
Anti-mouse PLUS 

probe (DUO 92001) 
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2.5.4 Image acquisition (confocal microscopy)  
 

Fluorescence images were acquired using a Zeiss Axiscop LSM510 confocal 

microscope (Carl Zeiss Ltd.) and Zeiss acquisition software. The wavelength of lasers 

used for image collection were 488 nm (Alexa Fluor 488), 543 nm (Alexa Fluor 555) 

and 643 nm (Alexa Fluor 647). Plan-NEOFLUAR 40X/1.4NA (numerical aperture) oil 

DIC, and Plan-Achroplan 40X/0.8NA water, Plan-APOCHROMAT 63X/1.4NA oil DIC 

objective lenses (Zeiss) were used. Images were acquired using Zeiss LSM software. 

8-bit images were taken at 1024x1024 pixel resolution. Normally, scan speeds 6 or 7 

were used (translating to pixel dwell times of 7.68 µs and 3.84 µs respectively). Laser 

intensity, detector gain, and detector offset were optimised on the control (wt and 

control treated) coverslip and kept constant throughout the day for the same 

experiment.  

 

An area to be imaged was selected using 488nm wavelength laser. For HEK293 cells, 

eGFP was used as a transfection marker. For hippocampal cultured neurones, either 

eGFP was used for transfected cells or MAP2 labelling as a means to identify 

pyramidal neurones morphology. Ten to fifteen images were taken for each condition 

and this process was repeated on three different cultures for neurones/batch of 

transfected HEK293 cells. For PLA, images were taken as Z-stacks, where the top and 

bottom of the neurone was marked, and consecutive optical slices of optimal 

thickness were taken (0.36 µm for Plan-APOCHROMAT 63X/1.4NA oil DIC lens). 

 

2.5.5 Image analysis 
 

All confocal images were analysed using Image J software (version 1.52p). For HEK293 

cells, the mean fluorescence of cell surface proteins was determined for each cell by 

selecting a region of interest (ROI) around the cell membrane using the eGFP signal. 

For neurones, an ROI was selected as a dendritic area with proximity to the soma 

using either MAP2 reactivity or the eGFP fluorescence signal. Average fluorescence 

of the channel of interest was then calculated. Background fluorescence, quantified 
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using an area with no cells, was subtracted from the average value to get a 

background-adjusted fluorescence intensity. The mean fluorescence intensities were 

then calculated in Prism GraphPad software (version 9.2.0) and compared using an 

appropriate statistical test.  

For GABAAR cluster analysis using ICC, dendritic ROIs were selected as described 

above. The background fluorescence of the appropriate channel was then noted. This 

was used to set a threshold for image segmentation (10X background intensity) and 

subsequent cluster analysis. Parameters quantified from the cluster analysis were 

average particle size and percentage of ROI area occupied by all clusters.  

For the analysis of PLA images, the z-stacks were first superimposed to aid drawing a 

ROI (same process as above). The ROI was saved and used on the non-superimposed 

images thereafter. The PLA signal channel (red) was selected, and the mean 

background intensity was noted. The area outside of the ROI was subsequently 

deleted, and the remaining image was used for analysis (PLA dot count and co-

localisation with synaptic markers). The same process was applied to VIAAT or 

gephyrin immunolabelling (blue channel). Here, the Distance Analysis (DiAna) Image 

J plug-in (version 1.48) was used (Gilles et al., 2017). Both red and blue channels were 

filtered and segmented to generate binarized images suitable to apply object-based 

colocalization method within DiAna (see parameters in Table 2.7). The objects 

delineated by this process are PLA dots or VIIAT/gephyrin clusters. Segmented images 

were then analysed, to quantify percentage colocalization between PLA dots and 

synaptic markers (VIAAT or gephyrin) using spatial overlap between clusters to define 

colocalization. Average cluster volume and intensity were also quantified.  
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Table 2.7 DiAna segmentation parameters. The parameters used were optimised by visual 

inspection. 

Channel PLA signal (red) VIIAT/gephyrin (blue) 

Segmentation type 

 

Classic Classic 

Filter type 

 

Median None 

Threshold 

 

4X background 10X background 

Minimum object size 

(pxl) 

 

27 27 

 

 

2.5.6 Analogue detector calibration for spatial intensity distribution analysis (SpIDA) 
 

To allow us to take into account the inherent detector noise, we determined the 

analogue detector signal for the 488 nm Argon laser line of the Zeiss LSM510 confocal 

microscope using Plan-APOCHROMAT 63X/1.4NA oil DIC objective lenses (Section 

2.5.4). Here, we followed the methods described by Barbeau et al., 2013. Briefly, 

green chroma-slides (Chroma, 82001) were used to determine the broadening of the 

signal from photomultiplier tubes, PMTs. A spot scanning mode on the Zeiss LSM510 

confocal microscope was applied to measure the PMT shot noise by systematically 

increasing the intensity of the laser from 0 to 90 % (while the tube current, detector 

and amplifier gain were kept constant). The detected signal resulted in a uniform 

illumination profile. The mean variance of the resulting signals was obtained using 

Image J software (version 1.52p) and plotted against the mean intensity. For more 

detail, see Section 5.2.1. All images were obtained at 12-bit data depth, with a 

1024x1024 pixels in size. Three scan speeds were used to calibrate the detector: scan 

speed 8 (dwell time 3.04 μs/pixel), scan speed 7 (dwell time 3.84 μs/pixel), scan speed 

6 (dwell time 7.68 μs/pixel). Two PMT detector gains were tested 450 V and 500 V, 

with an amplifier offset of 0. Pinhole size was kept constant at 1 Airy unit.  
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2.5.7 Laser beam waist radius measurements 
 

To measure the laser beam waist radius, fluorescent 100 nm sized TetraSpec 

microspheres (Invitrogen, T14792) were imaged as Z-stacks with the 488 nm line of 

the Argon laser. Obtained images were analysed with MetroloJ plugin (Matthews and 

Cordelieres, n.d.) of the Image J software (version 1.52p). This plugin generates the 

point spread function report (PSF) from which the beam waist area can be calculated. 

The fluorescent spheres used in our system were below its resolution (Cole et al., 

2011).  This will be described in more detail in Section 5.2.1.  

 

2.6 Statistical analysis 

To assess potential differences in GABApotency on GABAAR constructs (Chapter 3), 

statistical analyses were performed on pEC50 values, where pEC50= -log(EC50).  

All the data was plotted (mean ± s.e.m.), and statistical analysis performed in Prism 

GraphPad software (version 9.2.0). All datasets were tested for normality using 

D’Agostino-Pearson normality test. If the n number was too small to pass the 

D’Agostino-Pearson normality test or if the data was not normally distributed, 

Shapiro-Wilk test was used instead.  If the data was normally distributed, an un-

/paired t-test or one-way ANOVA with Tukey’s post hoc multiple comparisons tests 

were used (two variables and multiple variables respectively). However, if the data 

was not normally distributed, Mann-Whitney or Kruskal-Wallis with Dunn’s post hoc 

tests were performed. The threshold for statistical significance for all tests was set to 

p-value ≤ 0.05 (denoted by one asterisk (*)). P values lower than 0.05 were denoted 

as ** (p-value ≤ 0.01) or *** (p-value ≤ 0.001), **** (p-value ≤ 0.0001).  
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Chapter 3: Exploring the presence, abundance and subunit 

arrangement of ‘hetero-alpha’ GABAARs in a transfected 

HEK293 cells 

3.1 Introduction 

The majority of GABAA receptor subtypes that occur in the brain are composed of two 

α, two β, and one γ subunits. The receptor subtypes containing one type of α subunit 

isoform (‘homo-alpha’) are well characterised in recombinant systems (Baumann et 

al., 2002; Olsen and Sieghart, 2008; Sigel and Steinmann, 2012). A multitude of 

biochemical including brain lysate co-immunoprecipitation and radioligand binding 

studies suggest that GABAA receptors with two distinct α subunit isoforms are 

expressed in various brain regions (Bohlhalter et al., 1996; Christie and de Blas, 2002; 

Fritschy et al., 1992; Fritschy and Mohler, 1995; Zezula and Sieghart, 1991). However, 

it is currently poorly understood what the physiological and pharmacological 

relevance of receptors with two heterologous α subunits is.  

So far, electrophysiological studies of recombinant α1α3β2γ2, α1α5β2γ2, and 

α1α6β2γ2 GABAA receptors have shown that they display distinct GABA-activated 

kinetics and sensitivities (Ebert et al. 1994; Tia et al. 1996; Verdoorn 1994). 

Characterisation of GABA concentration response profiles in both HEK293 cells and 

Xenopus oocytes co-expressing α1, α3, β2, and γ2 subunits indicated that α1α3β2γ2 

GABA sensitivity lies between that of α1β2γ2 and α3β2γ2 (Verdoorn 1994; Ebert et 

al. 1994). However, the GABA concentration response profile of α1α5β2γ2-injected 

Xenopus oocytes presented a leftward shift compared to its ‘homo-alpha’ 

counterparts: α1β2γ2 and α5β2γ2.  Interestingly, some studies reported that the 

identities of both α subunits determine both the efficacy and apparent affinity of P4S 

– partial GABAA agonist (Hansen et al. 2001; Mortensen et al. 2002; Ebert et al. 1994). 

For example, when α1/α3 or α1/α5 subunits are co-expressed, the maximum efficacy 

of the ‘hetero-alpha’ injected oocytes is dictated by α1 subunit, whereas the P4S 

apparent affinity is dictated by both α subunit subtypes (Ebert et al. 1994). A different 

study reported conflicting evidence, demonstrating that both the efficacy and 
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apparent P4S affinity of α1α6β2γ2-expressing Xenopus oocytes is higher than 

α1β2γ2- and α6β2γ2- injected oocytes (S. L. Hansen et al., 2001). Later work on 

concatenated receptors have not observed the same P4S effect of any of the α1α6-

containing receptors, suggesting that Hansen et al., was predominantly looking at αβ 

rather than αβγ GABAA receptors (Minier and Sigel, 2004c).  

Additionally, ‘hetero-alpha’ GABAA receptors were suggested to have distinct kinetics 

upon fast GABA applications (Tia et al., 1996; Verdoorn, 1994). Both groups claim that 

τ of the fast component as well as its relative percentage in a double-exponential 

decay analysis of α1α3β2γ2 and α1α6β2γ2 expressing HEK 293 cells / oocytes is 

distinct from α1β2γ2/α3β2γ2 and α1β2γ2/α6β2γ2 receptors. However, from the 

data presented in those studies deactivation kinetics of ‘hetero-alpha’ α1-containing 

GABAA receptors resemble the decay phases of α1β2γ2 receptors (Tia et al., 1996; 

Verdoorn, 1994). Given this similarity with deactivation of α1-containing receptors, 

the current evidence of ‘hetero-alpha’ α1α3 and α1α6 populations is inconclusive 

and requires a more in-depth analysis.   

A study of recombinant GABAA receptors indicated that 1 μM benzodiazepine 

potentiation of GABA-evoked currents α1α3β2γ2 expressing cells, resulted in a 5-fold 

shift in GABA EC50, compared to only a two- and a three-fold shifts in α1β2γ2- and 

α3β2γ2-expressing cells (Verdoorn, 1994). This could potentially implicate that the 

‘hetero-alpha’ GABAA receptor populations show distinct benzodiazepine 

pharmacological properties. However, radioligand binding studies of purified rat 

cortical α1α3-containing receptors suggest that these receptors predominantly show 

α1-BDZ pharmacology, rather than that of α3 (Araujo et al., 1996). This could imply 

that the benzodiazepine pharmacology of ‘hetero-alpha’ receptors depends on the 

subunit arrangement in the pentamer, specifically on identity of the α subunit at the 

α/γ interface. However, up to this moment, our understanding of pharmacological 

signature of ‘hetero-alpha’ GABAA receptors is limited.  

In this study, we investigated the existence of ‘hetero-alpha’ GABAA receptors using 

electrophysiology. Since α1 and α2 subunits are widely expressed across all brain 

regions, this work focused on electrophysiological analysis of α1α2-containing GABAA 

receptors (Pirker et al., 2000). So far, the abundance of α1α2-GABAA receptors has 
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been estimated to constitute the minority of all α1-containing receptors in cortical 

and total brain extracts (Benke et al., 2004a; del Río et al., 2001a; Duggan et al., 1991). 

However, α1α2 combination in the α2-containing receptors population of rat 

hippocampal and cortical extracts represented 36 % and 39 % respectively (Benke et 

al., 1997; del Río et al., 2001b). This mismatch of hetero-alpha receptors’ relative 

abundance could be due to α1 GABAAR prevalence in expression over other α subunit 

isoforms (Hörtnagl et al., 2013).  

Since GABAARs containing both α1 and α2 subunits in the same receptor complex 

appear to be expressed at significant levels, it seems plausible that the inclusion of 

more than one α subunit isoform may affect GABAA receptor function. One of the 

obvious physiological properties that these receptors could have is their distinct 

GABA sensitivity signature, as observed with α1α3β2γ2 and α1α5β2γ2 receptor 

mixtures (Ebert et al., 1994; Verdoorn, 1994). It is well established that GABA 

sensitivity is determined by the identity of the α subunit present in the pentamer 

(Böhme et al., 2004). Furthermore, the two GABA binding sites at the β+/α- interface 

do not carry the same contribution to receptor activation, with site 2 having a 

threefold higher GABA affinity than site 1 (Baumann et al., 2003). Therefore, having 

two distinct α subunits could potentially bring greater pharmacological diversity to 

GABAA receptor function. Additionally, it is unknown how the expression of GABAA 

receptors with two distinct α-subunits would affect the benzodiazepine 

pharmacology of the receptor.  

The first aim of this chapter was to co-express α1 and α2 subunits with either β2 and 

β3 subunits (plus γ2L) in HEK293 cells to examine their functional properties. Here, 

we wanted to assess whether ‘hetero-alpha’ subunit expression results in receptor 

combinations with unique properties (Section 3.2).  

The second aim was to infer the number of distinct receptor populations (i.e. a 

mixture of α1β2/3γ2, α2β2/3γ2, α1α2β2/3γ2) when α1 and α2 subunits are co-

expressed (Section 3.3). A modified version of the method (outlined below), first 

described by Chang et al., (1996) was applied. This approach has been widely used to 

study the stoichiometry of other GABAA receptor combinations as well as nAChRs and 

5-HT3Rs. 
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The method is based on co-expression of wild-type and mutant subunits of each class 

(e.g. αWT and αmut) to infer the number of mutant subunit per receptor from the 

number of fitted components of a GABA concentration-response relationships 

(Chang et al., 1996a). In this study, a conserved leucine substitution at the 9’ position 

in the TM2 domain was used as a reporter mutation, as it produces a profound 

leftward shift of the agonist concentration response profile (Chang et al., 1996a). The 

extent of the shift is directly correlated with the number of leucine substitutions per 

ion channel (one or two) and can therefore be used to infer the number of mutant 

subunits within each pentamer (one or two) (Chang et al., 1996a; Chang and Weiss, 

1999).  

Figure 3.1 outlines the principle behind inferring the number of receptor populations 

from multicomponent Hill equation fits. Assume that co-expression of α1mut and α2WT 

along with β2 and γ2L subunits will result only in expression of one type of α subunit 

per receptor pentamer: either α1mutβ2γ2L or α2β2γ2L. Therefore, the GABA 

concentration-response profile would have two components representing GABA-

evoked currents of ‘homoalpha’ receptor populations (one component from α1mut-

containing and another from α2WT-containing receptors). The EC50 values for each 

component should be the same as those obtained from expression of pure 

α1mutβ2γ2L or α2β2γ2L receptors. Alternatively, if a GABAAR mixture resulting from 

α1mut and α2WT co-expression contained three distinct receptor populations: two 

‘homo-alpha’ and one ‘hetero-alpha’ receptor populations, the concentration 

response relationship would be described as a sum of three Hill equations and 

therefore would produce three components (α1mutβ2γ2L, α2WTβ2γ2L, 

α1mutα2WTβ2γ2L). The EC50 values for the first and third components would be 

equivalent to their ‘homo-alpha’ counterparts (α1mut and α2WT). The intermediate 

component would represent receptors containing both α1mut and α2WT subunits in 

the same receptor complex. The EC50 value for this component can be calculated 

based on EC50 predictions from Chang et al., (1996). Briefly, the shift in GABA 

sensitivity with one copy of α1mut in a receptor complex would be the square root of 

the EC50 shift observed with two copies of the mutation present (α1mutα1mut) (Chang 
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et al., 1996a) (see Section 3.3.2). The same principle can be applied for α1WT and 

α2mut co-expression.  

Here, α1L263S and α2F65L were used as reporter mutations to separate the 

concentration response profiles of α1β2/3γ2L and α2β2/3γ2L receptors. From the 

number of inflections in GABA dose response relationship of wild-type and mutant 

mixtures, we could infer the number of distinct receptor populations and their 

relative abundances.  

 

 

Figure 3.1 Possible number of components comprising the concentration-response 

relationship from co-expression of α1mut and α2WT subunits together with β and γ. Here, a 

reporter mutation in the α1 subunit was used (see text) to separate GABA apparent affinities 

of α1 and α2- containing receptors. Co-expression of α1mut and α2WT subunits allows the 

generation of multiple receptor populations within the same cell potentially containing zero, 
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one or two copies of the mutant subunits with distinct apparent GABA affinities which can 

be discerned from the number of components in the GABA curve fit. A. With the expression 

of two receptor populations containing only one type of α subunit per GABAA receptor 

complex, the concentration response curve, CRC, will be fit with a two-component Hill 

equation. The first component theoretically represents the activation of α1mut α1mutβγ2 

receptors, whereas the second component is due to α2WTα2WTβγ2 receptors. The GABA EC50 

values for these two components should be approximately equal to the EC50 values obtained 

from expression of pure α1mutβγ2 and α2WTβγ2 receptors respectively. B. If α1mut and α2WT 

co-expression results in three populations (two ‘homo-alpha’ and one ‘hetero-alpha’), the 

CRC should show three components. The first and third components in the GABA CRC 

represent α1mut α1mutβγ2 and α2WTα2WTβγ2 populations, whereas the middle component is 

observed from activation of ‘hetero-alpha’ receptors, α1mutα2WTβγ2 and α2WTα1mutβγ2 

(assuming subunit arrangement in a ‘hetero-alpha’ pentameric complex has no effect in 

GABA apparent affinity). The same logic can be applied with α1WT and α2mut co-expression. 

Figure modified from Chang et al., (1996).  

 

 

The last aim of this chapter was to distinguish between the relative α subunit 

positioning in a ‘hetero-alpha’ GABAA receptor complex (i.e. α1γ2Lβα2β or 

α2γ2Lβα1β) (Section 3.4). Given that the benzodiazepine BDZ high affinity binding 

site is located at the α/γ interface, ablation of this site using a well characterised 

H101R mutation allows us to use this as a functional reporter to identify which α 

subunit sits adjacent to the γ subunit (Benson et al., 1998a; Kleingoor et al., 1993a; 

Rudolph et al., 1999). For example, by co-expressing α1H101R and α2 subunits (+ β2/3 

γ2L), all the α1/γ interfaces are BDZ insensitive (α1γ2Lβα1β and α1γ2Lβα2β), 

therefore potentiation of receptors only with α2/γ interfaces will be observed 

(α2γ2Lβα2β and α2γ2Lβα1β) and vice versa (see Figure 3.2). In addition, a 

comparison between subunit arrangement of β2- and β3-containing ‘hetero-alpha’ 

GABAA receptors was made.  
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Figure 3.2 The H101R benzodiazepine insensitive mutation on the α subunit as a functional 

tool to determine ‘hetero-alpha’ GABAA receptor subunit arrangement. Co-transfection of 

α1 and α2 with β and γ2 subunits into HEK293 cells can result in four distinct receptor 

populations: α1γ2βα1β, α2γ2βα2β, α1γ2βα2β, α2γ2βα1β – all sensitive to BDZ at γ2/α 

interface. Introduction of an H101R substitution on an α subunit abolishes the sensitivity of 

BDZ  at the γ2/α interface. A. Co-transfection of α1H101R and α2 (β, γ2) will result in GABAA 

receptor populations, which are either BDZ insensitive (γ2/α1H101R) or γ2/α2 BDZ sensitive 

(γ2/α2). B. Co-transfection of α1 and α2H101R (β, γ2) results in GABAA receptor populations 

with two γ2/α interfaces: γ2/α1 (BDZ sensitive) and γ2/α2H101R (BDZ insensitive). 

 

3.2 Results: electrophysiological assessment of ‘hetero-alpha’ wild type 

receptors  

The first part of this electrophysiological examination of receptor heterogeneity was 

to establish the likelihood of two different isoforms of α subunits being co-assembled 

into single GABAA receptor pentamers. Initially, this was undertaken using wild-type 

α1 and α2 subunits. 
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3.2.1 Co-expression of α1 and α2 wild-type subunits form distinct population of 

receptors with higher apparent affinity to GABA 
 

To assess the electrophysiological properties of ‘hetero-alpha’ subunit mixtures, α1 

and α2 GABAA receptor subunits were expressed separately or as a combination. This 

was achieved by co-expressing equimolar ratios of α1 and/or α2 subunit cDNA 

constructs with β3, γ2L and eGFP – the latter construct was required to successfully 

identify transfected HEK293 cells. Green fluorescent (transfected) cells were 

identified and whole-cell voltage clamp was performed. The peak current responses 

to a range of briefly applied (4s) GABA concentrations (0.3 μM, 1 μM, 3 μM, 10 μM, 

30 μM, 100 μM, 300 μM and 1 mM) were measured. GABA concentrations were 

applied to the cells in a random order and all responses were normalised to a 

saturating (maximal) GABA concentration that was applied at regular intervals to 

monitor response stability over time. The data were then fitted with the Hill equation 

(Equation 2, Section 2.4.2). Representative examples for GABA-evoked currents of 

α1β3γ2L, α2β3γ2L, α1α2β3 and α1α2β3γ2L are shown in Figure 3.3.  

The GABA EC50 values for α1β3γ2L and α2β3γ2L expressing HEK293 cells were 6.2 ± 

1.0 μM and 15.3 ± 2.6 μM respectively (Figure 3.3 B and C) indicating that GABA is 2-

fold more potent at the α1-receptor. These values are in agreement with the 

previously reported values (Mortensen et al., 2012b). Interestingly, when α1 and α2 

were co-expressed with β3 and γ2L subunits, the GABA concentration response curve 

(CRC) was shifted to the left of both ‘homo-alpha’ control curves. The EC50 value of 

α1α2β3γ2L was measured at 3.6 ± 0.4 μM, statistically different from α2β3γ2L (P 

value ≤ 0.001). This could imply that α1 and α2 subunit co-expression in a 

heterologous expression system results in the formation of a new receptor complex 

since only three expression outcomes are likely with regard to α subunits: α1α1, α2α2 

and α1α2. It is unlikely that the observed leftward shift of α1α2β3γ2L CRC is due to 

the expression of single subunit isoforms (α1/2, β3, γ2L homo-pentamers), αγ, or βγ 

combinations, since these receptors are retained in the endoplasmic reticulum 

(Connolly et al., 1999, 1996). However, GABAA receptors formed of αβ pentamers 
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(lacking γ2L) were previously shown to form functional receptors with higher 

apparent affinity for GABA (Connolly et al., 1996; Sigel et al., 1990; Verdoorn et al., 

1990). Therefore, the newly formed receptor population is likely to consist of either 

α1α2β3 or α1α2β3γ2L receptors.  

 

To clarify this point, we first obtained GABA-evoked concentration response profiles 

of α1α2β3 transfected HEK293 cells and compared the resulting CRC to those 

transfected with α1α2β3γ2L (Figure 3.3 B and C). There is a clear distinction in GABA 

potency for these presumed receptor assemblies. The mean EC50 value of α1α2β3 

was significantly higher than that of α1α2β3γ2L (12.7 ± 2.3 μM and 3.6 ± 0.4 μM 

respectively), and similar to that for α2α2β3γ2L, suggesting that the CRC curve shift 

observed with the latter most likely is due to the formation of ‘hetero-alpha’ αβγ-

heterotrimers. It is important to note that we assumed that ‘hetero’ and ‘homo-

alpha’ GABAARs have a similar single channel conductance and that the open 

probability (P0) is not different between α1 and α2 subunit isoforms. 

To further ensure that the receptors co-expressing α1 and α2 formed αβγ-

heterotrimers with the expected high affinity benzodiazepine binding site (i.e. that 

they contained the γ2/α interface indicating the presence of the γ subunit), sensitivity 

to Zn2+ inhibition was tested (Draguhn et al., 1990; Smart et al., 1991; Walters et al., 

2000).  
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Figure 3.3 ‘Hetero-alpha’ β3-containing recombinant GABAA receptors are more sensitive 

to GABA than their homomeric-α counterparts. A. Representative membrane current 

responses to GABA concentrations (μM) of α1β3γ2L (black), α3β3γ2L (red), α1α2β3γ2L 

(blue), and α1α2β3 (grey) receptors expressed in HEK293 cells. B. GABA concentration-

response relationships of α1β3γ2L (□) (n = 7, nH = 1.1 ± 0.1), α2β3γ2L (○) (n = 7, nH = 1.2 ± 

0.1), α1α2β3γ2L (△) (n = 6, nH = 1.4 ± 0.1), α1α2β3 (△) (n = 5, nH = 1.4 ± 0.2). C. The mean 

GABA EC50 values for α1β3γ2L (□) (n = 7, EC50 = 6.2 ± 1.0 μM), α2β3γ2L (○) (n = 7, EC50 = 15.3 

± 2.6 μM), α1α2β3γ2L (△) (n = 6, EC50 = 3.6 ± 0.4 μM), α1α2β3 (△) (n = 5, EC50 = 12.7 ± 2.3 

μM). In the graph, all columns and error bars represent means and SEMs respectively (one-

way ANOVA with Tukey’s post hoc test for multiple comparisons between all groups, P 

values: ≤ 0.05 *, ≤ 0.01 **, ≤ 0.001 ***). Individual data points are shown in this and all 

proceeding figures.  
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GABAA receptors have been previously shown to form αβ pentamers with higher 

apparent GABA affinity as well as a much higher (nanomolar) sensitivity to Zn2+ 

inhibition of GABA evoked currents (Hosie et al., 2003; Mortensen and Smart, 2006). 

Here, a low discriminatory concentration of Zn2+ (10 μM) was used: this concentration 

completely inhibits the GABA-evoked currents of αβ pentamers, but has minimal 

effect on αβγ-heterotrimers (Mortensen and Smart, 2006). A high concentration of 

GABA (30 μM, EC70-90) was first applied to HEK293 cells expressing either αβ-

heterodimers (α1α2β3) or αβγ-heterodimers (α1β3γ2L, α2β3γ2L, and α1α2β3γ2L) 

(Figure 3.4). The same cell was then preincubated with 10 μM Zn2+ for 10 s before 

the GABA EC70-90 concentration was re-applied. Current amplitudes were recorded 

for GABA -/+ Zn2+ and the percentage inhibition was calculated using Equation 5 (see 

Methods, Section 2.4.2). As expected for αβ heterodimers, the average GABA 

response was abolished after Zn2+ application (n = 5, 4.0±1.3 % response). By 

contrast, the average response of EC70-90 after Zn2+ preincubation for γ-containing 

GABAA receptors was unchanged (α1β3γ2L:  97.9 ± 2.1 %, n = 7; α2β3γ2L: 96.7 ± 2.3 

%, n = 7; α1α2β3γ2L:  97.8 ± 1.2 % n = 6, P value: ≤0.0001****). These data further 

support that α1α2-containing GABAA receptors, when co-expressed with β3 and γ2L 

subunit, form fully functional αβγ-heterotrimers. 
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Figure 3.4 α1α2-containing recombinant GABAA receptors form functional triheteromers 

(αβγ). A. Representative GABA-activated current responses (μM) of α1β3γ2L (black), 

α3β3γ2L (red), α1α2β3γ2L (blue), α1α2β3 (grey) and their sensitivities to 10 μM Zn2+ pre-

application. B. Bar chart representing percentage response of EC70-90 GABA with 10 μM Zn2+: 

of α1β3γ2L (□) (n = 7, 97.9 ± 2.1 %), α2β3γ2L (○) (n = 7, 96.7 ± 2.3 %), α1α2β3γ2L (△) (n = 6, 

97.8 ± 1.2 %), α1α2β3 (△) (n = 5, 4.0 ± 1.3 %). Columns and error bars represent means and 

SEMs respectively (one-way ANOVA with Tukey’s post-hoc test for multiple comparisons 

between all groups, P value: ≤ 0.0001 ****). 

 

3.2.2 Overexpressing either α subunit does not affect the formation of α1α2-containing 

GABAA receptors  
 

Once we established that the co-expression of α1 and α2 subunits results in a 

formation of a receptor population with a higher apparent affinity for GABA (likely to 

be α1α2β3γ2L), the next aim was to examine whether overexpression of either α 

subunits could alter the relative proportion of these receptors. It can be assumed that 
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co-transfection of α1, α2, β3 and γ2L produces three populations of receptors: two 

‘homo-alpha’ populations (i.e. α1β3γ2L and α2β3γ2L) and one ‘hetero-alpha’ 

population (α1α2β3γ2L), all present at a certain proportion (and not distinguishing 

between hetero-alpha receptors that have the α subunits occupying different 

locations in the pentamer). Increasing the amount of α1 subunit cDNA in the co-

transfection mixture should theoretically result in higher proportions of α1-

containing receptors, either α1α1β3γ2L or α1α2β3γ2L. If the assembly of α1α1-

containing receptors is predominant over α1α2-containg receptors, a shift towards 

the α1β3γ2L CRC would also be expected. If, however, the assembly of α1α2 

containing receptors is preferred, this effect on the CRC shift should be minimal, as 

α1 subunit incorporation into the receptor is limited by the α2 subunit. The same 

logic can be applied to α2 subunit overexpression.  

To elucidate the effects of overexpression for either α subunit, α1, α2, β3, γ2L 

(+eGFP) cDNAs were transfected in the following ratios: 10:1:1:1 (ignoring eGFP) and 

1:10:1:1 (α1:α2:β3:γ2L). The final cDNA amount per transfection reaction remained 

constant at 4 μg. GABA concentration response profiles of these transfections is 

shown in Figure 3.5. The data shows that there is no difference between the GABA 

EC50 values determined for equal and 10-fold excess cDNA amounts of α2 in 

α1α2β3γ2L transfected HEK 293 cells (α1:α2 1:1 (blue triangles) 3.6 ± 0.5 μM n = 6; 

α1:α2 1:10 (light blue inverted triangles) 5.5 ± 1.0 μM n = 6). Furthermore, the 

apparent GABA affinity of α1α2-containing receptors (1:1 and 1:10) is 4.2- and 3.1-

fold higher than that of α2β3γ2L receptors (P ≤ 0.001 and ≤ 0.01 respectively). These 

data suggest that providing more α2 subunits to the α1α2 mixture does not result in 

an increased assembly of GABAA receptors with two copies of α2 subunits in the 

pentameric complex. Since the amounts of α1, β3 and γ2L subunits are the limiting 

factors for assembly, the result suggests that ‘hetero-alpha’ receptor assembly is 

preferential over ‘homo’-α2 receptors.  

A similar outcome was apparent with α1 overexpression in the α1α2-containing 

transfection mixture, again suggesting there is little effect on the preferential subunit 

assembly. The EC50 value for the 10:1 cDNA ratio (α1:α2 (dark blue diamonds) 7.1±2.1 

μM n=8) is doubled in comparison to that of the 1:1 ratio (α1:α2 (blue triangles) 3.6 
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± 0.5 μM n = 6), but this is not statistically different. Similarly, no clear difference is 

observed between the curves for the α1α2-mixture (10:1) and α1α1 pure population. 

The absence of any clear curve separation makes the preference for either ‘hetero-

alpha’ or ‘homo’-α1 GABAA receptor expression difficult to observe. It could be 

attributed to the fact that there is not enough separation in the apparent affinity for 

GABA between α1α2β3γ2L (equimolar transfection ratios) and α1β3γ2L, so any 

changes in EC50 values will be subtle.  

Interestingly, increasing the amounts of either α1 or α2 subunit cDNAs (10:1 and 

1:10) consistently results in the same overlapping concentration response profiles for 

the α1α2 hetero-trimers (see Figure 3.5 A and B).  This could suggest, unexpectedly, 

that the proportion of ‘hetero-alpha’ GABAA receptors (here α1 and α2) is seemingly 

independent of the α subunit type availability, and therefore assembly could be 

tightly regulated. Taking all these results into consideration, the conclusions are 

based on the assumption that there are three distinct receptor populations present 

for an α1α2 subunit mixture: α1β3γ2L, α2β3γ2L, and α1α2β3γ2L.  
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Figure 3.5 Effects of varying transfection ratios of α1 and α2 cDNAs on GABA concentration-

response relationships. HEK293 cells were transfected with cDNAs of α1 and/or α2, β3 and 

γ2L subunits at a 1:1:1:1 ratio (4 μg cDNA total). The α1α2β3γ2L (10:1) and α1α2β3γ2L (10:1) 

were transfected as 10:1:1:1 and 1:10:1:1 (α1:α2:β3:γ2L) ratios, respectively. A. GABA 

concentration-response curves of α1β3γ2L (■) (n = 6, nH = 1.1 ± 0.1), α2β3γ2L (●) (n = 7, nH = 

1.2 ± 0.1), α1α2β3γ2L (▲) (n = 6, nH = 1.5 ± 0.1), α1α2β3γ2L (10:1) (⬥) (n=8, nH = 1.6 ± 0.1), 

and α1α2β3γ2L (1:10) (▼) (n=6, nH = 1.4 ± 0.1). Points are mean ± SEM. B.  For clarity, this 

graph shows the fits of GABA concentration-response curves from panel A without the data 

points. C. Bar chart showing the mean (± SEM) GABA EC50 values for α1β3γ2L (□) (EC50 = 5.7 ± 

1.1 μM), α2β3γ2L (○) (EC50=15.3 ± 2.6 μM), α1α2β3γ2L (△) (EC50 = 3.6 ± 0.5 μM), α1α2β3γ2L 

(10:1) (⬦) (EC50 = 7.1 ± 2.1 μM), α1α2β3γ2L (1:10) (▽) (EC50 = 5.5 ± 1.0 μM). One-way ANOVA 

with Tukey’s post hoc test was used for multiple comparisons between all groups, P ≤ 0.05 *, 

≤ 0.01 **, ≤ 0.001 ***). 
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3.2.3 Functional properties of α1α2 – role of the β subunit 
 

The identity of the β subunit determines the biophysical properties of GABAA 

receptors, including GABA potency and receptor’s spontaneous activity, and strongly 

affects the receptor’s response to modulation by allosteric ligands, e.g. loreclezole, 

mefenamic acid, and etomidate. Both, β2 and β3 subunits are widely expressed in 

the brain, however there are some differential regional and cellular localisation 

patterns, and deletion of each gene (GABRB2/3) has significantly different effects on 

the host organism ranging from phenotypically near normal (β2-/-)  to a catastrophic 

life-limiting effect, mimicking Angelman’s syndrome (β3-/-) (DeLorey et al., 1998; 

Korpi et al., 2002; Pirker et al., 2000; Sur et al., 2001). The next step for exploring the 

hetero-alpha receptors was, therefore, to investigate whether there are any 

differences in GABA response profiles of α1α2-containing receptors expressed either 

with β2 or β3 subunits. The previous results with β3 subunits, described in Section 

3.2.1, indicated a leftward shift of α1α2β3γ2L CRC, suggesting expression of ‘hetero-

alpha’ receptor population increased the potency of GABA.  

To establish, whether a similar effect is observed with β2-containing receptors, GABA 

response profiles of α1α2β2γ2L mixture was compared to respective ‘homo-alpha’ 

receptor populations (Figure 3.6). The first notable feature was that the GABA EC50s 

for homo-alpha receptors, α1β2γ2L and α2β2γ2L were similar, contrasting with the 

data obtained for β3 subunit-containing receptors. In addition, the apparent affinity 

for GABA of α1α2β2γ2L was also similar to that of α1β2γ2L and α2β2γ2L recombinant 

receptors (EC50 values: 10.4 ± 2.0 μM n = 5; 11.0 ± 2.6 μM n = 6; and 14.7 ± 1.8 μM n 

=10 respectively), i.e. there was no leftwards displacement of the curve. From these 

data with β2 subunits, it is difficult to deduce whether there are two (pure α1β2γ2L 

and α2β2γ2L) or three (two ‘homo-alpha’ and one ‘hetero-alpha’) distinct 

populations of receptors. Furthermore, if we assume that a ‘hetero-alpha’ population 

is indeed present in the mixture, its GABA sensitivity is indistinguishable to that of 

‘homo-alpha’ receptors. Thus, in terms of conclusions, the data suggest that there 

are differences in the GABA concentration response profiles of α1α2-containing 

receptors depending upon whether they are expressed with β2 or β3 subunits.   
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Figure 3.6 Functional properties of recombinant ‘hetero-alpha’ α1α2-containing GABAA 

receptors. A. GABA concentration-response relationships of α1β2γ2L (□) (n = 6, nH = 1.4±0.1), 

α2β2γ2L (○) (n = 10, nH = 1.1 ± 0.1), α1α2β2γ2L (△) (n = 5, nH = 1.5 ± 0.1). B. The mean GABA 

EC50 values for α1β2γ2L (□) (n = 6, EC50 = 11.0 ± 2.6 μM), α2β2γ2L (○) (n = 10, EC50 = 14.7 ± 1.8 

μM), α1α2β2γ2L (△) (n = 5, EC50 = 10.4 ± 2.0 μM. Means and SEMs of EC50 values are shown 

in the bar chart (one-way ANOVA with Tukey’s post hoc test for multiple comparisons 

between all groups, P value:  n.s. not significant). 

 

3.2.4 Functional properties of α1α4 GABAA receptor mixtures 
 

So far, electrophysiological properties of  α1 and α2 subunit mixtures – most widely 

expressed subunits in the brain – were assessed (Pirker et al., 2000). The next aim 

was to establish whether there are any differences that can be established in GABA 

response profiles of unlikely subunit mixtures. Expression of the α4 GABAA receptor 

subunit is at low abundance and is predominantly localised to olfactory bulbs, 

thalamus, striatum and dentate gyrus (Pirker et al., 2000). Immunoaffinity 

purification from those four regions (rat brain lysates) suggests that α4 subunit co-

immunoprecipitated with α1, α2, and α3 subunits (Benke et al., 1997). However, the 

majority α4 subunits were associated with α3 (Benke et al., 1997). Furthermore, only 

a third of α4-containing receptors were associated with both β2/3 and γ2 subunits 

(Bencsits et al., 1999). These data together, suggest that α1 and α4 subunits are 
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unlikely to be expressed in the same GABAAR pentameric complex, making it a 

suitable candidate for our study. 

To test the effects of α1 and α4 co-expression on GABA concentration response 

profiles, HEK293 cells were transfected with either α1, α4, or α1α4 mixtures of 

subunits along with equimolar ratios of β3 and γ2L (+ eGFP). GABA concentration 

response profiles were obtained for each construct (Figure 3.7). GABA EC50 value of 

α1α4β3γ2L was statistically different from that of α4β3γ2L, but not of α1β3γ2L (7.7 

± 1.6 μM n = 6; 15.4 ± 3.0 μM n = 6; and 5.7 ± 1.1 μM n = 6 respectively). This data 

could imply that the CRC of the α1α4 lies in the middle of two pure population α1- 

and α4-receptor curves. In comparison to α1α2β3γ2L (Figure 3.3), no leftward shift 

of the CRC α1α4-mixture curve is observed. This could suggest that a ‘hetero-alpha’ 

GABAA receptor population is absent for the α1α4β3γ2L receptor mixture. However, 

this result is similar to that of α1α2β2γ2L receptor mixture, which could imply that if 

the ‘hetero-alpha’ receptors are present.  

 

 

Figure 3.7 Functional properties of recombinant ‘hetero-alpha’ α1α4-containing GABAA 

receptors. A. Concentration response curves of α1β3γ2L (□) (n = 6, nH = 1.1 ± 0.1), α4β3γ2L 

(○) (n = 6, nH = 1.2 ± 0.1), α1α4β3γ2L (△) (n = 6, nH = 1.4 ± 0.1). B. The mean GABA EC50 values 

for α1β3γ2L (□) (n = 6, EC50 = 5.7 ± 1.1 μM), α4β3γ2L (○) (n = 6, EC50 = 15.4 ± 3.0 μM), 

α1α4β3γ2L (△) (n = 6, EC50 = 7.7 ± 1.6 μM). Means and SEMs of EC50 values are shown in the 

bar chart (one-way ANOVA with Tukey’s post hoc test for multiple comparisons between all 

groups, P value: ≤ 0.05 *). 
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3.2.5 Summary of results from investigating wild-type α1α2 and α1α4 subunit mixtures  
 

In this section two wild-type α-subunit combinations were recombinantly expressed 

to establish the existence of ‘hetero-alpha’ GABAA receptor populations and further 

identify their pharmacological footprints. From the data accrued so far, a number of 

conclusions could be noted. 

Firstly, co-expression of α1 and α2 subunits with β3 and γ2, results in a leftward CRC 

shift, compared to either of the pure α1 or α2 constructs (Figure 3.3). This data 

suggests the presence of a new receptor population with a higher apparent affinity 

for GABA. Furthermore, we showed that this receptor population is expressed as an 

αβγ-heterotrimer according to its sensitivity to Zn2+ block (Figure 3.4). It can 

therefore be concluded, that this receptor population is most likely composed of 

α1α2β3γ2. We cannot make any conclusions regarding specific subunit arrangement 

around the channel pore (i.e. reading counter clockwise around the pentamer: α1-

γ2L-β3-α2-β3 versus α2-γ2L-β3-α1-β3). 

Increasing the relative proportion of either α subunit cDNA had little effect on 

aligning the apparent GABA affinity shift with the GABA curves for ‘homo-alpha’ 

mixtures (e.g. α1α1, α2α2). This could indicate that there is an assembly mechanism 

that strictly reserves a minimal threshold of ‘hetero-alpha’ receptor production, 

irrespective of the α subunit cDNA proportion. Furthermore, overexpressing α2 

subunits in α1α2β3γ2L recombinant receptors suggests that there is a preference 

towards assembly of α1α2-containing receptors over that of α2α2-containing 

receptors.  

There was also a difference in the GABA response profiles between β2- and β3-

containing α1α2 receptors. A clear shift in GABA potency was noted for α1α2β3γ2L 

receptors but not for α1α2β2γ2L, possibly indicating that hetero-alpha subunit co-

assembly may be facilitated by the β3, but not the β2, subunit. Collectively, we cannot 

conclude here exactly how many receptor populations are present when co-

expressing α1 and α2 subunits (the same dilemma applies to α1 and α4 co-

expression). One of the main reasons for this is that the EC50 values of the pure α 

subunit populations are too close to observe any clear separation of the α-subunit 
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mixtures, apart from α1α2β3γ2L. In order to establish the number of populations 

present in each mixture, we require a reporter mutation in one of the α subunits to 

increase the separation of the GABA EC50s. This would allow for a larger separation 

between CRCs, and hence an improved ability to resolve mixed receptor populations 

with distinct GABA sensitivities. The next section will focus on two such reporter 

mutations: α1L263S and α2F65L.  

 

3.3 Results: Inferring the number of receptor populations with α1α2 co-

expression using reporter mutations: α1L263S and α2F65L 

3.3.1 Substitution of the conserved leucine 263 to serine in α1 subunit increases its 

GABA sensitivity  
 

A conserved leucine amino acid residue in the putative transmembrane domain 2 

(TM2) was substituted to serine in the α1 subunit (L263S) as described in Methods 

2.1.1. This residue is located at an approximate midpoint of the TM2, at the 9’ 

position, and is conserved across most LGIC subunits (Lester, 1992). The amino acid 

substitution of a conserved leucine residue in a single subunit profoundly increased 

agonist receptor sensitivity, resulting in a 10- to 49-fold rightward shift of the agonist 

dose-response curve, depending on the nature of the subunit and type of a receptor 

tested (Chang et al., 1996a; Labarca et al., 1995; Patel et al., 2014). The L9’S mutation 

has been widely used to study the stoichiometry and receptor activation mechanisms 

of both nAChRs, 5-HT3Rs, and GABAARs (Chang et al., 1996a; Chang and Weiss, 1999; 

Filatov and White, 1995; Labarca et al., 1995; Patel et al., 2014; Yakel et al., 1993).  

The aim was to first validate the previously observed GABA sensitivity increase due 

to the L9’S mutation. To do so, HEK293 cells were transfected with either α1L263S or 

α1 (WT) along with the β2 and γ2L subunits (+ eGFP) cDNAs. The dose-response 

relationships of these constructs were then compared (Figure 3.8 A). Figure 3.8 B 

shows a 36-fold decrease in GABA EC50 of α1L263Sβ2γ2L compared to α1β2γ2L (0.2 ± 

0.04 μM, n = 7; 7.1 ± 0.8 μM, n = 7 respectively).  Previously reported CRC shift caused 

by this mutation in the α1β2γ2L was 153-fold, from 45.8 ± 3.6 μM to 0.3 ± 0.1 μM 
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(mean± standard deviation, SD) (Chang et al., 1996a). The effect on the GABA 

sensitivity observed in our experimental system is less extreme, which could be 

attributed to the difference of the expression system used (HEK293 cells versus 

Xenopus laevis oocytes).   

Interestingly, the channel gating of α1L263Sβ2γ2L showed spontaneous activity of this 

receptor combination in the absence of exogeneous GABA, revealed via picrotoxin 

(PTX), 100 μM, application (Figure 3.8 C). PTX is a non-competitive antagonist of 

GABAAR which binds within the channel pore thereby antagonising the activity of 

constitutively active receptors and blocking spontaneous currents (Smart and 

Constanti 1986; Newland and Cull-Candy 1992). Cryo-electron microscopy has 

revealed that PTX binding pocket is sequestered within the channel pore between 2’ 

and 9’ rings of M2 domains (Masiulis et al., 2019b). Therefore, we expected that the 

α1 9’ substitution would influence channel gating and receptor activation. HEK293 

cells transfected with the α1L263Sβ2γ2L showed a significantly higher spontaneous 

activity than its α1 wild-type counted part (Ispont: α1L263Sβ2γ2L 25.7 ± 4.0%; α1β2γ2L 

0.2 ± 0.05 %; Kruskal-Wallis with Dunn’s post hoc test, P value: ≤ 0.05). These results 

are in agreement with previous studies, in both Xenopus laevis oocytes and HEK293 

recombinant systems (Chang and Weiss, 1999; Patel et al., 2014). The spontaneous 

activity of the holding current was estimated to be 22.0 ± 3.0 % in α1L263Sβ2γ2L 

(Xenopus oocytes) and 21.9 ± 5.3 in α4L263Sβ3δ (HEK293 cells), suggesting that the 

mutation of the conserved leucine residue in the α GABAAR subunit contributes to ~ 

20 % of spontaneous channel opening (Chang and Weiss, 1999; Patel et al., 2014). 

Furthermore, mutations of this conserved leucine residue in M2 domain in other 

GABAA receptor subunits and nACh receptor subunits revealed constitutively open 

channels, suggesting that this residue may play an important role in receptor 

activation (Akabas et al., 1992; Chang and Weiss, 1999; Pan et al., 1997; Patel et al., 

2014).  

Notably, the Hill coefficient of the DRC obtained for α1L263Sβ2γ2L (nH = 0.8 ± 0.04) was 

significantly lower than that of α1β2γ2L (nH = 1.3 ± 0.1) receptors (unpaired t-test, P 

= 0.003). Even though the change in the Hill coefficient cannot be directly ascribed to 

the number of agonist binding sites or cooperativity, it could be that the mutation at 
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the 9’ M2 domain could alter receptor gating. Furthermore, a low Hill coefficient (nH 

= 0.8 ± 0.04) could potentially indicate the presence of two distinct GABAAR 

populations, probably α1L263Sβ2γ2L and for α1L263Sβ2.  

Additionally, the spontaneous activity of α1L263Sα2β2γ2L transfected HEK293 cells 

was calculated to be only 4.6 ± 1.3 %, not exhibiting the spontaneous activity equal 

to the mean of its ‘homo’ α-subunit counterparts (α1L263Sβ2γ2L and α2β2γ2L; 25.7 ± 

4.0 % and 0.1 ± 0.03 % respectively) (Figure 3.8 D).  

Overall, due to the prominent leftward shift of the α1L263Sβ2γ2L DRC, this leucine to 

serine substitution in α1 subunit can be used as a reporter mutation to study receptor 

populations present during an α1/α2 co-expression (Section 3.3.2).  
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Figure 3.8 Serine substitution of a conserved leucine in TM2 (9’ position) of the α1 subunit 

increases GABA sensitivity and spontaneous activity. A. GABA concentration-response 

profiles of α1β2γ2L (□) (n = 7, nH = 1.3 ± 0.1) and α1L263Sβ2γ2L (■) (n = 7, nH = 0.8 ± 0.04). B. 

Bar chart representing the mean ± SEM GABA EC50 values for α1β2γ2L (□) (n = 7, EC50 = 7.1 ± 

0.8 μM) and α1L263Sβ3γ2L (■) (n = 7, EC50 = 0.2 ± 0.04 μM) (unpaired t-test, P ≤ 0.0001 ****). 

C. Representative traces of maximal GABA-activated current responses (1 mM) followed by 

an application of a saturating dose of PTX (100 μM) to reveal the level of spontaneous activity 

of α1β2γ2L (black), α1L263Sβ2γ2L (grey), α1L263Sα2β2γ2L (blue), and α2β2γ2L (red). D. 

Comparison of spontaneous activity (Ispont) values for α1β2γ2L (□) (0.2 ± 0.05 %), α1L263Sβ2γ2L 

(■) (25.7 ± 4.0 %), α1L263Sα2β2γ2L (▲) (4.6 ± 1.3 %), and α2β2γ2L (○) (0.1 ± 0.03 %) (Kruskal-

Wallis with Dunn’s post hoc test, P value: ≤ 0.05 *, ≤ 0.01 **).  
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3.3.2 Co-expression of α1L263S and α2 subunits  
 

The 9’ mutation in M2 domain has been widely used to study the receptor 

stoichiometry GABAARs (α1β2γ2 and α4β3δ), nAChRs and 5-HT3Rs (Chang et al., 

1996a; Filatov and White, 1995; Labarca et al., 1995; Patel et al., 2014; Yakel et al., 

1993). Since the substitution of this conserved residue results in a profound increase 

in agonist sensitivity (i.e. leftward DCR shift), it was used as a reporter mutation to 

correlate the multiple receptor populations with distinct agonist potencies expressed 

in the same cell (see Introduction 3.1). Chang et al., (1996) proposed a method to 

deduce the subunit stoichiometry in a GABAA receptor complex, where co-expression 

of the same subunit wild type and 9’ mutant mixture would generate populations of 

receptors with distinct GABA apparent affinities. Here, this approach was modified to 

establish the number of receptor populations in HEK293 cells co-expressing α1 and 

α2 subunits (see Figure 3.1 for details). For every α1/α2 mixture, two and three 

component Hill equations were fitted. The number of true components were 

established from the goodness of fit (lower χ2 statistic).  

We first expressed α1L263S or α2 with β2, γ2L subunits (+eGFP) cDNAs in HEK293 cells 

and obtained the GABA concentration response profiles. The average GABA EC50 

values of α1L263Sβ2γ2L and α2β2γ2L were 0.2 ± 0.04 μM and 13.4 ± 0.9 μM 

respectively, accounting for a 67-fold shift in GABA sensitivity between two 

recombinant receptor constructs. From these, a predicted EC50 value of a middle 

component (assuming three distinct populations with α1L263Sα2 co-expression) can 

be calculated. The middle component will contain only one copy of the α1L263S in a 

receptor pentamer and therefore will contribute to 8.2 (√67) fold increase in GABA 

sensitivity. Assuming the GABA sensitivity is unchanged regardless of the positioning 

of a single α1L263S subunit in the pentamer complex, the predicted EC50 value for 

‘hetero-alpha’ receptor population would be 1.6 μM (8.2 x 0.2 μM). Similar logic can 

be applied to predicting GABA sensitivities of other ‘hetero-alpha’ receptors.  

The concentration response relationship of α1L263Sα2β2γ2L-expressing cells was 

better described as a sum of three rather than two Hill equations (χ2 5.77 and 4.94 
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respectively) (see Figure 3.9 C). The first and third components accounted for 6.1 ± 

2.8 % and 49.1 ± 4.3 % of the total pool of receptors with respective GABA EC50 values 

of 0.04 ± 0.02 μM and 18.4 ±3.3 μM, which are in agreement with previous studies of 

multi-component GABAA receptor curve fits  (Chang et al. 1996; Patel, Mortensen, 

and Smart 2014). These EC50 values are consistent with the EC50 values obtained for 

α1L263Sβ2γ2L- and α2β2γ2L-expressing cells (0.2 ± 0.04 μM and 13.4 ± 0.9 μM 

respectively), indicating that first and third component GABA sensitivities correspond 

to activation of ‘homo-alpha’ receptor populations: α1L263Sβ2γ2L and α2β2γ2L. 

Furthermore, the multi-component CRC fit revealed a presence of an intermediate 

component with an EC50 value of 0.8 ± 0.2 μM, which contributed to 44.7 ± 3.9 % of 

the total receptor number. This component is likely to be attributed to the expression 

of receptors containing one copy of α1L263Sβ and one copy of α2 in the same 

pentamer. Moreover, GABA apparent affinity obtained from the Hill equation fits is 

in good agreement with the theoretical EC50 value (1.6 μM).  
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Figure 3.9 GABA dose-response relationships from co-expression of α1L263S and α2 subunits 

in HEK293 cells. A. Dose response relationships of α1L263Sβ2γ2L (■) (n = 7, nH = 0.8±0.04), 

α2β2γ2L (○) (n = 7, nH = 1.3 ± 0.1) and α1L263Sα2β2γ2L (▲) (n = 6). The latter was fit with the 

sum of two (blue) or three (magenta) Hill equations (two and three components 

respectively). Cumulative Hill coefficient (nH) values are 1.1 ± 0.1 (two-component fit) and 1.5 

± 0.2 (three-component fit). The EC50 values for α1L263Sβ2γ2L (■) and α2β2γ2L (○) are 0.2 ± 

0.04 μM and 13.4 ± 0.9 μM respectively.  B. Dose response relationships of α1L263Sβ2γ2L (■) 

(n = 7, nH = 0.8 ± 0.04), α2β3γ2L (○) (n = 8, nH = 1.1±0.1) and α1L263Sα2β3γ2L (▲) (n = 7). The 

latter was fit with the sum of two (blue) or three (magenta) Hill equations (two and three 

components respectively). Cumulative Hill coefficient (nH) values are 0.9 ± 0.1 (two-

component fit) and 0.9 ± 0.1 (three-component fit). The GABA EC50 values for α1L263Sβ2γ2L 
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(■) and α2β3γ2L (○) are 0.2 ± 0.04 μM and 13.8 ± 1.4 μM respectively. Note that the control 

α1L263S DRC is β2 subunit containing. C and D. Table summarising the EC50 values (μM) and 

relative percentages (%) of α1L263Sα2β2γ2L (B) and α1L263Sα2β3γ2L (D) Hill equations-fitted 

components. The value of the χ2 distribution statistic indicates the goodness of fit.  

 

Similarly, multi-component concentration response relationship Hill equations were 

fitted to the GABA-activated currents of α1L263Sα2β3γ2L-expressing cells (Figure 3.9 

B). Table from Figure 3.9 D shows that two and three component curve fits had 

similar χ2 statistic (1.76 and 1.59 respectively), suggesting that a sum of two 

components of Hill equations is sufficient to describe the α1L263Sα2β3γ2L data. The 

second component accounted for the activation of 36.7 ± 3.0 % of total receptors 

with an EC50 value of 41.6 ± 15.4 μM, corresponding to the α2β3γ2L receptor 

population. Interestingly, the first component’s EC50 value was determined to be 0.6 

± 0.1 μM and attributed to 67.7 ±4.1 % of the total receptor population. The GABA 

sensitivity of this component is close to the EC50 value of a middle component in 

α1L263Sα2β2γ2L-transfected cells (0.8 ± 0.2 μM). This could imply that the first 

component in β3-expressing cells corresponds to the receptor population with 

α1L263Sα2 mixture (one of each in a pentamer), rather than α1L263S-only receptor 

population. This data together suggests that only two receptor populations are 

expressed (α1L263Sα2- and α2α2-containing) in α1L263Sα2β3γ2L-transfected cells. It is 

also worth mentioning, that the EC50 values of first and intermediate components of 

the curve fit described by three Hill equations are equal (0.6 ±0.4 μM and 0.6 ± 0.1 

μM respectively). Furthermore, the relative receptor population sum of these 

components (10.0 ± 1.3 % and 57.7 ± 2.9 %) is equal to the percentage of the first 

component in a two-receptor population fit (67.7 ±4.1 %). This further strengthens 

the idea of two, rather than three receptor populations in α1L263Sα2β2γ2L-

transfected cells.  

Using the α1L263S reporter mutation as a functional tool to dissect the number of 

distinct receptor populations in α1L263Sα2βγ2L-transfected HEK293 cells revealed 

some differences between β2 and β3-containing receptors. Firstly, α1L263Sα2βγ2L 

receptor mixtures with the β2 subunit seem to form three distinct receptor 

populations (two ‘homo-alpha’ and one ‘hetero-alpha’), whereas the same 
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combinations with the β3 subunit only form two distinct receptor populations: 

α1L263Sα2β3γ2L and α2α2β3γ2L. From the data presented, the α1L263Sα1L263Sβ3γ2L 

population seems to be absent when co-expressing α1L263S and α2. Additionally, the 

proportion of ‘homo-alpha’ receptor populations in β2-containing receptors is 1.5 

times higher than that in β3-containing receptors. Also, the proportion of 

α1L263Sα1L263S-containing receptor population co-expressed with β2 subunit accounts 

for only 6.1 ± 0.1 % of the total receptor pool. Since these differences were observed, 

the next aim was to confirm these differences using the same principle with a 

reporter mutation on an α2 subunit: phenylalanine to leucine substitution at position 

65.  

 

3.3.3 The F65L substitution in α2 subunit profoundly reduces receptor sensitivity to 

GABA but does not affect the cell surface expression 
 

The mutation on the α1 GABAAR subunit, F65L has previously been used to study 

GABAA receptor agonist-dependent gating as well as GABA binding sites in 

concatenated receptors (Baumann et al., 2003; Sigel et al., 1992). The α1F65L 

substitution has been previously shown to decrease the GABA sensitivity of α1β2γ2 

receptors by ~210 fold (from EC50 value of 6 ± 2 μM to 1260 ± 380 μM) as well as 

reducing bicuculline sensitivity by ~200 fold (Baumann et al., 2003). Since this 

mutation causes such a profound rightward shift of the GABA dose response 

relationships, it was a next obvious candidate to use for dissecting the 

multicomponent Hill equation fits, similar to α1L263S (Section 3.3.2).   

The substitution of phenylalanine to leucine at position 65 of the α2 subunit was 

performed using site directed mutagenesis (see Methods, Section 2.1). The reason 

why an α2 subunit was chosen for the mutation over the α1 subunit was the relative 

positioning of the wild type dose response relations of α1β2/3γ2L and α2β2/3γ2L 

constructs (Figures 3.3 C and 3.6 A). The α2-containing receptors have a higher EC50 

that those containing α1 subunit, therefore introducing the mutation in the former 

would result in greater separation of the α1 and α2F65L CRCs. To validate the α2F65L 

substitution has an effect on the GABA apparent affinity, concentration response 
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relationships obtained from α2F65Lβ2γ2L-expressing HEK293 cells were compared to 

α2β2γ2L transfected combination. The EC50 value increased from 13.4 ± 0.1 μM to 

947.1 ± 101.1 μM (wild type and mutant respectively), resulting in a ~70-fold shift in 

GABA potency (Figure 3.10 B).  

Given a significant reduction in GABA sensitivity on α2F65Lβ2γ2L-expressing HEK293-

expressing cells, the effect of the F65L mutation on the α2-containing receptors cell 

surface expression was assessed. Impaired α2F65L subunit trafficking to the cell 

surface membrane could affect the ‘hetero-alpha’ receptor formation in favour of 

α1α1-containing receptors. To assess the levels of cell surface expression, either α2 

or α2F65L N-terminus myc-tagged subunits, co-expressed with β2 and γ2L subunit (+ 

eGFP) were expressed in HEK293 cells and immunolabelled with anti-myc antibodies 

(see Methods, Section 2.5.1). Figure 3.10, D shows that there is no significant 

difference between α2 or α2F65L cell surface fluorescence, suggesting that F65L 

mutation does not affect α2 subunit trafficking to the membrane.  

These data together indicate that α2F65L mutation is a good candidate to study 

‘hetero-alpha’ receptor mixtures’ populations and their relative abundances in 

HEK293 cells.  
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Figure 3.10 GABAAR α2 subunit phenylalanine to leucine substitution at residue position 65 

results in a decreased GABA-sensitivity, however does not reduce cell surface expression. 

A. Concentration response relationships of α2β2γ2L (○) (n = 7, nH = 1.2 ± 0.1) and α2F65Lβ2γ2L 

(●) (n = 5, nH = 1.2±0.1). B. Bar chart representing the mean ± SEM GABA EC50 values α2β2γ2L 

(○) and α2F65Lβ2γ2L (●) are 13.4 ± 0.1 μM and 947.1 ± 101.1 μM (unpaired t-test, P ≤ 0.001 

***). C. Representative confocal images of cell surface labelling in HEK293 cells expressing 

α2mycβ2γ2L (top row) α2myc F65Lβ2γ2L (bottom row) GABAA receptors. Cells were co-

transfected with eGFP for identification. Scale bars = 10 μm. D. Quantification of mean 

fluorescence intensities for myc-tagged α2 and α2F65L containing GABAA receptors (101.1 ± 

5.0 a. u. and 91.7 ± 5.0 a. u. respectively, unpaired t-test, P value n. s., not significant), n=3 

cultures.  
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3.3.4 Co-expression of α1 and α2F65L subunits  
 

Here an F65L mutation on the α2 GABAA receptor subunit was used to establish the 

number of receptor populations in α1 and α2F65L co-expressing HEK293 cells. The 

same approach was applied as that described in Section 3.3.2. Firstly, the GABA EC50 

values were obtained for ‘homo-alpha’ expressing receptors: α1β2γ2L and 

α2F65Lβ2γ2L (9.0 ± 0.7 μM and 947.1 ± 101.1 μM respectively) (Figure 3.11 A). Since 

there was a ~ 105-fold difference between α1 and α2F65L containing receptors GABA 

apparent affinities, the EC50 value of the middle component (α1α2F65Lβ2γ2L) was 

estimated to be ~ 92 μM.  

Next, equimolar ratios of α1, α2F65L, β2, γ2L subunits (+eGFP) cDNAs were expressed 

in HEK293 cells. The mean concentration response profile obtained for this subunit 

combination was fitted with both two and three component Hill equations to 

establish which gave a better fit of the data. Since there was no difference between 

χ2 values of two- and three-component fits (3.03 and 3.06 respectively) of 

α1α2F65Lβ2γ2L-expressing cells (Figure 3.11 C), a sum of two Hill equations was 

considered to be a better fit. The EC50 value of the first component was 16.0 ± 0.8 μM 

likely to represent the α1α1β2γ2L GABAA receptor population. This receptor 

population accounted for the majority of the receptor pool (85.2 ± 1.3 %). The GABA 

sensitivity of a second component was 3005.1 ± 971.7 μM and accounted for the 

remaining 13.9 ± 1.6 % of receptors. This receptor population could represent the 

α2F65Lα2F65Lβ2γ2L receptors.  

Concentration response profiles of α1α2F65Lβ3γ2L-expressing HEK293 cells were 

fitted with the sum of two and three Hill equations (Figure 3.11 B and C). Similar to 

β2-containing receptors, no difference was observed in two- and three-component 

fits (χ2 3.04 and 3.11 respectively). The sum of two Hill equations revealed the first 

component is dominating over the second one (85.2 ± 1.3 % and 13.9 ± 1.6 %). The 

EC50 value of the first component was estimated at 16.0 ± 0.8 μM and is likely to 

represent the α1α1β3γ2L GABAA receptor population. The second component had a 

GABA apparent affinity of 3005.1 ± 971.7 μM and is likely to represent the 

α2F65Lα2F65Lβ3γ2L receptor population.  
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Using the α2F65L reporter mutation as a tool to dissect the number of receptor 

populations and their relative abundance in both β2- and β3- containing ‘hetero-

alpha’-expressing HEK293 cells suggested that there are only two receptor 

populations in the mixture pool: α1α1βγ2L and α2F65Lα2F65Lβγ2L. This was surprising, 

as all the data presented so far indicates the presence of ‘hetero-alpha’ receptors 

when co-expressing α1 and α2 subunits. A possible explanation for a two-, rather 

than a three-component fit could be that, when a mutant α subunit is co-transfected 

with a wild type α subunit, the expression of the wild-type α receptors predominates. 

This is observed in both β2- and β3- containing receptors, where the α1α1βγ2L is 

largely prevalent over other receptor populations (85.2 ± 1.3 %). The remaining 13.9 

± 1.6 % could comprise of both α1α2F65Lβγ2L and α2F65Lα2F65Lβγ2L receptor 

populations, however it would be hard to observe at the ‘top-end’ of the curve.  
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Figure 3.11 GABA dose-response relationships from co-expression of α1 and α2F65L subunits 

in HEK293 cells. A. Concentration response relationships of α1β2γ2L (□) (n = 7, nH = 1.2 ± 0.1), 

α2F65Lβ2γ2L (●) (n = 5, nH = 1.2 ± 0.1) and α1α2F65Lβ2γ2L (▲) (n = 6). The fit for α1α2F65Lβ2γ2L 

was done with two (blue) or three (magenta) Hill equations. Cumulative Hill coefficient (nH) 

values are 1.8 ± 0.1 (two-component fit) and 2.0 ± 0.2 (three-component fit). The GABA EC50 

values for α1β2γ2L (□) and α2F65Lβ2γ2L (●) are 9.0 ± 0.7 μM and 947.1 ± 101.1 μM 

respectively. B. Concentration response relationships of α1β3γ2L (□) (n = 6, nH = 1.1 ± 0.1), 

α2F65Lβ3γ2L (●) (n = 6, nH = 1.0 ± 0.1) and α1α2F65Lβ3γ2L (▲) (n = 6). The latter was fit with two 

(blue) or three (magenta) Hill equations. Cumulative Hill coefficient (nH) values are 1.8 ± 0.1 

(two-component fit) and 2.0 ± 0.2 (three-component fit). The GABA EC50 values for α1β3γ2L 

(□) and α2F65Lβ3γ2L (●) are 5.8 ± 0.5 μM and 401.2 ± 52.4 μM respectively. Tables C and D 

summarise the EC50 values (μM) and relative percentages (%) of α1α2F65Lβ2γ2L (C) and 

α1α2F65Lβ3γ2L (D) Hill equation-fitted components.  
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3.3.5 Co-expression of α2 and α2F65L subunits  
 

To establish whether co-expression of wild type and F65L mutant α subunits affects 

the assembly of ‘hetero-alpha’ and ‘homo-alpha’ mutant populations, the same 

receptors subtype was co-expressed in HEK293 cells: α2 and α2F65L. In theory, co-

expression of α2 and α2F65L (plus β2 γ2L) subunits would result in three receptor 

populations (α2α2β2γ2L, α2α2F65Lβ2γ2L, and α2F65Lα2F65Lβ2γ2L) and their relative 

abundance would follow a binomial distribution (25 : 50 : 25) (Chang et al., 1996a).  

To do that, equimolar ratios of α2, α2F65L, β2, γ2L subunits (+eGFP) cDNAs were 

expressed in HEK293 cells and GABA concentration response profiles were obtained 

(Figure 3.12). The curve was described using a sum of two and three component Hill 

equations (χ2 5.19 and 4.18 respectively). The EC50 of the three components of a 

three-component fit were 12.9 ± 1.5 μM, 44.1 ± 34.0 μM, and 2642.9 ± 1184.0 μM 

and accounted for 78.9 ± 2.3 %, 7.6 ± 0.9 %, and 14.0 ± 1.5 % respectively. These are 

likely to represent α2α2β2γ2L, α2α2F65Lβ2γ2L, and α2F65Lα2F65Lβ2γ2L respectively. As 

expected the ‘homo-alpha’ wild type α2 receptor population accounts for more than 

two thirds of the total receptor pool. The ‘hetero-alpha’ receptor population 

represents only a small fraction (7.6 ± 0.9 %) of the total receptor pool. From this data 

is clear that co-expression of α2 and α2F65L subunits results in the minimal expression 

of receptors containing both subunit isoforms. Furthermore, most of the receptors, 

when subunits are expressed in equimolar ratios, form ‘homo-alpha’ wild-type 

containing GABAA receptors.  

Overall, the α2F65L substitution has proven to not be a good tool to establish the 

stoichiometry of receptor populations and their relative abundance, when co-

expressing α1 and α2F65L subunits. Even though immunolabelling of wild type and 

mutant α2myc subunits revealed no change in subunit expression on the cell surface 

(Figure 3.10 D), electrophysiological assessment of α2α2F65Lβ2γ2L-transfected 

HEK293 cells demonstrate a strong prevalence of α2α2-containing population over 

other receptor stoichiometries (Figure 3.12).  
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Hill equation 

components 

Two-component fit 

(blue) 

Three-component fit 

(magenta) 

 EC50 

(μM) 

Percentage 

(%) 

EC50  

(μM) 

Percentage (%) 

1st component 

 

14.2 ± 1.5 86.7 ± 2.9 12.9 ± 1.5 78.9 ± 2.3 

2nd component 

 

2827.8 ± 

2194.5 

13.8 ± 2.9 44.1 ± 34.0 7.6 ± 0.9 

3rd component 

 

- - 2642.9 ± 

1184.0 

14.0 ± 1.5 

χ2 5.19 4.18 

 

Figure 3.12 GABA dose-response relationships from co-expression of α2 and α2F65L subunits 

in HEK293 cells.  A. Concentration response relationships of α2β2γ2L (○) (n = 7, nH = 1.2±0.1), 

α2F65Lβ2γ2L (●) (n = 5, nH = 1.2 ± 0.1) and α2α2F65Lβ2γ2L (▲) (n = 6). The latter was fit with the 

sum of two (blue) or three (magenta) Hill equations (two and three components 

respectively). Cumulative Hill coefficient (nH) values are 1.1 ± 0.1 (two-component fit) and 1.2 

± 0.1 (three-component fit). The EC50 values for α2β2γ2L (○) and α2F65Lβ2γ2L (●) are 13.4 ± 

0.1 μM and 947.1 ± 101.1 μM respectively. B. Table summarising the EC50 values (μM) and 

relative percentages (%) of α2α2F65Lβ2γ2L Hill equation-fitted components. The value of the 

χ2 distribution is lower for a fit of three components, suggesting that there are three receptor 

populations with distinct GABA sensitivities (α2β2γ2L, α2α2F65Lβ2γ2L, and α2F65Lβ2γ2L). 

 

3.3.6 Summary of results from α1L263S and α2F65L 

 

Here, two reporter mutations, α1L263S and α2F65L, were used to dissect the number 

and types of receptor populations as well as their relative abundances when co-
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expressing α1 and α2 subunits. Furthermore, differences between β2- and β3-

containing receptors were investigated. A method initially described by Chang. et al., 

1996 was used to determine curve fits comprising a sum of either two or three Hill 

equations. From this subsection, a few conclusions can be drawn. The limitations of 

this technique will be described in the discussion section of this chapter.  

Firstly, characterisation of α1L263S and α2F65L reporter mutations was done, prior to 

using them to characterise multicomponent concentration response profiles. The 

data obtained for these mutations are in good agreement with the previous data 

(Baumann et al., 2003; Chang et al., 1996b; Chang and Weiss, 1999; Patel et al., 2014; 

Sigel et al., 1992).  

Co-expression of α1L263S and α2 with β2, and γ2L subunits revealed the presence of 

three distinct receptor populations: two ‘homo-alpha’ and one ‘hetero-alpha’ 

populations. The ‘hetero-alpha’ population accounted for ~45% of the total receptor 

pool, whereas the α1L263Sα1L263S-containing receptor population comprised a small 

percentage of the total receptor number (~ 6 %). Interestingly, the same α subunit 

combination co-expressed with a β3 (+ γ2L) seemed to form only two receptor 

populations which are likely to be α1L263Sα2β3γ2L and α2α2β3γ2L. This implies that 

in β3-containing ‘hetero-alpha’ mixtures might not express the α1L263Sα1L263 

receptors. Additionally, the α1L263Sα2β3γ2L population accounted for more than 67% 

of the total receptor pool. It is worth mentioning. However, that the two and three 

component fits for the β3-containing receptors had very similar goodness of fit values 

(χ2 1.76 and 1.59 respectively), so it could be possible that the α1L263Sα1L263 receptors 

are present at a very small percentage (~ 10 %) (Figure 3.9 D).  

The data obtained from α1 and α2F65L co-expression suggested that both β2- and β3-

containing receptors form two ‘homo-alpha’ populations, where α1α1-containing 

receptor stoichiometry accounts for the majority of the receptor number (~ 85 %). 

The χ2 statistics between the two and three component fits were very similar (see 

Figure 3.11 C and D). This could imply that the third component is thus present, 

however its relative abundance is low (~ 6 %).  
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Taken together, this data indicates that ‘hetero-alpha’ receptors are expressed in 

HEK293 cells. Furthermore, β3-containing receptors seem to have a preference 

towards a ‘hetero-alpha’ receptor assembly, over β2-containing receptors.  

 

3.4 Results: Insight into subunit arrangement of ‘hetero-alpha’ GABAA 

receptors 

So far, the evidence towards the presence of ‘hetero-alpha’ receptor populations in 

HEK293 cells was presented. The next aim of this project was to establish the subunit 

arrangement of the receptors incorporating two distinct α subunit isoforms: α1 and 

α2. Here, we investigate the subunit arrangement of tri-heteromeric GABAA 

receptors in α1α2β2/3γ2L-expressing HEK293 cells. As mentioned in Section 3.1 of 

this chapter, a well characterised H101R substitution in the α subunit will be used.   

 

3.4.1 Validation of benzodiazepine insensitive mutations on α1 and α2 GABAAR 

subunits 
 

Here, a mutation of a conserved amino acid residue in the α subunit (H101R) was 

used. This mutation has been previously well characterised in HEK293 cells and used 

in knock-in animal models to study α subunit selective BDZ effects (Benson et al., 

1998b; Kleingoor et al., 1993b; Löw et al., 2000; Rudolph et al., 1999; Wieland et al., 

1992b). Our first objective was to validate the α1H101R and α2H101R constructs in 

HEK293 system. Firstly, an optimal potentiating dose of benzodiazepine – flurazepam 

(FLU) was obtained by potentiating GABA EC15-25 (3 μM) with varying FLU 

concentrations in α1β2γ2L-expressing HEK293 cells (Figure 3.13 A). All FLU 

potentiating experiments were done with 30-second pre-application of FLU through 

the wash tube, followed by co-application of FLU + GABA. From Figure 3.13 A, a 

concentration of 300 nM FLU was taken as an optimal dose for all following 

experiments.  
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Next, the extent of FLU potentiation on the GABA concentration response profiles of 

α1β2γ2L- and α2β2γ2L-transfected HEK293 cells was measured. The GABA EC50 

decreased 1.4- and 1.9-fold with 300 nM FLU application for α1β2γ2L and α2β2γ2L 

constructs respectively (Figure 3.13 B and C). Similar increases in GABA apparent 

potencies were observed previously with 300 nM flurazepam in Xenopus oocytes and 

1 μM diazepam in HEK293 cells (Benson et al., 1998a; Reynolds and Maitra, 1996).  

The effects of the H101R mutation in α1 and α2 subunits on the BDZ potentiation of 

GABA activated-currents was assessed. Relying on the previous literature, we 

expected to see a complete ablation of potentiation at 300 nM BDZ (Benson et al., 

1998a; Kleingoor et al., 1993a; Wieland et al., 1992a). Indeed, the GABA EC50 of 

α1H101Rβ2γ2L- and α1H101Rβ2γ2 -expressing HEK293 cells did not change in the 

presence of 300 nM flurazepam (P values: 0.82 and 0.98 respectively), consistent with 

previously published values (Benson et al., 1998a).  

 



122 
 

 

Figure 3.13 The H101R substitution in the α1/2 GABAA receptor subunit results in 

flurazepam insensitivity, however does not affect GABA sensitivity. A. Representative 

GABA-activated current traces (3 μM, EC15-25) with the 30-second pre-application of 

increasing doses of flurazepam (FLU) to reveal the optimum FLU dose for GABAA receptor 

current potentiation. The FLU dose that was chosen for later experiments was 300 nM. B. 

and C. GABA concentration response profiles of α1β2γ2L (B.) and α2β2γ2L (C.) with/without 

flurazepam. D. GABA concentration response profiles of α1β2γ2L and α1H101Rβ2γ2L +/- 300 
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nM flurazepam. The data points for α1β2γ2L are shown in panel B. The Hill coefficients are: 

α1β2γ2L (n = 6, nH = 1.4 ± 0.1), α1β2γ2L + FLU (n = 6, nH = 1.1 ± 0.04), α1H101Rβ2γ2L (n = 6, nH 

= 1.3 ± 0.1), α1H101Rβ2γ2L + FLU (n = 6, nH = 1.4 ± 0.1). E. Bar chart representing the mean 

GABA EC50 values for α1β2γ2L (□, black) (n = 6, EC50 = 11.0 ± 2.6 μM), α1β2γ2L + FLU (□, grey) 

(n = 6, EC50 = 7.6 ± 2.3 μM), α1H101Rβ2γ2L (■) (n = 6, EC50 = 15.7 ± 2.4 μM), α1H101Rβ2γ2L + FLU 

(■) (n = 6, EC50 = 17.3 ± 2.0 μM), (one-way ANOVA with Tukey’s post hoc test for multiple 

comparisons between all groups, P value: ≤ 0.05 *). F. GABA concentration response 

relationships of α2β2γ2L and α2H101Rβ2γ2L +/- 300 nM flurazepam. The data points for 

α1β2γ2L are shown in panel C. The Hill coefficients from the curve fits are: α2β2γ2L (n = 7, 

nH = 1.2±0.1), α2β2γ2L + FLU (n = 8, nH = 1.2 ± 0.1), α2H101Rβ2γ2L (n = 6, nH = 1.4 ± 0.03), 

α2H101Rβ2γ2L + FLU (n = 6, nH = 1.4 ± 0.1). G. The mean GABA EC50 values for α2β2γ2L (○, red) 

(n = 7, EC50 = 15.2 ± 2.5 μM), α2β2γ2L + FLU (○, light red) (n = 8, EC50 = 9.0 ± 1.9 μM), 

α2H101Rβ2γ2L (●) (n = 6, EC50 = 17.8 ± 4.3 μM), α2H101Rβ2γ2L + FLU (●) (n = 6, EC50 = 16.0 ± 3.0 

μM). The mean EC50 values with SEMs are represented in the bar chart (one-way ANOVA with 

Tukey’s post hoc test for multiple comparisons between all groups, P value: ≥ 0.05, n.s.).  

 

Similarly, the ablation of benzodiazepine sensitivity of α1H101R and α2H101R mutant 

subunits in β3-containing receptors was validated. We first examined the extent of 

FLU potentiation in wild type receptors. The α1β3γ2L mean EC50 GABA shifted 

leftwards from 5.7 ± 1.1 μM to 4.0 ± 0.8 μM with FLU, whereas α2β3γ2L GABA 

potency increased from 15.2 ± 2.6 μM to 9.6 ± 2.1 μM, contributing to 42 % and 58 

% increase in apparent GABA affinity respectively (Figure 3.14 A and B). Interestingly, 

the GABA dose response relationship of α1H101Rβ3γ2L (5.7 ± 1.1 μM) experienced a 

significant rightward shift compared to its wild type counterpart, α1β3γ2L (110.0 ± 

21.8 μM) (P value ≤ 0.001) (Figure 13 C and D). A statistically significant decrease in 

GABA apparent affinity was also observed between α2β3γ2L- and α2H101Rβ3γ2L-

expressing HEK293 cells (15.2 ± 2.6 μM and 95.7 ± 15.6 μM respectively, P value ≤ 

0.01) (Figure 3.14 E and F). This rightward shift of the GABA CRC with H101R mutation 

introduction into the α subunit in recombinant β3-containing GABAA receptors was 

previously observed (Benson et al., 1998a).  

The potentiating effect of flurazepam on α1H101Rβ3γ2L GABA EC50 was abolished 

(110.0 ± 21.8 μM and 97.7 ± 22.5 μM, without and with FLU respectively), similar to 

α2H101Rβ3γ2L (73.5 ± 17.0 μM and 95.7 ± 15.6 μM, without and with FLU respectively) 

(Figure 3.14 C-F).  
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Overall, the H101R mutation of the α1 and α2 subunits was shown to ablate the 

effects of FLU potentiation of the GABA concentration response profiles, making this 

amino acid substitution a useful tool to assess subunit arrangement of ‘hetero-alpha’ 

transfected HEK293 cells.   
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Figure 3.14 The H101R substitution in the α1/2 GABAA receptor subunit results in 

flurazepam insensitivity and reduces GABA sensitivity of β3-containing receptors. A. and B. 

GABA concentration response profiles of α1β3γ2L (A.) and α2β3γ2L (B.) with/without 

flurazepam. The nH and EC50 values are given below. C. GABA concentration response profiles 

of α1β3γ2L and α1H101Rβ3γ2L +/- flurazepam (300 nM). The data points for α1β3γ2L are 

shown in panel A. The Hill coefficients are: α1β3γ2L (n = 6, nH = 1.1 ± 0.1), α1β3γ2L + FLU (n 

= 4, nH = 0.9 ± 0.01), α1H101Rβ3γ2L (n = 5, nH =0.9 ± 0.1), α1H101Rβ3γ2L + FLU (n = 4, nH = 0.9 ± 

0.1). D. Bar chart representing the mean GABA EC50 values for α1β3γ2L (□, black) (n = 6, EC50 

= 5.7 ± 1.1 μM), α1β3γ2L + FLU (□, grey) (n = 4, EC50 = 4.0 ± 0.8 μM), α1H101Rβ3γ2L (■) (n = 5, 
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EC50 = 110.0 ± 21.8 μM), α1H101Rβ3γ2L + FLU (■) (n = 4, EC50 = 97.7 ± 22.5 μM), (one-way 

ANOVA with Tukey’s post hoc test for multiple comparisons between all groups, P value: ≤ 

0.01 **, ≤ 0.001 ***).  E. GABA concentration response relationships of α2β3γ2L and 

α2H101Rβ3γ2L +/- flurazepam (300 nM). The data points for α1β3γ2L are shown in panel B. 

The Hill coefficients from the curve fits are: α2β3γ2L (n = 7, nH = 1.2 ± 0.1), α2β3γ2L + FLU (n 

= 5, nH = 1.0 ± 0.04), α2H101Rβ3γ2L (n = 4, nH = 1.1 ± 0.1), α2H101Rβ3γ2L + FLU (n = 4, nH = 1.0 ± 

0.02). F. The mean GABA EC50 values for α2β3γ2L (○, red) (n = 7, EC50 = 15.2 ± 2.6 μM), 

α2β3γ2L + FLU (○, light red) (n = 5, EC50 = 9.6 ± 2.1 μM), α2H101Rβ3γ2L (●) (n = 4, EC50 = 73.5 ± 

17.0 μM), α2H101Rβ3γ2L + FLU (●) (n = 4, EC50 = 95.7 ± 15.6 μM), (one-way ANOVA with Tukey’s 

post hoc test for multiple comparisons between all groups, P value: ≤ 0.01 **, ≤ 0.001 ***). 

 

3.4.2 Assessment of subunit arrangement of ‘hetero-alpha’ β2-containing receptors 

using reporter mutations α1H101R and α2H101R. 

 

As described in Section 3.1 of this chapter, the aim was to infer the relative subunit 

positioning of α1α2-containing GABAA receptor mixtures at the α/γ interface. By co-

transfecting α1 and α2 subunits (+β2 and γ2L), where one of the α subunits presents 

an H101R substitution, the α/γ interface could be established. For example, co-

expression of α1H101R and α2, would theoretically yield four distinct receptor 

population, two of which contain an α1H101R/γ2L interface, and therefore are BDZ 

insensitive: α1H101Rγ2Lβ2α1H101Rβ2 and α1H101Rγ2Lβ2α2β2; and two with an α2/γ2L 

high-affinity BDZ site: α2γ2Lβ2α2β2 and α2γ2Lβ2α1H101Rβ2 (Figure 3.2 A). 

Examination of whether the receptors are potentiated, and if so the extent of this 

potentiation allows us to determine identity of the α subunit adjacent to γ2L as well 

as the most likely subunit combination arrangements.  

Firstly, the α1/γ2L interface sensitivity to BDZ was ablated by co-transfecting 

equimolar ratios of α1H101R, α2, β2 and γ2L subunits cDNAs in HEK293 cells. The GABA 

concentration response relationships in the absence/presence of 300 nM flurazepam 

were obtained (Figure 3.15 A). There was an overall 1.6-fold decrease in GABA 

apparent affinity from 13.2 ± 3.3 μM to 8.5 ± 1.4 μM. For the ease of data 

interpretation and reference, Table 3.1 shows all the GABA EC50s for various 

constructs tested in the absence / presence of flurazepam. Furthermore, the GABA 

concentration response relationship of α1H101Rα2β2γ2L + FLU was better described 
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by a sum of two, rather than one component Hill equations (χ2 2.53 and 2.92 

respectively), indicating the presence of two distinct populations (Figure 3.15 F). The 

first component of the α1H101Rα2β2γ2L + FLU is leftward shifted (EC50 2.8 ±0.8 μM), 

corresponding to the GABAA receptors with α2/γ2L BDZ-sensitive interface, whereas 

the second component corresponds to α1H101R/γ2L BDZ-insensitive interface-

containing GABAARs (21.3 ± 6.3 μM) (Figure 3.15 E). The relative proportion of the 

two components was similar, accounting for 51.1 ± 10.8 % (α2/γ2L interface-

containing) and 48.1 ± 10.4 % (α1H101R/γ2L interface-containing).  
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(μM) 
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(μM) 
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1st 
component 

13.2 ± 3.3 9.4 ± 0.8 89.6 ± 4.0 8.5 ± 1.4 2.8 ± 0.8 51.1 ± 10.8 

2nd 
component 

- 260.9 ± 
205.7 

12.5 ± 3.3 - 21.3 ± 
6.3 

48.1 ± 10.4 

χ2 4.31 1.39 2.92 2.53 

 

Figure 3.15 Removing benzodiazepine sensitivity of γ2/α1 interface in α1α2β2γ2L 

transfected HEK293 cells indicates the presence of both γ2/α1 and γ2/α2 interface-

containing GABAA receptor populations. A. GABA concentration response profiles of 

α1H101Rα2β2γ2L (▲) and α1H101R α2β2γ2L plus flurazepam (FLU) (▲). B and C. GABA 

concentration response relationships of α1H101Rα2β2γ2L (▲), α1H101Rα2β2γ2L + FLU (▲), 

α2β2γ2L (○, red), α2β2γ2L + FLU (○, light red), α1H101Rβ2γ2L (■), and α1H101Rβ2γ2L + FLU (■). 

The hill coefficients from the curve fits are: (n = 4, nH = 1.2±0.04), (n = 6, nH = 1.1 ± 0.05), (n = 

7, nH = 1.2 ± 0.1), (n = 8, nH = 1.2 ± 0.1), (n = 6, nH = 1.3 ± 0.1), and (n = 6, nH = 1.4 ± 0.1) 

respectively. Panel C represents the hill equation fits of panel B. D. Bar chart representing 

the mean ± SEM GABA EC50 values for α1H101Rα2β2γ2L (▲) (n = 4, EC50 = 13.2 ± 3.3 μM), 

α1H101Rα2β2γ2L + FLU (▲) (n = 6, EC50 = 8.5 ± 1.4 μM), α2β2γ2L (○, red) (n = 7, EC50 = 15.2 ± 
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2.2 μM), α2β2γ2L + FLU (○, light red) (n = 8, EC50 = 9.0 ± 1.9 μM), α1H101Rβ2γ2L (■) (n = 6, EC50 

= 15.7 ± 2.4  μM), and α1H101Rβ2γ2L + FLU (■) (n = 6, EC50 = 19.0 ± 3.2 μM), (one-way ANOVA 

with Tukey’s post hoc test for multiple comparisons between all groups, P value: ≤ 0.05 *).  

The EC50 values are summarised in Table 3.1 of this chapter (see below). E. Cartoon 

representation of the γ2/α interfaces that could potentially result from the GABA CRC shifts 

shown in panel A (assuming double component fit of α1H101Rα2β2γ2L + FLU). Bottom-end 

component is rightward shifted in the presence of FLU, indicating the γ2/α2 interface, 

whereas the top-end component indicated the presence of the γ2/α1H101R interface (FLU 

insensitive). F. Table summarising single and double component EC50 and χ2 values for 

α1H101Rα2β2γ2L -/+ FLU.  

 

Taking a similar approach for looking at α2/γ interface, we looked at the effect of the 

α2H101R on the GABA concentration response profiles and BDZ potentiation of 

α1α2H101Rβ2γ2L-expressing HEK293 cells. By using this reporter mutation, BDZ 

sensitivity of α2/γ2L interfaces in possible receptor mixtures (α1γ2Lβ2α1β2, 

α2H101Rγ2Lβ2α2H101Rβ2, α1γ2Lβ2α2H101Rβ2, and α2H101Rγ2Lβ2α1β2) is predicted to be 

ablated. We generated GABA concentration response profiles (+/- 300 nM FLU) for 

HEK293 cells co-transfected with equimolar ratios of α1, α2H101R
, β2, and γ2L subunits. 

The α1α2H101Rβ2γ2L GABA CRC exhibited a 2-fold leftward shift in the presence of 300 

nM flurazepam (EC50 from 19.6 ± 4.2 μM to 9.7 ± 1.4 μM) (Figure 3.16 A). Similar to 

α1H101Rα2β2γ2L, the potentiation of α1α2H101Rβ2γ2L GABA CRC by flurazepam was 

described as a sum of a two component Hill equations (Figure 3.16 F). The first and 

second components accounted for 60.6 ± 3.8 % and 40.0 ± 3.4 % of the total receptor 

pool, with GABA EC50 values of 3.5 ± 0.4 μM and 50.0 ± 8.7 μM respectively. This 

suggests that there are receptor populations with two distinct α/γ2L interfaces: a first 

component that experiences the decrease in GABA apparent affinity corresponds to 

receptor population(s) with α1/γ2L interface, whereas a second receptor population 

is BDZ-insensitive and therefore contains an α2H101R/γ2L interface (Figure 3.16 E).  

Overall, experiments with H101R reporter mutations on the α1 and α2 GABAA 

receptor subunits suggest that, co-expression of both subunits together with β2 and 

γ2L are likely to yield receptor populations with both α1/γ2L and α2/γ2L interfaces. 

Furthermore, our data suggests that the relative proportion of these interfaces is 

similar, between 48.1 % and 60.6 % are α1/γ2L interface-containing and from 40.0 % 

to 51.1 % are α2/γ2L interface-containing. Since the GABA CRC leftward curve shifts 
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upon BDZ potentiation are minor (between 1.4- and 2-fold shift), it is hard to establish 

what curve shifts corresponds to potentiation of which receptor populations, i.e. 

‘homo-alpha’ or ‘hetero-alpha’ GABAARs.  
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48.2 ± 1.1 9.7 ± 1.4 3.5 ± 0.4 60.6 ± 3.8 
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component 

- 17.0 ± 
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51.1 ± 1.1 - 50.0 ± 
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40.0 ± 3.4 

χ2 1.94 1.94 10.19 1.85 

 

Figure 3.16 Mixture of α1 wild type and α2 benzodiazepine insensitive mutant subunits co-

expressed with β2 and γ2 subunits results in γ2/α1 and γ2/α2 interface-containing GABAA 

receptor populations. A. GABA concentration response curves of α1α2H101Rβ2γ2L (▲) and 

α1α2H101Rβ2γ2L plus FLU (▲). B and C. GABA concentration response relationships of 

α1α2H101Rβ2γ2L (▲) (n = 6, nH = 1.4 ± 0.05), α1α2H101R β2γ2L + FLU (▲) (n = 4, nH = 1.0 ± 0.02), 

α1β2γ2L (□, black) (n = 6, nH = 1.4 ± 0.1), α1β2γ2L + FLU (□, grey) (n = 6, nH = 1.1 ± 0.04), 

α2H101Rβ2γ2L (●) (n = 6, nH = 1.4 ± 0.03), and α2H101Rβ2γ2L + FLU (●) (n = 5, nH = 1.4 ± 0.1). 

Panel C shows only the hill equation fits of B (no data points). D. Bar chart representing the 

mean GABA EC50 values of α1α2H101Rβ2γ2L (▲) (n = 6, EC50 = 19.6 ± 4.3 μM), α1α2H101R β2γ2L 

+ FLU (▲) (n = 4, EC50 = 9.7 ± 1.4 μM), α1β2γ2L (□, black) (n = 6, EC50 = 11.0 ± 2.6 μM), α1β2γ2L 

+ FLU (□, grey) (n = 6, EC50 = 7.7 ± 2.3 μM), α2H101Rβ2γ2L (●) (n = 6, EC50 = 17.8 ± 4.3 μM), and 
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α2H101Rβ2γ2L + FLU (●) (n = 5, EC50 = 16.0 ± 3.0 μM) transfected HEK293 cells. Statistical test: 

one-way ANOVA with Tukey’s post hoc test for multiple comparisons between all groups was 

performed, P value: ≥ 0.05 n.s.  The EC50 values are summarised in Table 3.1 of this chapter 

(see below). E. Cartoon representation of the γ2/α interfaces that could be potentially result 

from the GABA CRC shifts shown in panel A (assuming double component fit of 

α1α2H101Rβ2γ2L + FLU). Higher apparent affinity component indicates the presence of an 

γ2/α1 interface that can be potentiated with FLU, whereas the lower apparent affinity 

component is FLU insensitive (γ2/α2H101R interface containing GABAA receptors). F. Table 

summarising single and double component fit EC50 and χ2 values for α1H101α2β2γ2L -/+ FLU. 

 

3.4.3 Assessment of subunit arrangement of ‘hetero-alpha’ β3-containing receptors 

using reporter mutations α1H101R and α2H101R. 
 

So far, differences between β2- and β3-containing receptors in HEK293 cells co-

expressing α1 and α2 subunits were established (Sections 3.2 and 3.3 of this chapter). 

It was, therefore, interesting to establish, whether subunit arrangement of β3-

containing receptors could differ from that of β2-containing receptors. To achieve 

this aim, H101R reporter mutation was used to establish the identity of the α subunit 

at the α/γ2L interface, similarly to β2-containing receptors (Section 3.4.2). As shown 

in Figure 3.14 C and E, the GABA concentration response profiles of α1H101Rβ3γ2L and 

α2H101Rβ3γ2L co-transfected HEK293 cells exhibit a prominent rightward shift 

compared to α1β3γ2L and α2β3γ2L (P values ≤ 0.001 and ≤ 0.01 respectively). This 

decrease in GABA apparent affinity allows for higher curve separation when 

establishing the respective receptor populations in multi-component Hill equation 

fits of α1H101Rα2β3γ2L / α1α2H101Rβ3γ2L GABA CRC flurazepam potentiation.  

We first ablated the BDZ sensitivity of all α1/γ2L interfaces high affinity BDZ sites by 

using an α1H101R DNA construct. The GABA concentration response relationships were 

obtained in the absence or presence of 300 nM flurazepam in α1H101Rβ3γ2L-

expressing HEK293 cells (Figure 3.17 A). The GABA EC50 value for α1H101Rα2β3γ2L 

exhibited a 1.4-fold decrease in the presence of FLU (from 15.1 ± 2.9 μM to 10.5 ± 2.6 

μM). Furthermore, the data obtained for flurazepam potentiation of the GABA CRC 

was better described by the sum of two Hill equations, rather than a single Hill 

equation component (χ2 0.46 and 3.62 respectively) (Figure 3.17 F). The first 

component accounted for 77.5 ± 3.6 % of the total GABAA receptor population with 
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an EC50 value of 5.1 ± 0.5 μM, whereas the second component accounted for 23.9 ± 

3.3 % (GABA EC50 111.3 ± 27.3 μM). This suggests that there are two distinct receptor 

populations: the former correspond to GABAARs with α2/γ2L BDZ-sensitive interface, 

and the latter represent the α1H101R/γ2L interface-containing receptors (Figure 3.17 

E).  
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Figure 3.17 The H101R benzodiazepine insensitive mutation of the α1 subunit in α1α2β3γ2L 

transfected HEK293 cells indicates the presence of both γ2/α1 and γ2/α2 interface-

containing GABAA receptor populations. A. GABA concentration response profiles of 

α1H101Rα2β3γ2L (▲) and α1H101Rα3β2γ2L plus FLU (▲). B and C. GABA concentration response 

relationships of α1H101Rα2β3γ2L (▲) (n = 7, nH = 1.3 ± 0.1), α1H101Rα2β3γ2L + FLU (▲) (n = 5, nH 

= 0.9 ± 0.03), α2β3γ2L (○, red) (n = 7, nH = 1.2 ± 0.1), α2β3γ2L + FLU (○, light red) (n = 5, nH = 

1.0 ± 0.05), α1H101Rβ3γ2L (■) (n = 5, nH = 0.9 ± 0.1), and α1H101Rβ3γ2L + FLU (■) (n = 4, nH = 0.9 

± 0.05). Panel C shows the hill equation fits of panel B (no data points). D. Bar chart 
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representing the mean GABA EC50 values for α1H101Rα2β3γ2L (▲) (n = 7, EC50 = 15.1 ± 2.9 μM), 

α1H101Rα2β3γ2L + FLU (▲) (n = 5, EC50 = 10.5 ± 2.6 μM), α2β3γ2L (○, red) (n = 7, EC50 = 15.3 ± 

2.6 μM), α2β3γ2L + FLU (○, light red) (n = 5, EC50 = 9.6 ± 2.1 μM), α1H101Rβ3γ2L (■) (n = 5, 

EC50=110.0±21.8 μM), and α1H101Rβ3γ2L + FLU (■) (n=4, EC50=97.7±22.5 μM), (one-way 

ANOVA with Tukey’s post hoc test for multiple comparisons between all groups, P value:  ≤  

0.001 ***, ≤ 0.0001 ****).  The EC50 values are summarised in Table 3.1 of this chapter (see 

below). E. Cartoon representation of the γ2/α interfaces that could be potentially result from 

the GABA CRC shifts shown in panel A (assuming double component fit of α1H101Rα2β3γ2L + 

FLU). Higher apparent affinity component suggests the presence of γ2/α2 interface-

containing receptor population, whereas the lower apparent affinity component suggests 

the presence of the γ2/α1H101R interface (FLU insensitive GABAA receptors). F. Table 

summarising single and double component fit EC50 and χ2 values for α1H101α2β3γ2L -/+ FLU.  

 

Next, the effect of α2/γ2L BDZ-sensitivity ablation was investigated. Equimolar ratios 

of α1, α2H101R
, β3, and γ2L subunit cDNA were co-expressed in HEK293 cells, and GABA 

concentration response profiles without and with flurazepam were obtained. The 

α1α2H101Rβ3γ2L GABA EC50 exhibited a 2.9-fold decrease in the presence of 300 nM 

flurazepam (from 11.6 ± 2.0 μM to 4.0 ± 1.0 μM) (Figure 3.18 A). Similar to 

α1H101Rα2β3γ2L, the potentiation of α1α2H101Rβ3γ2L GABA CRC by flurazepam was 

described as a sum of two components (Figure 3.18 F). The EC50 values of those two 

components were 1.9 ± 0.3 μM and 28.4 ± 10.8 μM and accounted for 73.9 ± 7.1 % 

and 26.0 ±6.7 % of the total receptor pool respectively.  These results suggest that 

there are receptor populations with two distinct α/γ2L interfaces in α1α2H101Rβ3γ2L 

co-expressing HEK293 cells: first component, exhibiting a decrease in GABA EC50 

corresponds to receptor population(s) with α1/γ2L interface, whereas the second 

receptor population is BDZ-insensitive and therefore contains an α2H101R/γ2L 

interface (Figure 3.18 E). It is worth noting that the relative proportion of α1/γ2L to 

α2/γ2L is reversed, compared to the results obtained from α1H101Rα2β3γ2L-

expressing cells. Interestingly, the α5H105R mutation has been shown to disrupt the 

assembly of α5 in GABAA receptors containing two distinct α subunits, specifically by 

affecting the relative positioning of the α subunits (Balic et al., 2009). This could 

explain the complete switch in α1/γ2L and α2/γ2L interface proportions that was 

observed in our results (Figure 3.17 E and 3.18 E).  
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Together, these results suggest that co-expression of two distinct GABAAR α subunits, 

α1 and α2 (+ β3 and γ2L), probably assemble as receptor populations with both 

α1/γ2L and α2/γ2L interfaces. Discrepancies between α1/γ2L and α2/γ2L interfaces 

proportions obtained from α1H101Rα2β3γ2L and α1α2H101Rβ3γ2L GABA CRC 

flurazepam potentiation data (Figure 3.17 F and 3.18 F) are likely to be attributed to 

subunit positioning changes upon H101R mutation introduction (Balic et al., 2009). 

Furthermore, from the data presented above, it is not possible to correlate receptor 

interfaces and GABAAR population identities (‘homo-alpha’ or ‘hetero-alpha’).   
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α1α2H101Rβ3 
γ2L 

GABA GABA + FLU 

Hill 
equation 

components 

One-
component  

fit 

Two-component  
fit 

One-
component  

fit 

Two-component  
fit 

 EC50 

(μM) 
EC50  
(μM) 

Percentage 
(%) 

EC50 

(μM) 
EC50 

(μM) 
Percentage 

(%) 

1st 
component 

11.6 ± 2.0 10.1 ± 
1.6 

45.9 ± 1.8 4.0 ± 1.0 1.9 ± 0.3 73.9 ± 7.1 

2nd 
component 

- 10.2 ± 
0.02 

51.4 ± 0.01 - 28.4 ± 
10.8 

26.0 ± 6.7 

χ2 6.83 6.83 4.17 1.90 

 

Figure 3.18 Mixture of α1 wild type and α2H101R mutant subunits co-expressed with β2 and 

γ2 subunits results in expression of both γ2/α1 and γ2/α2 interface-containing GABAA 

receptor populations. A. GABA concentration response curves of α1α2H101Rβ3γ2L (▲) and 

α1α2H101Rβ3γ2L plus FLU (▲). B and C. GABA concentration response relationships of 

α1α2H101Rβ3γ2L (▲) (n = 5, nH = 1.3 ± 0.1), α1α2H101R β3γ2L + FLU (▲) (n = 5, nH = 1.0 ± 0.03), 

α1β3γ2L (□, black) (n = 6, nH = 1.1 ± 0.1), α1β3γ2L + FLU (□, grey) (n = 4, nH = 0.9 ± 0.01), 

α2H101Rβ3γ2L (●) (n = 4, nH = 1.1 ± 0.1), and α2H101Rβ3γ2L + FLU (●) (n = 4, nH = 1.0 ± 0.02). 

Panel C shows the hill equation fits of B (no data points). D. Bar chart representing the mean 

GABA EC50 values of α1α2H101Rβ3γ2L (▲) (n = 5, EC50 = 11.6 ± 2.0 μM), α1α2H101R β3γ2L + FLU 

(▲) (n = 5, EC50 = 4.0 ± 1.0 μM), α1β3γ2L (□, black) (n = 6, EC50 = 5.7 ± 1.1 μM), α1β3γ2L + FLU 
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(□, grey) (n = 4, EC50 = 4.1 ± 0.8 μM), α2H101Rβ3γ2L (●) (n = 4, EC50 = 73.5 ± 17.0 μM), and 

α2H101Rβ3γ2L + FLU (●) (n = 4, EC50 = 95.7 ± 15.6 μM) transfected HEK293 cells(one-way 

ANOVA with Tukey’s post hoc test for multiple comparisons between all groups was 

performed, P value:  ≤ 0.001 ***, ≤ 0.0001 ****). The EC50 values are summarised in Table 

3.1 of this chapter (see below). E. Cartoon representation of the γ2/α interfaces that could 

be potentially result from the GABA CRC shifts shown in panel A (assuming double 

component fit of α1α2H101Rβ3γ2L + FLU). Bottom-end component is shifted rightwards 

suggesting the presence of an γ2/α1 interface that can is potentiated by FLU pre-application, 

whereas the top-end component is FLU insensitive (γ2/α2H101R interface containing GABAA 

receptors). F. Table summarising single and double component fit EC50 and χ2 values for 

α1H101α2β3γ2L -/+ FLU.  

 

Table 3.1 The mean GABA EC50 values for α1 α2 wild type/mutant mixtures. The table 

summarises the GABA EC50 values (μM) of αxβ2γ2 and αxβ3γ2 GABAA receptor mixtures in the 

absence or presence of flurazepam (see Figures 3.12-3.15). The αx stands for the mixtures of 

α wild type and H101R mutant (see second column for detail). The fold increase in apparent 

affinity between GABA and GABA + FLU is given in the last column. 

GABAAR 

mixture 

The α 

subunit 

GABA EC50 

(μM) 

GABA + FLU 

EC50 

(μM) 

Fold increase 

in apparent 

potency 

 

 

αxβ2γ2 

(β2-containing) 

α1H101R 15.7 ± 2.4 19.0 ± 3.2 0.8 

α1H101Rα2 13.2 ± 3.3 8.5 ± 1.4 1.6 

α2 15.2 ± 2.2 9.0 ± 1.8 1.7 

α1 11.0 ± 2.6 7.7 ± 2.3 1.4 

α1α2H101R 19.6 ± 4.2 9.7 ± 1.4 2.0 

α2H101R 17.8 ± 4.3 16.0 ± 3.0 1.1 

 

 

αxβ3γ2 

(β3-containing) 

α1H101R 110.0 ± 21.8 97.7 ± 22.5 1.1 

α1H101Rα2 15.1 ± 2.9 10.5 ± 2.6 1.4 

α2 15.3 ± 2.6 9.6 ± 2.1 1.6 

α1 5.7 ± 1.1 4.1 ± 0.8 1.4 

α1α2H101R 11.6 ± 2.0 4.0 ± 1.0 2.9 

α2H101R 73.5 ± 17.0 95.7 ± 15.6 0.8 
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3.4.4 Summary of results from α1H101R and α2H101R reporter mutations 
 

In this section a histidine to arginine substitution, H101R, on two distinct α subunits: 

α1 and α2 was used as a reporter tool to establish the identity of α subunit at the 

α/γ2L interface in α1α2βγ2L-expressing HEK293 cells. Furthermore, the goal was to 

assess, whether there are any differences in the identity and abundance of this 

interface between β2- and β3-containing receptors.  

Our first aim was to assess the effects of H101R mutation on the α1β2/3γ2L and 

α2β2/3γ2L GABA concentration response profiles. Our results show an ablation of 

flurazepam potentiation of the GABA responses (Figures 3.12 and 3.13). This is in 

agreement with previous reports studying the effects of diazepam on receptors 

containing an α subunit with H101R substitution (Benson et al., 1998b; Kleingoor et 

al., 1993b; Löw et al., 2000; Rudolph et al., 1999; Wieland et al., 1992b).  

By introducing an H101R mutation in either α subunit of interest (α1 and α2) and 

assessing the GABA responses potentiation profiles of α1α2βγ2L-expressing HEK293 

cells, we were able to identify the identities of α/γ2L interfaces. Both β2- and β3-

containing receptor data (Figures 3.15 - 3.18) exhibited two Hill equation 

components, suggesting that either α subunits can be present at the α/γ2L interface. 

Unfortunately, this data alone does not provide the full insight into the receptor 

populations and their subunit arrangements i.e. ‘homo-alpha’ and ‘hetero-alpha’ 

GABAA receptors.  

Notably, the GABA EC50 values of α1H101Rα2β3γ2L (15.1 ± 2.9 μM) and α1α2H101Rβ3γ2L 

(11.6 ± 2.0 μM) are in close proximity to their wild-type counterparts: α2β3γ2L (15.3 

± 2.6 μM) and α1β3γ2L (5.7 ± 1.1 μM), rather than mutation-containing receptors: 

α1H101Rβ3γ2L (110.0 ± 21.8 μM) and α2H101Rβ3γ2L (73.5 ± 17.0 μM) (Figures 3.17 and 

3.18). The possible explanation could be that the expression or post-translational 

events (assembly, receptor trafficking) of α1H101R mutant subunit could be affected. 

Immunohistochemical and biochemical evidence from α1H101R mice suggested that 

the mutation does not affect α1 subunit protein levels (Rudolph et al., 1999). 

Nevertheless,  a homologous mutation in the α5 subunit – α5H101R, leads to a ~ 20 %   
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reduction of α5 protein levels in hippocampal cultured neurones, however it does not 

reduce α5 mRNA levels (Crestani et al., 2002).  

Taken together, we tried to dissect the subunit arrangement and hence the identity 

of the α subunit at the α/γ2L interface in ‘hetero-alpha’ GABAA receptors.  

 

3.5 Discussion  

Although the structural heterogeneity of GABAA receptors has been widely studied, 

the majority of these studies include only biochemical analyses (Bohlhalter et al., 

1996; Christie and de Blas, 2002; Fritschy et al., 1992; Fritschy and Mohler, 1995; 

Zezula and Sieghart, 1991) as described in Section 1.4.1. The consensus support for 

existence of GABAA receptors with two distinct α subunits remains unclear. In this 

study, we have examined the electrophysiological properties of α1 and α2 subunit-

containing GABAA receptors. Here, we have assessed the behaviour of GABA 

concentration response relationships of α1α2-transfected HEK293 cells. We also used 

α1L263S, α2F65L, α1H101R, and α2H101R reporter mutations as functional tools to dissect 

the abundance and subunit arrangement in populations formed by α1 and α2 co-

expression (Baumann et al., 2003; Benson et al., 1998a; Chang et al., 1996a; Kleingoor 

et al., 1993a; Sigel et al., 1992; Wieland et al., 1992a).  

 

3.5.1 Identities of both α and β subunits determine GABA sensitivity of ‘hetero-alpha’ 

GABAA receptors  
 

Conclusions from each set of experiments can be found in summary Sections 3.2.4, 

3.3.4, and 3.4.4. Table 3.2 outlines the main outcomes of electrophysiological 

analyses of ‘hetero-alpha’ GABAA receptors. Our data from α1α2β2γ2L wild-type and 

α1L263Sβ2γ2L expressing HEK293 cells collectively indicates the presence of ‘hetero-

alpha’ GABAA receptor population that comprises ~ 45 % of the total receptor pool. 

However, the GABA sensitivity of this receptor population is not distinct compared to 

‘homo-alpha’ counterparts: α1β2γ2L and α2β2γ2L. Interestingly, our data indicates 
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that α1α2β3γ2L wild-type mixtures experience a leftward shift of GABA sensitivity 

compared to ‘homo-alpha’ populations (Figure 3.3). This suggests that a population 

of ‘hetero-alpha’ GABAA receptors is formed within the mixture and has a higher 

GABA apparent affinity than α1α1- and α2α2-containing receptors. Previous studies 

on recombinant GABAA receptors: α1α3β2γ2 and α1α5β2γ2, have shown that the 

GABA sensitivity of the former lies between α1- and α3-contaning receptors, whereas 

the latter shows an increased GABA apparent affinity compared to α1 and α5 ‘homo-

alpha’ GABAA receptors (Ebert et al. 1994; Tia et al. 1996; Verdoorn 1994). It has been 

well documented that the identity of both α and β subunits determines GABA 

potency of ‘homo-alpha’ GABAA receptors (αxβyγ-tri-heteropentamers), suggesting 

that the same principle could be applied to ‘hetero-alpha’ receptors (Böhme et al., 

2004; Mortensen et al., 2012a). Expression of ‘hetero-alpha’ combinations could 

therefore provide greater pharmacological diversity of GABAA receptors. Given that 

α1 and α2 subunits’ expression prevails over other α subunit types (Pirker et al., 

2000), collective α1α1, α1α2 and α2α2 GABAA receptor  mixtures could be implicated 

in fine tuning of GABA-evoked responses in the brain.  

A study of recombinant α1/α3- and α1/α5-co-injected oocytes suggested that the 

maximum efficacy and potency towards P4S – a partial GABAAR agonist, is 

determined by the relative identities of α subunits (α1 and α3/α5 respectively) (Ebert 

et al. 1994). This further strengthens the hypothesis of α subunits playing a crucial 

role in determining ‘hetero-alpha’ GABAA receptor pharmacology.  

 

3.5.2 The β subunit determines the abundance of ‘hetero-alpha’ GABAA receptors  
 

Results from wild type electrophysiological analysis, with varying the ratios of α1 : α2 

cDNAs in β3-containing receptors indicates that not only the relative proportion of 

α1α2-containing GABAA receptors is ‘fixed’, but also the expression of α1α2 receptors 

predominates over α2α2-containing receptors (Figure 3.8). The multi-component 

Hill-equation fits of α1L263Sα2β3γ2L are in agreement with the wild-type data, 

estimating the relative proportion of α1α2 ‘hetero-alpha’ and α2α2 ‘homo-alpha’ 

GABAA receptor populations to be 67.7 ± 4.1 % and 36.7 ± 3.0 % respectively (Figure 
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3.9). Interestingly, the relative proportion of α1L263Sα2 : α2α2 β2-containing GABAA 

receptors is 44.7 % to 49.1 %, suggesting that both of these populations are expressed 

at similar levels (Figure 3.9). It is important to note that co-expression of α1L263S and 

α2 subunits revealed that there is no pure α1L263Sα1L263S receptor populations 

detected in β3-containing receptors. Furthermore, the same receptor population 

(α1L263Sα1L263S) in the β2-expressing receptors comprises the minority of the total 

receptor pool: ~ 6 %. Taken together, our data could indicate that the identity of the 

β subunit dictates the relative expression of α1α2 ‘hetero-alpha’ receptors.  

The β subunit identity influences GABAA receptor assembly, clustering and trafficking 

(Jacob et al., 2008). Evidence on subcellular localisation of β2/3-containing GABAA 

receptors is conflicting, with some studies suggesting that β2-containing receptors 

predominantly localise synaptically, whereas β3-containing receptors are localised 

peri-synaptically and vice versa depending on the brain area  (Herd et al., 2008; 

Kasugai et al., 2010; Thomas et al., 2005). Furthermore, a study that assessed 

differential solubilisation of GABAA receptors suggested that the number of α5-

containing ‘hetero-alpha’ receptors (α1- or α2-containing) depends on the 

subcellular localisation (Ju et al., 2009). It is, therefore, possible that the identity of 

both α subunits (‘homo-alpha’ or ‘hetero-alpha’) could be dictated by their β 

assembly partners (β2 or β3) and, hence, subcellular localisation.
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Table 3.2 Summary results table of electrophysiological studies in HEK293 cells. The table summarises the results from each set of electrophysiological 

experiments: wild-type α1α2 subunit co-expression, and reporter mutations: α1L263S and α2F65L - receptor population number studies based upon multi-

component Hill equation fits; α1H101R and α2H101R – benzodiazepine insensitive mutations to establish α/γ2L interfaces.  

  The β2-containing The β3-containing Notes 

W
ild

-t
yp

e 

 The α1α2 CRC curve lies between the 

α1α1 and α2α2. There could be a middle 

component receptor population (α1α2), 

but reporter mutations are needed to 

separate α1α1 and α2α2 CRCs.  

Co-expression of α1α2 subunits results in a DRC 

leftward shift, compared to α1α1 and α2α2 CRC. 

This could indicate that α1α2 receptor population 

has a higher GABA apparent affinity.  

The α1α2 receptors are tri-heteromers, i.e. αβγ. 

Altering α1:α2 ratios does not have an effect on CRC 

dynamics, suggesting that there is a minimum 

number of α1α2 receptors that need to assemble. 

The assembly of α1α2 receptors predominates over 

α2α2. 

  

 

The GABA EC50 of α1α1 and α2α2 lie too 

close to one another, therefore it is hard 

to distinguish the receptor populations.   

R
e

p
o

rt
e

r 
m

u
ta

ti
o

n
 

α1L263S The CRC of α1L263Sα2 fits three-

component Hill equation with respective 

percentages of the total receptor 

population: 6.1 ± 2.8 % (α1α1*), 44.7 ± 

3.9 % (α1α2*), 49.1 ± 4.3 % (α2α2*).   

The CRC of α1L263Sα2 has two distinct populations 

with the relative percentages of 67.7 ± 4.1 % 

(α1α2*), 36.7 ± 3.0 % (α2α2). The ‘homo-alpha’ 

α1α1 is not observed in the Hill-equation fit and 

could therefore be absent.  

* - probable receptor populations.  

α2F65L Two-population Hill equation fit is best 

for α1α2F65L, with respective receptor 

percentages of 85.3 ± 1.3 % and 13.9 ± 

1.6 %**.   

The CRC of α1α2F65L revealed two distinct receptor 

populations and account for 85.2 ± 1.3 % and 13.9 ± 

1.6 % of the total receptor pool**.  

** The χ2 statistics of the two- and 

three-component fit are similar.  
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The α2α2F65L mixture contains three 

components, where the first component 

predominates over other two (78.9 ± 2.3 

%). 

R
e

p
o

rt
e

r 
m

u
ta

ti
o

n
 

α1H101R Both α1/γ2L and α2/γ2L interfaces are 

present upon α1H101R and α2 subunit co-

expression (48.1 ± 10.4 % of α1/γ2L- 

and 51.1 ± 10.8 % of α2/γ2L-interface 

containing). 

Both interfaces are present (α1/γ2L and α2/γ2L) 

when co-expressing α1H101R and α2 subunits. 

Relative percentages of α1/γ2L and α2/γ2L 

interfaces are 23.9 ± 3.3 % and 77.5 ± 3.6 % 

respectively. 

The results only show the α/γ2L 

interfaces present in a subunit mixture, 

not the stoichiometry or the full 

arrangement of receptor populations.  

The H101R substitution has been shown 

to affect subunit positioning of the α5 

subunits (Balic et al., 2009). 

α2H101R Both α1/γ2L (60.6 ± 3.8 %) and α2/γ2L 

(40.0 ± 3.4 %) interfaces are present 

upon α1 and α2H101R subunit co-

expression. 

Both α1/γ2L (73.9 ± 7.1 %) and α2/γ2L (26.0 ± 6.7 %) 

interfaces are present upon α1 and α2H101R subunit 

co-expression. 

The results only show the α/γ2L 

interfaces present in a subunit mixture, 

not the stoichiometry or the full 

arrangement of receptor populations.  

The H101R substitution has been shown 

to affect subunit positioning of the α5 

subunits (Balic et al., 2009). 
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Previous studies identified ‘hetero-alpha’ GABAA receptor mixtures from brain lysates 

using biochemical methods (see Introduction Table 1.2 for more detail). A spectrum 

of α1α2-containing receptor percentages was reported, varying between 13 % and 

36 % of the total α1-, α2- and α3-containing GABAA receptors (Benke et al., 2004a; 

del Río et al., 2001a; Duggan et al., 1991). These values are lower than the ones we 

obtained from multi-component Hill equation fits: 44.7 ± 3.9 % and 67.7 ± 4.1 % for 

α1L263Sα2β2γ2L and α1L263Sα2β3γ2L receptor populations respectively (Figure 3.9). 

The discrepancies could be attributed to multiple reasons. Firstly, biochemical 

analyses were performed from brain lysates, whereas our study was performed in a 

recombinant system. Neurones and HEK293 cells could have different assembly 

machinery, which would then dictate the assembly preferences of ‘hetero-alpha’ 

GABAA receptors. Furthermore, western blotting heavily relies on the quantity and 

quality of purified protein as well as antibody specificity and affinity, and therefore 

carries significant systematic and random errors in quantification analysis. Also, the 

detergent and its percentage used for solubilisation of GABAA receptors determines 

both the efficiency of extraction and receptor type (synaptic or extrasynaptic) (Ju et 

al., 2009). Finally, the biochemical data does not distinguish between ‘hetero-alpha’ 

β2 or β3-containing GABAA receptors.  

 

3.5.3 The function of the α/γ interface in ‘hetero-alpha’ GABAA receptors 
 

It has been previously elucidated that high affinity benzodiazepine site in GABAA 

receptors lies between the α +/γ- interface (Masiulis et al., 2019b; Minier and Sigel, 

2004c;  Walters et al., 2000). This implies that the pharmacological activity of ‘hetero-

alpha’ GABAAR benzodiazepine modulation is governed by the identity of the α 

subunit adjacent to the γ subunit. Our data from α1L263S and α2 subunits mixtures 

together with β3 and γ2 subunits suggested that the pure ‘homo-alpha’ α1L263S 

receptor population is not present in the mixture (Figure 3.9). Furthermore, 

experiments with BDZ-insensitive mutation, H101R, in the α2 subunit, revealed that 

α1α2H101Rβ3γ2L-expressing HEK293 cells experience a 2.9-fold decrease in GABA 

apparent affinity (Table 3.1). Taken together, these data imply that the α1 
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benzodiazepine sensitivity in the α1α2β3γ2L-expressing HEK293 cells is purely 

mediated by ‘hetero-alpha’ GABAA receptors with the α1γ2β3α2β3 subunit 

arrangement.  

Previous biochemical studies have tried to assess the subunit arrangement of the 

‘hetero-alpha’ GABAA receptors by establishing their benzodiazepine binding 

properties (Araujo et al., 1999, 1996; del Río et al., 2001a; Pollard et al., 1995; Scholze 

et al., 2020). The results suggested that the ‘hetero-alpha’ α1-containing GABAA 

receptor arrangement is dictated by the identity of the other α subunit. Both 

arrangements αxγ2βα1β and α1γ2βαxβ (where x – 2, 3, 4, 5) could be identified, but 

the prevalence of each complex was determined by the αx subunit. Our data also 

suggests that both α2γ2Lβ2/3α1β2/3 and α1γ2Lβ2/3α2β2/3 ‘hetero-alpha’ 

receptors are present within the α1α2-receptor mixture; however, we could not 

establish the prevalence of each population (Figures 3.15-3.18). As discussed in 

Section 3.4.4, one of the possible explanations for inability to accurately estimate the 

receptor population prevalence with the H101R reporter mutation is the effect it has 

on the relative positioning of the α BDZ insensitive subunit positioning in the ‘hetero-

alpha’ GABAA receptor complex  (Balic et al., 2009). 

Behavioural studies of the H101R BDZ-insensitive mutant mouse models have 

correlated benzodiazepine actions with the α subunit isoform. As such, α1 subunit 

containing GABAA receptors have been associated with sedation, α2/3 – anxiolysis, 

and α5 – cognitive enhancement (Collinson et al., 2002; Löw et al., 2000; Rudolph et 

al., 1999). Our findings suggest that in α1α2-co-expressing HEK293 cells with either 

β2 or β3 subunits, both α1/γ2L and α2/γ2 interfaces are present (Figures 3.15-3.18). 

Thus, it is possible that the mode of benzodiazepines action in ‘hetero-alpha’ GABAA 

receptors could be more complex than initially anticipated in H101R mouse models. 

Possible permutations and arrangements of α subunits in the receptor pentamer 

could translate into multicomponent patterns of behaviour. Therefore, 

understanding composition and pharmacology of ‘hetero-alpha’ GABAA receptor 

mixtures, specifically their benzodiazepine modulation is crucial.  
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3.6 Assumptions and limitations  

3.6.1 Reporter mutations 
 

In this chapter we took the advantage of three reporter mutations: α1L263S, α2F65L, 

and α1H101R/α2H101R to dissect the abundance and pharmacology of the ‘hetero-alpha’ 

GABAA receptors (Baumann et al., 2003; Benson et al., 1998a; Chang et al., 1996a; 

Kleingoor et al., 1993a; Sigel et al., 1992; Wieland et al., 1992a). We have 

characterised each amino acid substitution in our recombinant system – HEK293 

cells.  

Our conclusions with the α1L263S and α2F65L are strongly based on the assumption that 

these mutations do not after the stoichiometry and arrangement of the α1β2/3γ2L 

and α2β2/3γ2L GABAA receptors. The mutations in the GABAAR TM2 domain, one of 

which is L9’S, are thought to have little effect on the subunit interface interactions, 

and therefore should not affect the subunit stoichiometry (Xu and Akabas, 1996).  

Indeed, the L9’S mutation of the conserved amino acid has been previously used to 

study the stoichiometry of the γ2- and δ-containing GABAA receptors, as well as 

nAChRs, and 5-HT3Rs (Chang et al., 1996a; Chang and Weiss, 1999; Filatov and White, 

1995; Labarca et al., 1995; Patel et al., 2014; Yakel et al., 1993).  

The α2F65L mutation, a homologous amino acid substitution to the α1F65L, was 

previously used to study GABAA receptor agonist-dependent gating as well as GABA 

binding sites in concatenated receptors (Baumann et al., 2003; Sigel et al., 1992). 

Since the subunit arrangement in the concatenated receptors is fixed, we cannot 

infer the effect of the F65L mutant on the stoichiometry of freely expressed ‘hetero-

alpha’ GABAA receptors from the previous studies. However, from our data using 

α2α2F65L-co-expression (Figure 3.12), we established that the α2α2 wild-type 

receptor population GABA-evoked currents predominate over those containing an 

α2F65L. Ideally, the receptor population percentages upon co-expression of the same 

wild-type and mutant subunit isoform, assuming the stoichiometry and expression 

are not affected, should follow a binomial distribution: 1:2:1 ratio (Chang et al., 

1996a). Nevertheless, the data presented in Figure 3.9 largely deviates from this 
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prediction. This could imply that the mutant α2F65L subunit does not assemble as 

efficiently as the α2 wild type, or the assembly is reduced, indicating that the F65L 

mutation could affect subunit assembly.  

With regards to α1H101R/α2H101R, it is worth reiterating that the H101R benzodiazepine 

mutation in the α5 subunit has been previously implicated in alternation of relative 

subunit positioning in the GABAAR pentamers (Balic et al., 2009). Even though the 

α1H101R mutation does not seem to affect the subunit protein levels and hence the 

expression, other studies suggested that the homologous substitution on the α5 

subunit reduces its protein levels by ~ 20 % (Crestani et al., 2002; Rudolph et al., 

1999).  

Furthermore, it is worth noting that even though α1L263S and α2F65L mutants do not 

impair GABAAR cell surface expression (Figure 3.10), both mutations could skew the 

results of multi-component Hill equation fits (Section 3.3). One of the most 

prominent limitations is that both mutations have been suggested to alter the gating 

kinetics of the GABAA receptor (Baumann et al., 2003; Chang et al., 1996a). This is not 

surprising given that both amino acids (L263 and F65) are located within the TM2 

domain lining the channel pore and the α- side of the GABA binding pocket 

respectively (Laverty et al., 2019b; Masiulis et al., 2019b; Miller and Aricescu, 2014; 

Miller and Smart, 2010). Changes in gating kinetics would subsequently lead to 

altered relative proportions in the multi-component Hill equation fits.  

 

3.6.2 GABA binding sites 
 

In this study, we also assumed that the two possible subunit arrangements: 

α1γ2βα2β α2γ2βα1β, of α1α2-containing ‘hetero-alpha’ GABAA receptors are 

functionally equivalent in terms of GABA-evoked responses. The two GABA binding 

sites are located at the extracellular domain of the β+/α- interface and both sites 

must be occupied for full receptor activation (Miller and Smart, 2010). Nevertheless, 

two binding sites were shown to not carry the same contribution to the receptor 

activation, with site 1 (flaked by the γ and β subunits) carrying a three-fold lower 
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GABA affinity than site 2 (flanked by the α and γ subunits) (Baumann et al., 2003). 

This suggests that in a receptor pentamer with two distinct α subunits, the relative 

positioning of the two will largely dictate the receptor’s apparent affinity to GABA. 

Indeed, concatenated receptor studies with α1/α6 subunit mixtures show that the 

γ2β2α1/β2α6 construct has a much higher GABA EC50 than γ2β2α6/β2α1 (Minier and 

Sigel, 2004a). Nonetheless, from our data (Figures 3.2 and 3.6) and previous reports 

the subunits that were chosen for this study: α1 and α2, were shown to have very 

similar potencies to GABA (Mortensen et al., 2012a). Minimising the potency 

differences of ‘homo-alpha’ receptor populations (α1α1- and α2α2-containing) 

should in theory have very little effect on the GABA potency differences between 

α1γ2βα2β α2γ2βα1β ‘hetero-alpha’ GABAA receptors. Further work should aim at 

assessing the GABA potencies of those receptor populations using forced assembly 

studies.  

 

3.7 Conclusions 

1. Wild-type α1α2β3γ2L GABAA receptors have a higher potency to GABA than 

‘homo-alpha’ counterparts, which is indicative of a distinct receptor population 

formation. Furthermore, this receptor population has a high-benzodiazepine site i.e. 

αβγ stoichiometry.  

2. Both β2 and β3 containing GABAA receptors, when co-expressed with α1 and α2 

subunits (+ γ2L) form ‘hetero-alpha’ receptor populations. The abundance of these 

populations is possibly influenced by the identity of the β subunit.  

3. Co-expression of α1, α2, β3, and γ2 does not produce a α1β3γ2L GABAAR 

population pool. Additionally, ‘hetero-alpha’ receptor population is predominant 

over the α2α2-containing population.  

4. The α1 benzodiazepine sensitivity in the α1α2β3γ2L-expressing HEK293 cells is 

purely mediated by ‘hetero-alpha’ GABAA receptors within the α1γ2β3α2β3 subunit 

arrangement. 
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Chapter 4: Exploring ‘hetero-alpha’ GABAARs in cultured 

hippocampal neurons: presence, functional signatures and 

roles in long-term potentiation 

4.1 Introduction  

In the previous chapter, the existence and abundance of ‘hetero-alpha’ GABAA 

receptors, specifically α1α2-containing receptors, was investigated in a recombinant 

HEK293 system. Our results indicate that α1α2-containing GABAARs do indeed form 

upon co-transfection of α1, α2, β2/3, and γ2L subunits, and receptor assembly 

permutations as well as subunit arrangements within the  pentamer are potentially 

dictated by the identities of both α and β subunit isoforms. Our next aim was to assess 

the presence of these ‘hetero-alpha’ receptors and their sub-cellular localisation – 

synaptic or extrasynaptic – in neurons.  

As outlined in the Introduction Section 1.4.1, previous studies identified various 

‘hetero-alpha’ GABAA receptors by using immunohistochemistry and co-

immunoprecipitation methods (Araujo et al., 1999; Benke et al., 2004a; Bohlhalter et 

al., 1996; Christie and de Blas, 2002; del Río et al., 2001a; Fritschy et al., 1992; Fritschy 

and Mohler, 1995; Zezula and Sieghart, 1991). However, the evidence for native 

‘hetero-alpha’ GABAARs is not conclusive due to the nature of the techniques used. 

Firstly, while co-localisation studies can give insight on whether two receptor 

subunits are present in the same subcellular compartment, the resolution of such 

techniques is not high enough to reveal whether subunits of interest are in the same 

pentameric complex. For example, the resolution of confocal microscopes could 

reach 180 nm in the xy plane, whereas the diameter of a single GABAAR pentamer 

ranges between only 6 to 8 nm (Heintzmann and Huser, 2017; Laverty et al., 2019a; 

Miller and Aricescu, 2014).  

Similarly, biochemical techniques, including co-immunoprecipitation (co-IP) of 

‘hetero-alpha’ GABAA receptors could inform on whether two distinct subunit 

isoforms are present in a ‘pulled-down’ protein complex. However, these subunits 

could be connected by a string of other proteins that are associated with them, 
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therefore two distinct α subunits could be co-immunoprecipitated due to inter-, 

rather than an intra-receptor interaction (Gomes et al., 2016a). Furthermore, 

artefacts can arise in co-IP protocols, which are influenced by detergent type and its 

concentration in the lysis buffer, specificity of antibodies and other experimental 

conditions (Burckhardt et al., 2021; Nakamura et al., 2016). Lastly, identification of 

proteins with low-level expression could also be challenging.  

Due to these issues, we wanted to find an alternative method that could assess the 

existence of native ‘hetero-alpha’ GABAA receptors. Our aim was not only to 

demonstrate the presence of two distinct α subunit isoforms within the same native 

receptor complex in neurons, but also to assess their subcellular 

compartmentalisation.  

To achieve this goal, we used the proximity ligation assay (PLA) to study the existence 

of ‘hetero-alpha’ GABAA receptors in cultured hippocampal neurons. The principle 

behind PLA is outlined in detail in the Methods Section 2.5.2. Briefly, PLA is used to 

detect interactions between endogenous proteins of interest by giving a fluoresent 

readout after incubations with relevant antigen-specific primary antibodies and 

oligo-tagged secondary probes. Following hybridisation and amplification cycles, the 

fluorescent signal can be detected by confocal microscopy. For the amplification to 

work, the two protein targets need to be ≤ 30 nm apart, ie, in sufficiently close 

proximity; however some studies claim that the distance should be ≤ 17 nm for signal 

amplification to occur (Gomes et al., 2016a; Söderberg et al., 2006; Weibrecht et al., 

2010). This distance is comparable to fluorescent resonance energy transfer (FRET) 

methods, which relies on expression of fluorophore tagged proteins and have a 

resolution of 5 - 10 nm (Jaeger et al., 2014; Lecat-Guillet et al., 2017). Overall, this 

makes PLA a valuable technique to study protein-protein interactions in situ without 

the caveats of target protein overexpression.  

Indeed, the PLA technique has been widely used to study heteromerization states of 

G-protein coupled receptors (GPCRs) in vitro using heterologous cells expressing 

receptors of interest, as well as native receptors in cultured neurons and brain slices 

(Berg et al., 2012; Gomes et al., 2016a, 2016b; Sierra et al., 2015). Hence,  PLA has 

been used to investigate heteromerization states of cannabinoid (CB1 and CB2) 
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receptors, δ and κ opioid receptors, D2-type dopamine receptors (D2Rs) and A2-type 

adenosine  receptors (A2ARs) in various brain regions (Berg et al., 2012; Callén et al., 

2012; Sierra et al., 2015). Furthermore, PLA has been used to study mitochondrial 

dynamics, the effect of upregulating CYFIP1 protein on synaptic excitation/inhibition 

balance, as well as phophorylation-induced despersal of synaptic Neuroligin-2 (NL2) 

(Davenport et al., 2019; Halff et al., 2020; Norkett et al., 2016).  

Here, we performed the PLA for native α1 and α2 GABAA receptor subunits to assess 

their proximity in cultured hippocampal neurons. To validate that the PLA interaction 

is indeed occuring at the intra-receptor level, two controls were performed. We 

treated neurons with a microtubule polymerisation inhibitor – nocodazole, that was 

previously shown to decluster synaptic GABAA receptors (Petrini et al., 2003) and thus 

would split any inter-receptor associations and therefore generate false PLA signal. 

Additionally, PLA was used to analyse γ2 and δ GABAAR subunit proximity – these 

subunits are not assembled in the same receptor complex –thus they should not be 

close enough to generate a PLA signal.   

Our next aim was to understand whether the overexpression of either one of the α 

GABAAR subunits  (α1 or α2) could influence the number of ‘hetero-alpha’ receptors. 

To do so we performed PLA in cultured hippocampal neurons transfected with either 

α1 or α2 cDNAs. Recordings of spontaneous inhibitory post synaptic currents (sIPSCs) 

from the same neuronal transfections were analysed to establish any kinetic 

signatures of α1α2-containing GABAA receptors.  

Lastly, we used PLA to quantify the expression of α1α2-containing GABAA receptors 

after induction of chemical inhibitory long-term potentiation (iLTP) using a protocol 

validated by electrophysiology (Molnár, 2011). iLTP has been shown to induce 

changes in receptor lateral mobility and GABAAR number at inhibitory synapses 

(Goldin et al., 2001; Molnár, 2011).  

Throughout the PLA experiments, immunostaining of the vesicular inhibitory amino 

acid transporter (VIAAT) was performed. VIAAT has been widely used as an inhibitory 

presynaptic marker for both GABAergic and glycinergic synapses. At the 

developmental stage of cultured hippocampal neurons used here, (days in vitro 
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DIV12-15), VIAAT colocalisation with glutamic acid decarboxylase  (GAD65) – is 

reported to be between 96.6 ± 0.8 % and 99.3 ± 0.4 %, proving it a reliable marker for 

GABAergic synapses (Danglot et al., 2003; Sagné et al., 1997). Co-localisation of PLA 

fluorescence with VIAAT was quantified in all experiments to identify the subcellular 

localisation of the ‘hetero-alpha’ GABAA receptors.  

 

4.2 Results 

4.2.1 Assesment of the interaction between GABAAR α1 and α2 subunits via PLA 
 

As mentioned above, PLA is a widely used method to establish whether two proteins 

of interest are in direct contact in native tissues (Gomes et al., 2016a). With regards 

to using PLA to study ion channels, puromycin-proximity ligation assays (puro-PLA), 

which exploits the incorporation of puromycin into the newly synthesised proteins 

and its subsequent labelling, were used to investigate de novo synthesis of NMDA 

and GABAA receptors (Dieck et al., 2015; Rajgor et al., 2020, 2018). Hence, to our 

knowledge, PLA has not been previously used to directly assess subunit composition 

of ligand-gated ion channels. Therefore, preliminary experiments in both transfected 

HEK293 cells and cultured hippocampal neurons were required to validate the PLA 

assay protocol for ‘hetero-alpha’ GABAA receptor assesment.  

The size of a single GABAA receptor is estimated to be 8 nm in diameter at the N-

terminal domain and 11 nm in height (excluding the large intracellular loop) (Laverty 

et al., 2019b; Miller and Aricescu, 2014). Furhermore, each IgG antibody is estimated 

to be 8.5 nm in height (Tan et al., 2008). Therefore, the theoretical maximal distance 

between two α subunits in a single GABAA receptor with two antibodies would be 25 

nm (8.5+8+8.5), which is within the sensitivity range of PLA – less than 30 nm 

between the secondary probes (refer to Figure 2.3)  (Weibrecht et al., 2010).  

Our first aim was to assess whether PLA detects an interaction between two distinct 

GABAAR subunits: α1 and α2. To do so, HEK293 cells were co-transfected with α1, α2, 

β2/3 and γ2  GABAAR subunits  and eGFP cDNAs in equimolar ratios – the latter 
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construct was required for identification of transfected cells. We used two subunit-

specific rabbit antibodies: anti-α1 (Abcam, 33299) and anti-α2 (Synaptic Systems, 

224-103) – both well characterised and widely used (Arama et al., 2015; Ding et al., 

2017; Kasugai et al., 2010; Maric et al., 2017; Nakamura et al., 2020, 2016) – to assess 

the proximity between α1 and α2 subunits (see Methods 2.5.3 for detail). Since the 

antibodies were derived from the same species, the anti-α2 antibody was directly 

conjugated to a short PLUS oligonucleotide probe to avoid secondary PLA probe 

cross-reactivity. Throughout this chapter, the PLA was performed after fixation of the 

cultured neurons, but prior to permeabilisation. All PLA probes were amplified with 

the red detection reagents in the amplification cycle of the protocol (Methods 2.5.3), 

which generates a signal visible as a distinct red fluorescent spot detectable by 

confocal fluorecence microscopy, indicating close (<30 nm) proximity two proteins.  
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Figure 4.1 Detection of GABAAR α1 and α2 subunit interactions in transfected HEK293 cells 

and cultured hippocampal neurons. A. Representative confocal microscopy images of PLA in 

HEK293 cells expressing either α1α2β2γ2L (top row) or α1α2β3γ2L (bottom row). Cells were 

co-transfected with eGFP for identification (green). PLA signal (red) indicates the proximity 

between GABAAR α1 and α2 subunit antibodies. Scale bar 20 μm. B. Confocal microscopy 

images of PLA in cultured hippocampal neurons, immunostained for MAP2 (green); PLA signal 

– red dots indicate the proximity between native GABAAR α1 and α2 subunit antibodies. Scale 

bars 50 μm (top panels) and 30 μm (zoomed images). Representative images for PLA signals 

are maximal projections of multiple z-sections in these and all subsequent figures in this 

chapter.  
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Figure 4.1 A shows example images of maximum projections of PLA signal between 

α1 and α2 subunits obtained from α1α2β2γ2L- (top row) and α1α2β3γ2L- transfected 

HEK293 cells (bottom row). Throughout this chapter, each individual PLA puncta will 

be referred to as a ‘PLA dot’. These images show that both α1α2β2γ2L- and 

α1α2β3γ2L-expressing HEK293 cells have PLA dots, suggesting that α1 and α2 

GABAARs are in close (< 30nm) proximity, most likely to be in the same receptor 

complex. This further strengthens the data from Section 3.2, suggesting that wild-

type GABAA receptors form α1α2-containing pentamers in HEK293 cells.  

After validating the PLA protocol in a recombinant system, our next aim was to assess 

whether this technique works with native receptors. PLA directed against 

extracellular α1 and α2 native GABAAR subunit epitopes was performed in DIV 12-14 

cultured hippocampal neurons followed by immunolabelling for microtubule 

associated protein 2 (MAP2)  (see Sections 2.5.1 and 2.5.3). MAP2 staining was 

performed to visualise the soma and dentritic projections of neurons. Briefly, 

neurons were fixed with PFA and cell surface α1 and α2 subunits were probed with 

selective antibodies: rabbit anti-α1 (1:500 dilution) and rabbit anti-α2 congugated to 

the PLUS probe (1:200 dilution) antibodies respectively. Neurons were then 

incubated with anti-rabbit MINUS PLA probe (1:5 dilution), following which ligation 

and amplification incubations were performed. The neurons were permeabilised and 

intracellular MAP2 was labelled with chicken anti-MAP2 antibody (1:100 dilution) and 

subsequently labelled with Alexa Fluor® 488 secondary antibodies. Neurons were 

imaged with confocal microscopy as Z-stacks. Figure 4.1 B shows representative 

images of pyramidal neurons with MAP2 labelling (green) and PLA performed 

between α1 and α2 GABAAR subunits (red). The presence of the PLA dots on dendrites 

suggest that these two subunits are in close proximity and are probably in the same 

receptor complex.  

Taken together, this suggest that α1 and α2 GABAAR subunits are in close enough 

proximity to be detected by PLA. Nevertheless, the PLA signal could arise between α1 

and α2 GABAAR subunits in adjacent receptors, rather than originating from the same 
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pentamer. The next section will outline the controls performed to validate that the 

signal arises at the intra-, not inter-receptor level.  

 

4.2.2 Nocodazole effects on GABAAR clustering and α1 and α2 subunit proximity.  
 

GABAA receptors are known to form clusters at postsynaptic membranes directly 

opposite GABAergic presynaptic terminals to ensure effective fast synaptic inhibition 

(Moss and Smart, 2001). Various proteins have been implicated in synaptic GABAAR 

clustering, with the most prominent example being the post-synaptic scaffolding 

protein - gephyrin (Tyagarajan and Fritschy, 2014). This tubulin-binding protein co-

localises with various GABAA receptor subunits and its ablation leads to loss of 

synaptic GABAAR clusters (Essrich et al., 1998; Feng et al., 1998; Kneussel et al., 1999; 

Tretter et al., 2008). Additionally, the stability of the cytoskeleton is crucial for 

GABAAR clustering, with manipulation of microtubule polymerisation leading to 

modulation of GABAAR activity and cluster assembly (Chen et al., 2000; Petrini et al., 

2003). Treatment with a microtubule polymerisation inhibitor – nocodazole – has 

been shown to lead to declustering of both synaptic and extrasynaptic GABAA 

receptors and induces changes in kinetic profiles of GABAergic currents in cultured 

hippocampal neurons (Petrini et al., 2004, 2003). 

So far, we have shown that α1 and α2 GABAARs are in sufficiently close proximity to 

allow for PLA signal formation in both transfected HEK293 cells and cultured 

hippocampal neurons (Figure 4.1). However, the signal could arise due to PLA probe 

hybridisation between adjacent GABAA receptors each containing only one type of α 

subunit: α1 or α2 (inter-receptor interaction), rather than two distinct α subunit 

isoforms in the same pentameric complex (intra-receptor interaction). Since GABAA 

receptors are densely packed at postsynaptic junctions, with tens to few hundreds of 

GABAA receptors clustered in a small membrane area (0.04 to 0.15 μm2; Kasugai et 

al. 2010; Nusser, Cull-Candy, and Farrant 1997; Specht et al. 2013), it is indeed 

possible that PLA signal could be inter-receptor driven. To test the identity of the PLA 

α1/α2 interaction, we used nocodazole treatment that has been previously used to 

disperse GABAA receptors from synapses (Petrini et al., 2003).  
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To do so, cultured hippocampal neurons were subjected to treatment with 

nocodazole. In brief, 10 μM nocodazole in DMSO was added to maintenance media 

(1:1000 dilution) and applied to cultured hippocampal neurons as described 

previously (Petrini et al., 2003). A control treatment with DMSO was applied in 

parallel. Neurons were incubated with the treatments for 1 hour before proceeding 

with either PLA or ICC protocols. For ICC, either cell surface GABAAR α1 or α2 subunits 

were labelled, to test nocodazole’s effectiveness in dispersing GABAA receptors via 

microtubule depolymerisation.  

Cell surface labelling of GABAAR α1 subunit (red) in cultured hippocampal neurons 

with control and nocodazole treatments is shown in Figure 4.2 A and B. It is clear that 

after 10 μM nocodazole treatment, the GABAAR α1 subunit is diffusely expressed 

throughout the cell surface membrane, rather than localised as discrete puncta. 

Quantification of α1 subunit clusters using the built-in ImageJ particle analysis plug-

in revealed a significant reduction of total cluster area within the MAP2 mask (green) 

in nocodazole treated neurons compared to control treatment (P value ≤ 0.0001) 

(Figure 4.2 C). Furthermore, the mean intensity of the GABAAR α1 subunit surface 

labelling significantly decreases with nocodazole treatment (P value ≤ 0.0001) (Figure 

4.2 D). 
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Figure 4.2 Nocodazole treatment decreases GABAAR α1 subunit clustering. A and B.  

Example confocal microscopy images of cultured hippocampal neurons with cell surface 

labelling of GABAA receptor α1 subunit (red) and post-permeabilization labelling with MAP2 

(green). Neurons were treated either with 10 μM nocodazole in DMSO (1:1000) (B) or with 

control treatment, DMSO (1:1000) (A). Scale bars 60 μm (overview) and 30 μm (zoomed 

inserts). C. Bar chart representing the total area of GABAAR α1 subunit clusters within the 

MAP2 mask (normalised to MAP2 area) in DMSO (□) (n = 27, 59.3 ± 3.3 %) or nocodazole (■) 

(n = 31, 19.1 ± 2.3 %) treated neurons. D. The mean intensity of GABAAR α1 subunit surface 

labelling in control, DMSO, (□) (n = 27, 104.1 ± 5.6 a.u.) or nocodazole (■) (n = 31, 59.4 ± 5.4 

a.u) treated neurons. Unpaired t-test for both C and D, P value ≤ 0.0001 ****. Bars represent 

mean ± SEM with individual data points representing single cells in this and proceeding 

figures. 
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Next, cell surface immunolabelling of GABAAR α2 subunits was also performed after 

the same treatment of cultured hippocampal neurons (Figure 4.3). Similar to α1-, α2-

containing GABAA receptors were dispersed after nocodazole treatment compared 

to control (Figure 4.3 A and B).  As expected the mean total area of GABAAR α2 

subunit clusters within the MAP2 mask was significantly decreased post nocodazole 

application compared to control (P ≤ 0.0001) (Figure 4.3 C). The mean cell surface 

GABAAR α2 subunit intensity decreased by 2.2-fold, from 112.2 ± 7.6 a.u. with control 

treatment to 50.2 ±4.8 a.u. after nocodazole treatment (P ≤ 0.0001) (Figure 4.3 D).  

These findings together, provide evidence that nocodazole promotes GABAA receptor 

declustering in cultured hippocampal neurons by inhibiting microtubule 

polymerisation, which is in agreement with previous studies (Petrini et al., 2004, 

2003).  
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Figure 4.3 Nocodazole treatment promotes GABAAR α2 subunit declustering. A and B. Cell 

surface staining of GABAA receptor α2 subunit followed by permeabilization and MAP2 

staining (green) in control, DMSO (A) or 10 μM nocodazole treated (B). C. Bar chart showing 

the mean total area of GABAAR α2 subunit clusters within the MAP2 mask (normalised to the 

MAP2 area) in control, DMSO, (○) (n = 15, 50.0 ± 3.9 %) or nocodazole (●) (n = 16, 11.6 ± 2.1 

%) treated cultured hippocampal neurons. Scale bars 60 μm (top panels) and 30 μm (zoomed 

images). D. Bar chart representing the mean GABAAR α2 subunit cluster intensity in DMSO 

(○) (n = 15, 112.2 ± 7.6 a.u.) or nocodazole (●) (n = 16, 50.2 ±4.8 a.u.) treated neurons. 

Unpaired t-test for both C and D, P ≤ 0.0001 ****.  
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Next, we performed the proximity ligation assay between α1 and α2 GABAAR subunits 

on nocodazole treated hippocampal cultured neurons. If the PLA α1/α2 signals in 

Figure 4.1 B arise due to inter-receptor PLA probe interactions, the number of PLA 

dots is expected to decrease upon treatment with nocodazole as it induces GABAA 

receptor declustering and hence increases the distance between single receptor 

pentamers.  

In PLA experiments (here and in all proceeding sections), the quantitative analysis of 

PLA signal is presented in three distinct ways. The first quantifies the number of PLA 

dots within the MAP2 mask area (Figure 4.4 C). This is the most reliable and direct 

method of assessment. Second, the total number of PLA dots in the zoomed confocal 

image was calculated and normalised to the MAP2 mask area (Figure 4.4 D). The 

rationale for this was that MAP2 labelling could potentially be missed in the finer 

dendrites. Lastly, we measured the total number of PLA signals and normalised to the 

whole image area (Figure 4.4 E). This appears the most indirect method for 

quantification, but has been used by others (Gomes et al., 2016a). We chose the first 

method as a standard throughout this chapter for establishing any changes, however 

all three measures gave similar results.  

Figure 4.4 illustrates the PLA results between α1 and α2 subunits in cultured 

hippocampal neurons. Figures 4.4 A and B show representative confocal images of 

pyramidal neurons labelled with cell surface PLA (red) and intracellular MAP2 

immunolabelling (green). No significant differences were observed between PLA dots 

within the MAP2 area in control and nocodazole treated neurons (P value ≥ 0.05) 

(Figure 4.4 C). This suggests that the proximity of α1 and α2 subunits does not 

change, regardless of nocodazole-induced GABAA receptor declusterising (Figures 4.2 

and 4.3), indicating that these subunits are likely to be present in the same receptor 

pentamers. Hence, the proximity ligation-based method is likely to be a reliable 

technique for assessment of native ‘hetero-alpha’ GABAA receptors.   
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Figure 4.4 Nocodazole treatment has no effect on the number of GABAAR α1 and α2 PLA 

dots. A and B. Representative confocal images showing PLA dots (red) between GABAAR α1 

and α2 subunit antibodies and MAP2 intracellular labelling (green). The PLA was performed 

prior to permeabilization to assess the proximity of cell surface GABAAR subunits. Cultured 

hippocampal neurons were treated with 10 μM nocodazole in DMSO (1:1000) (panel B) or 

sham treated with DMSO (1:1000) (panel A). Scale bars 60 μm (top panels) and 30 μm 

(zoomed images). C. Bar chart showing the mean number of PLA dots within the MAP2 mask 

(normalised to MAP2 mask area) for DMSO (△) (n = 18, 0.04 ± 0.003) and nocodazole (▲) (n 

= 22, 0.04 ± 0.004) treated neurons. Unpaired t-test, P ≥ 0.05 n.s.  D. Bar chart representing 

the total number of PLA dots per field of view (zoomed images; normalised to MAP2 mask 

area) for DMSO (△) (n = 18, 0.13 ± 0.014) or nocodazole (▲) (n = 18, 0.15 ± 0.014) treated 

neurons. Unpaired t-test, P ≥ 0.05 n.s. E. Bar chart showing total number of PLA dots per field 

of view (normalised to area) for DMSO (△) (n = 18, 0.01 ± 0.001) and nocodazole (▲) (n = 22, 

0.02 ± 0.001) treated neurons. Mann-Whitney test, P ≥ 0.05 n.s.  
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4.2.3 GABAAR γ2 and δ subunits are not in close proximity for PLA probe hybridisation 
 

To further validate PLA as a method for quantifying native hetero-alpha GABAA 

receptors in cultured hippocampal neurons we performed another control to assess 

whether this technique is likely to detect inter-receptor subunit interactions: 

assessment of proximity between γ2 and δ subunits. The δ GABAA receptor is 

localised mainly extrasynaptically although there is some evidence that these 

receptors can be localised perisynaptically and may contribute to sIPCSCs (Kasugai et 

al., 2010; Sun et al., 2018; Wei et al., 2003). The γ2 subunit has been shown to exist 

in synaptic junctions as well as at extrasynaptic locations  (Bogdanov et al., 2006; 

Kasugai et al., 2010; Zoltan Nusser et al., 1998; Thomas et al., 2005). Therefore, it is 

possible that these two subunits could co-exist in close proximity within the same 

subcellular compartments, both in synapses and extrasynaptic membranes. 

Nevertheless, their presence in the single GABAAR receptor pentamer is mutually 

exclusive (Martenson et al., 2017; Olsen and Sieghart, 2009).  Since γ2 and δ subunits 

cannot exist in the same GABAAR complex, any PLA dots would imply that these 

subunits are present in distinct GABAA receptors that are in sufficiently close 

proximity to generate an inter-receptor PLA signal.  

To test this hypothesis, a PLA assay between γ2 and δ subunits was performed in 

cultured hippocampal neurons. First, the antibodies used for PLA were tested by 

immunocytochemistry. The first two rows in Figure 4.5 A shows representative 

images of neuronal dendrites labelled with either rabbit anti-γ2 antibodies (top row, 

red) or mouse anti-δ antibodies (middle row, red) alongside MAP2 labelling (green).  

Immunocytochemistry with both GABAA receptor subunit antibodies gives rise to 

clear GABAA receptor immunolabelling along MAP2-positive dendrites, indicating the 

presence of both γ2- and δ-containing receptors in these neurons. 

The bottom row in Figure 4.5 shows confocal images of PLA (red) performed between 

γ2 and δ subunits with the same antibodies as above. Quantification analysis 

indicated that no PLA γ2/δ dots were observed in the images taken, suggesting these 

two GABAAR subunits are not in close enough proximity for the PLA probes to 
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hybridise. This observation further strengthens the validity of PLA use to assess 

GABAA receptor stoichiometry at a single receptor level.  

 

Figure 4.5 The GABAARs γ2 and δ subunits are not in close proximity to produce a PLA signal. 

A. Representative confocal images of GABAAR γ2 (top row) and δ (middle row) subunit cell 

surface staining in cultured hippocampal neurons. The bottom row shows a representative 

neuronal dendrite after application of PLA between γ2 and δ subunits (red channel). MAP2 

immunostaining was performed after permeabilization (green). Scale bar 50 μm (all images). 

B. Bar chart quantifying the mean ± SEM values of PLA dots between GABAAR α1 and α2 (△) 

(n = 18, 0.04 ± 0.004), or γ2 and δ (▲) (n = 12, 0) subunits. Mann-Whitney test, P ≤ 0.0001 

****. 

 

4.2.4 Expression of the α2 subunit leads to an increase in synaptic ‘hetero-alpha’ 

GABAARs in cultured hippocampal neurons 
 

From the previous chapter we concluded that the expression of ‘hetero-alpha’ 

GABAARs is likely to be tightly regulated and depends on the identity of both α and β 

subunits. To assess the effects of expressing either α subunit (α1 and α2) on numbers 

of α1α2-containing receptors and their subcellular localisation, we transfected DIV7 
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cultured hippocampal neurons with either subunit cDNA construct. These subunit 

constructs were co-transfected with eGFP in equimolar ratios and included a control 

eGFP only transfection performed in parallel. Unlike HEK293 cells transfection, the 

β2/3 and γ2 were not co-transfected with the α subunits. This is due to the fact that 

neurons endogenously express GABAARs, thereby by transfecting cultured neurons 

with only α subunits, the assembly and expression of receptors is limited by 

endogenous β2/3 and γ2 subunit availability. 

On DIV12-14 neurons were fixed and cell surface PLA between α1 and α2 was 

performed as described previously. Neurons were then permeabilised and labelled 

with guinea-pig anti-VIAAT antibodies. Subsequent confocal imaging was used to 

produce Z-stacks with optimum slices of eGFP positive neurons.  

For analysis, an ImageJ plug-in DiAna (see Methods Section 2.5.3) was used, which 

allows for three-dimensional object segmentation and automatically performs 

object-based co-localisation and distance analyses (Gilles et al., 2017). We measured 

co-localisation between PLA dots and VIAAT puncta. Since VIAAT is a synaptically-

localised vesicular co-transporter of GABA, the role of which is to package vesicles 

containing GABA molecules for synaptic release, it serves as a reliable presynaptic 

marker for GABAergic terminals (Danglot et al., 2003; Juge et al., 2009; Sagné et al., 

1997). Therefore, all PLA α1/α2 dots co-localising with VIAAT were considered as 

synaptic, whereas PLA dots that did not overlap with VIAAT were regarded as 

extrasynaptic.  

PLA signal between anti-α1 and anti-α2 GABAA receptor antibodies revealed the 

presence of ‘hetero-alpha’ α1α2-containing receptors in eGFP, α1 or α2 transfected 

neurons (Figure 4.6 A). The number of PLA dots did not change upon α1 subunit 

overexpression compared to control, eGFP (0.04 ± 0.005 per μm2 and 0.04 ± 0.005 

per μm2 respectively, P ≥ 0.05) (Figure 4.6 B). Interestingly, the number of PLA dots 

in α2-transfected neurons  (n = 16, 0.07 ± 0.007) significantly increased compared to 

both eGFP- (n = 14, 0.04 ± 0.005) and α1-transfected (n = 14, 0.04 ± 0.005) neurons 

(P ≤ 0.05 and ≤ 0.001 respectively). This suggests that overexpression of α2, but not 

α1 GABAAR subunits leads to an increased number of ‘hetero-alpha’ α1α2-containing 

GABAA receptors. It is possible that increasing the number of available α2 subunits 
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upregulates the assembly and cell surface expression of α1α2-containing GABAARs, 

indicating that α2 subunit synthesis could be a limiting factor in formation of these 

receptors.  

Co-localisation analysis of α1/α2 PLA dots with VIAAT clusters revealed that there 

was no significant difference in the proportion of synaptic PLA dots in α1 transfected 

neurons compared with eGFP controls (P value ≥ 0.05). However, there was a 

significant increase in both PLA with VIAAT puncta and VIAAT puncta with PLA dots 

in α2-transfected neurons, 42.3 ± 4.6 % and 63.9 ± 5.5 % respectively, compared to 

control eGFP transfected neurons, 21.3 ± 3.6 % and 17.3 ± 2.9 % respectively, (P ≤ 

0.01 and ≤ 0.0001) and α1-transfected neurons 24.3 ± 5.1 % and 17.5 ± 3.6 % 

respectively (Figure 4.6 E and F). Additionally, a 1.7-fold increase in PLA colocalization 

with VIAAT puncta (P ≤ 0.05), and a 3.6-fold increase in PLA-positive VIAAT puncta (P 

≤ 0.0001) were observed in α2- compared to α1-transfected neurons. Since the 

overall number of α1α2-containing GABAARs increases with α2 subunit 

overexpression (Figure 4.6 B), it is likely that the newly assembled ‘hetero-alpha’ 

GABAARs have a preference to cluster at synapses, rather than localise 

extrasynaptically. 
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Figure 4.6 Overexpression of α2, but not α1 GABAAR subunits leads to an increase in PLA 

dots that localise at synapses. A. Example confocal images of PLA signal (red) between 

GABAAR α1 and α2 subunit antibodies, eGFP (green) and VIAAT (blue). PLA was performed 

prior to permeabilization to assess the proximity of surface α1 and α2 subunits. Cultured 

hippocampal neurons were transfected with eGFP (top row), eGFP + α1 subunit (middle row), 

or eGFP + α2 subunit (bottom row) cDNAs (equimolar ratios) on DIV7 and stained on DIV14-

16. Scale bar 30 μm (overview) and 15 μm (zoomed inserts). B. Bar chart representing 

number of PLA dots within the eGFP mask (normalised to MAP2 mask area). The mean ± SEM 
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of PLA signals of eGFP (○) (n = 14, 0.04 ± 0.005), α1 (○) (n = 14, 0.04 ± 0.005), and α2 (○) (n = 

16, 0.07 ± 0.007) transfected neurons. Kruskal-Wallis test with Tukey’s post hoc test for 

multiple comparisons between all groups, P ≤ 0.05 *, ≤ 0.001 **. C. Bar chart representing 

the total number of PLA dots in the field of view (zoomed images; normalised to eGFP mask 

area). Neurons were transfected with eGFP (○) (n = 14, 0.11 ± 0.017), α1 +eGFP (○) (n = 14, 

0.17 ± 0.027), or α2 + eGFP (○) (n = 16, 0.22 ± 0.023) cDNAs. Ordinary one-way ANOVA test 

with Tukey’s post hoc test for multiple comparisons between all groups, P ≤ 0.05 *. D. Total 

number of PLA dots per field of view (normalised to area). The mean ± SEM of PLA signals of 

eGFP (○) (n = 14, 0.01 ± 0.002), α1 (○) (n = 14, 0.02 ± 0.002), and α2 (○) (n = 16, 0.02 ± 0.002) 

transfected neurons. Kruskal-Wallis test with Tukey’s post hoc test for multiple comparisons 

between all groups, P ≤ 0.05 *, ≤ 0.001 **. E. Percentage of PLA dots colocalising with VIAAT 

clusters for EGFP (○) (n = 14, 21.3 ± 3.6 %), α1 (○) (n = 14, 24.3 ± 5.1 %), and α2 (○) (n = 15, 

42.3 ± 4.6 %) transfected neurons. F. Bar chart representing percentage means ± SEMs of 

VIAAT clusters colocalising with PLA dots for eGFP (○) (n = 14, 17.3 ± 2.9 %), α1 (○) (n = 14, 

17.5 ± 3.6 %), and α2 (○) (n = 15, 63.9 ± 5.5 %) transfected neurons. For E and F, Ordinary 

one-way ANOVA test with Tukey’s post hoc test, P ≤ 0.05 *, ≤ 0.01 **, ≤ 0.0001 ****. 

 

4.2.5 Investigating sIPSCs of α1 and α2 transfected cultured hippocampal neurons  
 

Following the results obtained from investigating the effects of either α1 or α2 

subunit overexpression on ‘hetero-alpha’ GABAA receptor cell surface numbers and 

their localisation patterns, the effects of these transfections on inhibitory synaptic 

transmission in cultured hippocampal neurons were investigated. Specifically, our 

aim was to elucidate any functional signatures of ‘hetero-alpha’ α1α2-containing 

GABAARs. Since overexpression of the α2 subunit results in an increased synaptic 

expression of ‘hetero-alpha’ GABAAR, we hypothesised that these could potentially 

have a role in regulating inhibitory synaptic transmission.  

To test this hypothesis, cultured hippocampal neurons were transfected with either 

α1 or α2 GABAAR subunit cDNAs (+ eGFP), and a control transfection with eGFP cDNA 

only was performed in parallel. The transfection protocol was performed in the same 

way as described in Section 4.2.3. Transfected neurons were subjected to whole-cell 

voltage-clamp electrophysiology, where membrane currents were recorded and 

spontaneous inhibitory post-synaptic currents (sIPSCs) were analysed (see Methods 

2.4.4). Example mean sIPSC waveforms of eGFP (black), α1 (blue) and α2 (red) 

transfected neurons are shown in Figure 4.7 A. No significant differences in sIPSC 

frequency and mean amplitude (Figure 4.7 B and C respectively) were observed 
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between eGFP, α1, and α2 subunit cDNA transfections (P value ≥ 0.05 between all 

groups). Despite lack of statistical significance, a trend towards increased sIPSC 

frequency of α2-transfected neurons (2.7 ± 0.5 Hz) could be noted, compared to the 

control, eGFP (1.4 ± 0.2 Hz) and α1 (1.7 ± 1.04 Hz) transfections.  

 

 

 

Figure 4.7 sIPSC analysis of eGFP, α1 and α2 transfected hippocampal cultured neurons. A. 

Example mean sIPSC waveforms from representative EGFP (black), GABAAR α1 (blue), and α2 

(red) subunit transfected hippocampal cultured neurons. The inset trace represents 

peak-scaled mean sIPSC waveforms from the same cells. B. sIPSC frequencies of EGFP (○) (n 

= 4, 1.4 ± 0.2 Hz), α1 (○) (n = 5, 1.7 ± 1.04 Hz), and α2 (○) (n = 7, 2.7 ± 0.5 Hz) transfected 

neurons. C. Bar chart representing the mean ± SEM sIPSC amplitudes of EGFP (○) (n = 4, -

151.3 ± 43.3 pA), α1 (○) (n = 5, -139.1 ± 28.6 pA), and α2 (○) (n = 7, -134.7 ± 27.9 pA) 
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transfected neurons. D. sIPSC rise times (10 - 90 %) of EGFP (○) (n = 4, 1.01 ± 0.2 ms), α1 (○) 

(n = 5, 1.1 ± 0.1 ms), and α2 (○) (n = 7, 1.2 ± 0.2 ms) transfected neurons. E. Bar chart 

representing the mean sIPSC weighted decay tau values of EGFP (○) (n = 4, 31.1 ± 3.9 ms), α1 

(○) (n = 5, 24.6 ± 3.9 ms), and α2 (○) (n = 7, 24.7 ± 3.8 ms) transfected neurons. F. The time 

for sIPSCs to decay by half (t50) of EGFP (○) (n = 4, 18.0 ± 1.9 ms), α1 (○) (n = 5, 14.1 ± 2.5 ms), 

and α2 (○) (n = 7, 13.5 ± 2.5 ms) transfected neurons. G. The faster decay tau from the two-

exponential fit (tau1) of sIPSCs, means ± SEMs, of EGFP (○) (n = 4, 12.1 ± 1.7 ms), α1 (○) (n = 

5, 14.1 ± 1.9 ms), and α2 (○) (n = 7, 6.6 ± 1.4 ms) transfected neurons. H. Mean ± SEM values 

of the slower decay tau, tau2, of EGFP (○) (n = 4, 42.5 ± 5.9 ms), α1 (○) (n = 5, 44.8 ± 7.4 ms), 

and α2 (○) (n = 7, 35.5 ± 4.1 ms) transfected neurons. I. Mean amplitudes of the fast sIPSC 

component (A1) of EGFP (○) (n = 4, -58.9 ± 13.9 pA), α1 (○) (n = 5, -105.1 ± 30.9 pA), and α2 

(○) (n = 7, -48.4 ± 7.3 pA) transfected neurons. J. Mean amplitudes of the slow sIPSC 

component (A2) of EGFP (○) (n = 4, -99.7 ± 19.3 pA), α1 (○) (n = 5, -84.4 ± 28.6 pA), and α2 (○) 

(n = 7, -145.2 ± 55.4 pA) transfected neurons. For B, E, I, J – Kruskal-Wallis test with Tukey’s 

post hoc test for multiple comparisons between all groups, P ≥ 0.05 n.s. For C, D, F – H – 

ordinary one-way ANOVA test with Tukey’s post hoc test, P ≥ 0.05 n.s., ≤ 0.05 *.  

 

Furthermore, no differences were observed between rise times (quantified as the 10-

90% rise time), the weighted decay times and the time it takes for sIPSCs to decay by 

half, t50s, (Figure 4.7 D, E, and F respectively) in eGFP, α1, and α2 transfections (P ≥ 

0.05 between all groups). Further analysis into the individual components of the bi-

exponential fits (tau1, tau2, A1 and A2) revealed that the faster tau, tau1, is 

significantly smaller in α2 (6.6 ± 1.4 ms) compared to α1 (14.1 ± 1.9 ms) transfections 

(P value ≤ 0.05). Since an increased number of synaptic α1/α2 PLA dots was observed 

in α2 transfected cultured hippocampal neurons, together with sIPSC analysis, we 

conclude that ‘hetero-alpha’ α1α2-containing GABAARs could potentially have 

distinct kinetics to their ‘homo-alpha’ counterparts (α1α1- and α2α2-containing).  

 

4.2.6 Exploring effect of chemical inhibitory long-term potentiation on sIPSCs in 

cultured hippocampal neurons 
 

GABAergic synapses are dynamic in nature, able to undergo modulation-dependent 

long-term changes that regulate synaptic strength (Castillo et al., 2011; Field et al., 

2021). A prominent example where GABAARs undergo rapid synaptic clustering is 

during the induction of inhibitory long-term potentiation, iLTP (Marsden et al., 2007; 

Rajgor et al., 2020). Since chemical iLTP induction is associated with an increased 



172 
 

recruitment of GABAAR to synapses (Marsden et al., 2007; Petrini et al., 2014; Rajgor 

et al., 2018), our aim was to explore the role of ‘hetero-alpha’ GABAA receptors during 

this synaptic plasticity mechanism.  

To achieve this, we first assayed a previously reported chemical iLTP protocol 

(Marsden et al., 2007; Petrini et al., 2014; Rajgor et al., 2018) and tested its effects 

on sIPSC frequency and amplitude. This protocol is based on activation of N-methyl-

D-aspartate receptors (NMDARs), which induces long-term depression (LTD) at 

excitatory synapses and simultaneously potentiates inhibitory transmission via 

increased GABAAR surface expression (Marsden et al., 2007).  
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Figure 4.8 Effects on sIPSC frequency and mean amplitude of a chemical iLTP protocol. A. 

Schematic timeline of the protocol used for chemical iLTP induction in cultured hippocampal 

neurons with 20 μM NDMA and 10 μM CNQX. B. Representative example traces from whole-

cell voltage-clamp recordings showing sIPSCs from control-treated (top), or iLTP induced 

(bottom trace) neurons.  C. Bar chart displaying the sIPSC frequency of control treated (●) (n 

= 4, 0.6 ± 0.19 Hz) and iLTP treated (■) (n = 4, 0.5 ± 0.3 Hz) cultured hippocampal neurons. 

Unpaired t-test, P value ≥ 0.05 not significant. D. Scatter dot plot representing the sIPSC 

amplitude values for control-treated (●) (n = 4, -78.7 ± 8.0 pA) and iLTP treated (■) (n = 4, - 

71.0 ± 7.0 pA) neurons. Each point represents a cell. Unpaired t-test, P ≥ 0.05 not significant. 
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DIV11-14 cultured hippocampal neurons were treated with 20 μM NMDA and 10 μM 

6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), an α-amino-3-hydroxy-methyl-4-

isoxazolepropionic acid receptor (AMPAR) antagonist, for two minutes to induce 

chemical iLTP. A control treatment was performed alongside, by treating neurons 

with the same volume of HEPES buffered saline, HBS (used to make up NMDA and 

CNQX stock solutions) (Figure 4.8 A). The neurons were then washed with 

maintenance media and left for 10 minutes prior to the start of electrophysiological 

recordings. No significant differences were found between sIPSC frequencies (0.6 ± 

0.19 Hz and 0.5 ± 0.3 Hz) or amplitudes (-78.7 ± 8.0 pA and - 71.0 ± 7.0 pA) in iLTP 

induced and control treated neurons respectively. This suggests that the number of 

synaptic GABAARs does not increase with the iLTP NMDA protocol.  

This is surprising, since previous reports showed that the sIPSC amplitude increases 

post NMDA treatment and that the increase persists for up to 30 minutes (Petrini et 

al., 2014). Other studies demonstrated an NMDA-dependent increase in GABAAR 

clustering at synapses as well as an increase in miniature IPSC (mIPCS) amplitude 

(Marsden et al., 2007; Rajgor et al., 2020). The differences between our data and 

previous studies could potentially be attributed to variability of cultured neurons and 

their age. We used DIV 11-14 cultured hippocampal neurons, whereas previous 

reports performed this iLTP protocol in DIV14-21 neurons (Marsden et al., 2007; 

Petrini et al., 2014).    

 

4.2.7 Chemical induction of LTP increases both sIPSC amplitude and frequency 
 

Since the chemical iLTP protocol did not appear to enhance sIPSC amplitude or 

frequency, we decided to explore the impact on inhibitory transmission of protocols 

previously found to induce excitatory LTP. One of the ways LTP is induced is via an 

overactivation of NMDA receptors leading to a rapid recruitment of AMPARs in 

postsynaptic membranes (Goldin et al., 2001; Liao et al., 2001; Lu et al., 2001). One 

of the most widely used protocols to achieve this is by enhancing activation of 

NMDARs through application of the NMDAR co-agonist glycine (Molnár, 2011).  
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Cultured hippocampal neurons were incubated with 200 μM glycine for three 

minutes and then left for 10 minutes prior to electrophysiological recordings. For 

controls, neurons were also treated with glycine but in the presence of 50 μM (2R)-

amino-5-phosphonovaleric acid, APV, a competitive antagonist of NMDARs and with 

a five-minute pre-conditioning in APV (Figure 4.9 A).  This protocol was previously 

validated in our lab (unpublished data), where a significant increase in frequency and 

amplitude of excitatory post-synaptic currents, sEPSCs, was observed, which is in 

agreement with previous findings (Molnár, 2011). Therefore, the effects of this 

glycine-induced excitatory LTP protocol on sIPSCs were studied here. 
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Figure 4.9 Chemical induction of excitatory LTP with glycine significantly increases both 

sIPSC frequency and amplitude. A. Schematic timeline of the protocol used for chemical LTP 

induction in cultured hippocampal neurons using 200 μM glycine, Gly. For control-treated 

neurons, an NMDA receptor antagonist, APV (50 μM) was used prior to, and during glycine 

application. B. Representative example traces from whole-cell voltage-clamp recordings 

showing sIPSCs from control-treated (top), or glycine LTP treated (bottom trace) neurons. C. 

Bar chart displaying the sIPSC frequency of control treated (●) (n = 5, 0.3 ± 0.07 Hz) and 

glycine treated (■) (n = 5, 1.1 ± 0.03 Hz) neurons. Unpaired t-test, P value: ≤ 0.05 *. D. Scatter 

dot plot representing the sIPSC amplitude values for control-treated (●) (n = 5, -67.1 ± 7.0 

pA) and glycine treated (■) (n = 5, -112.0 ± 17.0 pA) neurons. Each point represents a cell. 

Unpaired t-test, P value: ≤ 0.05 *. 
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Representative traces of sIPSC recordings in control-treated (top) and glycine-treated 

(bottom) are shown in Figure 4.9 B. Upon chemical LTP induction with glycine, sIPSC 

frequency increased by almost 4-fold compared to control treatment (Figure 4.9 C). 

Additionally, the mean sIPSCs amplitude exhibited a significant increase, from -67.1 

± 7.0 pA in control-treated, compared to -112.0 ± 17.0 pA in glycine-treated neurons 

(P ≤ 0.05) (Figure 4.9 D). We therefore conclude that the glycine-induced LTP protocol 

increases sIPSC frequency and amplitude. 

  

4.2.8 Investigating the effect of the glycine LTP protocol on ‘hetero-alpha’ GABAARs 

using proximity ligation assay 
 

The last aim of this chapter was to investigate the effects of LTP on ‘hetero-alpha’ 

GABAA receptors. Given our unexpected finding that the chemical glycine LTP 

protocol can also be considered an iLTP protocol (since both sIPSCs frequency and 

amplitude increase thereby having a postsynaptic effect in increasing the number of 

GABAARs at inhibitory synapses), we assessed the presence, expression level and 

subcellular localisation (synaptic or extrasynaptic) of α1α2-containing GABAARs post-

LTP induction.  

To achieve this goal, we subjected glycine LTP- or control -treated DIV 11-14 neurons 

to a PLA protocol between cell surface native α1 and α2 GABAAR subunits (red). 

Following permeabilization, neurons were immunolabelled for MAP2 (green) and 

VIAAT (blue) (Figure 4.10 A). The number of PLA signals in z-stack confocal images 

was counted and their co-localisation with VIAAT was quantified.  

Interestingly, a significant increase in PLA signal was observed post glycine LTP 

treatment, compared to control-treated neurons (P ≤ 0.001) (Figure 4.10 B). 

Furthermore, the co-localisation of PLA dots with VIAAT clusters significantly 

increased, from 26.2 ± 4.6 % in control-treated neurons, compared to 44.1 ± 5.6 % in 

glycine-treated LTP-induced neurons (P ≤ 0.05) (Figure 4.10 E). Similarly, the 

percentage of PLA-positive VIAAT clusters exhibited a significant increase, by almost 

50 %, from control-treated (34.6 ± 7.9 %) compared to glycine-treated (61.7 ± 8.6 %) 
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neurons (P ≤ 0.05) (Figure 4.10 F). Lastly, both the volume and mean intensity of 

VIAAT clusters significantly increased post LTP-induction (P ≤ 0.0001, Figure 4.10 G 

and H).  

Taken together, our data suggests that the number of ‘hetero-alpha’ GABAARs 

increases after chemical LTP induction with glycine, and these receptors show 

increased expression at   synapses, compared with extrasynaptic areas. Various LTP 

protocols induce plastic changes in inhibitory transmission, including increased 

postsynaptic clustering of α1, α2, and β3 GABAAR subunits (Bannai et al., 2020; 

Battaglia et al., 2018; Petrini et al., 2014). Therefore, it is not surprising that ‘hetero-

alpha’ α1α2-containing GABAARs could play a role in synaptic plasticity. 
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Figure 4.10 Chemical induction of LTP significantly increases GABAAR α1 and α2 subunit 

synaptic PLA signal. A. Example confocal images of PLA dots (red) between GABAAR α1 and 

α2 subunit antibodies, and intracellular MAP2 (green) and VIAAT (blue) labelling. PLA was 

performed prior to permeabilization of neurons. Neurons were subjected to LTP induction 

with glycine (bottom row), or control treatment (top row). Scale bars 15 μm (overview 

images) and 5 μm (zoomed inserts). B. Bar chart representing PLA dots within the MAP2 mask 

(normalised to MAP2 mask area). The mean ± SEM of PLA signals of control (●) (n = 16, 0.04 

± 0.004) and glycine (■) (n = 18, 0.06 ± 0.004) treated neurons. Unpaired t-test, P ≤ 0.001 ***. 

C. Bar chart representing the total number of PLA dots in the field of view (zoomed images; 

normalised to MAP2 mask area). Neurons were either control (●) (n = 16, 0.13 ± 0.014) or 
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glycine (■) (n = 17, 0.23 ± 0.019) treated to induce chemical LTP. Mann-Whitney test, P value: 

≤ 0.001 ***. D. Total number of PLA dots per field of view (normalised to area). The mean ± 

SEM PLA signal values of control (●) (n = 16, 0.008 ± 0.0006) or glycine (■) (n = 18, 0.012 ± 

0.0008) treated neurons. Unpaired t-test, P value: ≤ 0.01 **. E. Percentage PLA dots 

colocalization with VIAAT clusters for control (●) (n = 16, 26.2 ± 4.6 %) and glycine treated (■) 

(n = 18, 44.1 ± 5.6 %) neurons. Unpaired t-test, P value: ≤ 0.05 *. F. Bar chart representing 

percentage means ± SEMs of VIAAT clusters colocalising with PLA dots in control-treated (●) 

(n = 16, 34.6 ± 7.9 %) and glycine-treated (■) (n = 18, 61.7 ± 8.6 %) neurons. G. Violin plot 

displaying the median (solid line) and quartiles (dashed lines) of mean VIAAT cluster volume 

per cell.  The mean ± SEM values in control (●) (n = 71, 0.19 ± 0.03 μm3) or glycine (■) (n = 

109, 0.24 ± 0.03 μm3) treated neurons. Mann-Whitney test, P ≤ 0.0001 ****. H. Violin plot 

representing the mean VIAAT cluster intensity per cell. The mean ± SEM values in control (●) 

(n = 71, 54.7 ± 2.2 a.u.) or glycine (■) (n = 109, 62.7 ± 1.3 a.u.) treated neurons. Mann-Whitney 

test, P ≤ 0.0001 ****. 

 

4.3 Discussion 

In the previous chapter, it was shown that GABAA receptors can assemble as ‘hetero-

alpha’ pentamers in HEK293 cells. The present chapter focused on investigating the 

existence of GABAARs with two distinct α subunit isoforms, α1 and α2 based on 

imaging, as well as exploring their functional role in cultured hippocampal neurons. 

Previous studies identified α1α2-containing GABAARs from brain lysates with 

biochemical approaches and estimated their relative abundances via western 

blotting and radioligand binding techniques (Benke et al., 2004a; del Río et al., 2001a; 

Duggan et al., 1991; Pöltl et al., 2003). Despite the variability in reported values, there 

is a consensus that more than half of α1-, α2-, and α3-containing GABAARs are α1α1 

‘homo-alpha’-containing, whereas α1α2 ‘hetero-alpha’-containing GABAARs 

comprise the minority of all α2-containing receptors (32 – 39 %) (Duggan, Pollard, 

and Stephenson 1991; D. Benke, Michel, and Mohler 1997; del Río et al. 2001). This 

is not surprising, given that α1 is the most widely expressed GABAAR subunit in the 

brain (Hörtnagl et al., 2013; Pirker et al., 2000).  

Even though biochemical techniques can be powerful, there are limitations 

associated with their use, as discussed in the introduction section of this chapter. 

Here, the aim was to study ‘hetero-alpha’ GABAARs in their native state and use a 

method that would allow for probing and visualising individual pentameric receptors. 
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After careful consideration, proximity-based technique – PLA – was chosen in this 

study.  

 

4.3.1 PLA is a reliable method for studying stoichiometry of GABAA receptors 
 

As described in Section 4.1, PLA is a powerful method to study proximity of two 

proteins by utilising epitope-selective antibodies in combination with secondary 

probe-coupled antibodies that upon hybridisation and amplification cycles give a 

fluorescent readout. Unlike, other proximity-based assays, such as Forster resonance 

energy transfer – FRET (Sekar and Periasamy, 2003), bioluminescent resonance 

energy transfer – BRET (Angers et al., 2000), and protein-fragment complementation 

assays – PCA (Kerppola, 2006), PLA permits identification of native protein 

interactions with a similar resolution (17 – 30 nm) (Gomes et al., 2016a; Söderberg et 

al., 2006; Weibrecht et al., 2010). To our knowledge, it has not been previously 

applied to study the stoichiometry of ionotropic receptors. Therefore, multiple 

controls were performed to validate the reliability of PLA.  

Firstly, PLA between α1 and α2 GABAAR subunits was performed in HEK293 cells co-

transfected with α1, α2, β2/3, and γ2 subunit cDNAs (Figure 4.1 A). Since we 

previously showed that transfection of such combinations leads to assembly and 

expression of ‘hetero-alpha’ GABAARs (Chapter 3), and that the proximity of the α 

subunits within a receptor pentamer should be within the PLA resolution limit, we 

were hopeful of detecting PLA signals with confocal microscopy. Given that we were, 

indeed, able to detect α1/α2 PLA dots after some optimisation (adjustment of 

antibody dilutions and incubation times) of the protocol (Gomes et al., 2016b), PLA 

was perfomed in cultured hippocampal neurons (Figure 4.1 B), where we were able 

to detect a PLA-positive signal between α1 and α2 subunits.  

The main potential confound of a PLA signal between two different α GABAAR subunit 

isoforms is its origin: the interaction could be occuring between two adjacent α1βγ 

and α2βγ receptors, rather than between α1 and α2 subunits present in the same 

pentamer. GABAARs are known to cluster at synapses at a very high density – ~ 1250 
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receptors per μm2 – (Kasugai et al., 2010; Nusser et al., 1997; Specht et al., 2013), it 

is therefore plausible that the PLA signal arises due to inter-receptor proximity. To 

address this possibility, treatment with a microtubule polymerisation inhibitor, 

nocodazole, was used to disperse synaptic and extrasynaptic GABAARs, as has been 

previously shown (Petrini et al., 2004, 2003). Our results indicate that nocodazole 

treatment successfully declusters α1 and α2 subunits but has no effect on the 

number of α1/α2 PLA dots (Figures 4.2 - 4.4). This weakens the idea of inter-receptor 

interaction detection, indicating that PLA signals are more likely to arise from 

subunits within the same GABAAR pentamer.  

Further controls were completed, by performing PLA between γ2 and δ GABAAR 

subunits. With conflicting evidence of γ2 subcellular localisation (Bogdanov et al., 

2006; Zoltan Nusser et al., 1998; Thomas et al., 2005), it is possible that γ and δ 

containing receptors can exist in the same subcellular compartment, however their 

presence in the same pentamer has not been shown and is considered unlikely (Olsen 

and Sieghart, 2009). The fact that no PLA signals were observed with γ2 and δ 

antibodies (Figure 4.5) further strengthens the reliability of the PLA technique for 

detecting subunits in close proximity within the same receptor pentamer, rather than 

in adjacent receptors.  

 

4.3.2 Limitations of proximity ligation assay-based techniques 
 

Even though we performed the controls described above, proximity ligation assays 

have other potential caveats that will be outlined in this section.  

PLA relies on two epitope-specific primary antibodies, both of which must be 

immunoglobulin G type (IgG) (Söderberg et al., 2006). Furthermore, since we wanted 

to study cell surface ‘hetero-alpha’ GABAARs, the antibodies had to recognise the 

extracellular domains of receptor subunits. This vastly limits the choice of antibody 

combinations that could be used for PLA between GABAAR α subunits. Due to rat 

GABAAR α1 and α2 sequence similarities, especially at the N-terminus (UniProt: 

P62813 and P23576 respectively), only two epitope-specific IgG antibodies with rat 
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reactivity were found: rabbit anti-GABAAR α1 (Ab33299) and rabbit anti-GABAAR α2 

(Synaptic Systems, 224-103). Since antibodies for PLA need to be derived from two 

distinct species for secondary probe specificity, the anti-GABAAR α2 antibody was 

conjugated to a PLUS oligonucleotide probe (Section 2.5.3). This way we avoided the 

cross-reactivity of the secondary probes. All the primary antibodies were also tested 

in transfected HEK293 cells for cross-reactivity, and controls omitting one of the 

secondary probes were performed, where no PLA signal was observed.  

The requirement of dual probe recognition for the signal to occur further accounts 

for limitations in PLA technique. Both epitopes recognised by individual probes must 

be available for successful antibody binding and not be obscured by other protein-

protein interactions (Koos et al., 2014). In the case with α1 and α2 GABAAR subunits, 

both epitopes are located at the beginning of the N-terminus (Table 2.5). From 

available cryo-electron microscopy structures of GABAAR, the stretch of amino acids 

recognised by the antibodies is located in an  α-helix, that sits on top of the NTD 

(Laverty et al., 2019b; Zhu et al., 2018). Furthermore, no known binding sites for 

ligands are located at the beginning of NTD. Therefore, it is unlikely that the epitopes 

are obscured, suggesting that antibodies used for PLA should be able to recognise all 

the target epitopes.  

Another caveat of the PLA method, is its ability to estimate the number of 

interactions (Gomes et al., 2016b; Koos et al., 2014), i.e. number of α1α2-containing 

GABAA receptors. Firstly, PLA signals are very limited between target proteins that 

are expressed at low levels  (Koos et al., 2014). Both α1 and α2 GABAAR subunits are 

widely expressed in the brain (Hörtnagl et al., 2013; Pirker et al., 2000). Nevertheless, 

it is not possible to estimate the number of receptors that contain both α1 and α2 

subunit isoforms. The biochemical studies only provide an approximate proportion 

of these receptors, where the values are given as a proportion of a certain subunit 

type, rather than the total receptor pool (Benke et al., 2004a; del Río et al., 2001a; 

Duggan et al., 1991; Pöltl et al., 2003). Additionally, these studies mostly rely on total 

brain extracts, however different brain regions as well as neuronal cell types express 

various amounts and combinations of GABAAR subunits (Bovolin et al., 1992; Killisch 

et al., 1991; Pirker et al., 2000; Wisden et al., n.d.). Therefore, it is possible that, even 
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though both α1 and α2 subunits are widely expressed, the ‘hetero-alpha’ GABAAR 

population is minor and is assembled at low levels.  

Additionally, given the packing density of GABAARs at synapses (Kasugai et al., 2010; 

Nusser et al., 1997; Specht et al., 2013), it is unlikely that each PLA signal represents 

a single interaction between α1 and α2 subunits. From the data we obtained with co-

localisation assessment between VIAAT and α1α2 PLA, each VIAAT cluster had a 

maximum of two PLA dots co-localising with it.  This could be explained by the fact 

that PLA signals are clustered so closely together, that they are seen as one, rather 

than multiple dots. Another possible explanation for this could be that the probes 

from one receptor obscure the binding of the probes to the adjacent GABAAR.  

 

4.3.3 Expression of synaptic ‘hetero-alpha’ α1α2-containing GABAA receptors: 

assembly, subcellular localisation and functional signatures 
 

Here we show that α1α2-containing GABAA receptors exist in cultured hippocampal 

neurons, only 20 % of which are synaptic (Figure 4.6). Therefore, the majority of 

α1α2-receptors localise extrasynaptically. Freeze-fracture replica immunolabelling 

showed that between 33 % to 48 % of α1 subunits and 40 % of α2 subunits localise 

extrasynaptically (Kasugai et al., 2010). Even though Kasugai et al., were not assessing 

‘hetero-alpha’ GABAARs, their data correlate with our results with PLA / VIAAT co-

localisation studies. As mentioned previously, at the age of the neurons used here 

(DIV 11-14), the colocalisation of VIAAT with GABAAR γ2 subunit is between 96.6 ± 

0.8 % and 99.3 ± 0.4 %, suggesting that VIAAT is a reliable synaptic marker (Danglot 

et al., 2003; Sagné et al., 1997).  

One of the most interesting results in this chapter, is that upon α2 subunit 

overexpression, the number of α1α2 PLA increases by ~ 75 %, whereas no changes 

are observed with α1 overexpression (Figure 4.6). This could imply that the α2 

subunit availability is a limiting factor for ‘hetero-alpha’ receptor assembly or 

trafficking. Given that GABAAR have specific subunit ‘assembly boxes’ that are 

important for correct assembly, specifically α1 H109, that is thought to ‘lock’ two α 
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subunits initiating regulated assembly of GABAAR (Sarto-Jackson and Sieghart, 2008), 

it is possible that the α2 subunit plays a crucial role at dictating the assembly of 

‘hetero-alpha’ GABAARs. To investigate this idea would involve systematically 

mutating amino acid residues around the H109 residue on α2 subunit and assessing 

their effect on ‘hetero-alpha’ expression.   

We also found that upon overexpression of α2 subunit, PLA dots preferentially co-

localise with VIAAT. More than 60 % of VIAAT clusters were PLA-positive with α2 

overexpression, compared with ~ 20 % in control-transfected neurons (Figure 4.6). 

Since the overall number of α1α2-containing GABAARs increases with α2 subunit 

overexpression (Figure 4.6), it is possible that newly assembled ‘hetero-alpha’ 

GABAARs preferentially localise at synaptic junctions. Nevertheless, with PLA we only 

assessed α1α2-containing GABAAR and not α1α1- and α2α2-containing receptors, 

thereby we cannot speculate on the changes in expression and localisation of ‘homo-

alpha’ receptors.  

Previous electrophysiological studies using fast agonist application in transfected 

HEK293 cells showed that α1- and α2-containing GABAA receptors show similar 

activation and deactivation kinetics, with the α2 subunit-containing receptors having 

slightly slower overall kinetic parameters than α1-containing (Lavoie et al., 1997; 

McClellan and Twyman, 1999; Picton and Fisher, 2007). Nevertheless, our sIPSC 

analysis here revealed no significant changes in rise times and weighted decay taus 

between eGFP, α1 and α2 transfected neurons (Figure 4.7). Given that our PLA data 

indicates that the number of synaptic ‘hetero-alpha’ α1α2-containing GABAA 

receptors increases (Figure 4.6) and the faster component from a two-exponential fit 

to the sIPSC decay (tau1) was significantly faster in α2, compared to α1-transfected 

neurons, we could speculate that ‘hetero-alpha’ α1α2-containing GABAARs exhibit 

faster desensitisation than ‘homo-alpha’ α2α2 GABAARs. Therefore, it could be 

possible that the physiological role of ‘hetero-alpha’ GABAA receptors could be the 

fine-tuning of inhibitory synaptic transmission, rather than causing macroscopic 

changes.  
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4.3.4 Effects of long-term potentiation on ‘hetero-alpha’ GABAA expression 
 

Our last aim was to assess the LTP effects on the α1α2-containing GABAA receptor 

expression. LTP was primarily used as a physiological mechanism that regulates the 

number of receptors at synapses and thus could also regulate the expression of 

‘hetero-alpha’ GABAARs at synapses. We first used an NMDAR activation-based iLTP 

protocol (Marsden et al., 2007) and tried to electrophysiologically confirm iLTP 

induction by monitoring effects on sIPSC frequency and amplitude. Previous studies, 

where inhibitory postsynaptic plasticity was assessed, reported increased levels of 

α1, α2, and β3 GABAAR subunits post iLTP induction with various protocols  (Bannai 

et al., 2020; Battaglia et al., 2018; Petrini et al., 2014). Nevertheless, we did not see 

any changes in sIPSC amplitude (Figure 4.8), suggesting that the number of GABAAR 

at post-synaptic membranes did not change.  

There are many protocols that have been shown to induce iLTP in cultured 

hippocampal neurons, but most of them are based on Ca2+ influx upon activation of 

NMDAR receptors, which in turn induces translocation of Ca2+/calmodulin-

dependent protein kinase II –  CaMKII –  to inhibitory synapses, leading to an 

enhancement of GABAAR clusters (Kittler and Moss 2003; Kittler et al. 2000; Sumi and 

Harada 2020; Lu et al. 2001; Molnár 2011).  However, the effects of the same iLTP 

protocol can vary between groups, and are thought to depend on the amount and 

duration of Ca2+ influx (Castillo et al., 2011; Muir et al., 2010). This precise Ca2+ influx 

could well be the reason why we did not observe any changes upon iLTP induction to 

sIPSCs. Additionally, another explanation could be the difference in age of cultured 

hippocampal neurons as well as variability of experimental procedures. 

Our data with the glycine protocol previously established as a way of evoking 

excitatory LTP, suggests that this paradigm is also an iLTP protocol, since both the 

amplitude and frequency of sIPSCs increase (Figure 4.9). The amplitude increase is 

correlated with the increased postsynaptic recruitment of GABAARs, whereas the 

increase in frequency is attributed to an increase in presynaptic vesicular GABA 

release (Castillo et al., 2011; Gaiarsa et al., 2002). It is common that LTP protocols 

that induce plasticity at excitatory synapses simultaneously prompt changes at 
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inhibitory synapses (see Castillo at al., 2011 for review). However, the aim of this 

experiment was not to understand the molecular mechanisms of long-term 

potentiation on GABAAR clustering, but rather to use the protocol to explore the 

potential effects of an important physiological process on ‘hetero-alpha’ GABAAR 

expression.   

Performing PLA between α1 and α2 subunit specific antibodies upon glycine LTP 

induction showed a ~ 50 % increase in PLA signal compared to control-treated 

neurons (Figure 4.10). Furthermore, colocalization between VIAAT and PLA dots 

showed a 50 – 70 % increase. Since we observed an overall increase in α1α2-

containing GABAA receptors on the cell surface, this is likely to be attributed to either 

increased de novo receptor synthesis or possibly an increased membrane trafficking 

of the α1α2-containing receptors that are already present in secretory pathways 

(Arancibia-Cárcamo and Kittler, 2009). This is consistent with other iLTP protocols, 

where an increased GABAAR surface expression is observed (Bannai et al., 2020; 

Battaglia et al., 2018; Petrini et al., 2014). Upregulated GABAAR cell surface 

expression in turn leads to an increase of GABAARs at synapses via increased trapping 

by gephyrin and other mechanisms (Petrini et al., 2014, 2004). Therefore, our data 

showing an increased overall α1α2 PLA overall and synaptic dot number as well as 

sIPSC amplitude increase, are likely to correlate with the increased postsynaptic 

clustering of GABAARs, as for other iLTP paradigms (Bannai et al., 2020; Battaglia et 

al., 2018; Petrini et al., 2014).  

Nevertheless, with PLA protocol we are only able to identify interactions within the 

α1α2-containg receptors, and not α1α1- or α2α2-containing. Hence, we are unable 

to note the plasticity changes to the total α1 and α2 GABAAR receptor pool due to 

the limitations of the technique. In the next chapter, we will, therefore, use a method 

that accurately estimates the number of receptors as well as their α subunit 

compositions.  

Taken together, another approach is needed that will directly quantify the ratio of 

‘hetero-alpha’ to ‘homo-alpha’ GABAARs. As such, the next chapter will present an 

alternative method – spatial intensity distribution analysis, SpIDA – that can 

determine the quaternary structure of a single receptor in situ. 
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4.4 Conclusions 

1. The proximity ligation assay is a method to study the stoichiometry of ‘hetero-

alpha’ GABAA receptors. Nocodazole treatment successfully dispersed α1- and α2-

containing GABAARs but had no effect on the number of α1α2 PLA dots. Furthermore, 

analysis of PLA between γ2 and δ subunits showed no PLA signal, further validating 

the method.  

2. ‘Hetero-alpha’ α1α2-GABAARs are present in pyramidal cultured neurons, and the 

majority of these (~ 80 %) are localised extrasynaptically.  

3. Overexpression of α2, but not the α1 subunit leads to a ~ 75 % increase in the α1α2 

PLA signal. This suggests that α2 subunit synthesis is a limiting factor for α1α2-

containg GABAA receptors. As such, the α2 subunit could play a key role in the 

assembly of ‘hetero-alpha’ GABAA receptors.  

4. The percentage co-localisation of α1α2 PLA dots and VIAAT significantly increases 

upon α2 subunit overexpression, suggesting that if ‘hetero-alpha’ GABAAR are 

assembled de novo, their preferential localisation is synaptic.  

5. Glycine-induced excitatory long-term potentiation protocol has a long-lasting 

modulatory effect on both sIPSC frequency and amplitude, suggesting this method is 

also an iLTP protocol.  

6. Upon glycine-LTP induction, the number of α1α2 PLA dots exhibit a ~ 50 % increase, 

compared to control treated neurons, suggesting increased expression of cell-surface 

‘hetero-alpha’ GABAA receptors. Post-LTP, there is also an increase in ‘hetero-alpha’ 

GABAARs at inhibitory synapses as indicated by an increase in the colocalisation 

between α1α2 PLA dots and VIAAT clusters and sIPSC amplitude.  
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Chapter 5: Exploring synaptic GABAAR composition changes 

post long-term potentiation induction 

5.1 Introduction 

In the previous chapter we assessed the presence and the changes occurring post-

LTP induction of ‘hetero-alpha’ α1α2-containing GABAA receptors in cultured 

hippocampal neurons. The proximity ligation assay-based method (PLA) was used to 

achieve this aim. As mentioned previously, the PLA technique allows the fluorescent 

visualisation of α1 and α2 GABAAR subunits in the same receptor pentamer, only if 

both subunits are in close proximity of <30 nm. However due to its limitations (see 

Chapter 4 Discussion section), it does not accurately estimate the number of α1α2-

containing GABAARs. Furthermore, PLA does not provide any information about the 

‘homo-alpha’ α1α1- or α2α2-containing GABAAR populations, i.e., their presence and 

numbers.   

To increase the precision of our imaging techniques, we used spatial intensity 

distribution analysis (SpIDA) – a method that measures protein oligomerisation states 

(related to subunit counts) and receptor density from individual fluorescence 

confocal images (Barbeau et al., 2013c). This approach was previously used to study 

oligomerisation states of cell membrane epidermal factor receptors (EGFRs), 

serotonin 5-hydroxytryptamine 2C (5-HT2C), GABAA and GABAB receptors (Barbeau 

et al., 2013a, 2013b; Bouvier, 2001; Lorenzo et al., 2020; Sergeev et al., 2012a, 2012b; 

Ward et al., 2015).  

 

5.1.1 Principle behind spatial intensity distribution analysis 
 

SpIDA is based on fluorescence intensity histogram compilations that permit the 

calculation of the total number of pixels and their intensities from 12 bit images 

obtained through a confocal laser-scanning microscope (CLSM) equipped with an 

analogue photomultiplier  tube (PMT) detector (Barbeau et al., 2013c, 2013b). The 

analysis relies on differentiating oligomerisation states of fluorescently labelled 
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proteins, not through direct visualisation, but through the intensity of brightness that 

the oligomer emits. As the fluorescent dimer emits twice as many photons as the 

monomer (assuming there is no quenching of the fluorophore), the quantal 

brightness, QB, of the former would have twice the fluorescent intensity of the latter 

(Godin et al., 2010, 2011).  

A sample (live or fixed) is labelled with epitope-specific antibodies via conventional 

immunocytochemistry protocols (Section 2.5.1). The cells are then imaged with 

confocal microscopy at predetermined constant parameters to minimise 

photobleaching and optimise optical saturation (Humpolickova et al., 2009) (Section 

5.2.1). For SpIDA analysis, pixel intensity histograms are produced for selected 

regions of interest (ROIs (Barbeau et al., 2013a). The analysis relies upon fitting the 

intensity histograms with a function derived from the expected emission intensity for 

a population of particles containing various numbers of fluorescent monomers, 

dimers and higher order oligomers. The fluorescence intensity contributed by each 

possible oligomeric state is weighted by their spatial probability using a Poisson 

distribution (Barbeau et al., 2013a; Sergeev et al., 2012a). If the quantal brightness of 

the monomeric fluorophore is known, then this analysis can quantify the numbers of 

monomers or dimers contained within the population (Barbeau et al., 2013a; Sergeev 

et al., 2012a).  

The generalised intensity histogram for an infinite number of particles, N, excited 

inside the beam area of the laser and randomly distributed in space, assuming a 

Poisson (Poi) distribution, can be described by the function below: 

𝐻(𝜀, 𝑁; 𝑘) = ∑ 𝜌𝑛(𝜀; 𝑘) ∙ 𝑃𝑜𝑖(𝑛, 𝑁),

𝑛

 

Where ε is the quantal brightness measured as arbitrary intensity units, i.u., per pixel 

integrated over a specified time unit; N – fluorescent particle density per laser beam 

area; ρ – probability of observing light intensity, k, (assuming it is proportional to the 

number of emitted photons). The Poisson histogram fitting, H, is determined from all 

the plausible distributions of particles (n) of fluorescence intensities in a defined 

volume, characterised by the point spread function (PSF) (see Section 5.2.1). Figure 
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5.1 A schematically illustrates the principle behind the probability distribution, ρ, in 

the laser beam area.  

 

 

Figure 5.1 Basis of spatial intensity distribution analysis. A. Schematic representation 

showing how intensity histogram for 1, 2, … n number of particles (green oval) in a defined 

laser illumination area (light blue circle) is modelled. Each configuration shown consists of a 

number of particles emitting photons, to generate an intensity characterised by the quantal 

brightness, ε, of the monomeric fluorophore. Resulting pixel intensity histograms are 

associated with all possible configurations containing 1, 2, … n particles: ρn (ε; k). B and C. 

Cartoon representations of fluorescence intensity scenarios in GABAARs pentamers immuno-

labelled for α1 subunit.  The α1 monomeric forms – ‘hetero-alpha’ α1αx-containing GABAARs 

(B) will emit half as many photons as the α1 dimers – ‘homo-alpha’ α1α1-containing GABAARs 

(C). This means that the latter (C) will manifest a QB twice as high as the former (B).  
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5.1.2 SpIDA as a functional tool to study the oligomerisation state of native GABAARs 
 

The advantage of SpIDA is its ability to extrapolate data from single images taken by 

confocal laser-scanning microscopy, providing information on fluorescent particles in 

the spatial domain. As mentioned above, it is a useful tool to establish the 

oligomerisation state of receptor complexes (Barbeau et al., 2013a, 2013b; Bouvier, 

2001; Lorenzo et al., 2020; Sergeev et al., 2012a, 2012b; Ward et al., 2015). It can, 

therefore, be used as a powerful method to identify the oligomerisation states of 

GABAA receptors in relation to the nature of their α subunits.  

In order to do so, we first established the QB of a monomeric population: γ2 subunit 

immuno-labelling was used, as synaptic GABAARs contain a single copy of this subunit 

(Farrar et al., 1999; Laverty et al., 2017; Masiulis et al., 2019a; Tretter et al., 1997). 

Then independent labelling of either α1 or α2 subunits was performed. From our 

previous results (Chapters 3 and 4) we have shown that GABAARs are expressed as 

mixtures of α1α1-, α1α2-, and α2α2-subunit containing receptors. In this case, our 

predictions suggest that the Poisson distribution fitting with SpIDA for a one-

population model would yield an intermediate value of QB (between ε and 2ε), 

compared to just ε for γ2 data fitting. This suggests that a higher order model must 

be used for the analysis. As such, a two-population model (monomer and dimer) was 

used to fit the data obtained from our images. The analysis was kindly performed by 

Dr. Antoine Godin from Laval university, Quebec.  

Here, we estimated the density and QB of fluorescently labelled native α1 or α2 

GABAA receptor subunits in cultured hippocampal neurons. The stoichiometry of a 

synaptic GABAAR is 2 α: 2 β: 1 γ (Farrar et al., 1999; Olsen and Sieghart, 2009; Tretter 

et al., 1997). Therefore, with fluorescent labelling of the α1 subunit, CSLM will only 

detect fluorescent particles in a pentameric receptor complex. The Poisson 

distribution fit with SpIDA will therefore fit two components: GABAARs with one 

fluorescent protein – monomeric form of α1-containing receptors (‘hetero-alpha’ α1-

containing receptors), and GABAARs with two fluorescent proteins - dimeric forms of 

α1-containing receptors – ‘homo-alpha’ α1α1-containing population (Figure 5.1 B).  
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In this chapter, the aim was to identify the oligomerisation states (related to subunit 

counts) of native GABAARs and establish changes in GABAAR stoichiometry upon 

chemical LTP induction (see Section 4.2.7). We have used gephyrin staining alongside 

GABAAR subunit labelling as a binary mask, which allowed for synaptic receptor 

analysis (Lorenzo et al., 2020).  

 

5.2 Results 

5.2.1 Parameter calibration: analogue detector and point spread function (PSF) 

measurements 
 

5.2.1.1 Analogue detector calibration 
 

To reliably use SpIDA for probing the oligomerisation state of GABAARs, the 

acquisition parameters for CLSM must be calibrated. One of the most important 

factors to consider for any quantitative fluorescence-based analysis method are the 

sources of noise (Godin et al., 2011; Wiseman et al., 2012; Zhao et al., 2003; Zimmer, 

2002). There are different types of noise associated with fluorescence-based confocal 

imaging: dark noise (the minimum background fluorescence when the detector is not 

illuminated), white noise (frequency independent continuous noise), background 

noise (consisting of autofluorescence of the sample and non-specific background, 

arising from fluorescent probes that are not bound to the epitope of interest), and 

detector noise (Barbeau et al., 2013a). The dark and white noise produce relatively 

constant signals whilst imagining, and the variance of the signal is negligible, thus 

they are not taken into account during the analysis. Autofluorescence and non-

specific background noise can be subtracted from the analysis by performing 

necessary controls, such as sequentially omitting primary/secondary antibodies 

during immuno-labelling protocols (see Methods Section 2.5.1).  

The major source of noise during CLSM imaging is the noise of the detector also 

known as shot noise (Godin et al., 2011).  This arises due to the fluctuations that 

originate from photon counters (that detect and record photons) and photomultiplier 
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tubes. The PMTs are immensely sensitive photocathode light detectors, that amplify 

the signal (Unruh and Gratton, 2008). This noise is inherent within the detector and 

follows a Gaussian distribution (Barbeau et al., 2013a). Specifically, PMTs broaden 

the signal due to the detector’s current amplification steps (Godin et al., 2010). As 

SpIDA measures fluctuation fluorescence intensity of a sample to determine protein 

oligomerisation states from the QB values, it is essential to distinguish fluctuations 

that arise from the fluorescently labelled proteins from fluctuations arising from the 

detector (Barbeau et al., 2013c).  

The variance in the signal arising from an analogue PMT detector can be measured 

for a given voltage value through either reflection of the laser from a mirror or a 

homogeneously bright fluorescent sample. Since all the samples (labelled GABAAR 

subunits) were excited using the 488 nm line of the Argon laser, the detector 

calibration was performed using this line. As described in Section 2.5.5, the analogue 

detector intrinsic noise was established by systematically spot scanning chroma-

slides (that emit a uniform fluorescent signal) at increasing dwell times and detector 

gain voltages. Example images of spot scanning mode, at a detector gain of 500 V, 

scan speed 7, dwell time 3.84 μs/pixel, 0 % to 90% detector output, are shown in 

Figure 5.2 A. The resulting signal variance of the 488 nm line was plotted as a function 

of the mean laser intensity. 
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Figure 5.2 Analogue detector calibration procedure. A. Example images from spot scanning 

mode of the Zeiss LSM510 confocal microscope using Plan-APOCHROMAT 63X/1.4NA oil DIC 

objective lenses. Detector gain 500 V, amplifier offset 0, scan speed 7, dwell time 3.84 

μs/pixel. The values on top of the images represent the percentage detector output. Noise 

calibration of the PMT at detector gain 450 V (B) and 500 V (C) in the Zeiss LSM510 confocal 

microscope. B. The variances for each mean intensity signal at 450 V detector gain were 

collected. A linear regression was fitted to mean intensity, μ < 2500 i.u., scan speed 6, dwell 

time 7.68 μs (●): y7.68 μs = 64.01x -25335, R2 = 0.92; scan speed 7, dwell time 3.84 μs (■): y3.84 

μs = 18.87x -2227, R2 = 0.98; scan speed 8, dwell time 3.04 μs (▲): y3.04 μs = 44.70x -12420, R2 

= 0.97. C. The variance of each mean intensity signal at 500 V detector gain were collected. 

A linear regression was fitted to mean intensity, μ < 3300 i.u., scan speed 6, dwell time 7.68 

μs (●): y7.68 μs = 86.94x -75786, R2 = 0.95; scan speed 7, dwell time 3.84 μs (■): y3.84 μs = 68.59x 

-37751, R2 = 0.99; scan speed 8, dwell time 3.04 μs (▲): y3.04 μs = 96.69x -73422, R2 = 0.98. The 

fall-off in signal variance beyond mean intensity 3300 iu was due to an increased number of 

saturated pixels in a scanned image, resulting in a decreased variance.  
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The slopes of the linear part of the curves were determined by linear regression fitting 

(Figure 5.2 B). The linear part of the curves defines the limit of the maximal intensity 

that can be used with SpIDA software. From our results, we concluded that the 

variance at 450 V detector gain was linear over the whole mean intensity range (i.u.) 

for all three dwell times tested (Figure 5.2 B). However, the recorded mean intensity 

for such parameters did not engage the whole theoretical range (12-bit image, the 

intensity range should be between 0 and 4096 i.u.). As such, we recorded the variance 

of the PMT at a higher detector gain – 500 V, keeping other parameters constant 

(tube current, amplifier gain and detector offset). Detector calibration procedure was 

performed for the same scan speeds (6, 7, and 8), as shown in Figure 5.2 C. We 

concluded, that the PMT response stays linear between intensity range, 0 < μ < 3300 

i.u. The slopes of the linear regression were extrapolated from the data (m7.68 μs = 

84.94, m3.84 μs = 68.59, m3.04 μs = 96.69) and used in the SpIDA software by Dr. Antoine 

Godin to allow the detector noise to be accounted for. The final CLSM parameters for 

imaging were optimised to minimise pixel saturation and fluorophore 

photobleaching. Thus, these parameters are set within the linear range of the 

detector and are outlined in Table 5.1. These were kept constant throughout the 

course of the experimental procedure. 

 

Table 5.1 Parameters chosen for SpIDA post detector calibration. Imaging was undertaken 

with the Zeiss LSM510 confocal microscope equipped with 63X/1.4NA oil DIC objective 

lenses. The listed parameters were selected for the 488 nm line of the Argon laser.  

Parameter identity Value 

Data depth 12 bits 

Data resolution 1024 x 1024 pixels 

Pinhole  1.0 Airy unit 

Scan speed 7  

Dwell time  3.84 μs/pixel 

Tube current 6.3 A 

Laser intensity  10 % 

Detector gain 600 V 

Detector offset 0 

Amplifier gain 1 
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5.2.1.2 Point spread function 
 

Next, measurements of the laser beam waist area were performed. This was done 

through generation of the point spread function report, PSF, which allowed us to 

estimate the laser beam radius, and hence convert it to metric units (μm2). Figure 5.3 

A shows a diagram of the cone of illumination narrowing, with a three-dimensional 

laser beam waist at the focal plane. The laser beam waist radius of the 488 nm line 

of the multi Argon laser was estimated by z-stack imaging of 100 nm diameter 

fluorescent beads (Section 2.5.6) to quantify the beam waist x, y, and z values. The 

PSF report generated x, y, and z radii parameters of 0.179 μm, 0.135 μm, and 0.266 

μm respectively. Assuming the area of the beam waist at the xy-plane is circular, the 

area calculation was performed with the formula: 

𝐴 = 𝜋𝑟2, 

Where A is the area of a circle, r – radius of the circle, which is the average of the x 

and y PSF reported values. The waist beam area was calculated to be 0.1005 μm2. 

This value is in agreement with the previously reported value on the same lens (Plan-

APOCHROMAT 63X/1.4NA oil DIC objective lens) with a 488 nm laser line (Ward et 

al., 2015), and was used to convert monomeric and dimeric α1/α2-labelled GABAAR 

numbers per laser beam to receptor numbers per gephyrin cluster.  
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Figure 5.3 Measuring the laser beam waist area. A. Diagrammatic representation of the 

laser beam narrowing, with the beam waist located at the focal plane. PSF report generates 

the x, y, and z values, from which the beam waist area in different planes can be calculated. 

B. Example z-stack maximal projections of fluorescent microspheres used to generate the 

PSF report with MetroloJ plugin in Image J software.  

 

Here, we optimised the detector PMT parameters on the 488 nm Argon laser line for 

SpIDA imaging and analysis. These were specifically chosen to minimise pixel 

saturation, fluorophore photobleaching whilst enabling the subtraction of PMT noise 

from the fluorescent signal. We also calculated the waist beam area that will be used 

to calculate the number of monomers and dimers of α1, α2 GABAAR subunits within 

gephyrin clusters.  
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5.2.2 Mean intensity of α1 and α2 GABAAR subunit labelling significantly increases post 

LTP induction  
 

In the previous chapter we showed that a glycine-induced LTP protocol (Molnár, 

2011) significantly increases the amplitude of sIPSCs, suggesting an increase in 

GABAAR numbers at synapses (Figure 4.9). Our results also indicate a significant 

increase in the proximity of α1/α2 subunit GABAARs post glycine treatment (Figure 

4.10), likely to be due to an upregulated expression of ‘hetero-alpha’ α1α2-

containing receptors on postsynaptic membranes. As discussed previously, the fact 

that an increase in the number of α1α2 PLA spots is observed, does not necessarily 

mean that the proportion of ‘hetero-alpha’ GABAARs changes, compared to the total 

receptor pool. Furthermore, the PLA method is unable to quantify the plasticity 

changes to ‘homo-alpha’ α1α1- and α2α2-receptor populations induced post LTP. 

Therefore, we used SpIDA methodology to accurately estimate changes in GABAAR 

number and oligomerisation states.  

To achieve this aim, DIV11-14 cultured hippocampal neurons were control or glycine 

treated as previously described (see Section 4.2.7 for detail). The neurons were then 

fixed and cell surface α1, α2, or both α1 and α2 GABAAR subunits were probed with 

external epitope selective antibodies (see Table 2.5). Neurons were subsequently 

permeabilised and immunolabelled for gephyrin and MAP2. Gephyrin was used as a 

marker for inhibitory synapses, as it has been previously used as a binary mask in 

SpIDA (Lorenzo et al., 2020; Niwa et al., 2012), whereas MAP2 was used to label 

neuronal somas and dendrites. MAP2 labelling was also used to identify selected 

regions of interest (Figure 5.4). We used Alexa Fluor® 488 secondary antibodies to 

label anti-α1 and anti-α2 primary antibodies. Alexa Fluor® 555 was used as a 

secondary for gephyrin and Alexa Fluor® 647 for MAP2. Since we are measuring the 

number and oligomerisation states of GABAARs, we used the Alexa Fluor® 488 

antibodies as the primary fluorescent signal since they are excited by the 488 nm-line 

of the multi Argon laser – the parameters of which were calibrated as described in 

Section 5.2.1.  
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Figure 5.4 Regions of interest selected for spatial intensity distribution analysis. Example 

confocal image of MAP2 (blue), gephyrin (red) and GABAAR α1 subunit (green) in control 

treated cultured hippocampal neurons. 12-bit 1024 x 1024 px images were taken with the 

calibrated parameters applied to the 488 nm line of the multi Argon laser (see Table 5.1). 

Regions of interest were selected by drawing an outline of the MAP2 staining (white outline). 

SpIDA of α1 subunit was performed only within the gephyrin clusters. Scale bar – bottom left 

corner – 30 μm (overview) and 15 μm (zoomed inserts). 

 

It is important to note that alongside α1 or α2 subunit labelling, we used a control – 

labelling neuronal cell surface GABAARs for both subunits (using the same species 

primary antibodies), followed by a labelling with the fluorophore-tagged secondary 

antibody – Alexa Fluor® 488. Theoretically, the arithmetic sum of values obtained for 

α1 or α2 labelling (mean intensity, receptor number and subunit number) – should 

equate to the value obtained for α1 + α2 labelling.  

Firstly, we assessed the mean intensity of α1, α2, and α1 + α2 GABAAR subunit 

labelling in regions of interest selected through MAP2 staining (Figure 5.4). Our data 

indicate that α1 mean intensity increased by 22.5 % (P ≤ 0.05) – from 37.4 ± 1.9 i.u. 

in control treated compared to 45.8 ± 2.5 i.u. in LTP-induced cultured hippocampal 

neurons (Figure 5.5 A). Furthermore, the mean intensity of α2 subunit 

immunolabelling exhibited a 35.2 % (P value ≤ 0.0001) increase post iLTP, from 85.4 

± 2.6 i.u. to 115.7 ± 4.5 i.u. (Figure 5.5 B). These findings suggest that the cell surface 

expression of α1- and α2- containing receptors increase after iLTP induction, 
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consistent with previous findings regarding plastic changes induced with other iLTP 

protocols – i.e., increased GABAAR surface expression (Bannai et al., 2020; Battaglia 

et al., 2018; Petrini et al., 2014).  

Additionally, the arithmetic sum of α1 and α2 mean intensities was close to the mean 

intensity value of α1 + α2 immunolabelling in both control treated (α1 and α2 sum: 

122.8 i.u compared to α1 + α2: 161.6 ± 5.0 i.u.) and LTP-induced (α1 and α2 sum: 

161.5 compared to α1 + α2: 181.6 ± 7.9 i.u.) (Figure 5.5 D and E). This was predicted 

given that the secondary antibody used (goat anti-rabbit Alexa Fluor® 488) recognises 

both rabbit anti-α1 and rabbit anti-α2 subunit antibodies.  
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Figure 5.5 Mean intensity of GABAAR labelling increases post iLTP induction in cultured 

hippocampal neurons. A. The mean intensity in regions of interest (ROIs) of cell surface α1 

GABAAR subunit labelling of control (n = 76, 37.4 ± 1.9 i.u.) and iLTP (n = 73, 45.8 ± 2.5 i.u.) 

treated cultured hippocampal neurons. Mann-Whitney test, P value ≤ 0.05 *. B. Bar chart 

representing the mean intensity in ROIs of cell surface α2 GABAAR subunit labelling of control 

(n = 94, 85.4 ± 2.6 i.u.) and post iLTP (n = 86, 115.7 ± 4.5 i.u.) cultured hippocampal neurons. 

Unpaired t-test, P ≤ 0.0001 ****. C. The mean intensity in ROIs of cell surface α1α2 GABAAR 

subunit labelling of control (n = 51, 161.6 ± 5.0 i.u.) and after iLTP (n = 37, 181.6 ± 7.9 i.u.) 

neurons. Unpaired t-test, P value ≤ 0.05 *. D and E. The mean intensity in ROIs of α1, α2, and 

α1α2 cell surface labelling in control treated (D) or iLTP induced (E) neurons. Data point are 

the same as in A-C. For both D and E – Kruskal-Wallis test with Tukey’s post hoc test, P value 

≤ 0.001 ***, ≤ 0.0001 ****. Values are for bar charts are given as mean ± SEM with single 

data points representing a cell in this and proceeding figures.  
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5.2.3 Effects of the iLTP induction on α1 GABAARs oligomerisation states 
 

To assess changes in GABAAR stoichiometry after iLTP induction, SpIDA was applied 

to α1 (this section), α2 (Section 5.2.4), and α1 + α2 (Section 5.2.5) subunit staining in 

selected ROIs within gephyrin clusters. The SpIDA method provides information 

about the oligomerisation state of a single GABAAR. For example, a ‘homo-alpha’ 

α1α1-containing GABAAR would be registered as a dimer, whereas a ‘hetero-alpha’ 

α1-contianing receptor would be registered as a monomer. For the latter state, the 

identity of the second α subunit is unknown.  

The analysis of the α1 staining in control-treated cultured hippocampal neurons 

revealed that the majority of α1-containing GABAARs are present as monomers - 32.6 

± 3.8 which corresponds to 79.5 ± 3.2 % of the total α1-subunit receptor pool (Figure 

5.6 A and B). Interestingly, the number of α1 subunit monomers significantly 

decreases post iLTP, from 32.6 ± 3.8 to 23.2 ± 2.2 (P ≤ 0.05) in control and iLTP 

neurons respectively. Nevertheless, no significant differences were observed 

between the number of α1 dimers: 5.7 ± 1.7 in control treated and 10.2 ± 1.6 after 

iLTP (P ≥ 0.05). 

Furthermore, the total number of receptors (sum of α1 monomers and dimers), 

revealed that the number of all α1-containing receptors is 41.2 ± 3.1 per gephyrin 

cluster (Figure 5.6 C). This value is consistent with previously reported values, where 

the number of GABAARs within the gephyrin cluster is estimated between tens to a 

few hundred (Kasugai et al., 2010; Nusser et al., 1997). The number of receptors also 

corresponds to whole-cell voltage-clamp sIPSC recordings of control treated neurons 

(-67.1 ± 7.0 pA) shown in the previous chapter (Figure 4.9). Given that a mean current 

amplitude of a single αβγ-containing GABAAR was previously reported as 2.16 ± 0.29 

pA, a value that would also apply to our α1-containing GABAARs (Nusser et al., 1997). 

From our sIPSC data, we can estimate the number of receptors at an inhibitory 

synapse to be between 30 and 40 receptors, in agreement with α1-containing 

receptor numbers observed with SpIDA.  

Surprisingly, no change was observed in the total α1-containing GABAA receptor 

number post iLTP induction (Figure 5.6 C). The total number of α1 subunits (one per 



204 
 

monomer and two per dimer) was calculated to be 52.9 ± 5.1 for control and 48.9 ± 

2.9 for iLTP expressing neurons (Figure 5.6 D). Taken overall, the α1 receptor dimers 

form a small proportion of the total a1 population. 

 

 

 

Figure 5.6 Effects of the iLTP induction on α1 GABAAR oligomerisation states. A. Bar chart 

representing SpIDA of the α1 GABAAR subunit monomer (○) and dimer (●) numbers within 

gephyrin clusters in control or iLTP expressing cultured hippocampal neurons. The mean ± 

SEM values are: control-treated monomers (n = 20, 32.6 ± 3.8), control-treated dimers (n = 

20, 5.7 ± 1.7), iLTP-expressing monomers (n = 44, 23.2 ± 2.2), and iLTP dimers (n = 44, 10.2 ± 

1.6). B. Monomer (○) and dimer (●) α1 GABAAR percentages in sham-treated and iLTP 

induced neurons. The mean ± SEM values are: control-treated monomers (n = 20, 79.5 ± 3.2 
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%), control-treated dimers (n = 20, 20.5 ± 3.3 %), LTP-treated monomers (n = 44, 65.1 ± 4.9 

%), and LTP-treated dimers (n = 44, 34.9 ± 4.9 %). For both A and B, two-way ANOVA with 

Tukey’s post hoc test for multiple comparisons, P ≤ 0.05 *, ≤ 0.01 **, ≤ 0.001 ***, ≤ 0.0001 

****. C. Mean number of α1 subunit containing GABAA receptors per gephyrin cluster in 

control (n = 20, 41.2 ± 3.1) and iLTP (n = 44, 35.9 ± 1.4) neurons. Unpaired t-test, P ≥ 0.05 n.s. 

D. Total mean number of α1 subunits within the gephyrin cluster in control (n = 20, 52.9 ± 

5.1) and iLTP (n = 44, 48.9 ± 2.9) neurons. Mann-Whitney test, P ≥ 0.05 n.s. 

 

5.2.4 Effects of the glycine LTP induction on α2 GABAAR oligomerisation states 
 

Next, we assessed the oligomerisation states of α2-containing GABAA receptors with 

SpIDA. Our results indicate that in control sham-treated neurons, the number of α2 

monomers and α2 dimers at inhibitory synapses is similar: 30.6 ± 4.1 and 31.5 ± 2.9, 

with relative proportions equating to 43.8 ± 5.2 % and 57.0 ± 5.1 % (Figure 5.7 A and 

B). Interestingly, the number of α2 monomers (26.6 ± 3.5) compared to α2 dimers 

(41.9 ± 2.7) significantly decreases by 57.5 % (P ≤ 0.01) upon LTP induction (Figure 

5.7). This correlates with a decreased percentage of α2 monomers 34.0 ± 3.9 % 

compared to α2 dimers 66.0 ± 3.9 %. This implies that there are more ‘homo-alpha’ 

α2α2-containing GABAARs at synapses than ‘hetero-alpha’ α2-containing receptors 

after the induction of iLTP.  

The total number of α2-containing receptors at synapses was estimated to be 62.1 ± 

2.2 (Figure 5.7 C), consistent with the previously reported number of synaptic 

GABAARs per gephyrin cluster (Kasugai et al., 2010). We observed a significant 

increase (P ≤ 0.01) post LTP in the α2-containing GABAAR number. Previous studies 

reported an increase in postsynaptic clustered α2-containing GABAARs post iLTP 

induction with various protocols (Bannai et al., 2020), which is consistent with our 

data. Furthermore, the total α2 subunit count significantly increases (P ≤ 0.0001) 

from control treated (93.6 ± 3.1) to glycine treated (115.8 ± 3.5) neurons.  
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Figure 5.7 Effects of the glycine LTP induction on α2 GABAARs oligomerisation states. A. 

SpIDA results for the α2 GABAAR subunit monomer (○) and dimer (●) numbers within 

gephyrin clusters in control or LTP induced cultured hippocampal neurons. The mean ± SEM 

values are: control-treated monomers (n = 56, 30.6 ± 4.1), control-treated dimers (n = 56, 

31.5 ± 2.9), LTP-treated monomers (n = 81, 26.6 ± 3.5), and LTP-treated dimers (n = 81, 41.9 

± 2.7). B. Monomeric (○) and dimeric (●) α2 GABAAR forms percentages within gephyrin 

clusters in control and glycine LTP treated neurons. The mean ± SEM values are: control-

treated monomers (n = 56, 43.8 ± 5.2 %), control-treated dimers (n = 56, 57.0 ± 5.1 %), LTP-

treated monomers (n = 81, 34.0 ± 3.9 %), and LTP-treated dimers (n = 81, 66.0 ± 3.9 %). For 

both A and B, two-way ANOVA with Tukey’s post hoc test for multiple comparisons, P ≤ 0.01 

**, ≤ 0.001 ***. C. Mean ± SEM number of α2 subunit containing GABAA receptors per 

gephyrin cluster in control (n = 56, 62.1 ± 2.2) and LTP (n = 81, 71.7 ± 2.9) treated neurons. 

D. Mean ± SEM number of α2 subunits in control (n = 56, 93.6 ± 3.1) and LTP (n = 81, 115.8 ± 

3.5) treated neurons. For C and D, Mann-Whitney test, P ≤ 0.01 **, ≤ 0.0001 ****. 
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5.2.5 Effects of the glycine LTP induction on α1 and α2 GABAAR oligomerisation states 
 

Lastly, we assessed the oligomerisation states for both α subunit isoforms (α1 + α2) 

in a receptor pentamer, with SpIDA. Since, both primary antibodies used for 

immunolabelling of α1 and α2 were raised in the same species (rabbit), we could 

perform simultaneous labelling of both subunits with the same secondary antibody – 

goat anti-rabbit Alexa Fluor® 488. With such labelling, the dimeric forms would count 

‘homo-alpha’ α1α1- and α2α2-containing receptors, as well as ‘hetero-alpha’ α1α2-

containing GABAARs. Whereas the monomeric form would count ‘hetero-alpha’ α1αx- 

and α2αx-containing GABAARs, where αx could be any other α subunit isoform, 

excluding α1 or α2. The limitation of such a technique is that the α1α1, α1α2, and 

α2α2 dimers are indistinguishable by SpiDA from each other, and the identity of the 

second α subunit isoform will be unknown. Nevertheless, as mentioned previously, 

simultaneous labelling of α1 and α2 could serve as a control in assessing receptor and 

subunit numbers.  

Our results indicate that 77.5 ± 5.7 % of α1 and α2 subunits exist in a mixture (α1α1, 

α2α2, α1α2) of dimeric forms (69.6 ± 5.4 receptors per gephyrin cluster) (Figure 5.8 

A and B). This means that approximately a quarter – 22.5 ± 5.7 % – of α1- and α2-

containing receptors contain another α subunit isoform. We would expect the 

proportion of these receptors to be minor, given that α1 and α2 subunits are the 

major subunit types found at inhibitory synapses of cultured hippocampal pyramidal 

cells, with minor populations of α3 and α5 subunits  (Fritschy et al., 1998; Fritschy 

and Mohler, 1995; Z Nusser et al., 1996; Palpagama et al., 2019) 

Interestingly, the percentage of α1 + α2 dimers increases from 77.5 ± 5.7 % to 94.6 ± 

2.7 %. This suggest that post-LTP induction, in terms of α1- and α2-containing 

GABAARs at synapses, the majority are expressed as α1α1, α1α2, and α2α2 mixtures, 

with just 5.4 ± 2.8 % expressed as α1αx and α2αx mixtures.  
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Figure 5.8 Effects of the glycine LTP induction on both α1 and α2 GABAARs oligomerisation 

states. A. Bar chart representing SpIDA for α1 and α2 GABAAR subunit monomer (○) and 

dimer (●) numbers within gephyrin clusters in control sham-treated or LTP treated cultured 

hippocampal neurons. The mean ± SEM values are: control-treated monomers (n = 41, 25.9 

± 4.1), control-treated dimers (n = 41, 69.6 ± 5.4), LTP-treated monomers (n = 25, 5.7 ± 3.1), 

and LTP-treated dimers (n = 25, 79.3 ± 3.5). B. Monomeric (○) and dimeric (●) α1 and α2 

GABAAR percentages within gephyrin clusters in control and glycine LTP treated neurons. The 

mean ± SEM values are: control-treated monomers (n = 41, 22.5 ± 5.7 %), control-treated 

dimers (n = 41, 77.5 ± 5.7 %), LTP-treated monomers (n = 25, 5.4 ± 2.8 %), and LTP-treated 

dimers (n = 25, 94.6 ± 2.7 %). For both A and B, two-way ANOVA with Tukey’s post hoc test 

for multiple comparisons, P ≤ 0.0001 ****. C. Mean ± SEM number of both α1 and α2 subunit 

containing GABAA receptors per gephyrin cluster in control (n = 41, 96.8 ± 3.8) and LTP (n = 

25, 89.6 ± 4.6) treated neurons. D. Mean ± SEM number for both α1 and α2 subunits in 

control (n = 41, 165.0 ± 3.1) and LTP (n = 25, 167.7 ± 6.6) treated neurons. For C and D, 

Unpaired t test, P ≥ 0.05 n.s. 
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5.2.6 Number of α1 and α2 subunits in α1/α2 immunolabelling is consistent with that 

of α1 + α2 simultaneous immunolabelling  
 

As mentioned above, simultaneous labelling of α1 and α2 with the same secondary 

antibody was performed as a control for receptor and subunit counts. The arithmetic 

sum of individual α1 and α2 values should theoretically add up to the combined α1 + 

α2 values.  

Firstly, we compared the number of receptors per gephyrin cluster in control treated 

neurons. The sum of α1 and α2 receptors (both monomers and dimers) was 

calculated to be ~ 104 receptors, which equated to the value obtained from α1 + α2 

immunolabelling (96.9 ± 3.8) (Figure 5.9 A). Similarly, the sum of α1- and α2-

containing receptors in LTP treated neurons (~ 107 receptors) was close to the total 

receptor number count in α1 + α2 immunolabelling (89.6 ± 4.6) (Figure 5.9 C).  

Furthermore, we compared the total subunit count (one per monomer and two per 

dimer) in α1, α2, and α1 + α2 images. The sum of α1 and α2 GABAAR subunits (~ 147) 

was close to the total subunit count in α1 + α2 immunolabelling (165.0 ± 6.0) in 

control treated cultured hippocampal neurons (Figure 5.9 B). Similar internal 

consistency was observed in subunit counts of LTP-induced neurons.  
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Figure 5.9 GABAAR subunit and receptor number for combined α1 and α2 immuno-labelling 

corresponds to those obtained from α1 + α2 immuno-labelling. A. Bar chart representing 

mean ± SEM numbers of α1, α2 and α1 + α2 subunit containing GABAA receptors per gephyrin 

cluster in control treated cultured hippocampal neurons: α1 (■) (n = 20, 41.5 ± 3.1), α2 (●) (n 

= 56, 62.1 ± 2.2), and α1 + α2 (▲) (n = 41, 96.9 ± 3.8). Kruskal-Wallis test with Tukey’s post 

hoc test, P ≤ 0.01 **, ≤ 0.0001 ****. B. Mean ± SEM number of α1 (■) (n = 20, 52.9 ± 5.6), α2 

(●) (n = 56, 93.6 ± 3.1), and α1 + α2 (▲) (n = 41, 165.0 ± 6.0) subunits in control treated 

neurons. One-way ANOVA with Tukey’s post hoc test for multiple comparisons, P ≤ 0.0001 

****. C. Mean ± SEM number of α1 (■) (n = 44, 35.9 ± 1.4), α2 (●) (n = 81, 71.7 ± 2.9), and α1 

+ α2 (▲) (n = 25, 89.6 ± 4.6) subunit-containing GABAARs in LTP induced neurons. Kruskal-

Wallis test with Tukey’s post hoc test, P ≤ 0.05 *, ≤ 0.0001 ****. D. Mean ± SEM number of 

α1 (■) (n = 44, 48.9 ± 2.9), α2 (●) (n = 81, 115.8 ± 3.5), and α1 + α2 (▲) (n = 25, 167.7 ± 6.6) 

subunit counts in LTP induced neurons. Kruskal-Wallis test with Tukey’s post hoc test, P ≤ 

0.0001 ****. 
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5.3 Discussion  

In this chapter, we aimed to determine the number and oligomerisation states of α1- 

and α2-containing GABAA receptors at inhibitory synapses by using SpIDA 

methodology. This technique was developed by Dr. Antoine Godin and we used his 

expertise to help us perform the analyses (Barbeau et al., 2013c). This type of imaging 

and analysis was previously used to study oligomerisation states of α2- and α3-

containing GABAARs at inhibitory synapses of the spinal dorsal horn after nerve injury 

(Lorenzo et al., 2020).  

In Chapter 4 we showed that a glycine-induced LTP protocol (Molnár, 2011) has a 

positive modulatory effect on the GABAergic transmission – increasing sIPSC 

amplitude – and hence it is also an iLTP protocol. Therefore, by chemically inducing 

iLTP in cultured hippocampal neurons, the changes in monomeric and dimeric α1/α2 

GABAAR subunit populations were assessed.  

 

5.3.1 α1/α2-containing GABAAR expression in control treated neurons 
 

Our data indicate that ~ 80 % of the synaptic α1 GABAAR receptors exist as monomers 

(in terms of α subunits) in cultured hippocampal neurons (Figure 5.6). This implies 

that the majority of α1-containing GABAARs must exist as ‘hetero-alpha’ GABAA 

receptors. However, previous studies reported that ‘homo-alpha’ α1-containing 

GABAAR populations are predominant, accounting for around 60 % of all α1-

containing receptors (Benke et al., 2004a; Duggan et al., 1991), which is not in accord 

with our findings. The reason(s) for such a discrepancy can be attributed to the fact 

that the biochemical methods used in these former studies and the SpIDA 

methodology used here assess distinct GABAAR pools. Immunoaffinity purification- 

and immunoprecipitation-based methods used to quantify the abundance of 

receptor mixtures rely on whole brain lysate purification – i.e. they detect ‘bulk’ levels 

of GABAARs, intracellular, synaptic and extrasynaptic. Thus, these assess macroscopic 

abundance of receptor populations and do not distinguish between brain regions, 

cellular and subcellular subunit variation. By using SpiDA, however, we exclusively 
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imaged pyramidal hippocampal cultured neurons (through identification of their 

distinct morphology (Graves et al., 2012)) and analysed synaptic GABAARs within 

gephyrin clusters – a recognised protein that plays a major role in anchoring GABAARs 

at inhibitory synaptic membranes (Essrich et al., 1998; Jacob et al., 2008; Kneussel et 

al., 1999; Mukherjee et al., 2011). Thus, we are sampling a very discrete cellular and 

regional population(s) of GABAARs. 

As discussed above, the limitation in the present study is that the identity of the 

second α subunit in the monomeric α1-receptor population cannot be resolved 

through SpIDA. However, we can confidently speculate, that the identity of the 

second α subunit in α1 receptor pool is unlikely to be α4 or α6. This is due to α6 

subunit expression being almost exclusively limited to cerebellar granule cells and the 

cochlear nucleus (Fritschy and Mohler, 1995; Pirker et al., 2000), whilst in our 

experiments, cultured hippocampal neurons were used. Additionally, α4 and α6 

subunits are thought to localise extrasynaptically (Brickley et al., 1996; Jechlinger et 

al., 1998; Nusser et al., 1998).  Since we are looking specifically at GABAARs within the 

gephyrin ‘imaging mask’ (Figure 5.4), it is unlikely that extrasynaptic α subunits (α4 

or α6) could contribute to SpIDA monomeric α1 subunit pool mixtures. Other α 

subunit isoforms that can localise synaptically are: α2 (Kasugai et al., 2010; Z. Nusser 

et al., 1998), α3 (Maric et al., 2014; Tretter et al., 2011) and α5 (Serwanski et al., 

2006). This implies, that the ‘hetero-alpha’ α1-containing GABAARs could be 

expressed with α2, α3, or α5 subunits.  

With regards to α2-subunit containing GABAARs (Figure 5.7), our data indicate that 

the ‘hetero-alpha’ to ‘homo-alpha’ receptor ratio is distinct to that of α1-containing 

ratio. The ratio of monomers to dimers of α1 subunit was estimated to be 8 : 2, 

whereas the same ratio for α2 receptors was 1 : 1. This implies that synaptic α2-

containing GABAARs are expressed as ‘homo-alpha’ (~ 32 receptors) and ‘hetero-

alpha’ (~ 31 receptors) forms at similar levels. The best comparison we can draw here, 

with prior studies, is with the percentages of ‘homo-‘  and ‘hetero-alpha’ receptor 

pools established from biochemical studies. One study performed 

immunoprecipitation with anti-α2 GABAAR antibodies from hippocampal lysates, to 

pull-down α2-containing GABAARs, and subsequently probed the receptors for α1 
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and α5 subunits (del Río et al., 2001a). The study found that 36.6 ± 5.2 % and 20.2 ± 

2.1 % are α1α2 or α2α5 receptors respectively (del Río et al., 2001a). The remaining 

~ 44 % of α2-containing receptors in this study are probably α2α2 ‘homo-alpha’ 

GABAARs, given that α2α4 and α2α6 combinations are unlikely to be present (due to 

the reasons discussed in the paragraph above). This percentage is close to the value 

we have observed for ‘homo-alpha’ α2-receptors (~ 57 %) (Figure 5.7). However, it is 

possible that the remaining proportion of α2-containing receptors established by del 

Río and colleagues could contain some α2α3 GABAAR, as this subunit was not probed 

for in the western blot analysis. Nevertheless, such receptor combination has been 

reported as being ‘minor’ (~ 2 %) in other studies (Benke et al., 2004a; Duggan et al., 

1991).  

From SpIDA of α1 + α2 GABAAR subunits we observed that ~ 22 % were monomers, 

whereas the remaining ~ 78 % of receptors were expressed as dimers in control 

treated neurons (Figure 5.8). These data imply that ~ 22 % of ‘hetero-alpha’ GABAARs 

(either α1- or α2-containing) are expressed with other subunit isoforms. These are 

likely to be combinations of α1α3-, α1α5-, α2α3-, and α3α5-containing GABAARs, as 

these subunit mixtures were previously suggested to exist in the brain (Araujo et al., 

1999, 1996; Benke et al., 2004a; del Río et al., 2001a; Duggan et al., 1991; Ju et al., 

2009).  

To achieve a degree of quantification, the percentage of α1α2 ‘hetero-alpha’ 

GABAARs from α1, α2 and α1 + α2 immunolabelling data was estimated. The number 

of synaptic α1 dimers – these could only be ‘homo-alpha’ α1α1-containing receptors 

– was estimated to be ~ 6 receptors in control treated neurons (Figure 5.6 A), 

whereas the number of α2 dimers – ‘homo-alpha’ α2α2-containing GABAARs – was ~ 

32 receptors (Figure 5.7 A). The number of dimers in α1 + α2 was measured to be ~ 

70 receptors. These dimers could represent ‘homo-alpha’ α1α1, ‘homo-alpha’ α2α2, 

or ‘hetero-alpha’ α1α2 receptor populations, and are not distinguishable in SpIDA 

analysis as all these subunit combinations would emit a QB of 2ε.  Since the labelling 

of these two subunits was performed with the same secondary antibody (anti-rabbit 

Alexa Fluor® 488) and the total number of receptors in α1 + α2 immunolabelling 

approximately equated to the arithmetic sum of total α1 and α2 receptors (Figure 
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5.9 A), we can subtract α1α1 and α2α2 GABAAR values (6 and 32 receptors 

respectively) from α1 + α2 dimeric receptor number. This means that ~ 32 GABAAR of 

all possible α1 + α2 dimers are ‘hetero-alpha’ α1α2-GABAAR. As we know the total 

number of receptors per gephyrin cluster in α1 + α2 immunolabelling – ~ 96 receptors 

(monomers and dimers) (Figure 5.8 C), the percentage of ‘hetero-alpha’ α1α2 

receptors equates to ~ 33 % out of all α1- and α2-containing GABAARs.  

 

5.3.2 α1/α2-containing GABAAR expression changes following iLTP induction 
 

Our data suggests that only the number of α2-containing GABAARs increases 

significantly post glycine-based LTP induction, whereas the number of α1- and overall 

number of α1- + α2-containing GABAARs does not change (Figures 5.6 - 5.8). 

However, our electrophysiology data suggests that there is an increase in 

postsynaptic GABAARs, due to a significant increase in sIPSC current amplitude 

(Figure 4.9), which does not reflect the results obtained here. It is worth reiterating, 

that SpIDA of GABAARs is performed strictly within the gephyrin mask. One of the 

possible explanations for the lack of change in receptor numbers with SpiDA, is that 

we could also be including extrasynaptic GABAARs in our calculations. Although we 

used a gephryin mask, it has been previously reported that localisation of gephyrin – 

synaptic or extrasynaptic – can vary hugely during development in cultured 

hippocampal neurons (Danglot et al., 2003). Strikingly, as much as 42 % of gephyrin 

was found extrasynaptically at DIV10 cultured hippocampal neurons, with the value 

decreasing to 10 % at DIV21 (Danglot et al., 2003). As we are using DIV11-15 cultured 

hippocampal neurons in these experiments, it is likely that we are also assessing some 

extrasynaptic GABAARs, thereby diluting the effect of iLTP on receptor numbers 

within gephyrin clusters. However, our data indicates that the overall mean intensity 

of α1, α2, and α1 + α2 immunolabelling significantly increases in our ROIs post LTP 

induction (ROIs selected through MAP2 labelling) (Figure 5.5), supporting the idea of 

increased receptor density. This also correlates with the changes observed with other 

iLTP protocols – ie, increased postsynaptic clustering of GABAARs (Bannai et al., 2020; 

Battaglia et al., 2018; Petrini et al., 2014). 
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With regards to α1 oligomerisation state changes post LTP induction, we did not 

observe any significant changes in monomer/dimer ratios. Nevertheless, we 

observed a trend towards a decrease in α1 monomers, and an increase in α1 dimers. 

Furthermore, we observed that four ROIs had 100 % of dimers post LTP induction 

(Figure 5.6 B), suggesting that these α1-containing receptor pools were expressed as 

‘homo-alpha’ α1α1-GABAARs. Again, it is possible that the apparent lack of significant 

changes in oligomerisation states within the synaptic α1-receptor pool is because 

some receptors we are looking at are extrasynaptic.  

In comparison to α1 oligomerisation, glycine LTP evoked changes in the 

oligomerisation states of α2-containing GABAARs, where the proportion of α2 

monomers to dimers exhibited a change from 30 : 32 receptors in control treated 

neurons, to 27 : 42 in LTP treated neurons (Figure 5.7 A). Such a change implies that 

post iLTP induction there are more ‘homo-alpha’ α2α2- than ‘hetero-alpha’ α2αx-

receptors expressed within gephyrin clusters. Furthermore, the overall number of α2 

subunits significantly increased – a result that was previously observed with overall 

α2 GABAAR subunit numbers being upregulated expression post-iLTP (Petrini et al., 

2014). Since the overall number of α2 receptors increases post glycine treatment, we 

can speculate that the ratio of α2 monomers to dimers changes due to either 

increased de novo α2α2-containing receptor synthesis, or possibly an increased 

exocytosis of the α2α2-containing receptors that are already present in secretory 

pathways (Arancibia-Cárcamo and Kittler, 2009). 

The data obtained for α1 + α2 immunolabelling however, suggested that there was 

no significant change in oligomerisation states post glycine LTP treatment. One 

possible explanation for this could be that in control treated neurons, the majority (~ 

78 %) of α1- and α2-GABAAR pool already exists as a dimer (α1α1, α1α2, or α2α2). 

Therefore, changes towards an increase of dimeric receptor populations could be 

missed. Interestingly, post LTP induction almost 95 % of α1- and α2-GABAARs are 

expressed as dimers. By using immunolabelling, we can estimate the number 

(proportion) of ‘hetero-alpha’ α1α2-containing GABAARs out of all α1 and α2 

receptors, which comes to ~ 43 %, a 10 % increase compared to control treated 

neurons. The total number of α1 and α2 subunits does not change after glycine 
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treatment (Figure 5.8 D), but the ratios of monomers to dimers does. This may occur 

if the glycine LTP protocol induces reassembly of α1- and α2-containing receptors. To 

summarise, a schematic diagram of glycine LTP induced changes on α1, α2, and α1α2 

oligomerisation states is shown in Figure 5.10. Note that out of all the α1- and α2-

containing ‘hetero-alpha’ GABAARs some receptors could be α1α2-receptors.  

 

 

Figure 5.10 Schematic diagram of GABAAR changes induced by glycine LTP. With regards to 

α1 containing GABAARs (top panel), the ratio of ‘homo-alpha’ to ‘hetero-alpha’ GABAARs is 2 

: 8  in control treated neurons. Upon glycine LTP treatment, the number of receptors does 

not change, however the ratio of ‘homo-alpha’ to ‘hetero-alpha’ shifts to 3 : 7. The identity 

of the second α subunit in ‘hetero-alpha’ α1-containing receptors is unknown.  In terms of 

α2-containing GABAARs (middle panel), the ratio of ‘homo-alpha’ to ‘hetero-alpha’ GABAARs 

is 1:1 in control treated neurons. Post LTP treatment, the ratio shifts to 7 : 5, additionally with 

the number of α2-containing receptors increasing. The identity of the second pairing α 

subunit for α2 is unknown. Lastly, the percentage of α1α2 ‘hetero-alpha’ GABAARs (out of all 

α1 and α2 receptors) increases from 33 % to 43 %. Note the relative receptor number 

between panels is not to scale.  
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5.3.3 Limitations of SpIDA 
 

One of the most obvious limitations, of such analysis is the image quality. Here, we 

performed a calibration of the PMT linked to our confocal microscope as discussed in 

Section 5.2.1 to avoid pixel saturation and minimise variation in data acquisition. 

Furthermore, the same parameters, once set, were used across all image acquisitions 

to enable image comparison (see table 5.1). We also ensured that the images were 

taken at a consistent resolution (1024 x 1024 px). Alongside α1, α2 and α1 + α2 

immunolabelling, we also used γ2 labelling as a control to allow quantification of the 

monomeric fluorophore brightness, given the receptor stoichiometry of 

2α1:2β2/3:1γ2L.  

It is important to reiterate here, that the major limitation of SpIDA is that the identity 

of the second α subunit in a monomeric oligomerisation state cannot be resolved 

since the same secondary antibody is used. We therefore estimated the percentages 

of α1α2-containing receptors in α1 + α2 immunolabelled images through subtraction 

of separately immunolabelled α1 and α2 containing receptors  

Lastly, we recorded an increase in total α2-, but not α1- or α1- + α2-containing 

GABAAR numbers post glycine LTP induction. This is surprising, given that we 

observed an increase in sIPSC current amplitude with the same protocol (Figure 4.9). 

As already mentioned, the lack of a significant increase in total receptor numbers 

could be attributed to using gephyrin as a binary mask to look at synaptic GABAARs, 

whilst gephyrin is likely to also localise at extrasynaptic locations, given the age of 

neurons we use here (DIV11-15) (Danglot et al., 2003). Therefore, the effects of LTP 

induction on synaptic GABAARs could be diluted by including part of the extrasynaptic 

GABAAR pool into our analysis.  

 

5.4 Conclusions 

1. Approximately 80 % of all synaptic α1-containing GABAARs are expressed as 

‘hetero-alpha’ receptors in control treated cultured hippocampal neurons, whereas 
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~ 50 % of all synaptic α2-containing GABAARs are expressed as ‘hetero-alpha’ 

GABAARs.  

2. Around 30 % of all synaptic α1- and α2-containing GABAARs are expressed as α1α2-

containing ‘hetero-alpha’ GABAARs in control treated neurons. 

3. Other combinations of ‘hetero-alpha’ GABAARs (excluding α1- and α2-paired 

receptors) are also expressed, which are likely to be combinations of α1α3-, α1α5-, 

α2α3-, and α3α5-receptors.  

4. Post glycine-based LTP induction, the overall mean intensity of α1, α2, and α1 + α2 

immunolabelling increases, suggesting an increased overall cell surface expression of 

GABAARs.  

5. The number of α2-containing GABAARs within the gephyrin mask increases post 

LTP induction, and the number of ‘homo-alpha’ α2α2-GABAARs also increases from 

50 % to 66 %.  

6. The number of α1α2 ‘hetero-alpha’ GABAARs (out of all α1- and α2-containing 

receptors) increases by 10 % post LTP induction. The number of other α1- and α2-

containing GABAARs decreases by 17 %.  

7. iLTP is likely to induce reassembly of α1- and α2-containing receptors, by 

decreasing the number of α2α2 ‘homo-alpha’ and increasing the number of α1α1 

‘homo-alpha’ as well as α1α2 ‘hetero-alpha’ GABAARs within gephyrin clusters. 

8.  Some receptors within the gephyrin mask could be extrasynaptic, diluting the 

effect of glycine LTP treatment on synaptic GABAARs.  
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Chapter 6: General discussion 

6.1 Literature overview and project aims 

GABAA receptor subunit composition determines its biophysical and pharmacological 

properties – agonist sensitivity, kinetic profiles; subcellular localisation – synaptic or 

extrasynaptic, as  well as pharmacological properties (Carter et al., 2010; Colquhoun, 

1998; Farrant and Nusser, 2005; Sieghart, 1995; Sigel and Steinmann, 2012) In 

particular, the identity of the α subunit isoform present in the GABAAR pentamer 

determines  GABA potency (Mortensen et al., 2012b) and plays a crucial role in 

shaping pharmacological sensitivity and the effects of the benzodiazepines  

(McKernan et al., 2000; Sigel and Ernst, 2018; Skolnick, 2012).  

In the brain, the majority of GABAAR subtypes are expressed as pentamers containing 

two α, two β and one γ subunits (Laverty et al., 2019b; Olsen and Sieghart, 2009). 

Although only a small number of subunit combination permutations are thought to 

be expressed in vivo (McKernan and Whiting, 1996; Olsen and Sieghart, 2009) there 

is extensive evidence, that distinct α subunit isoforms – ‘hetero-alpha’ – may exist in 

a single receptor complex (see Table 1.2 for detail). Specifically, α1 and α2 subunits 

– the two most widely expressed α subunit types in the brain (Pirker et al., 2000) – 

were reported to exist in the same GABAAR pentamer (Benke et al., 2004a; del Río et 

al., 2001b; Duggan et al., 1991). Existence of such receptors can vastly increase 

subunit permutations and hence receptor isoforms, producing GABAAR subtypes with 

unique GABA and allosteric modulator sensitivities.  

Even though the evidence for ‘hetero-alpha’ GABAARs exists, the majority of the 

reports used biochemical immunoaffinity purification methods to assess their 

presence and abundance in vivo. However, such methodology assesses ‘bulk’ 

receptors, and is unable to provide insight into functional and pharmacological 

signatures of specific receptor subtypes (see Section 1.4.1). To overcome this issue, 

receptor concatenation has been previously used to study pharmacological 

fingerprints of GABAA receptors with two different isoforms of α or β subunits (see 

Section 1.4.2). However, receptor concatenation studies are limited, as they only 



220 
 

assessed two subunit combinations: α1 and α6 (Minier and Sigel, 2004c; Simeone et 

al., 2019), and β1 and β2 (Boulineau et al., 2005). Furthermore, this is a constrained 

system and does not explore free subunit assembly. 

Given the above, the present work primarily focused on investigating GABAARs with 

two distinct α subunit isoforms: α1 and α2. We established the existence and 

abundance of both recombinant and native ‘hetero-alpha’ α1α2-containing 

GABAARs. We attempted to assess functional signatures of these receptors – this aim 

was addressed in Chapters 3 and 4. Furthermore, subcellular localisation of ‘hetero-

alpha’ GABAARs was also investigated (Chapter 4). Finally, the physiological role of 

these receptors post-LTP induction was assessed (Chapter 4 and 5).  

 

6.2 Major findings 

6.2.1 Existence and abundance of α1α2-containing GABAARs in vitro and in vivo 
 

Our first aim was to establish the existence of ‘hetero-alpha’ α1α2-containing 

GABAARs receptors in a recombinant system. Our data indicates that α1α2β3γ2L-

transfected HEK293 cells have a higher GABA apparent affinity than pure α1β3γ2L- 

or α2β3γ2L-expressing cells, suggesting that a distinct receptor population must be 

present: α1α2β3γ2L (Figure 3.3). Furthermore, co-expression of α1L263S and α2 

subunits with β2/3 and γ2L yielded three population multi-component Hill equation 

fits (Figure 3.9), further confirming the presence of ‘hetero-alpha’ GABAAR receptor 

populations. We also demonstrated that α1 and α2 subunits are in close enough 

proximity for PLA to produce a signal (PLA spot) in both α1α2β2γ2L- and α1α2β3γ2L-

transfected HEK293 cells (Figure 4.1).  

We demonstrate the existence of native α1α2-containing GABAARs with PLA 

methodology (Figure 4.4). By performing nocodazole treatment to decluster 

GABAARs  (Petrini et al., 2004, 2003) (Figures 4.2-4.4) and PLA between γ2 and δ 

subunits (Figure 4.5), we established that the PLA signal is unlikely to occur between 

‘inter-receptor’ PLA probes, thereby validating α1α2 PLA spots as indicative of ‘intra-
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receptor’ subunit interactions. Lastly, SpIDA analysis of α1 + α2 immunolabelled 

cultured hippocampal neurons indicated the presence of ‘hetero-alpha’ GABAARs 

(Section 5.3.1). Overall, given that we used different methods (whole-cell patch-

clamp electrophysiology, PLA and SpIDA imaging based techniques), we can 

confidently say that ‘hetero-alpha’ α1α2-containing GABAARs are expressed both in 

vitro and in vivo.  

Our data indicates that the abundance of α1α2β2/3γ2L is between 45 % and 68 % of 

the total receptor pool in transfected HEK293 cells (Figure 3.9) and ~ 33 % at synapses 

in cultured hippocampal neurones (Section 5.3.1). These values are in agreement 

with previous reports, where the α1α2-containing receptor population was 

estimated to be between 33 % and 36 % (Benke et al., 2004a; del Río et al., 2001b; 

Duggan et al., 1991). Additionally, our data indicates that ~ 22 % of all α1- and α2-

containing receptors at synapses are expressed as α1αx- and α2αx-GABAARs (Figure 

5.8). This suggests that the diversity of ‘hetero-alpha’ GABAARs is not limited to α1α2-

containing receptors - other types of ‘hetero-alpha’ GABAAR pentamers are likely to 

exist These subunit combinations are likely to be α1α3-, α1α5-, α2α3-, and α3α5-

containing GABAARs, as these subunit mixtures were previously reported to exist in 

the brain (Araujo et al., 1999, 1996; Benke et al., 2004a; del Río et al., 2001a; Duggan 

et al., 1991; Ju et al., 2009). This implies that the diversity of GABAARs expression is 

far greater than previously thought (Olsen and Sieghart, 2009).  

 

6.2.2 Determinants of ‘hetero-alpha’ GABAAR expression and assembly  
 

We show that only ~ 10 % of native synaptic α1-containing receptors are expressed 

as ‘homo-alpha’ GABAARs in cultured hippocampal neurons (Figure 5.6). This 

suggests that α1-containing receptors mainly harbour other α subunit isoforms, 

probably predominantly the α2 subunit. Glycosylation of the α1 subunit at N110, 

located within the ECD of the receptor occupies a significant part of the vestibule 

above the channel pore (Laverty et al., 2019b) and has been proposed to play an 

important role in assembly of GABAARs, by blocking the formation of GABAAR 

pentamers with more than two α subunits (Buller et al., 1994; Chen et al., 2012b; 
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Phulera et al., 2018). We could speculate that N-linked glycans of the α1 subunit are 

structurally distinct from those on other α subunits, where the glycans association 

between α1 and αx is preferential over that of α1 and α1 glycans interaction. This 

could potentially work like a ‘lock and key’, where the size and compatibility of the α 

subunits’ N110 glycans regulate the assembly of ‘hetero-alpha’ GABAARs.  

GABAergic transmission in frontotemporal regions of the brain and hippocampus has 

been reported to be altered in schizophrenia (de Jonge et al., 2017; Marques et al., 

2021). Interestingly, previous reports indicate that glycosylation patterns of 

GABAARs, specifically α1, β1 and β2 subunits, are altered in patients with 

schizophrenia (Mueller et al., 2014). The glycans of the α1 subunit in the cortex taken 

from patients with schizophrenia were reported to have a smaller molecular mass 

compared to healthy patients  (Mueller et al., 2014). Following our proposed ‘lock 

and key’ theory above, we could speculate, that GABAAR assembly, including ‘hetero-

alpha’ receptors could be altered in schizophrenia.  

PLA between α1 and α2 subunits indicate that overexpression of α2, but not the α1 

subunit results in an increase of PLA puncta (Figure 4.6). This could imply that α2 

subunit expression is the limiting factor in α1α2-containing GABAAR assembly. SpIDA 

results indicate that ~ 50 % of all α2-containing GABAARs are expressed as ‘homo-

alpha’ α2α2-receptors (Figure 5.7) – a percentage that is significantly higher than 

‘homo-alpha’ α1α1-receptor expression (~ 10 %). Taken together, we could speculate 

that there are rules to GABAAR subtypes assembly and expression, where assembly 

of α2α2-containing GABAARs is preferential over α1α2-containing GABAARs. Similarly, 

assembly of ‘hetero-alpha’ α1α2-receptors is dominant over that of ‘homo-alpha’ 

α1α1-containing GABAARs.  

Our data also suggests that the identity of the β subunit regulates the abundance of 

‘hetero-alpha’ α1α2-containing GABAAR expression in HEK293 cells (Figure 3.9). The 

β subunit identity determines GABAAR assembly and clustering (Connolly et al., 1996; 

Jacob et al., 2008; Nguyen and Nicoll, 2018). The evidence on β2/3-containing GABAA 

receptors localisation is conflicting, nevertheless there seem to be subcellular 

localisation differences in GABAAR expression, dependent on the identity of the β 

subunit (Herd et al., 2008; Kasugai et al., 2010; Thomas et al., 2005). It is therefore 
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possible that the β subunit identity in the pentamer regulates the abundance as well 

as localisation of ‘hetero-alpha’ GABAARs.  

 

6.2.3 Subcellular localisation of ‘hetero-alpha’ GABAARs 
 

The majority of native α1α2-containing GABAA receptors (~ 80 %) are located distinct 

from VIAAT clusters (Figure 4.6) in cultured hippocampal neurons. This implies that 

the majority of α1α2-GABAARs must localise perisynaptically or extrasynaptically. 

Previous studies revealed that GABAA receptors containing the α2 subunit are 

localised at synaptic sites, whereas α1 -containing GABAAR expression is more diffuse 

in cultured hippocampal neurons (Nusser et al. 1996; Nyíri, Freund, and Somogyi 

2001). This difference is attributed to the differential binding affinities of α1 and α2 

subunits to the major inhibitory postsynaptic scaffolding protein – gephyrin (Tretter 

et al., 2008). Even though gephyrin directly binds to the α1 subunit with high affinity 

(~ 20 μM), phosphorylation of residue T375 significantly decreases the affinity of α1 

for gephyrin, and hence synaptic clustering (Mukherjee et al., 2011). Therefore, it is 

possible that the extrasynaptic/perisynaptic localisation of α1α2-containing GABAARs 

is regulated through α1 subunit phosphorylation.  

Interestingly, out of the two α subunits, α2 seems to drive the expression of ‘hetero-

alpha’ GABAARs, and their subsequent localisation at synapses (Figure 4.6). As 

discussed above, the availability of the α2 subunits could be a limiting factor in α1α2-

receptor assembly. Since the overall number of α1α2-containing GABAARs increases 

with the increased availability of α2 subunits, it is possible that de novo ‘hetero-alpha’ 

GABAARs preferentially localise at synaptic junctions. Their synaptic localisation could 

be attributed to the basal phosphorylation of the α1 subunit at T375 (described 

above), resulting in an increased synaptic clustering via a gephyrin-dependent 

mechanism (Sassoè-Pognetto and Fritschy, 2000).  
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6.2.4 Functional role of ‘hetero-alpha’ GABAARs 
 

As discussed in Sections 3.5.1 and 4.3.3, ‘hetero-alpha’ α1α2-containing GABAARs do 

not seem to hugely affect GABA apparent affinity or sIPSC kinetics compared to 

‘homo-alpha’ counterparts (α1α1 and α2α2). One of the explanations could be that 

α1- and α2- ‘homo-alpha’ GABAARs have similar kinetic profiles, thereby mixtures of 

these two subunits would potentially result in a receptor with a GABA potency and 

kinetic profile similar to ‘homo-alpha’ receptors. We show that an increased number 

of synaptic ‘hetero-alpha’ α1α2-containing receptors correlates with a faster tau1 

component in the biexponential sIPSC decay (Figure 4.7), suggesting that these 

receptors could play a role in fine-tuning GABAergic transmission, rather than 

evoking large scale changes to IPSCs.  

Since ‘hetero-alpha’ receptor mixtures can reside in synaptic and extrasynaptic 

cellular compartments (Figure 4.6), we could speculate that ‘hetero-alpha’ δ-

containing α4/6αxβ1-3δ GABAARs may also form part of the extrasynaptic receptor 

population (Nusser et al. 1995; Nusser, Sieghart, and Somogyi 1998). 

Immunoprecipitation studies estimated α1α6βδ receptor mixtures from mice 

cerebellar extracts to be around 14 % of the total α1- and α6-receptor pools 

(Jechlinger et al., 1998; Pöltl et al., 2003). Previous studies of recombinant GABAAR 

mixtures estimated GABA EC50 values of the α1βδ and α6βδ receptors at 3.7 μM and 

0.17 μM respectively (Farrant and Nusser, 2005; Mortensen et al., 2012b; Picton and 

Fisher, 2007). This could imply that ‘hetero-alpha’ α1α6βδ receptors would have an 

apparent affinity for GABA between the two ‘pure receptor’ EC50 values for 

corresponding ‘homo-alpha’ populations. Having a receptor population with such 

GABA potency could provide a dynamic regulatory mechanism for balancing 

responses to ambient GABA outside inhibitory synapses.  

The two GABA binding sites in a GABAAR do not carry the same contribution to 

receptor activation, with site 2 (flanked by the α and γ subunits) carrying a three-fold 

higher GABA affinity than site 1 (flanked by the γ and β subunits) determined using 

concatamers (Baumann et al., 2003). Therefore, the relative α subunit positioning in 

a ‘hetero-alpha’ GABAAR could play an important role in receptor activation 
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mechanisms and pharmacology. Since the sensitivity to GABA in a GABAAR pentamer 

is largely determined by the α isoform present (Böhme et al., 2004), relative 

positioning of the α subunits in ‘hetero-alpha’  GABAARs becomes important when α 

subunits exhibit distinct potencies towards GABA. For example, the α3-containing 

GABAAR apparent affinity is between 6- and 8-fold lower than that of α1-containing 

receptors (Ebert et al., 1994; Mortensen et al., 2012a). Thus, in the α1α3-containing 

GABAARs, the relative positioning of these two α subunits could dictate the GABA 

apparent affinity: γ2β2α3β2α1 would have a lower GABA potency than γ2β2α1β2α3, 

since the former has an α3 subunit at GABA binding site 2. This idea has been 

confirmed in concatenated GABAAR studies, where the GABA apparent affinity of 

γ2β2α1β2α6 was found to be two times lower than of γ2β2α6β2α1 (94 ± 38 μM and 

42 ± 14 μM respectively) (Minier and Sigel, 2004a). 

Furthermore, the identity of the α subunit at the α/γ interface plays a major role in 

the sensitivity towards, and modulatory effects of, the benzodiazepines (Sigel and 

Ernst, 2018; Sigel and Lüscher, 2011). Since we discussed possible modulatory effects 

of BDZ on ‘hetero-alpha’ GABAARs in Section 3.5.3, it is important to consider the 

possible modulation of ‘hetero-alpha’ GABAARs by endogenous benzodiazepines – 

endozepines. This group of molecules was hypothesised to exist endogenously in the 

brain after the discovery of the benzodiazepine binding site on GABAARs, and later 

putative endozepine candidates were identified (Costa and Guidotti, 1985; Cravatt et 

al., 1995; Rothstein et al., 1992). One of the most well-characterised putative 

endozepines is the diazepam-binding inhibitor (DBI) peptide (Farzampour et al., 2015; 

Guidotti et al., 1983). This is a 10 kDa protein, which has been previously shown to 

displace exogenous benzodiazepines from whole brain lysates, suggesting that the 

binding site of DBI is overlapping with the exogenous BDZ binding site (Guidotti et al., 

1983).  

The effects of DBI on GABAAR appear conflicting, with some studies claiming it acts 

as a NAM (Bormann, 1991; Costa and Guidotti, 1985), whereas others suggested it 

has positive modulatory effects (Christian et al., 2013). Such conflicting results could 

be attributed to selective modulatory effects of DBI, dependent on the identity of the 

α subunit isoform at the α/γ interface, as well as overall subunit composition of the 
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GABAAR pentamer. As such, similar to benzodiazepines, endozepines could produce 

multicomponent patterns of modulation, that are dependent on the subunit 

arrangement in ‘hetero-alpha’ GABAARs.  

By introducing a mutation into the α subunit (H101R) to render the receptor 

insensitive to benzodiazepines, we also tried to determine if the α1 and α2 subunits 

had preferential stoichiometric locations within the hetero-alpha receptor complex. 

However, our data suggested that the relative proportion of receptors with α1/γ and 

α2/γ interfaces is apparently similar, with each interface representing approximately 

50% (see Section 3.4).  

Lastly, we outlined the functional role of ‘hetero-alpha’ α1α2-containing GABAARs 

during the induction of inhibitory long-term potentiation (see Sections 4.3.4 and 

5.3.2). To summarise, ‘hetero-alpha’ GABAAR expression at synapses increases post 

LTP induction. Our results are in agreement with previous studies, where post-

synaptic clustering of GABAARs as well as upregulated expression of the α2 subunit 

has been previously observed with various iLTP protocols (Bannai et al., 2020; 

Battaglia et al., 2018; Petrini et al., 2014). Hence, ‘hetero-alpha’ GABAARs could 

contribute to macroscopic changes induced during LTP, alongside ‘homo-alpha’ 

GABAARs.  

This work focused on establishing the existence, abundance and function of ‘hetero-

alpha’ α1α2-containing GABAARs, however as previously mentioned, there is 

evidence that other α subunit combinations may exist in the brain (see Table 1.2). To 

add to the complexity, some studies proposed the existence of ‘hetero-beta’ 

GABAARs (Jechlinger et al., 1998; Li and De Blas, 1997) and in our study the β subunit 

influenced the properties of hetero-alpha receptors. This further adds to the 

complexity of GABAARs expression and function. It is possible that receptors with five 

distinct subunits, where the identity of each subunit as well as their positioning could 

potentially contribute to the fine-tuning of GABAergic transmission.  
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6.3 Future directions 

6.3.1 Concatenated receptor studies 
 

To study the pharmacological fingerprints of GABAA receptors with two different 

isoforms of α or β subunits it is essential to know the predetermined positioning of 

subunits in a pentameric complex, as the relative positioning of subunits around the 

channel could influence GABA binding  (Baumann et al., 2003). We studied α1α2-

containing ‘hetero-alpha’ GABAAR in a recombinant HEK293 system, where various 

stoichiometric subunit combinations could potentially form: α1α1, α1α2, α2α1 and 

α2α2. However, to establish the GABA affinity and BDZ effects on pure ‘hetero-alpha’ 

populations, it is essential to fix the positioning of subunits. Future work would 

require receptor concatenation, either by using concatenated dimer/trimer mixtures 

or preferred concatenated pentamers (see Section 1.4.2). By forcing the position of 

either α1γ2βα2β or α2γ2βα1β subunit combinations, we could obtain more insight 

into the pharmacological properties of such receptors.  

 

6.3.2 Atomic Force and Cryo-electron Microscopy 
 

In this work, we used two different fluorescent imaging-based method: PLA and 

SpIDA to study stoichiometry of native GABAARs. However, both of these techniques 

have limitations preventing clear conclusions on stoichiometry as discussed in 

Sections 4.3.2 and 5.3.3. A method for direct visualisation of GABAARs, where specific 

α subunits could be distinguishable between one another in the same pentamer 

could be highly useful for future work. One of the possible ways to study receptor 

stoichiometry is through atomic force microscopy, AFM, previously used to establish 

the stoichiometry of α1β2γ2 and α4β3δ GABAARs (Barrera et al., 2008; Neish et al., 

2003). For assessment of stoichiometry by AFM, receptors are firstly purified, 

decorated with subunit-specific distinguishable sized-tags (eg. antibodies and Fab 

fragments) and subsequently imaged by a sharp oscillating tip mounted on a 
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cantilever beam that is scanned across the surface of the sample. Van der Waals 

forces between the sample and the tip cause deflections of the cantilever, which 

when raster scanned across the sample surface, produces a 3D topographic map 

(Barrera et al., 2008). By purifying GABAARs from brain lysates and subsequently using 

anti-α1 antibodies together with anti-α2 Fab fragments, we can decorate native 

GABAARs. AFM images should allow us to distinguish between α1α1- (double 

antibody labelled), α1α2- (antibody and Fab fragment labelled), and α2α2-containing 

GABAARs (double Fab fragment labelled) in the same sample. An alternative 

approach, also allowing direct visualisation of the receptor complex is to subject 

hetero-alpha receptors to cryo-EM (Laverty et al., 2019b), which will definitely show 

if there is a preferred stoichiometry for α1α2 receptors. 

 

 

6.4 Concluding Remarks 

Previously, the existence and functional role of ‘hetero-alpha’ α1α2-containing 

GABAARs was relatively unexplored. In the present study, we established the 

expression of such receptors in vivo as well as estimated their relative abundance. 

We also demonstrate that ‘hetero-alpha’ GABAARs are expressed both synaptically 

and extrasynaptically, and their expression is predominant over α1α1-containing 

receptors with implications for their activation and pharmacological properties.  

Finally, from this study taking all the data into consideration, the functional role of 

‘hetero-alpha’ GABAARs appears to be the refinement of GABAergic transmission, 

rather than an induction of substantial changes. Nevertheless, hetero-alpha GABAA 

receptors have the potential to modify the receptor’s response to drugs. Finally, we 

show that ‘hetero-alpha’ GABAAR synaptic recruitment occurs upon long-term 

potentiation induction, suggesting a role of these receptors in synaptic plasticity.  
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