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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 

ǎǘǊǳŎǘǳǊŜΣ ŎƻƴǎǘǊǳŎǘŜŘ ŦǊƻƳ ŀ ǎŜƭŜŎǘƛƻƴ ƻŦ ʰм-сΣ ʲм-о ŀƴŘ ʴм-оΣ ʵΣ ʶΣ ˊΣ ˉ ŀƴŘ  ̒

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

ʰʲʴ ǎǳōǳƴƛǘǎΣ ǘƘŜ ǇǊŜŎƛǎŜ ŎƻƳǇƻǎƛǘƛƻƴ ŀƴŘ ŀǊǊŀƴƎŜƳŜƴǘ ƻŦ ƴŀǘƛǾŜ D!.!ARs remains 

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

ŀ ǎƛƴƎƭŜ ǘȅǇŜ ƻŦ ʰ ǎǳōǳƴƛǘΣ ǿƘƛŎƘ ǘƘŜƴ ŘƛŎǘŀǘŜǎ ǘƘŜir pharmacological profiles 

influencing neural circuit activity and behaviour. 

The aim of this study was to investigate the likelihood of hetero-ʰ ǎǳōǳƴƛǘ ŀǎǎŜƳōƭȅ 

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

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

ŦƻƻǘǇǊƛƴǘǎΦ ¢ƻ ŀŘŘǊŜǎǎ ǘƘƛǎΣ ǿŜ ŦƛǊǎǘ ŜƭŜŎǘǊƻǇƘȅǎƛƻƭƻƎƛŎŀƭƭȅ ŀƴŀƭȅǎŜŘ ʰм ŀƴŘ ʰн ǿƛǘƘ 

ʲнκо ʴн[ ǿƛƭŘ-type and reporter-mutant subunit mixtures in HEK293 cells to establish 

the presence of hetero- -hGABAAR isoforms. We also examined the stoichiometry of 

hetero- -hǊŜŎŜǇǘƻǊǎ ŀƴŘ ǿƘŜǘƘŜǊ ǘƘŜǊŜ ƛǎ ǇǊŜŦŜǊŜƴǘƛŀƭ ǇƻǎƛǘƛƻƴƛƴƎ ƻŦ ʰ ǎǳōǳƴƛǘ 

ƛǎƻŦƻǊƳǎ ŀǘ ʰ-ʴ ōŜƴȊƻŘƛŀȊŜǇƛƴŜ ōƛƴŘƛƴƎ ƛƴǘŜǊŦŀŎŜǎΦ  

We then demonstrate that hetero- -hGABAARs 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 ƛƴ ʰмʰн-containing 

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

inhibitory synapses. Finally, homo- and hetero-ʰмκн D!.!AR numbers at synapses 

were estimated using Spatial Intensity Distribution Analysis (SPiDA).  

In conclusion, this study demonstrates that hetero-ʰ D!.!ARs 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- -hsubunit 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 

ŜȄǇǊŜǎǎŜŘ ŀǎ ǇŜƴǘŀƳŜǊǎ ŎƻƳǇǊƛǎƛƴƎ ƻŦ ǘǿƻ ʰΣ ǘǿƻ ʲ ŀƴŘ ƻƴŜ ʴ ǎǳōǳƴƛǘǎΦ ¢ƘŜ D!.!A 

receptor composition determines receptor agonist sensitivity, pharmacological 

ǇǊƻŦƛƭŜǎ ŀƴŘ ǎǳōŎŜƭƭǳƭŀǊ ƭƻŎŀƭƛǎŀǘƛƻƴΦ Lƴ ǇŀǊǘƛŎǳƭŀǊΣ ǘƘŜ ƛŘŜƴǘƛǘȅ ƻŦ ǘƘŜ ǘǿƻ ʰ ǎǳōǳƴƛǘǎ 

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

pharmacological sensitivity and physiological effects of benzodiazepines ς 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 ǊŜŎŜǇǘƻǊ ǎǳōǘȅǇŜǎ ǿƛǘƘ ǘǿƻ ƛŘŜƴǘƛŎŀƭ ʰ ǎǳōǳƴƛǘ ƛǎƻŦƻǊƳǎ ς 

ΨƘƻƳƻ-ŀƭǇƘŀΩ ǊŜŎŜǇǘƻǊǎΦ 5ŜǎǇƛǘŜ ǎƻƳŜ ōƛƻŎƘŜƳƛŎŀƭ ǎǘǳŘƛŜǎ ǎƘƻǿƛƴƎ ǘƘŜ ŜȄƛǎǘŜƴŎŜ ƻŦ 

CNS GABAA receptors with two ŘƛǎǘƛƴŎǘ ʰ ǎǳōǳƴƛǘ ƛǎƻŦƻǊƳǎ ς ΨƘŜǘŜǊƻ-ŀƭǇƘŀΩ ǊŜŎŜǇǘƻǊǎΣ 

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-ŀƭǇƘŀΩ D!.!ARs contŀƛƴƛƴƎ ʰм ŀƴŘ ʰн ǎǳōǳƴƛǘǎ ς the two most widely 

ŜȄǇǊŜǎǎŜŘ ʰ ǎǳōǳƴƛǘ ǘȅǇŜǎ ƛƴ ǘƘŜ ōǊŀƛƴΦ .ȅ ǳǎƛƴƎ ŀ ƳǳƭǘƛŘƛǎŎƛǇƭƛƴŀǊȅ ŀǇǇǊƻŀŎƘΣ 

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.  

¢ƘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ǊŜŎŜǇǘƻǊǎ ǿƛǘƘ ǘǿƻ ŘƛǎǘƛƴŎǘ ʰ ǎǳōǳƴƛǘ ƛǎƻŦƻǊƳǎ ŀŘŘǎ ŀ ƭŀȅŜǊ ƻŦ 

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

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

ΨƘŜǘŜǊƻ-ŀƭǇƘŀΩ D!.!A 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, ɹ-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 

ƘȅǇŜǊǇƻƭŀǊƛǎŀǘƛƻƴ ŀƴŘ ƛƴŎǊŜŀǎŜŘ ƳŜƳōǊŀƴŜ ŎƻƴŘǳŎǘŀƴŎŜΣ ƪƴƻǿƴ ŀǎ ΨǎƘǳƴǘƛƴƎ 

ƛƴƘƛōƛǘƛƻƴΩ (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 ς 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: h м-сΣ ʲм-оΣ ʴм-оΣ ʵΣ ʶΣ ʻΣ ˉΣ ˊм-о όǊŜŎŜǇǘƻǊǎ ŎƻƴǘŀƛƴƛƴƎ ˊ ǎǳōǳƴƛǘǎ ŦƻǊƳŜǊƭȅ 

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

is Ḑ70% sequence identity within each subunit family and Ḑ50% sequence similarity 

(counting conservative amino acid replacements) between different families of 

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

ƻŦ ƴƛƴŜ ŎƻŘƛƴƎ ŜȄƻƴǎ ŀƴŘ ŜƛƎƘǘ ƴƻƴŎƻŘƛƴƎ ƛƴǘǊƻƴǎΣ ŜȄŎŜǇǘ ŦƻǊ ʴо ŀƴŘ ʵ ǘƘŀǘ ƘŀǾŜ ǘŜƴ 

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)Φ hƴŜ ƻŦ ǘƘŜ Ƴƻǎǘ ǇǊƻƳƛƴŜƴǘ ŜȄŀƳǇƭŜǎ ƛǎ ǘƘŜ ǎǇƭƛŎƛƴƎ ƻŦ ŀ ʴн 

ǎǳōǳƴƛǘΣ ŀƭƭƻǿƛƴƎ ŦƻǊ ŜȄƛǎǘŜƴŎŜ ƻŦ ǎƘƻǊǘ ŀƴŘ ƭƻƴƎ ǾŀǊƛŀƴǘǎ όʴн{ ŀƴŘ ʴн[ ǊŜǎǇŜŎǘƛǾŜƭȅύΦ 

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 ǎǇƭƛŎƛƴƎ όʰсΣ ʲнΣ ʴоύΣ ƘƻǿŜǾŜǊ ǘƘŜ ŦǳƴŎǘƛƻƴ ƻŦ 

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 (hʲʴύ ŀǊŜ ŀǾŀƛƭŀōƭŜ ƛƴ ǾŀǊƛƻǳǎ ǊŜǎƻƭǳǘƛƻƴǎ (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 Ḑ100 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 (-) ς 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 ̡-sheets (ten in total) that incorporate agonist and 

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

ƻǊŘŜǊŜŘ ʲ-ǎƘŜŜǘǎΥ ʰ-ƘŜƭƛȄ м όʰмύ ǇƻǎƛǘƛƻƴŜŘ ŀǘ ǘƘŜ ōŜƎƛƴƴƛƴƎ ƻŦ ǘƘŜ b¢5 ŀƴŘ ʰ2 

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

ǘƘŜ b¢5 ŦƻǊƳǎ ŀ ōƛƴŘƛƴƎ ǇƻŎƪŜǘ ŦƻǊ D!.! όʲҌ - -h subunit interface) and for allosteric 

ƳƻŘǳƭŀǘƻǊǎ ǎǳŎƘ ŀǎ ǘƘŜ ōŜƴȊƻŘƛŀȊŜǇƛƴŜǎ όʰҌ - -ɹ 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 ǊŜŎŜǇǘƻǊ ǇŜƴǘŀƳŜǊΦ ¢ǿƻ D!.! ōƛƴŘƛƴƎ ǎƛǘŜǎ ŀǊŜ ƭƻŎŀǘŜŘ ōŜǘǿŜŜƴ ʲҌ 

όǇǊƛƴŎƛǇŀƭύ ŀƴŘ ʰ- (complementary) interfaces. GABA molecule is represented as an orange 

triangle. C and D. Top and side views of a cryo-EM structure of the h мʲоʴн[ D!.!A receptor 

(Masiulis et al. 2019)Φ ¢ƘŜ ʰмΣ ʲоΣ ŀƴŘ ʴн[ ǎǳōǳƴƛǘǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ƎǊŜŜƴΣ ōƭǳŜ ŀƴŘ ƭƛƎƘǘ ōǊƻǿƴ 

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

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

 

¦ƴƭƛƪŜ ǘƘŜ b¢5Σ ǘǊŀƴǎƳŜƳōǊŀƴŜ ŘƻƳŀƛƴǎ ŀǊŜ ʰ-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)Φ ¢ƘŜ ¢aн ʰ-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 

ŦǊƻƳ ǘƘŜ ŎȅǘƻǇƭŀǎƳƛŎ ǎƛǘŜ ƻŦ ¢aн ƛǎ ŘŜƴƻǘŜŘ ŀǎ лΩ ŀƴŘ ǘƘŜ ŜȄǘǊŀŎŜƭƭǳƭŀǊ ŜƴŘ ƛǎ ŘŜƴƻǘŜŘ 

ŀǎ нлΩ (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)Φ ¢ƘŜ ʰ-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 

¢a ǊŜƎƛƻƴΣ ʲҌκʰ- interface (Forman and Miller, 2016). Another group of drugs ς 

barbiturates, have been shown to bind in the TM domain of the ʴнҌκʲо- 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 ǊŜŎŜǇǘƻǊ ʲ ŀƴŘ  ɹ

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 

ŘƻƳŀƛƴ ƻŦ ǘƘŜ ʲҌκʰ- 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 (h ʲʴ) (Macdonald et al., 1989; Petrini et al., 2014). 

bŜǾŜǊǘƘŜƭŜǎǎΣ ƳǳǘŀƎŜƴŜǎƛǎ ǎǘǳŘƛŜǎ όʰм Cср[ ŀƴŘ ʲн ¸нлр{ ŀǘ ǘƘŜ ʰмҌ ŀƴŘ ʲн- 

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. 

aƻǊŜ ǎǇŜŎƛŦƛŎŀƭƭȅΣ ƻƴŜ ƻŦ ǘƘŜ ʲҌκʰ- interfaces is flanked by the ɹ ŀƴŘ  ̡subunits (site 

мύΣ ǿƘƛƭǎǘ ǘƘŜ ƻǘƘŜǊ ƛǎ ǎǳǊǊƻǳƴŘŜŘ ōȅ ǘƘŜ ʰ ŀƴŘ ʴ ǎǳōǳƴƛǘǎ όǎƛǘŜ нύ (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-CΣ ǿƘŜǊŜ ǘƘŜ ʲҌ 

interface provides loops A-/ ŀƴŘ ʰ- provides loops D-F (Bergmann et al., 2013; Miller 

and Aricescu, 2014; Miller and Smart, 2010). Initial GABA docking to the tyroǎƛƴŜ όʲн 

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  н ʰм-сΣ н ʲм-о ŀƴŘ ŀ ʴ1-3 or a ɻ  (Olsen and Sieghart, 

2009). The major receptor isoform in the mammalian adult brain has a stoichiometry 
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of 2 h 1: 2 ̡ 2: 1 ɹ 2 (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 

ǊŜŎŜǇǘƻǊǎ ƘŀǾŜ ŎƻƴŦƛǊƳŜŘ ǘƘŀǘ ǘƘŜ ǎǳōǳƴƛǘǎ ŀǊŜ ŀǎǎŜƳōƭŜŘ ŎƭƻŎƪǿƛǎŜ ƛƴ ŀ ʰ- -̡ -h -̡ʴκʵ 

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.  

¢ƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǎǇŜŎƛŦƛŎ ŘƻƳŀƛƴǎΣ ƪƴƻǿƴ ŀǎ ΨŀǎǎŜƳōƭȅ ōƻȄŜǎΩ is important in homo- 

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

For instance, the amino acid residues 54-сф ƛƴ ʰ1 have been shown to be important 

ŦƻǊ ŎƻǊǊŜŎǘ ŀǎǎŜƳōƭȅ ǿƛǘƘ ǘƘŜ ʲ ǎǳōǳƴƛǘ (Srinivasan et al., 1999; Taylor et al., 1999). 

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

ǘƘŜ ŦǳƴŎǘƛƻƴŀƭ ʰмʲо ǇŜƴǘŀƳŜǊǎ (Srinivasan et al., 1999; Taylor et al., 1999). 

Furthermore, residues 76-уф ƛƴ ʲо ǎŜǉǳŜƴŎŜΣ ǎǇŜŎƛŦƛŎŀƭƭȅ ŀƳƛƴƻ ŀŎƛŘǎ ур-89 are 

crucial fƻǊ ŎƻǊǊŜŎǘ ŀǎǎŜƳōƭȅ ǿƛǘƘ ǘƘŜ ʰм ǎǳōǳƴƛǘ ŀƴŘ ŀǊŜ ƭƻŎŀǘŜŘ ŀǘ ǘƘŜ ʲо-κʰмҌ 

interface (Ehya et al., 2003)Φ {ŜǉǳŜƴŎŜ ǎǳōǎǘƛǘǳǘƛƻƴǎ ƻŦ ʴн όŀΦŀΦ ст-умύ ŀƴŘ ʴо όŀΦŀΦ тл-

упύ ǿƛǘƘ ǘƘŜ ƘƻƳƻƭƻƎƻǳǎ ǎŜǉǳŜƴŎŜǎ ƻŦ ˊм ǎƛƎƴƛŦƛŎŀƴǘƭȅ ǊŜŘǳŎŜŘ ǘƘŜ ŀǎǎŜƳōƭȅ 

ōŜǘǿŜŜƴ ʰм ŀƴŘ ʴ2/3 subunits (Klausberger et al., 2000; Sarto et al., 2002, 2002). 

CƻǳǊ ŀƳƛƴƻ ŀŎƛŘǎ ƻƴ ʲо ǎǳōǳƴƛǘǎΥ DмтмΣ YмтоΣ 9мтфΣ wмул ŀǊŜ ŜǎǎŜƴǘƛŀƭ ŦƻǊ ǘƘŜ 

ŀǎǎŜƳōƭȅ ƻŦ ʲо ƘƻƳƻƳŜǊƛŎ D!.!A 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 

ŜȄŀƳǇƭŜΣ ǘƘŜ ƳǳǊƛƴŜ ʲм ŀƴŘ ʲо ǎǳōǳƴƛǘǎ Ŏŀƴ ŦƻǊƳ ŦǳƴŎǘƛƻƴŀƭ  /ƭ- 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)Φ ʲм ƘƻƳƻƳŜǊǎ 

can be activated by pentobarbitone and propofol and inhibited with picrotoxin 

(Krishek et al., 1996a; Sigel et al., 1989)Φ Lƴ ʲо Ŏ5b! ƛƴƧŜŎǘŜŘ ƻƻŎȅǘŜǎΣ ǇŜƴǘƻōŀǊōƛǘƻƴŜ 

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

had the opposite effect (Wooltorton et al., 1997). Moreover, when the ɹ2S splice 

variant but not ɹ 2L 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 h м ŀƴŘ ʲн ǎǳōǳƴƛǘǎΣ ʴ2S monomeric cell surface expression is 

repressed proving that 2ɹS subunit is unlikely to be expressed in vivo as homomers 

(Connolly et al., 1999; Moss and Smart, 2001)Φ ¢ƘǊŜŜ ˊ ǎǳōǳƴƛǘ ƛǎƻŦƻǊƳǎ ŀǊŜ ƪƴƻǿƴ 

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-ƛƳƳǳƴƻǇǊŜŎƛǇƛǘŀǘƛƻƴ ǎǘǳŘƛŜǎ ǎǳƎƎŜǎǘ ǘƘŀǘ ˊ ƛǎƻŦƻǊƳǎ ŀǊŜ Ŏƻ-

expressed with h 1 subunits in Purkinje cells of the mouse cerebral cortex and in 

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

All h ,ɹ ̡ ,ɹ and ̡ оʴн subunit combinations are retained in the endoplasmic reticulum 

(Connolly et al., 1999, 1996). Recombinant GABAAw ǎǘǳŘƛŜǎ ŎƻƴŎƭǳŘŜŘ ǘƘŀǘ ʰ ŀƴŘ ʲ 

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 ʴ ǎǳōǳƴƛǘ ƛƴǘƻ ǘƘŜ D!.!AR 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 ʰΣ ʲ ŀƴŘ  ɹsubunits (Sigel and Steinmann, 

2012).  

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

ŘƛǎǘƛƴŎǘ ʰ ƻǊ ʲ ǎǳōǳƴƛǘǎ (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 GABAAwǎ ǳǎǳŀƭƭȅ ŜƴŎƻƳǇŀǎǎ ŀ ʴ ǎǳōunit isoform, whereas 

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

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

ʰмΣ ʲнΣ ʲоΣ ŀƴŘ ʴн ǇǊŜǾŀƛƭ ƛƴ D!.!ŜǊƎƛŎ DƻƭƎƛ ǎȅƴŀǇǎŜǎΣ ǿƘŜǊŜŀǎ ǘƘŜ ʵ ǎǳōǳƴƛǘ ǿŀǎ 

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).  

9ȄǘǊŀǎȅƴŀǇǘƛŎ ǊŜŎŜǇǘƻǊǎ ǳǎǳŀƭƭȅ Ŏƻƴǘŀƛƴ ŀ ʵ ǎǳōǳƴƛǘ ƛƴ ŎƻƳōƛƴŀǘƛƻƴ ǿƛǘƘ ʰпκс ŀƴŘ ʲм-

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 h рʲʴн ǊŜŎŜǇǘƻǊǎ ŜȄƛǎǘ ŜȄǘǊŀǎȅƴŀǇǘƛŎŀƭƭȅ ƛƴ 

the forebrain region (Semyanov et al., 2004)Φ ʰр ŀƴŘ ʰо ŎƻƴǘŀƛƴƛƴƎ ǊŜŎŜǇǘƻǊǎ Ŏŀƴ ōŜ 
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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)Φ ¢ƘŜ ʰмʲнʴн ǎǳōǘȅǇŜ ƛǎ ōȅ ŦŀǊ ǘƘŜ Ƴƻǎǘ ŀōǳƴŘŀƴǘ 

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). 

hǘƘŜǊ ʰ ŀƴŘ ʲ ƛǎƻŦƻǊƳǎ ŦƻǊƳ ŦǳƴŎǘƛƻƴŀƭ ǊŜŎŜǇǘƻǊǎ ǿƛǘƘ ʴн ǎǳōǳƴƛǘΣ ƘƻǿŜǾŜǊ ǘƘŜƛǊ 

expression is more region-specific (Olsen and Sieghart, 2008).  CƻǊ ŜȄŀƳǇƭŜΣ ʰнʲоʴн 

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

ʰоʲоʴн ƛǎƻŦƻǊƳ ƛǎ ǿƛŘŜƭȅ ŜȄǇǊŜǎǎŜŘ ƛƴ ǘƘŜ ŎƘƻƭƛƴŜǊƎƛŎ ƴŜǳǊƻƴŜǎ ƻŦ ǘƘŜ ōŀǎŀƭ ŦƻǊŜōǊŀƛƴ 

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

ƛƴŘƛŎŀǘƛƻƴ ƻŦ ǘƘŜ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ŘƛŦŦŜǊŜƴǘ ʰ ǎǳōǳƴƛǘǎΦ ʰм ŀƴŘ ʰн ŜȄǇǊŜǎǎƛƻƴ ƛǎ 

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)Φ 5ŜǾŜƭƻǇƳŜƴǘŀƭ ǊŜƎǳƭŀǘƛƻƴ ŀƭǎƻ ƻŎŎǳǊǎ ǿƛǘƘ ʰм-

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

ŎƻǊǘƛŎŀƭ ǇȅǊŀƳƛŘŀƭ ŎŜƭƭǎΣ ǿƘŜǊŜŀǎ ʰн Ƴwb! ƭŜǾŜƭǎ ŘŜŎƭƛƴŜ (Datta et al., 2015). Out of 

all GABAAw ʰ ǎǳōǳƴƛǘǎΣ ʰм Ƴwb! ŀƴŘ ǇǊƻǘŜƛƴ ƭŜǾŜƭǎ ŀǊŜ ǘƘŜ Ƴƻǎǘ ŀōǳƴŘŀƴǘ (Hörtnagl 

et al., 2013).  

hǘƘŜǊ ʰ ǎǳōǳƴƛǘǎ ŀǊŜ ƳƻǊŜ ƭƻŎŀƭƛǎŜŘ ƛƴ ǘƘŜƛǊ ŜȄǇǊŜǎǎƛƻƴΦ CƻǊ ŜȄŀƳǇƭŜΣ ʰо ŜȄǇǊŜǎǎƛƻƴ 

ƛǎ Ƴƻǎǘ ǇǊƻƳƛƴŜƴǘ ƛƴ ǎǇŜŎƛŦƛŎ ŀǊŜŀǎ ƻŦ ǘƘŜ ƻƭŦŀŎǘƻǊȅ ōǳƭōǎ ŀƴŘ ŀƳȅƎŘŀƭŀΣ ǿƘŜǊŜŀǎ ʰп 

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

ŜȄǇǊŜǎǎƛƻƴ ƻŦ ʰр ŀƴŘ ʰс ƛǎƻŦƻǊƳǎ ƛǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŘƛŦŦŜǊŜƴǘ ŦǊƻƳ ƻǘƘŜǊ ʰ ǎǳōǳƴƛǘǎΣ ǿƛǘƘ 

ǿƛŘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ʰр ƛƴ ǘƘŜ ƘƛǇǇƻŎŀƳǇǳǎ ŀƴŘ ʰс ŀƭƳƻǎǘ ŜȄŎƭǳǎƛǾŜƭȅ ƛƴ ŎŜǊŜōŜƭƭŀǊ 

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 ʲ ǎǳōǳƴƛǘǎΣ ŀƭƭ ǘƘǊŜŜ ƛǎƻŦƻǊƳǎ ŀǊŜ ǿƛŘŜƭȅ ŘƛǎǘǊƛōǳǘŜŘ ƛƴ ǘƘŜ ōǊŀƛƴΦ 

bƻǘŀōƭȅΣ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ǘƘŜ ʲн ŀƴŘ ʲо ŀǊŜ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ƛƴ ǘƘŜ ǇŀƭƭƛŘǳƳ ŀƴŘ 

ǎǘǊƛŀǘǳƳΣ ʲн ƛǎ ƘƛƎƘƭȅ ŎƻƴŎŜƴǘǊŀǘŜŘ ƛƴ ǘƘŜ ǇŀƭƭƛŘǳƳΣ ǿƘŜǊŜŀǎ ʲо ƛǎ ƳƻǊŜ ŎƻƴŎŜƴǘǊŀǘŜŘ 

in striatum (Pirker et al., 2000)Φ CǳǊǘƘŜǊƳƻǊŜΣ ʲ ǎǳōǳƴƛǘǎ Ŧƻƭƭƻǿ ŀ ŎŜƭƭǳƭŀǊ ƭƻŎŀƭƛǎŀǘƛƻƴ 

ǇǊŜŦŜǊŜƴŎŜΣ ǿƛǘƘ ʲм ŀƴŘ ʲн ōŜƛƴƎ ƘƛƎƘƭȅ ŎƻƴŎŜƴǘǊŀǘŜŘ ƛƴ ƘƛǇǇƻŎŀmpal interneurons, 

ǿƘŜǊŜŀǎ ʲм ŀƴŘ ʲо ŀǇǇŜŀǊ Ƴŀƛƴƭȅ ŜȄǇǊŜǎǎŜŘ ƛƴ ǘƘŜ ŘŜƴŘǊƛǘŜǎ ƻŦ ǇǊƛƴŎƛǇŀƭ ŎŜƭƭǎ  (Pirker 

et al., 2000)Φ hǳǘ ƻŦ ŀƭƭ ǘƘǊŜŜ ʴ ǎǳōǳƴƛǘǎΣ ʴн ƛǎ ǿƛŘŜƭȅ ŜȄǇǊŜǎǎŜŘ ƛƴ ǘƘŜ ōǊŀƛƴΣ ǿƘŜǊŜŀǎ 

ʴм ƭƻŎŀƭƛǎŀǘƛƻƴ ƛǎ Ƴŀƛƴƭȅ ǊŜǎǘǊƛŎǘŜŘ ǘƻ ǇŀƭƭƛŘǳƳΣ ǎǳōǎǘŀƴǘƛŀƭ ƴƛƎǊŀ ŀƴŘ ǎŜǇǘǳƳΦ ʴм 

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

Expression of the ɻ  ǎǳōǳƴƛǘ ƛǎ ǊŜǎǘǊƛŎǘŜŘ ǘƻ ǘƘŀƭŀƳǳǎΣ ŘŜƴǘŀǘŜ ƎȅǊǳǎ ŀƴŘ ǎǘǊƛŀǘǳƳ 

(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 

ǘŜǊƳǎ ΨŀǇǇŀǊŜƴǘ ŀŦŦƛƴƛǘȅΩ ƻǊ ŀƎƻƴƛǎǘ ǇƻǘŜƴŎȅ ŀǊŜ ƻŦǘŜƴ ǳǎŜŘ ǘƻ ŘŜǎŎǊƛōŜ ǘƘŜ 9/50 

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

ʰм-оΣ ʲ ŀƴŘ ʴ ƛǎƻŦƻǊƳ ŎƻƳōƛƴŀǘƛƻƴǎ ƘŀǾŜ ŀ ƭƻǿŜǊ D!.! ŀǇǇŀǊŜƴǘ ŀŦŦƛƴƛǘȅ ǘƘŀƴ 

ŜȄǘǊŀǎȅƴŀǇǘƛŎ ǊŜŎŜǇǘƻǊǎ όʰпκсΣ ʲ ŀƴŘ ʵ ŎƻƴǘŀƛƴƛƴƎ D!.!A 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 ˃ M) 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 (h Σ ʲΣ ŀƴŘ ʴ ŎƻƴǘŀƛƴƛƴƎύ 

ƛǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ ǘƘŜ ʰ ƛǎƻŦƻǊƳ ǇǊŜǎŜƴǘΦ .ƻǘƘ ǊŀŘƛƻƭƛƎŀƴŘ ōƛƴŘƛƴƎ ǎǘǳŘƛŜǎ ŀƴŘ 

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

ōƛƴŘƛƴƎ ǇƻŎƪŜǘ ƻŦ ŀƴ ʰ ǎǳōǳƴƛǘ ƳŜŘƛŀǘŜǎ ŘƛǎǘƛƴŎǘ ǎŜƴǎƛǘƛǾƛǘƛŜǎ ǘƻ D!.! (Böhme et al., 

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

ǎȅƴŀǇǘƛŎŀƭƭȅ ƭƻŎŀƭƛǎŜŘ ʰн ŀƴŘ ʰо ŎƻƴǘŀƛƴƛƴƎ ǊŜŎŜǇǘƻǊǎ όʰнʲоʴн ŀƴŘ ʰоʲоʴнύ ŜȄƘƛōƛǘ 

the lowest sensitivity to GABA, with EC50 values моΦп ˃a ŀƴŘ мнΦр ˃a ǊŜǎǇŜŎǘƛǾŜƭȅ 

(Mortensen et al., 2012b)Φ ¢ƘŜ ŜȄǘǊŀǎȅƴŀǇǘƛŎΣ ʰс ʵ-containing receptors display the 

ƘƛƎƘŜǎǘ ǇƻǘŜƴŎȅ ǘƻ D!.! όлΦмт ˃aύ (Mortensen et al., 2012b). Depending on the cell 

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

ǇƻǘŜƴŎȅ ǊŀƴƎŜǎ ōŜǘǿŜŜƴ м ˃a ŀƴŘ пу ˃aΣ ǿƛǘƘ ǘƘŜ ƻǊŘŜǊ ƻŦ ʰ ƛǎƻŦƻǊƳ 9/50s being 

όŦǊƻƳ ƭƻǿ ǘƻ ƘƛƎƘύΥ ʰ6 < h 1 < h 2 < h 4 < h 5 << h 3 (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 h ǎǳōǳƴƛǘ ƛƴ ŀ ǇŜƴǘŀƳŜǊƛŎ ǊŜŎŜǇǘƻǊ ŎƻƳǇƭŜȄ ǿƛǘƘ ǘǿƻ 

ŘƛǎǘƛƴŎǘ ʰ ǎǳōǳƴƛǘ ƛǎƻŦƻǊƳǎ ŘƛŎǘŀǘŜǎ ǇƘŀǊƳŀŎƻƭƻƎƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ƻŦ D!.!Φ 5ƻǳōƭŜ ŀƴŘ 

triple concatenated receptors (two linked subunits expressed alongside three linked 

ǎǳōǳƴƛǘǎύ ŎƻƴǘŀƛƴƛƴƎ ŀƴ ʰ1/ 6h isoform mixture expressed in Xenopus oocytes 

exhibited different potency with respect ǘƻ D!.!Σ ǿƛǘƘ ʴн-ʲн-ʰмκʲн-ʰс ƘŀǾƛƴƎ ŀ 

much higher EC50 ǘƘŀƴ ʴн-ʲн-ʰсκʲн-ʰм όфп ˃a ŀƴŘ пн ˃a ǊŜǎǇŜŎǘƛǾŜƭȅύ (Minier and 

Sigel, 2004a). Co-ŜȄǇǊŜǎǎƛƻƴ ǎǘǳŘƛŜǎ ƻŦ ʰмκʰо ŀƴŘ ʰмκʰр ǎǳōǳƴƛǘǎ ŘŜǘŜǊƳƛƴŜŘ ǘƘŀǘ ς 

the efficacȅ ƻŦ ǘƘŜ ǊŜŎŜǇǘƻǊ ƛǎ ŘƛŎǘŀǘŜŘ ōȅ ǘƘŜ ʰм ǎǳōǳƴƛǘΣ ǿƘŜǊŜŀǎ ǘƘŜ ŀǇǇŀǊŜƴǘ 

ŀŦŦƛƴƛǘȅ ƛǎ ŘƛŎǘŀǘŜŘ ōȅ ōƻǘƘ ʰ ǎǳōǳƴƛǘǎ (Ebert et al., 1994).  

¢ƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀ ǎǇŜŎƛŦƛŎ ʲ ǎǳōǳƴƛǘ ƛǎƻŦƻǊƳ ŦǳǊǘƘŜǊ ŘƛŎǘŀǘŜǎ D!.! ǎŜƴǎƛǘƛǾƛǘȅ ƻŦ ǘƘŜ 

receptors, with the rank order of EC50ǎ ōŜƛƴƎ ʲо < ʲн < ʲм ƛƴ ŀƴ ʰмʲȄʴн ǊŜŎŜǇǘƻǊ 
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isoform (Mortensen et al., 2012b)Φ ¢ƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ʴ ƻǊ ʵ ǎǳōǳƴƛǘǎ Ǉƭŀȅǎ ŀƴ ƛƳǇƻǊǘŀƴǘ 

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

stably expresǎƛƴƎ ʰпʲоʵ ƛƴŘƛŎŀǘŜŘ ǘƘŀǘ ʴн ǎǳōǳƴƛǘ ǊŜǇƭŀŎŜƳŜƴǘ ǿƛǘƘ ʵΣ ŘŜŎǊŜŀǎŜŘ 

GABA EC50 by almost five-ŦƻƭŘ όŦǊƻƳ нΦс ˃a ǘƻ лΦр ˃aύ (Brown et al., 2002). These 

ǊŜǎǳƭǘǎ ŀǊŜ ƛƴ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ǘƘŜ ƭƻŎŀƭƛǎŀǘƛƻƴ ƻŦ ŜȄǘǊŀǎȅƴŀǇǘƛŎ ʵ-containing receptors 

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

LƴǘŜǊŜǎǘƛƴƎƭȅΣ D!.! ŜŦŦƛŎŀŎȅ ŀǘ ʰпʲоʵ ǊŜŎŜǇǘƻǊǎ ƛǎ ƭƻǿŜǊ ǘƘŀƴ ǘƘŀǘ ƻŦ ʰпʲоʴнΣ 

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-ŀƎƻƴƛǎǘǎ ƻƴ ʰпʲоʵ ǊŜŎŜǇǘƻǊǎ 

(Mortensen et al., 2010; Stórustovu and Ebert, 2006)Φ !ŘŘƛǘƛƻƴŀƭƭȅΣ ʵ ŀƴŘ ʴн 

ŎƻƴǘŀƛƴƛƴƎ ǊŜŎŜǇǘƻǊǎ ǇǊŜǎŜƴǘ ǎƛƎƴƛŦƛŎŀƴǘ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ ƪƛƴŜǘƛŎ ǇŀǊŀƳŜǘŜǊǎΦ Lƴ ʰмʲнȄ 

ǊŜŎŜǇǘƻǊǎΣ ʴн ǊŜǇƭŀŎŜƳŜƴǘ ǿƛǘƘ ʵ ǎǳōǳƴƛǘǎ ǊŜǎǳƭǘǎ ƛƴ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ŘŜŎǊŜŀǎŜ ƻŦ ŎƘŀƴƴŜƭ 

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

Řŀǘŀ ƛǎ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ǘƘŜ ƛŘŜŀ ǘƘŀǘ D!.! Ƙŀǎ ŀ ƘƛƎƘ ŀŦŦƛƴƛǘȅ ōǳǘ ƭƻǿ ŜŦŦƛŎŀŎȅ ƛƴ ʵ 

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

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

ǎǳōǳƴƛǘ ŎƻƳǇƻǎƛǘƛƻƴΦ ¢ƘŜ ʰ ǎǳōǳƴƛǘ Ǉƭŀȅǎ ŀƴ ƛƳǇƻǊǘŀƴǘ ǊƻƭŜ ƛƴ ƪƛƴŜǘƛŎ ǇǊƻŦƛƭŜǎ ƻŦ D!.! 

responses (Farrant and Nusser, 2005)Φ wŀǇƛŘ όмлл ˃ǎύ ǎŀǘǳǊŀǘƛƴƎ D!.! ŀǇǇƭƛcations to 

ǘǊŀƴǎŦŜŎǘŜŘ I9Yнфо ƻǊ ŎƻǊǘƛŎŀƭ ƴŜǳǊƻƴ ǇŀǘŎƘŜǎΣ ǎƘƻǿŜŘ ǘƘŀǘ ŀŎǘƛǾŀǘƛƻƴ ƻŦ ʰмʲнʴн ƛǎ 

ǘǿƻ ǘƛƳŜǎ ŦŀǎǘŜǊ ǘƘŀƴ ƻŦ ʰнʲнʴн όмл-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 

ʰо ǎǳōǳƴƛǘ όʰоʲнʴнύ ǇǊƻŘǳŎŜŘ ŀ ŦƻǳǊ-fold decrease in the activation rate compared 

ǘƻ ʰм ŎƻƴǘŀƛƴƛƴƎ ǊŜŎŜǇǘƻǊǎΣ ǇǳǘǘƛƴƎ ǘƘŜ ƻǊŘŜǊ ƻŦ ǊƛǎŜ ǘƛƳŜǎ ŀǎ ʰн < h м < ʰо (Gingrich 

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

ʴ ƻǊ ʵ ǎǳōǳƴƛǘ ƛǎƻŦƻǊƳǎΦ !ŎǘƛǾŀǘƛƻƴ ǊŀǘŜ in ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ʴн όʰмʲоʴнύ ƛƴŎǊŜŀǎŜǎ ōȅ 

almost four-ŦƻƭŘ ŎƻƳǇŀǊŜŘ ǿƛǘƘ ǘƘŀǘ ƻŦ ʰмʲо ƘŜǘŜǊƻŘƛƳŜǊǎ όŎǳǊǊŜƴǘ 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)Φ hƴ ǘƘŜ ŎƻƴǘǊŀǊȅΣ ʴ ǎǳōǳƴƛǘ 
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presence reduces the deactivation rate by two fold (76.1 ms compared to 34.1 ms, 

ʰмʲоʴн ŀƴŘ ʰмʲо ǊŜǎǇŜŎǘƛǾŜƭȅύ (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 ƻŦ ǘƘŜ ʵ ǘƻ ʰмʲо ŘƻŜǎ ƴƻǘ ƘŀǾŜ ŀƴȅ ǎƛƎƴƛŦƛŎŀƴǘ 

effect on the receptor activation rate, ς 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 

ŦǳƴŎǘƛƻƴŀƭ ǊƻƭŜ ƻŦ ʵ-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 ƛŘŜƴǘƛŦƛŜŘ ƛƴ ǘƘŜ L/5 ƻŦ ʲм-о ŀƴŘ ʴн ǎǳōǳƴƛǘǎ  (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 

ŜŦŦŜŎǘ ƛǎ ƛƴŘƛŎŀǘŜŘΣ ǿƘŜǊŜ Ҩ ǎǘŀƴŘǎ ŦƻǊ ŀ ŘŜŎǊŜŀǎŜΣ ŀƴŘ ҧ ŀƴ ƛƴŎǊŜŀǎŜΦ hǊƛƎƛƴŀƭ ǊŜŦŜǊŜƴŎŜǎ 

are noted in the last column.  

Subunit Residue Kinases Physiological effect References 

ʰм Putative 

T375 

- Ҩ ǎȅƴŀǇǘƛŎ ŎƭǳǎǘŜǊƛƴƎ 

Ҩ ƳLt{/ ŀƳǇƭƛǘǳŘŜ 

(Mukherjee et al., 

2011) 

ʰп S443 PKC ҧ ǎǳǊŦŀŎŜ ŜȄǇǊŜǎǎƛƻƴ 

ҧ ǘƻƴƛŎ ƛƴƘƛōƛǘƛƻƴ 

(Abramian et al., 

2014, 2010) 

ʲм S384 CamKII -  (McDonald and 

Moss, 1994) 

S409 CamKII, PKA, 

PKC, PKG 

Ҩ ŎǳǊǊŜƴǘ ŀƳǇƭƛǘǳŘŜ 

Ҩ ŘŜǎŜƴǎƛǘƛǎŀǘƛƻƴ ǊŀǘŜ 

(Brandon et al., 

2002; McDonald et 

al., 1998; McDonald 

and Moss, 1994; 

Moss et al., 1992b) 

2̡ Y372/Y379 PI3-K ҧ ǎǳǊŦŀŎŜ ŜȄǇǊŜǎǎƛƻƴ (Vetiska et al., 2007) 

S410 Akt, CamKII, 

PKA, PKC, PKG 

Ҩ ǎǳǊŦŀŎŜ ŜȄǇǊŜǎǎƛƻƴ 

Ҩ ǘƻƴƛŎ ƛƴƘƛōƛǘƛƻƴ 

(Bright and Smart, 

2013; McDonald 

and Moss, 1997) 

ʲо S383 CamKII ҧ ǎǳǊŦŀŎŜ ŜȄǇǊŜǎǎƛƻƴ 

ҧ ŎǳǊǊŜƴǘ ŀƳǇƭƛǘǳŘŜ 

ҧ ǎȅƴŀǇǘƛŎ ŎƭǳǎǘŜǊƛƴƎ 

(Houston et al., 

2007; McDonald 

and Moss, 1997; 

Petrini et al., 2014) 

S408/S409 CamKII, PKA, 

PKC, PKG 

{ƛƴƎƭŜ ǎƛǘŜΥ Ҩ ŎǳǊǊŜƴǘ 

ŀƳǇƭƛǘǳŘŜΣ ҧ 

neurosteroid-mediated 

current potentiation. 

.ƻǘƘ ǎƛǘŜǎΥ ҧ ǎǳǊŦŀŎŜ 

expression 

ҧ ŎǳǊǊŜƴǘ ŀƳǇƭƛǘǳŘŜ 

(Brandon et al., 

2002; Houston et 

al., 2007; Jovanovic 

et al., 2004; Kittler 

et al., 2005; 

McDonald and 

Moss, 1997) 

ʴн{κ[ S327 PKC ҧ ƭŀǘŜǊŀƭ ŘƛŦŦǳǎƛƻƴΣ  

Ҩ ŎǳǊǊŜƴǘ ŀƳǇƭƛǘǳŘŜ 

(Kellenberger et al., 

1992; Muir et al., 

2010) 

S348/T350 CamKII - 

 

(Houston et al., 

2007; McDonald 

and Moss, 1994) 

Y365/Y367 Src ҧ ǎǳǊŦŀŎŜ ŜȄǇǊŜǎǎƛƻƴ 

ҧ ŎǳǊǊŜƴǘ ŀƳǇƭƛǘǳŘŜ 

ҧ ǎȅƴŀǇǘƛŎ ŎƭǳǎǘŜǊ ǎƛȊŜ 

(Brandon et al., 

2001; Tretter et al., 

2009) 

2ɹL S343 CamKII, PKC Ҩ ŎǳǊǊŜƴǘ ŀƳǇƭƛǘǳŘŜ (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 

ǊŜǎƛŘǳŜ ŦƻǳƴŘ ŀŎǊƻǎǎ ŀƭƭ ǘƘǊŜŜ ʲ ǎǳōǳƴƛǘǎ ό{плф ŀƴŘ {пмл ƛƴ ʲмκо ŀƴŘ ʲн ǊŜǎǇŜŎǘƛǾŜƭȅύΦ 

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 

ʲн {пмл ǊŜǎƛŘǳŜΦ {ƻƳŜ ǎǘǳŘƛŜǎ ǎǳƎƎŜǎǘ ǘƘŀǘ ŀƭƭ ǘƘǊŜŜ ʲ ǎǳōǳƴƛǘǎ ŀǊŜ ǇƘƻǎǇƘƻǊȅƭŀǘŜŘ 

ōȅ tY!Σ ǿƘŜǊŜŀǎ ƻǘƘŜǊǎ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ ǘƘŜ ʲн ǎǳōǳƴƛǘ ƛƴ ʰмʲнʴн[ ǘǊŀƴǎŦŜŎǘŜŘ I9Y293 

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 

tY! ŀǘ ǘƘŜ ʲм ŀƴŘ ʲо ǎǳōǳƴƛǘ ǊŜǎƛŘǳŜǎ ŀǊŜ ƻǇǇƻǎƛƴƎΥ tY! ƳƻŘǳƭŀǘƛƻƴ ǊŜŘǳŎŜǎ 

D!.!ŜǊƎƛŎ ŎǳǊǊŜƴǘǎ ƛƴ ʲм-ŎƻƴǘŀƛƴƛƴƎ ǊŜŎŜǇǘƻǊǎ όʰмʲмʴнύΣ ōǳǘ ƛƴŎǊŜŀǎŜǎ D!.!-evoked 

ŎǳǊǊŜƴǘǎ ƛƴ ʲо-containing ǊŜŎŜǇǘƻǊǎ όʰмʲоʴнύ (McDonald et al., 1998; Moss et al., 

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

ʲо ǎǳōǳƴƛǘ ό{плуύΣ ǘƘŀǘ Ŏŀƴ ōŜ ǇƘƻǎǇƘƻǊȅƭŀǘŜŘ ŀƭƻƴƎǎƛŘŜ 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 

ʲо ǎǳōǳƴƛǘ ǊŜǎǳƭǘǎ ƛƴ 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. 

hǘƘŜǊ ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ǎƛǘŜǎ ƘŀǾŜ ōŜŜƴ ƛŘŜƴǘƛŦƛŜŘ ƛƴ ʲм-3 intracellular domains as 

targets for various kinases (Nakamura et al., 2015)Φ ¢ƘŜ {оуп ǊŜǎƛŘǳŜ ŦƻǳƴŘ ƻƴ ʲм 

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

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

ƘƻƳƻƭƻƎƻǳǎ ǎƛǘŜ ƻƴ ǘƘŜ ʲо ǎǳōǳƴƛǘ ό{оуоύ ƛǎ ƪƴƻǿƴ ǘƻ ōŜ ŀ ǘŀǊƎŜǘ ŦƻǊ ǘƘŜ ǎŀƳŜ ƪƛƴŀǎŜ 

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

ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ƻŦ  ʲо {оуо ǊŜǎǳƭǘǎ ƛƴ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ǇƻǘŜƴǘƛŀǘƛƻƴ ƻŦ D!.!-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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ʲн ǎǳōǳƴƛǘ ǿŜǊŜ ŜǎǘŀōƭƛǎƘŜŘ ŀǎ ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ǎƛǘŜǎ 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 

ǘƘŜ ʴн ǎǳōǳƴƛǘ (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 ƻƻŎȅǘŜǎ όʰмʲнʴн{ ƛǎƻŦƻǊƳύ (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-ŀƳƛƴƻ ŀŎƛŘ ƛƴǎŜǊǘ ƻŦ ǘƘŜ ƭƻƴƎ ǎǇƭƛŎŜ ƛǎƻŦƻǊƳ ƻŦ ʴнΣ {опоΣ ƛǎ 

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 

ŀŦŦƛƴƛǘȅ ŦƻǊ ¸оср ŀƴŘ ¸ост ǊŜǎƛŘǳŜǎ ƻŦ ʴн{ ό¸ото ŀƴŘ ¸отр ƻƴ ʴн[ύ ŀƴŘ ǳǇǊŜƎǳƭŀǘŜǎ 

GABA-evoked currents (Moss et al., 1995). CaMKII phosphorylation of the ʲо {оуо 

ǊŜǎƛŘǳŜ Ƙŀǎ ŀƴ ƛƴŘƛǊŜŎǘ ǊŜǎƛŘǳŀƭ ǇƻǎƛǘƛǾŜ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ¸оср ŀƴŘ ¸ост ǊŜǎƛŘǳŜǎ ƻŦ ʴнΣ 

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

Unlike numerous identifiŜŘ ʲ ŀƴŘ ʴ ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ǎƛǘŜǎΣ ŜǾƛŘŜƴŎŜ ŦƻǊ ʰ ǎǳōǳƴƛǘ 

ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ƛǎ ƭƛƳƛǘŜŘΦ ¢ƘŜ ƻƴƭȅ ʰ ǎǳōǳƴƛǘ ǘƘŀǘ ƛǎ ƪƴƻǿƴ ǘƻ ōŜ ǇƘƻǎǇƘƻǊȅƭŀǘŜŘ ƛǎ 

ʰп ŀǘ {ппо ŀƳƛƴƻ ŀŎƛŘ ǿƛǘƘƛƴ ǘƘŜ ƛƴǘǊŀŎŜƭƭǳƭŀǊ ŘƻƳŀƛƴ (Abramian et al., 2010; 

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

ǎƘƻǿŜŘ ǘƘŀǘ tY/ ŀŎǘƛǾŀǘƛƻƴ ƛƴŎǊŜŀǎŜǎ ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ƻŦ ǘƘŜ ʰп ǎǳōǳƴƛǘ ŀƴŘ 

subsequently upregulates the cell surface expression of eȄǘǊŀǎȅƴŀǇǘƛŎ ʰпʲо D!.!A 

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

PKC-ŘŜǇŜƴŘŜƴǘ ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ƻŦ ʰп ǎǳōǳƴƛǘΣ ŦǳǊǘƘŜǊ ŜƴƘŀƴŎƛƴƎ ŎŜƭƭ ƳŜƳōǊŀƴŜ 

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

immuno-ƭŀōŜƭƭƛƴƎ ƻŦ ʰпʲнʵ D!.!A 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 ǘƻ ōŜ ŘŜǇŜƴŘŜƴǘ ƻƴ  ʲн ǎǳōǳƴƛǘ ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ŀǘ {пмл 

(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 ς oligosaccharyltransferase (OST) ς 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)Φ  {ŀƳǇƭŜǎ ƻŦ ǇŀǘƛŜƴǘǎΩ ƎǊŜȅ 

ƳŀǘǘŜǊ ƛƴŘƛŎŀǘŜŘ ŀ ǊŜŘǳŎŜŘ ƎƭȅŎƻǎȅƭŀǘƛƻƴ ǎǘŀǘŜ ƻŦ ʰмΣ ʲм ŀƴŘ ʲн D!.!A 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-ƭƛƴƪŜŘ ƎƭȅŎƻǎȅƭŀǘƛƻƴ ǎƛǘŜǎ ƛƴ ǘƘŜ ʰм ǎǳōǳƴƛǘ όʰмN10Q 

ŀƴŘ ʰмN110Qύ ǊŜǾŜŀƭŜŘ ǘƘŀǘ ǊŜƳƻǾƛƴƎ ǘƘŜǎŜ ǎƛǘŜǎ ǊŜŘǳŎŜǎ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ʰмʲнʴн D!.!A 

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 h  ǎǳōǳƴƛǘs 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 

ƎǊƻǳǇǎ ŀǎ ǿŜƭƭ ŀǎ ʴн ǎǳōǳƴƛǘ ǊŜǎƛŘǳŜǎ bмлмΣ [ммн ŀƴŘ ²123 (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 

ʰ ǎǳōǳƴƛǘǎ (Phulera et al., 2018).  

¢ƘǊŜŜ ŀǎǇŀǊŀƎƛƴŜ ǊŜǎƛŘǳŜǎ ƻƴ ǘƘŜ ʲн ǎǳōǳƴƛǘ όbуΣ bул ŀƴŘ bмпфύ ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘ ŀǎ 

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 ʲо ƘƻƳƻǇŜƴǘŀƳŜǊ (Miller and Aricescu, 2014). Studies in transfected 

I9Yнфо ŎŜƭƭǎ ǎƘƻǿŜŘ ǘƘŀǘ ŀƭƭ ǘƘǊŜŜ ƎƭȅŎƻǎȅƭŀǘƛƻƴ ǎƛǘŜǎ ƻƴ ǘƘŜ ʲн ǎǳōǳƴƛǘ ǇƭŀȅŜŘ ŀ ǊƻƭŜ 

ƛƴ ʰмʲн ǊŜŎŜǇǘƻǊ ŀǎǎŜƳōƭȅ ŀƴŘ ǘǊŀŦŦƛŎƪƛƴƎΦ DƭȅŎƻǎȅƭŀǘƛƻƴ ƻŦ 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 

ŎǳǊǊŜƴǘ ŀƳǇƭƛǘǳŘŜǎ ŀǎ ǿŜƭƭ ŀǎ ŀƭǘŜǊƛƴƎ ǘƘŜ ƎŀǘƛƴƎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ʰмʲн ǊŜŎŜǇǘƻǊǎ (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 ʰʲʴ 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 ς benzodiazepines, PS ς 

pregnenolone sulfate, PTX ς 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 ς isolated from Amanita muscaria mushroom ς 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 ǊŜŎŜǇǘƻǊǎ όʴ-containing), except for extrasynaptically-

ƭƻŎŀǘŜŘ ʰпʲоʵ ǊŜŎŜǇǘƻǊǎ (Ebert et al., 1997). In transfected HEK293 cells, muscimol 

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

ŎǳǊǊŜƴǘǎ ŀǘ ʰпʲоʵ ǊŜŎŜǇǘƻǊǎ (Mortensen et al., 2010; Stórustovu and Ebert, 2006). 

¢ILtΩǎ ǇƘŀǊƳŀŎƻƭƻƎƛŎŀƭ ǇǊƻŦƛƭŜ Ƙŀǎ ŀƭǎƻ ōŜŜƴ ǎƘƻwn to be subunit-selective. It only 
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ŀŎǘǎ ŀǎ ŀ ǇŀǊǘƛŀƭ ŀƎƻƴƛǎǘ ƻƴ ʴ-containing GABAA receptors, whereas it acts as a super-

ŀƎƻƴƛǎǘ ƻƴ ʵ-containing receptors, eliciting peak currents 220% greater than 

saturating GABA-ŜǾƻƪŜŘ ǊŜǎǇƻƴǎŜǎ ƛƴ ʵ ŎƻƴǘŀƛƴƛƴƎ ǊŜŎŜǇǘƻǊǎ όʰпʲоʵύΦ ¢ƘŜ ǇƻǘŜƴŎȅ 

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

al., 2010). Muscimol potency is more than three-ŦƻƭŘ ƘƛƎƘŜǊ ǘƘŀƴ D!.! ŀǘ ʰмʲоʴн 

(0.92±0.34 µM and 3.4±1.0 µM respectively) and two-ŦƻƭŘ ƘƛƎƘŜǊ ƛƴ ʰпʲоʵ όлΦнлҕлΦлп 

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

across all these ǊŜŎŜǇǘƻǊ ŎƻƳōƛƴŀǘƛƻƴǎ όʰмʲоʴнΣ ʰпʲоʴн ŀƴŘ ʰпʲоʵύ ǊŀƴƎƛƴƎ 

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

ōŜƘŀǾƛƻǳǊ ƻŦ ¢ILt ƻƴ ʰпʲоʵ ǊŜŎŜǇǘƻǊǎ Ŏŀƴ ōŜ ŜȄǇƭŀƛƴŜŘ ōȅ ƛǘǎ ŀōƛƭƛǘȅ ǘƻ ƛƴŦƭǳŜƴŎŜ ōƻǘƘ 

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

IƻǿŜǾŜǊΣ ƳǳǎŎƛƳƻƭΩǎ ƳƻŘŜǊŀǘŜ ǎǳǇŜǊ ŀƎƻƴƛǎǘ ōŜƘŀviour 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 ǎȅƴŀǇǘƛŎ ʴ-containing receptors, and antagonist-type behaviour 

ƛƴ ŜȄǘǊŀǎȅƴŀǇǘƛŎ ʵ-containing receptors (Patel et al., 2016). Tonic currents were 

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

neurones, that express hрʲʴΣ ʰпʲʵ ŀƴŘ ʰʲ ŜȄǘrasynaptic 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 

ǘƻ ŀŎǘ ŀǎ ǇŀǊǘƛŀƭ ŀƴŘ Ŧǳƭƭ ŀƎƻƴƛǎǘǎ ǊŜǎǇŜŎǘƛǾŜƭȅ ƻƴ ʰмʲнʴнΣ ʰсʲнʴн ŀƴŘ ʰмʰсʲнʴн 

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 hрʲоʴнΣ 

ʰпʲоʵ ŀƴŘ ʰсʲоʵ 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)Φ /ƘŀƴƎƛƴƎ ǘƘŜ ʲ ǎǳōǳƴƛǘ ŜȄǇǊŜǎǎŜŘ ǿƛǘƘ ʰс ŀƴŘ ʴн 

subunits suggested that bicuculine affinity was significantly weaker in ʰсʲоʴн 

ŎƻƳǇŀǊŜŘ ǘƻ ʰсʲмʴн ŀƴŘ ʰсʲнʴнŎƻƳōƛƴŀǘƛƻƴǎ (Ebert et al., 1997). 

9ƭŜŎǘǊƻǇƘȅǎƛƻƭƻƎƛŎŀƭ ŀǎǎŜǎǎƳŜƴǘ ƻŦ Ƴǳǘŀǘƛƻƴǎ ƛƴ ǘƘŜ D!.! ōƛƴŘƛƴƎ ǎƛǘŜ ƻŦ ǘƘŜ ʲ 

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 ς SR-95531 (gabazine) ς does not show any selectivity 

ǘƻǿŀǊŘǎ ŘƛŦŦŜǊŜƴǘ ʲ ǎǳōǳƴƛǘ-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 ς picrotoxin (PTX) ς 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 

ǎǘǊǳŎǘǳǊŜ ƻŦ ŀƴ ʰмʲоʴн[ D!.!A 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 
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end of the channel pore between the extracellular domains of the two adjacent 

ǎǳōǳƴƛǘǎ ŀǘ ǘƘŜ ʰ-ʲ ƛƴǘŜǊŦŀŎŜΦ ¢ƘŜ  ɹǎǳōǳƴƛǘ ƻŦ ǎȅƴŀǇǘƛŎ ʰʲʴ D!.!A receptors disrupts 

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

ǿƛǘƘ ʰʲ ǊŜŎŜǇǘƻǊǎ (Hosie et al., 2003; Mortensen and Smart, 2006)Φ 9ȄǘǊŀǎȅƴŀǇǘƛŎ ʵ-

containing receptors are less sensitive to Zn2+ than h  ̡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 

ōŜƴȊƻŘƛŀȊŜǇƛƴŜǎΦ Lǘ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƘŀǘ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀ ʴ ǎǳōǳƴƛǘ ƛǎ essential for 

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

of BDZ binding sites (Günther et al., 1995)Φ ¢ƘŜ ʰ ǎǳōǳƴƛǘ ƛǎƻŦƻǊƳ ŀƭǎƻ Ǉƭŀȅǎ ŀ ŎǊǳŎƛŀƭ 

ǊƻƭŜ ƛƴ .5½ ǎŜƴǎƛǘƛǾƛǘȅΥ ŜȄǘǊŀǎȅƴŀǇǘƛŎ ʰп ŀƴŘ ʰс ǎǳōǳƴƛǘǎΣ ŜȄǇǊŜǎǎŜŘ ŀǎ ŀƴ ʰʲʴ 

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

GABAA ǊŜŎŜǇǘƻǊǎ ŎƻƴǘŀƛƴƛƴƎ ŀƴ ʰxҌ κ ʴy- 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, 

ʰмʲнʴнΣ ǘƘŜ ōŜƴȊƻŘƛazepine-binding pocket consists of principal h1 subunit A - C 

ōƛƴŘƛƴƎ ƭƻƻǇǎ ŀƴŘ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ʴн 5 - F binding loops (Masiulis et al. 2019). 

Multiple studies have evaluated the functional and pharmacological effects of single 

Ǉƻƛƴǘ Ƴǳǘŀǘƛƻƴǎ ƛƴ ǘƘŜ ʰ ŀƴŘ ʴ ǎǳōǳƴƛǘǎΦ !ƴ ʰм ƘƛǎǘƛŘƛƴŜ ǘƻ ŀǊƎƛƴƛƴŜ ǎǳōǎǘƛǘǳǘƛƻƴ 
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(H101R), the latter corresponding to the amino acid residue present in this position 

ƛƴ ʰп ŀƴŘ ʰсΣ ǿŀǎ ƛƴƛǘƛŀƭƭȅ ƛŘŜƴǘƛŦƛŜŘ ǳǎƛƴƎ ǇƘƻǘƻŀŦŦƛƴƛǘȅ ƭŀōŜƭƭƛƴƎ ŜȄǇŜǊƛƳŜƴǘǎ ŀƴŘ 

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-ǎŜƴǎƛǘƛǾŜ ʰ ǎǳōǳƴƛǘǎ όʰмH101RΣ ʰнH101R, 

ʰоH126R ŀƴŘ ʰрH105R) results in diazepam insensitivity (Benson et al., 1998a; Kleingoor 

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

¢ǿƻ ƻǘƘŜǊ ǊŜǎƛŘǳŜǎ ƛƴ ǘƘŜ ʰм ǎǳōǳƴƛǘ ƘŀǾŜ ōŜŜƴ ƛƴǎǘǊǳƳŜƴǘŀƭ ƛƴ ƛŘŜƴǘƛŦȅƛƴƎ ǘƘŜ 

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)Φ ¢Ƙƛǎ ǎǘǳŘȅ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ōƻǘƘ ʰм {нлр 

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 

ōŜƴȊƻŘƛŀȊŜǇƛƴŜǎ ŀƴŘ ǘƘŜ ʴн ǎǳōǳƴƛǘ ƛƴ ʰмʲнʴн ƘŀǾŜ ōŜŜƴ ƛŘŜƴǘƛŦƛŜŘΣ ǿƛǘƘ ƪŜȅ 

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 ̡ 2+/ 2ɹ- interface has 

been identified, in the absence of h1 subunits (Wongsamitkul et al., 2017). The ʰ  ̡

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 1h 2̡ 2ɹ 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. 

DŜƴŜǘƛŎŀƭƭȅ ƳƻŘƛŦƛŜŘ ƳƛŎŜ ŜȄǇǊŜǎǎƛƴƎ ǘƘŜ Iмлмw Ƴǳǘŀǘƛƻƴ ƛƴ ƛƴŘƛǾƛŘǳŀƭ ʰ ǎǳōǳƴƛǘǎ 

have been studied to assess whether specific behavioural effects of benzodiazepines 

can be attributed to modulation of specific h 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 1h receptors (McKernan et al., 

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

ƳŜŘƛŀǘŜŘ ōȅ ʰн-containing GABAA receptors, and under conditions of high-receptor 

ƻŎŎǳǇŀƴŎȅΣ ŀƭǎƻ ōȅ ʰо-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 ς ŀƭƭƻǇǊŜƎƴŀƴƻƭƻƴŜΣ оʰΣнм-dihydroxy-р -hpregnan-20-one 

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

ǎǘŜǊƻƛŘ ōȅ рʰ-ǊŜŘǳŎǘŀǎŜ ŀƴŘ оʰ-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 

ƭƻŎŀǘŜŘ ǿƛǘƘƛƴ ǘƘŜ ǘǊŀƴǎƳŜƳōǊŀƴŜ ŘƻƳŀƛƴ ό¢aмύ ƻŦ ŀƴ ʰ ǎǳōǳƴƛǘ ŀǘ ǘƘŜ ʲ+κ-h subunit 

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

ŀŎǊƻǎǎ ŀƭƭ ʰ ǎǳōǳƴƛǘ ƛǎƻŦƻǊƳǎ όvнпм ƛƴ ʰмύ Ǉƭŀȅǎ ŀ ƪŜȅ ǊƻƭŜ ƛƴ D!.!AR-neurosteroid 
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ƛƴǘŜǊŀŎǘƛƻƴΣ ǿƘŜǊŜ ŀ ǎƛƴƎƭŜ ƘȅŘǊƻƎŜƴ ōƻƴŘ ƛǎ ŦƻǊƳŜŘ ōŜǘǿŜŜƴ ǘƘŜ ƎƭǳǘŀƳƛƴŜ ŀƴŘ /оʰ 

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 

ōȅ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ¸нос ŀƴŘ ¸нуп ŀƳƛƴƻ ŀŎƛŘ ǊŜǎƛŘǳŜǎ ƻƴ ʰ ŀƴŘ ʲ ǎǳōǳƴƛǘǎ 

respectively (Hosie et al., 2006).  

GABAA ǊŜŎŜǇǘƻǊǎ ŎƻƴǘŀƛƴƛƴƎ ǘƘŜ ʵ ǊŀǘƘŜǊ ǘƘŀƴ ŀ ʴ ǎǳōǳƴƛǘ ŜȄƘƛōƛǘ ŀ ƳǳŎƘ ǎǘǊƻƴƎŜǊ 

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 

ŦǳƴŎǘƛƻƴŀƭ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ʵ-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 ΨHetero-alphaΩ GABAA receptors 

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

ŀǊŜ ŎƻƳǇƻǎŜŘ ƻŦ ǘǿƻ ʰΣ ǘǿƻ ʲΣ ŀƴŘ ƻƴŜ ʴ ǎǳōǳƴƛǘǎΦ ¢ƘŜ ǊŜŎŜǇǘƻǊ ǎǳōǘȅǇŜǎ ŎƻƴǘŀƛƴƛƴƎ 

one tyǇŜ ƻŦ ǘƘŜǎŜ ǎǳōǳƴƛǘǎ όΨƘƻƳƻ-ŀƭǇƘŀΩ ŀƴŘ ΨƘƻƳƻ-ōŜǘŀΩύ ƘŀǾŜ ōŜŜƴ ǿŜƭƭ 

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 vivoΣ ǘƘŜǊŜ ƛǎ ƛƴŎǊŜŀǎƛƴƎ ŜǾƛŘŜƴŎŜ ǘƘŀǘ ŘƛŦŦŜǊŜƴǘ ʰ όΨƘŜǘŜǊƻ-ŀƭǇƘŀΩύ ƻǊ  ̡(hetero-

ōŜǘŀΩύ ǎǳōǳƴƛǘǎ Ƴŀȅ ŜȄƛǎǘ ƛƴ ŀ ǎƛƴƎƭŜ ǊŜŎŜǇǘƻǊ ŎƻƳǇƭŜȄΦ ¢Ƙƛǎ Ŏŀƴ Ǿŀǎǘƭȅ ƛƴŎǊŜŀǎŜ ǘƘŜ 
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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 

ŜȄƛǎǘŜƴŎŜ ƻŦ ΨƘŜǘŜǊƻ-ŀƭǇƘŀΩ ŀƴŘ ΨƘŜǘŜǊƻ-ōŜǘŀΩ D!BAA 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 ΨHetero-alphaΩ GABAA receptors: biochemical evidence 
 

Early immunohistochemistry studies based on colocalization analysis proposed that 

ƳƻǊŜ ǘƘŀƴ ƻƴŜ ʰ ǎǳōǳƴƛǘ ǘȅǇŜ ŎƻǳƭŘ ŜȄƛǎǘ ƛƴ ǘƘŜ ǎŀƳŜ D!.!A receptor pentameric 

ŎƻƳǇƭŜȄΦ /ƻƳōƛƴŀǘƛƻƴǎ ƻŦ ʰмκʰнΣ ʰмκʰоΣ ʰмκʰрΣ ŀƴŘ ʰнκʰр ǎǳōǳƴƛǘǎ ǿŜǊŜ ǎǇŜŎǳƭŀǘŜŘ 

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), 

ʰп-ŎƻƴǘŀƛƴƛƴƎ ǊŜŎŜǇǘƻǊǎ ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘ ǘƻ ǇǊŜŘƻƳƛƴŀƴǘƭȅ ŜȄƛǎǘ ŀǎ ʰпʰпΣ ōǳǘ ŀƭǎƻ 

ƳƛƴƻǊ ǇƻǇǳƭŀǘƛƻƴǎ ƻŦ ʰмʰпΣ ʰнʰпΣ ʰоʰпΣ όƴƻǘ ʰрʰпύ ǿŜǊŜ Řetected (Bencsits et al., 

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

ŎŜǊŜōǊŀƭ ŎƻǊǘŜȄ ŜȄǘǊŀŎǘǎΣ ǿƘŜǊŜ ƻǳǘ ƻŦ ŀƭƭ ʰм-contaning receptors, minor populations 

ƻŦ ʰмʰн ŀƴŘ ʰмʰо ǿŜǊŜ identified (32±8% and 8±1% respectively) (Duggan et al., 

1991). Furthermore, results obtained from rat cereōŜƭƭǳƳ ŜȄǘǊŀŎǘǎ ƛƴŘƛŎŀǘŜŘ ǘƘŀǘ ʰс 

ŎƻƴǘŀƛƴƛƴƎ ǊŜŎŜǇǘƻǊǎ ŀǊŜ ŜȄǇǊŜǎǎŜŘ ŀǎ ʰсʲxʴн он҈Σ ʰмʰсʲxʴн от҈Σ ʰсʲxɻ  мп҈Σ ŀƴŘ 

ʰмʰсʲxʵ мр҈ (Jechlinger et al., 1998)Φ ¢ƘŜ ǎŀƳŜ ǎǘǳŘȅ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ му҈ ƻŦ ŀƭƭ ʰс-

ŎƻƴǘŀƛƴƛƴƎ ǊŜŎŜǇǘƻǊǎ ƘŀŘ ǘǿƻ ŘƛŦŦŜǊŜƴǘ ʲ ǎǳōǳƴƛǘǎ (Jechlinger et al., 1998). Earlier 
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immunoprecipitation and immunoaffinity studies also from cerebellum have also 

identified hetero-ʰ ǊŜŎŜǇǘƻǊǎ όʰмʰсύ (Pollard et al., 1995, 1993).  

 

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

ōƛƻŎƘŜƳƛŎŀƭ ŜǾƛŘŜƴŎŜ ƻŦ ΨƘŜǘŜǊƻ-ŀƭǇƘŀΩ ŀƴŘ ΨƘŜǘŜǊƻ-ōŜǘŀΩ D!.!A 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 

ʰмʰн (Duggan et al., 1991) Immunoaffinity 

purification 

Calf cerebral cortex 

ŜȄǘǊŀŎǘǎΣ ƻǳǘ ƻŦ ŀƭƭ ʰм-

containg receptors: minor 

ǇƻǇǳƭŀǘƛƻƴǎ ƻŦ ʰмʰн 

όонҕу҈ύΣ ʰмʰо όуҕм҈ύΣ 

ʰнʰо *  

(Benke et al., 2004a) Immunoprecipitation 

Radioligand binding  

Mouse brain extracts, out 

ƻŦ ʰм-Σ ʰн-Σ ʰо- containing 

ǊŜŎŜǇǘƻǊǎΥ ʰмʰм см҈Σ ʰмʰн 

мо҈Σ ʰмʰо мр҈Σ ʰнʰн мн҈Σ 

ʰнʰо н҈Σ ʰоʰо п҈**  

(del Río et al., 2001a) Immunoprecipitation 

Immunoaffinity 

chromatography 

Radioligand binding 

Rat hippocampal and 

ŎƻǊǘƛŎŀƭ ŜȄǘǊŀŎǘǎΣ ƻǳǘ ƻŦ ʰн-

ŎƻƴǘŀƛƴƛƴƎ ǊŜŎŜǇǘƻǊǎΣ ʰмʰн 

36.3 ± 5.2% (hippocampus) 

and 39.4 ± 5.5% (cortex), 

ʰмʰн ǇǳǊƛŦƛŜŘ ǊŜŎŜǇǘƻǊǎ 

ŜȄŎƭǳǎƛǾŜƭȅ ǎƘƻǿ ʰн-BDZ 

pharmacology 

ʰмʰо (Duggan et al., 1991) Immunoaffinity 

purification 

See *  for details 

(Araujo et al., 1996) Immunoprecipitation  

Radioligand binding 

Rat cerebral cortex lysates, 

ƻǳǘ ƻŦ ŀƭƭ ʰм-containing 

ǊŜŎŜǇǘƻǊǎΣ ʰмʰо нл-25%; 

ƻǳǘ ƻŦ ŀƭƭ ʰо -containing 

ǊŜŎŜǇǘƻǊǎ ʰмʰо рл-рр҈Σ ʰм 

BDZ pharmacology prevails 

ƻǾŜǊ ʰо .5½ ǇƘŀǊƳŀŎƻƭƻƎȅ 

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

2004) 

Immunoprecipitation 

Radioligand binding 

See **  for details 

ʰмʰр (Araujo et al., 1999) Immunoprecipitation  

Radioligand binding 

Rat hippocampal extracts, 

out ƻŦ ŀƭƭ ʰм-containing 

ǊŜŎŜǇǘƻǊǎΣ ʰмʰр т-10%, out 

ƻŦ ŀƭƭ ʰр-containing 

ǊŜŎŜǇǘƻǊǎΣ ʰмʰр му-23%; 

ʰмʰр ǊŜŎŜǇǘƻǊǎ 

ǇǊŜŘƻƳƛƴŀƴǘƭȅ ǎƘƻǿ ŀƴ ʰр 

BDZ pharmacology  

 

(Ju et al., 2009) Immunoprecipitation 

Biochemical 

fractionation 

Mass spectroscopy  

Mouse hippocampal 

ŜȄǘǊŀŎǘǎΣ ŦǊƻƳ ʰр-

ŎƻƴǘŀƛƴƛƴƎ ǊŜŎŜǇǘƻǊǎΣ ʰмʰр 

ŀƴŘ ʰнʰр ƛŘŜƴǘƛŦƛŜŘΦ 

5ƛŦŦŜǊŜƴǘ ǇǊƻǇƻǊǘƛƻƴǎ ƻŦ ʰмΣ 

ʰн ŀƴŘ ʰр ƛƴ ǎȅƴŀǇǘƛŎ ŀƴŘ 

extrasynaptic receptors 

fractions.  

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

ʰмʰс ƳƛƴƻǊ ǇƻǇǳƭŀǘƛƻƴ  

(Pollard et al., 1995) Immunoaffinity  

Radioligand binding 

Rat cerebellum extracts, 

ƻǳǘ ƻŦ ŀƭƭ ʰс-containing 

ǊŜŎŜǇǘƻǊǎΥ ʰмʰс пм ҕ мн҈Σ 

ʰмʰс ǊŜŎŜǇǘƻǊǎ 

ǇǊŜŘƻƳƛƴŀƴǘƭȅ ǎƘƻǿ ŀƴ ʰс 

BDZ pharmacology (BDZ 

insensitive) 

(Khan et al., 1996) Immunoprecipitation 

Radioligand binding  

/ŜǊŜōŜƭƭǳƳΣ ʰм рф-ср҈Σ ʰс 

22-ну҈Σ ʰмʰс мм-17% 

 

(Jechlinger et al., 

1998) 

Immunoaffinity 

chromatography  

Rat cerebellum extracts, 

ƻǳǘ ƻŦ ŀƭƭ ʰс-containing 

ǊŜŎŜǇǘƻǊǎΥ ʰсʲxʴн он҈Σ 

ʰмʰсʲxʴн от҈Σ ʰсʲxʵ мп҈Σ 

ʰмʰсʲxʵ мр҈ 

(Nusser et al., 1999) Immunoprecipitation 

Radioligand binding 

Mouse cerebellar extracts 

όʰс ƎŜƴŜ ŘƛǎǊǳǇǘƛƻƴΣ ʰс -/ -), 

ƛƴ ŎƻƴǘǊƻƭ ƎǊƻǳǇ όʰс ҌκҌύ 

ʰмʰс ǇǊŜǎŜƴǘΦ Lƴ ʰс -/ - mice 

нс҈ ǊŜŘǳŎǘƛƻƴ ƻŦ ʰм 

expression 

(Pöltl et al., 2003) Immunoprecipitation  

Radioligand binding  

Mouse or rat cerebellum 

ŜȄǘǊŀŎǘǎΦ aƻǳǎŜΥ ƻǳǘ ƻŦ ʰм- 
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ŀƴŘ ʰс-containing 

ǊŜŎŜǇǘƻǊǎΣ ʰмʲȄʴн плΦр ҕ 

нΦп҈Σ ʰсʲȄʴн сΦу ҕ лΦу҈Σ 

ʰмʰсʲȄʴн ннΦп ҕ мΦп҈, 

ʰмʲȄʵ лΦу ҕ лΦт҈Σ ʰсʲȄʵ 

17.7 ± 1.0%, h мʰсʲȄʵ млΦп 

± 1.2%. 56% of all receptors 

Ŏƻƴǘŀƛƴ ʰс ǎǳōǳƴƛǘǎ ŀƴŘ 

рф҈ Ŏƻƴǘŀƛƴ ōƻǘƘ ʰм ŀƴŘ ʰс 

subunits.  

(Ogris et al., 2006) Immunoaffinity 

purification 

Radioligand binding 

RT-PCR 

Mouse cerebellar extracts 

όʰм ƎŜƴŜ ŘƛǎǊǳǇǘƛƻƴΣ ʰм -/ -), 

ƛƴ ŎƻƴǘǊƻƭ ƎǊƻǳǇ όʰм ҌκҌύΦ Lƴ 

ʰм -/ - ƳƛŎŜΣ ʰс ǎǳōǳƴƛǘ 

expression is increased by 

рп ҈ όǊŜǇƭŀŎƛƴƎ ʰм 

subunits) 

(Scholze et al., 2020) Immunoprecipitation 

Radioligand binding  

Rat cerebellum extracts, 

ƻǳǘ ƻŦ ŀƭƭ ʴн ŎƻƴǘŀƛƴƛƴƎ 

ǊŜŎŜǇǘƻǊǎΥ ʰмʴнʲȄʰмʲȄ 

рт҈Σ ʰсʴнʲȄʰсʲȄ мф҈Σ 

ʰмʴнʲȄʰсʲȄ ф҈Σ 

сʴнʲȄʰмʲȄ мр҈ 

ʰнʰо (Duggan et al., 1991) Immunoaffinity 

purification 

See *  for details 

(Benke et al., 2004a) Immunoprecipitation 

Radioligand binding 

See ** for details 

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

Immunoaffinity 

chromatography 

Radioligand binding 

Rat hippocampal extracts, 

ƻǳǘ ƻŦ ʰн-containing 

ǊŜŎŜǇǘƻǊǎΣ ʰнʰр нлΦн ҕ 

нΦм҈Σ ʰнʰр purified 

receptors exclusively show 

ʰр-BDZ pharmacology 

ʰнXh, 

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 ǊŜŎŜǇǘƻǊǎΥ ʰмʰн 

ʰнʰоΣ ʰнʰпΣ ʰнʰр ǿŜǊŜ 

identified (between 1.3 and 

7.3 % each) 

(Nakamura et al., 

2016) 

Immunoprecipitation 

Proteomic analysis 

Mouse brain extracts 

(pHluorin-ǘŀƎƎŜŘ ʰн ƳƻǳǎŜ 

ƳƻŘŜƭύΦ ʰмʰн ʰнʰоΣ ʰнʰпΣ 

ʰнʰр ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘ 
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ʰпXh, 

where x is 

1, 2 or 3 

(Benke et al., 1997) Immunoprecipitation 

Immunoaffinity 

chromatography  

Radioligand binding 

Rat brain lysates (different 

ǊŜƎƛƻƴǎύΥ ƻǳǘ ƻŦ ʰп-

contŀƛƴƛƴƎ ǊŜŎŜǇǘƻǊǎΣ ʰмʰп 

ʰнʰп ʰоʰпΣ ōǳǘ ƴƻǘ ʰрʰп 

was detected  

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

ŎŜǊŜōŜƭƭǳƳύΣ ʰмʰпΣ ʰнʰпΣ 

ʰоʰп ƛŘŜƴǘƛŦƛŜŘ όƴƻǘ ʰрʰпύ 

ʰрXh, 

where x is 

1, 2 or 3 

(Mertens et al., 1993) Immunoprecipitation 

Radioligand binding 

Rat brain extracts (various 

ǊŜƎƛƻƴǎύΣ ʰмʰр ʰнʰр ŀƴŘ 

ʰоʰр ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘ 

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

ʰр-containing receptors, 

ʰмʰр ʰнʰр ŀƴŘ ʰоʰр ǿŜǊŜ 

identified  

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

-̡containing receptors, 

ʲмʲн у҈ 

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

-̡containing receptors, 

ʲмʲо мф҈ 

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

-̡containing receptors, 

ʲнʲо оо҈ 

2 different 

 ̡

(Jechlinger et al., 

1998) 

Immunoaffinity 

chromatography  

Rat cerebellum extracts, 18 

҈ ƻŦ ʰс ǊŜŎŜǇǘƻǊǎ Ŏƻƴǘŀƛƴ н 

ŘƛŦŦŜǊŜƴǘ ʲ ǎǳōǳƴƛǘǎ  

 

 

¢ƘŜ ǎǳōǳƴƛǘ ŎƻƳǇƻǎƛǘƛƻƴ ƻŦ ʰс-containing GABAA receptors has been widely studied. 

Cerebellar granule cells almost exclusiǾŜƭȅ ŜȄǇǊŜǎǎ ʰмΣ ʰсΣ ʲм-оΣ ʴнΣ ŀƴŘ ʵ ǎǳōǳƴƛǘǎΣ 

making it an obvious target for studying hetero-ʰ ǊŜŎŜǇǘƻǊǎ (Fritschy and Mohler, 

1995; Laurie et al., 1992; Pirker et al., 2000)Φ LƳƳǳƴƻƎƻƭŘ ƭŀōŜƭƭƛƴƎ ƻŦ ʰм ŀƴŘ ʰс 

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

ǎǳƎƎŜǎǘƛƴƎ ǘƘŜ Ǉƻǎǎƛōƛƭƛǘȅ ǘƘŀǘ ʰм ŀƴŘ ʰс Ŏŀƴ Ŏƻ-exist in the same pentamer (Zoltan 

Nusser et al., 1998)Φ [ŀǘŜǊΣ ǘƘŜ ǎŀƳŜ ƎǊƻǳǇ ǳǘƛƭƛǎŜŘ ŀƴ ʰс ƪƴƻŎƪ-out mice to study the 

ŜŦŦŜŎǘ ʰс-containing receptor populations. The results showed a 26% reduction of 

ʰм-ǎǳōǳƴƛǘ ŜȄǇǊŜǎǎƛƻƴ ƛƴ ʰс ό-/ -ύ ƳƛŎŜ ŎƻƳǇŀǊŜŘ ǘƻ  ʰс όҌκҌύ ƳƛŎŜ (Nusser et al., 

1999)Φ ! ǎƛƳƛƭŀǊ ǎǘǳŘȅ ƻŦ ʰм ό-/ -) mice cerebellar extracts suggested a 54% increase in 
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ʰс ǎǳōǳƴƛǘǎ ƛƴ ʰм-defficient mice compared to the wild-ǘȅǇŜ ƻƴŜǎΣ ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ʰм 

ƛǎ ǊŜǇƭŀŎŜŘ ōȅ ʰс ǎǳōǳƴƛǘ ƛƴ ʰмʰс D!.!A receptors (Ogris et al., 2006). These finding 

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

ōƻǘƘ ʰм ŀƴŘ ʰс ǎǳōǳƴƛǘǎύ (Pöltl et al., 2003). Quantitative immunoprecipitation 

assays further identified hetero-ʰ D!.!A ǊŜŎŜǇǘƻǊǎ ŎƻƴǘŀƛƴƛƴƎ ōƻǘƘ ʰмʰс ǎǳōǳƴƛǘǎΣ 

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

ʰс-ŎƻƴǘŀƛƴƎ ǊŜŎŜǇǘƻǊǎΣ пм ҕ мн҈ ŀǊŜ ʰмʰс ŀƴŘ ǘƘŜǎŜ ǇǊŜŘƻƳƛƴŀƴǘƭȅ ǎƘƻǿ ŀƴ ʰс .5½ 

pharmacology (BDZ insensitive, i.e. ʰс- -̡ʰм- -̡ʴ ŀǊǊangement around the central 

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

прмо ōƛƴŘƛƴƎ ŜȄǇŜǊƛƳŜƴǘǎ ƻŦ ʴн-prurified GABAA receptors concluded that the 

ƳŀƧƻǊƛǘȅ ƻŦ ʰмʰсʲȄʴн ŎŜǊŜōŜƭƭŀǊ ǊŜŎŜǇǘƻǊ ŀǊŜ ōŜƴȊƻŘƛŀȊŜǇƛƴŜ ƛƴsensitive 

όʰсʴнʲȄʰмʲȄ мр҈ ŀƴŘ ʰмʴнʲȄʰсʲȄ ф҈ύ (Scholze et al., 2020).  

Numerous reports provide evidence for hetero-ʰ D!.!A ǊŜŎŜǇǘƻǊǎ ŎƻƴǘŀƛƴƛƴƎ ŀƴ ʰм 

subunit. Immunoprecipitation from whole mouse brain extracts suggested that out 

ƻŦ ŀƭƭ ʰм-Σ ʰн-Σ ʰо- subunit containing GABAA ǊŜŎŜǇǘƻǊǎ ǘƘŜ ƳŀƧƻǊƛǘȅ ŀǊŜ ʰмʰм όсм҈ύΣ 

ǿƘŜǊŜŀǎ ʰмʰн ŀƴŘ ʰмʰо ŎƻƴǘŀƛƴƛƴƎ ǊŜŎŜǇǘƻǊǎ ŀŎŎƻǳƴǘ ŦƻǊ ŀ мо҈ ŀƴŘ мр҈ ǊŜǎǇŜŎǘƛǾŜƭȅ 

(Dietmar Benke et al. 2004). ImƳǳƴƻŘŜǇƭŜǘƛƻƴ ŜȄǇŜǊƛƳŜƴǘǎ ǎƘƻǿŜŘ ǘƘŀǘ ʰмʰо 

GABAA ǊŜŎŜǇǘƻǊǎ ŎƻƴǎǘƛǘǳǘŜ ŀ ƭŀǊƎŜ ǇǊƻǇƻǊǘƛƻƴ ƻŦ ʰо- but not of ʰм- containing 

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

CǳǊǘƘŜǊƳƻǊŜΣ ʰмʰр ŎƻƴǘŀƛƴƛƴƎ ǊŜŎŜǇǘƻǊǎ ǊŜǇǊŜǎŜƴǘ т-мл҈ ƻŦ ŀƭƭ ʰм-containg GABAA 

receptor population in rat hippocampal neurones (Araujo et al., 1999)Φ ¢ƘŜǎŜ ʰм- 

ΨƘŜǘŜǊƻ-ŀƭǇƘŀΩ ǊŜŎŜǇǘƻǊǎ ŎƻƴǎǘƛǘǳǘŜ ǎƛƎƴƛŦƛŎŀƴǘ ǇƻǇǳƭŀǘƛƻƴǎ ŦƻǊ ǘƘŜ ƴƻƴ-ʰм-subunit 

όƛΦŜΦ ʰоΣ ʰрύ ōǳǘ ǊŜǇǊŜǎŜƴǘ ŀ ǎƳŀƭƭŜǊ ǇǊƻǇƻǊǘƛƻƴ ƻŦ ʰм-receptors, probably due to their 

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

¢ƘŜǊŜ ƛǎ ǎƻƳŜ ŜǾƛŘŜƴŎŜ ǎǳƎƎŜǎǘƛƴƎ ǘƘŜ ŜȄƛǎǘŜƴŎŜ ƻŦ ΨƘŜǘŜǊƻ-ōŜǘŀΩ D!.!A receptors, 

however it is limited. Mixtures of two difŦŜǊŜƴǘ ʲ ǎǳōǳƴƛǘǎ ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘ ƛƴ му҈ ƻŦ 

ŀƭƭ ʰс-ŎƻƴǘŀƛƴƛƴƎ ǊŜŎŜǇǘƻǊǎ όʰсʲȄʴнΣ ʰмʰсʲȄʴнΣ ʰсʲȄʵΣ ŀƴŘ ʰмʰсʲȄʵύ ŦǊƻƳ Ǌŀǘ 

cerebellum (Jechlinger et al., 1998)Φ Lƴ ŀŘŘƛǘƛƻƴΣ ǾŀǊƛƻǳǎ ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ ΨƘŜǘŜǊƻ-

ōŜǘŀΩ D!.!A receptors were found from total rat brain extracts, comprising around 

сл҈ ƻŦ ŀƭƭ ʲ-subunit containing receptors (Li and De Blas, 1997).  



51 
 

Insight into subunit arrangement in hetero-ʰ ǊŜŎŜǇǘƻǊ ŎƻƳǇƭŜȄ ǿŀǎ ŀǎǎŜǎǎŜŘ 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). 

LƴǘŜǊŜǎǘƛƴƎƭȅΣ ǊŜǎǳƭǘǎ ŦǊƻƳ ǘƘŜǎŜ ǎƘƻǿ ǘƘŀǘ ŦǊƻƳ ǇǳǊƛŦƛŜŘ ʰмʰx-containing GABAA 

ǊŜŎŜǇǘƻǊǎ όǿƘŜǊŜ Ȅ ƛǎ нΣ р ƻǊ сύΣ ʰx ōŜƴȊƻŘƛŀȊŜǇƛƴŜ ǇƘŀǊƳŀŎƻƭƻƎȅ ǇǊŜǾŀƛƭǎ ƻǾŜǊ ʰм 

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

IŜƴŎŜΣ ǘƘŜ ƳŀƧƻǊƛǘȅ ƻŦ ΨƘŜǘŜǊƻ-ŀƭǇƘŀΩ D!.!A receptor subunit could present an 

xhʴнʲhм̡ ǎǳōǳƴƛǘ ŀǊǊŀƴƎŜƳŜƴǘΦ hƴŜ ŜȄŎŜǇǘƛƻƴ ŀǇǇŜŀǊǎ ǘƻ ōŜ ʰмʰо-containing 

ǊŜŎŜǇǘƻǊǎΣ ǿƘŜǊŜ ʰм ōŜƴȊƻŘƛŀȊŜǇƛƴŜ ǇƘŀǊƳŀŎƻƭƻƎȅ ǇǊŜǾŀƛƭǎ ƻǾŜǊ ǘƘŀǘ ƻŦ ʰо όтл҈ ŀƴŘ 

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

these data are outlined in Figure 1.3.   

 

 

CƛƎǳǊŜ мΦо ΨIŜǘŜǊƻ-ŀƭǇƘŀΩ D!.!A receptor subunit arrangement and their benzodiazepine 

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

the central pore (top view). The high-ŀŦŦƛƴƛǘȅ ōŜƴȊƻŘƛŀȊŜǇƛƴŜ ǎƛǘŜΣ .5½Σ ŀǘ ǘƘŜ ʰʴ ƛƴǘŜǊŦŀŎŜ ƛǎ 

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

ƻǾŜǊ ǘƘŜ ʰм .5½ ǇƘŀǊƳŀŎƻƭƻƎȅ ƛƴ ʰмʰx ς containing GABAA receptors (>50% of receptors 

Ŏƻƴǘŀƛƴ ŀƴ ʰxҌ κ ʴ- interface) (Araujo et al., 1999; del Río et al., 2001a; Pollard et al., 1995; 

Scholze et al., 2020). B. Lƴ ʰмʰо-containg recŜǇǘƻǊǎΣ ʰм .5½ ǇƘŀǊƳŀŎƻƭƻƎȅ ǇǊŜǾŀƛƭǎ ƻǾŜǊ ʰо 

όҔрл҈ ƻŦ ǊŜŎŜǇǘƻǊǎ Ŏƻƴǘŀƛƴ ŀƴ ʰмҌ κ ʴ- 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 ƻŦ ǘǿƻ ŘƛǎǘƛƴŎǘ ʰ ŀƴŘ κƻǊ ʲ ǎǳōǳƴƛǘ ƛǎƻŦƻǊƳǎ (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 ǊŜŎŜǇǘƻǊǎ ǿƛǘƘ ǘǿƻ ŘƛŦŦŜǊŜƴǘ ƛǎƻŦƻǊƳǎ ƻŦ ʰ ƻǊ 

ʲ ǎǳōǳƴƛǘǎ ƛǘ ƛǎ ŜǎǎŜƴǘƛŀƭ ǘƻ ƪƴƻǿ ǘƘŜ ǇƻǎƛǘƛƻƴƛƴƎ ƻŦ ǎǳōǳƴƛǘǎ ƛƴ ŀ ǇŜƴǘŀƳŜǊƛŎ ŎƻƳǇƭŜȄΦ 

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 

ŀƴŘ Ƙƻǿ ǘƘŜǎŜ ŎƻƴǘǊƛōǳǘŜ ǘƻ ǘƘŜ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ΨƘŜǘŜǊƻŀƭǇƘŀΩ D!.!AR 

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

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

5ƛƳŜǊκǘǊƛƳŜǊ ŎƻƴŎŀǘŜƴŀǘŜŘ ǎǳōǳƴƛǘ ŎƻƴǎǘǊǳŎǘǎ ǿƛǘƘ ǘǿƻ ʰ ǎǳōǳƴƛǘ ƛǎƻŦƻǊƳǎ όʰм ŀƴŘ 

ʰсύ ǿŜǊŜ ŘŜǎƛƎƴŜŘ ǘƻ ŦǳƴŎǘƛƻƴŀƭƭȅ ŀǎǎŜǎǎ ʴнʲнʰм̡нhмΣ ʴнʲнʰс̡нhсΣ ʴнʲнʰм̡нhс, 

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

ŀŦŦƛƴƛǘȅ ƻŦ ʴнʲнʰс̡нhм ǿŀǎ ŦƻǳƴŘ ǘƻ ōŜ ǘǿƻ ǘƛƳŜǎ ƘƛƎƘŜǊ ǘƘŀƴ ƻŦ ʴнʲнʰм̡нhс (42 ± 

мп ˃a ŀƴŘ фп ҕ оу ˃a ǊŜǎǇŜŎǘƛǾŜƭȅύΦ CǳǊǘƘŜǊƳƻǊŜΣ ƛƴƘƛōƛǘƛƻƴ ǿƛǘƘ ŦǳǊƻǎŜƳƛŘŜ ς a 

GABAAw ʰс ǎǳōǳƴƛǘ ǎŜƭŜŎǘƛǾŜ ƴƻƴ-competitive inhibitor (Thompson et al., 1999) and 

diazepam potentiatiƻƴ ǿŜǊŜ ŀƭǎƻ ŀǎǎŜǎǎŜŘΦ !ƴ ʰс ǎǳōǳƴƛǘ ǇƻǎƛǘƛƻƴƛƴƎ ƴŜȄǘ ǘƻ ǘƘŜ ʴн 

ǊŜǎǳƭǘŜŘ ƛƴ ƘƛƎƘ ǎŜƴǎƛǘƛǾƛǘȅ ǘƻ ŦǳǊƻǎŜƳƛŘŜΣ ǿƘŜǊŜŀǎ ŀƴ ʰм ƴŜƛƎƘōƻǳǊƛƴƎ ʴн ǎǳōǳƴƛǘ ƛƴ 

ŎƻƴŎŀǘŜƴŀǘŜŘ ŎƻƴǎǘǊǳŎǘǎ όʴнʲнʰм̡нhм ŀƴŘ ʴнʲнʰс̡нhм) resulted in diazepam 

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

receptors as a diagnostic tooƭ ǘƻ ǎǘǳŘȅ ǇƘŀǊƳŀŎƻƭƻƎƛŎŀƭ ǎƛƎƴŀǘǳǊŜǎ ƻŦ ΨƘŜǘŜǊƻ-ŀƭǇƘŀΩ 

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

ǘƻ ǎǘǳŘȅ ǇȅǊŀȊƻƭƻǉǳƛƴƻƭƛƴƻƴŜ όtvύ ŀƭƭƻǎǘŜǊƛŎ ƳƻŘǳƭŀǘƛƻƴ ƻŦ ʰмʰс-containg GABAA 

receptors (Simeone et al., 2019)Φ /ƻƴŎŀǘŜƴŀǘŜŘ ǊŜŎŜǇǘƻǊǎ ǿƛǘƘ ǘǿƻ ŘƛŦŦŜǊŜƴǘ ʲ 

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

ǊŜŎŜǇǘƻǊǎ ǘƻ ʲн-selective compounds: etomidate and loreclezole (Boulineau et al., 

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

ƛƴŘŜǇŜƴŘŜƴǘ ƻŦ ʲн ǇƻǎƛǘƛƻƴƛƴƎ ƛƴ ǘƘŜ ǊŜŎŜǇǘƻǊ ŎƻƳǇƭŜȄΦ  

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 ǊŜŎŜǇǘƻǊǎ ǿƛǘƘ ǘǿƻ ŘƛŦŦŜǊŜƴǘ ʰ ŀƴŘ ʲ ƛǎƻŦƻǊƳǎΦ 

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 ǊŜŎŜǇǘƻǊǎ ǿƛǘƘ ǘǿƻ ŘƛŦŦŜǊŜƴǘ ʰ ǎǳōǳƴƛǘ 

isoforms 
 

Despite a multitude of biochemical eǾƛŘŜƴŎŜ ǇƻƛƴǘƛƴƎ ǘƻ ǘƘŜ ŜȄƛǎǘŜƴŎŜ ƻŦ ΨƘŜǘŜǊƻ-

ŀƭǇƘŀΩ D!.!A receptors, functional assessment of these in a recombinant system is 

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

GABAA ǊŜŎŜǇǘƻǊǎ ǿƛǘƘ ǘǿƻ ŘƛǎǘƛƴŎǘ ʰ ǎǳōǳƴƛǘ ƛǎƻŦƻǊƳǎΦ ¢ƘŜ ʰм ŀƴŘ ʰн ǎǳōǳƴƛǘǎ ǿŜǊŜ 

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

(Pirker et al., 2000)Φ {ƛƴƎƭŜ ʰм ŀƴŘ ʰн ǎǳōǳƴƛǘǎ ƻǊ ǘƘŜƛǊ ƳƛȄǘǳǊŜǎ ǿŜǊŜ ŜȄǇǊŜǎǎŜŘ ǿƛǘƘ 

ʲнκо ʴн ǘƻ ŦƻǊƳ ŦǳƴŎǘƛƻƴŀƭ D!.!A receptors in HEK293 cells. This allowed for a 

ŎƻƳǇŀǊƛǎƻƴ ƻŦ ŦǳƴŎǘƛƻƴŀƭ ǎƛƎƴŀǘǳǊŜǎ ƻŦ ΨƘŜǘŜǊƻ-ŀƭǇƘŀΩ ǊŜŎŜǇǘƻǊǎ ǿƛǘƘ ǘƘƻǎŜ ƻŦ ΨƘƻƳƻ-

ŀƭǇƘŀΩ ǇƻǇǳƭŀǘƛƻƴǎΦ ! ǎŜƭŜŎǘƛƻƴ ƻŦ ǊŜǇƻǊǘŜǊ Ƴǳǘŀǘƛƻƴǎ ǿŀǎ ǘƘŜƴ ǳǎŜŘ ǘƻ ƘŜƭǇ 

ŘƛǎǘƛƴƎǳƛǎƘ ōŜǘǿŜŜƴ ΨƘƻƳƻΩ- ŀƴŘ ΨƘŜǘŜǊƻΩ-alpha receptor populations as well as 

estimate their relative abundances.  

Subunit arrangement is key in determining GABAA receptor sensitivity to 

ōŜƴȊƻŘƛŀȊŜǇƛƴŜǎΦ ¢ƘŜ ŎŀƴƻƴƛŎŀƭ ōŜƴȊƻŘƛŀȊŜǇƛƴŜ ōƛƴŘƛƴƎ ǎƛǘŜ ƭƛŜǎ ōŜǘǿŜŜƴ ǘƘŜ ʰҌ κ ʴ- 

ƛƴǘŜǊŦŀŎŜΣ ǿƘŜǊŜ ʰм IмлмΣ ʰм N103Σ ʰм {нлсΣ ŀƴŘ ʴн bсл Ǉƭŀȅ ŎǊǳŎƛŀƭ ǊƻƭŜǎ ƛƴ .5½ 

binding (Masiulis et al. 2019)Φ ¢ƘŜ ʰм ŀƴŘ ʰн ǎǳōǳƴƛǘ .5½ ǇƘŀǊƳŀŎƻƭƻƎȅ ƳŜŘƛŀǘŜ 

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 

ŘƛǎǘƛƴŎǘ ʰ ǎǳōǳƴƛǘ ƛǎƻŦƻǊƳǎ ŎƻǳƭŘ ǘƘŜǊŜŦƻǊŜ ǇǊŜǎŜƴǘ ŜƛǘƘŜǊ ʰм ƻǊ ʰн .5½ 

pharmacology or a mix of both. Here, a well characterised reporter mutation ς ʰм 

H101R ς ǿŀǎ ǳǎŜŘ ǘƻ ǎǘǳŘȅ ǘƘŜ ǎǳōǳƴƛǘ ŀǊǊŀƴƎŜƳŜƴǘ ƛƴ ΨƘŜǘŜǊƻ-ŀƭǇƘŀΩ D!.!A 

receptors (Benson et al. 1998; Dietmar Benke et al. 2004). We aimed, through 

mutagenesis and pharmacological studies, to determine whether the presence of a 

ǎǇŜŎƛŦƛŎ ʰ ǎǳōǳƴƛǘ ƛǎ ƳƻǊŜ ŀōǳƴŘŀƴǘ ŀǘ ǘƘŜ ʰҌ κ ʴ- interface or indeed, is exclusively 

expressed at this interface. 
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From these data, we hypothesised that GABAA ǊŜŎŜǇǘƻǊǎ ŎƻƴǘŀƛƴƛƴƎ ōƻǘƘ ʰм ŀƴŘ ʰн 

isoforms assemble in a recombinant system and present distinct pharmacological 

fingerprints.  

 

1.5.2 Evidence of existence in vivo 
 

After the in vitro ŀǎǎŜǎǎƳŜƴǘ ƻŦ ΨƘŜǘŜǊƻ-ŀƭǇƘŀΩ D!.!A 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 

ǊŜŎŜǇǘƻǊ ŎƻƳǇƻǎƛǘƛƻƴΣ Ƴƻǎǘ ƻŦ ǘƘŜǎŜ ŀǎǎŜǎǎ ʰмʰс-containg receptors. Furthermore, 

biochemical conditions vastly determine coimmunoprecipitation outcomes 

(Nakamura et al., 2016). Here, we use proximity ligation assay (PLA) to visualise native 

ʰмʰн-containg GABAA receptors in cultured hippocampal neurons and to assess their 

subcellular localisations. The PLA technique fluorescently labels proteins in close 

ǇǊƻȄƛƳƛǘȅ όол ƴƳύ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ŀƭƭƻǿǎ ǳǎ ǘƻ ŘŜǘŜŎǘ ʰм ŀƴŘ ʰн ǎǳōǳƴƛǘǎ ǿƛǘƘƛƴ ǘƘŜ 

same receptor. We also validated the reliability of the technique by using the 

ƳƛŎǊƻǘǳōǳƭŜ ƛƴƘƛōƛǘƻǊΣ ƴƻŎƻŘŀȊƻƭŜΣ ŀƴŘ ʴκʵ D!.!A receptor interactions.  

hǳǊ ƴŜȄǘ ŀƛƳ ǿŀǎ ǘƻ ŜƭǳŎƛŘŀǘŜ ǘƘŜ ŘŜǘŜǊƳƛƴŀƴǘǎ ƻŦ ŀǎǎŜƳōƭȅ ƻŦ ʰмʰн-containing 

GABAA ǊŜŎŜǇǘƻǊǎΦ ¢Ƙƛǎ ǿŀǎ ŀǘǘŜƳǇǘŜŘ ōȅ ǘǊŀƴǎŦŜŎǘƛƴƎ ŜƛǘƘŜǊ ʰм ƻǊ ʰн ǎǳōǳƴƛǘǎ ƛƴǘƻ 

hippocampal neurons and investigating the changes in PLA signals. Additionally, 

electrophysiological recording and IPSC kinetic analysis was used to explore 

ŦǳƴŎǘƛƻƴŀƭ ŦƛƴƎŜǊǇǊƛƴǘǎ ƻŦ ΨƘŜǘŜǊƻ-ŀƭǇƘŀΩ D!.!A receptor populations underpinning 

inhibitory synaptic transmission.  

 

1.5.3 tƘȅǎƛƻƭƻƎƛŎŀƭ ǊƻƭŜ ƻŦ ʰмʰн-containg GABAA receptors 
 

To date, there is no evidence regarding the physiological role of GABAA receptors 

ŎƻƴǘŀƛƴƛƴƎ ōƻǘƘ ʰм ŀƴŘ ʰн ǎǳōǳƴƛǘ ƛǎƻŦƻǊƳǎΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ƭŀǎǘ ŀƛƳ ǿŀǎ ǘƻ 

ƛƴǾŜǎǘƛƎŀǘŜ ΨƘŜǘŜǊƻ-ŀƭǇƘŀΩ ǊŜŎŜǇǘƻǊ ƛƳǇƻǊǘŀƴŎŜ ŀƴŘ ŎƘŀƴƎŜǎ ŀŦǘŜǊ ǘƘŜ ƛƴŘǳŎǘƛƻƴ ƻŦ 
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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 

ǿƛǘƘ ǘǿƻ ŘƛǎǘƛƴŎǘ ʰ ǎǳōǳƴƛǘ ƛǎƻŦƻǊƳǎ ƛƴ ŀ ǊŜŎƻƳōƛƴŀƴǘ ǎȅǎǘŜƳ όChapter 3).  

 

2. ¢ƻ ƛƴǾŜǎǘƛƎŀǘŜ ǘǿƻ ǇƻǘŜƴǘƛŀƭ ǎǳōǳƴƛǘ ŀǊǊŀƴƎŜƳŜƴǘǎ ƻŦ ʰмʰн-containg receptors: 

ʴнʲȄʰм̡Ȅhн ŀƴŘ ʴнʲȄʰн̡Ȅhм (Chapter 3).  

 

3. ¢ƻ ŜǎǘŀōƭƛǎƘ ǘƘŜ ŜȄƛǎǘŜƴŎŜ ŀƴŘ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ǎǳōŎŜƭƭǳƭŀǊ ƭƻŎŀƭƛǎŀǘƛƻƴ ƻŦ ʰмʰн-

containg GABAA receptors in cultured hippocampal neurons (Chapter 4).  

 

4. To investigate functional fingerprints of these receptors using iPSC kinetic analysis 

(Chapter 4).  

 

5. ¢ƻ ŜȄŀƳƛƴŜ ǘƘŜ ǇƘȅǎƛƻƭƻƎƛŎŀƭ ŦǳƴŎǘƛƻƴ ƻŦ ΨƘŜǘŜǊƻ-ŀƭǇƘŀΩ D!.!A 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 h 1 (UniProtKB: P62812), h2 

(UniProtKB: P26048), ̡2 (UniProtKB: P63137) ̡3 (UniProtKB: P63080), and ɹ2L 

(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 τ τ 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 ɕ/ ŦƻǊ р ƳƛƴǳǘŜǎ ǘƻ ǎŜǇŀǊŀǘŜ ǘƘŜ ŜƴŘǎ ƻŦ 

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 ɕ/Φ CƻƭƭƻǿƛƴƎ ǘƘƛǎ ǎǘŜǇΣ м µl of T4 DNA ligase was added to the mixture to ligate 

the linear DNA at 4 ɕ/ overnight.  
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Table 2.2 PCR primers used to introduce affinity tags or point mutations into GABAA 

receptor DNA. tǊƛƳŜǊǎ ŀǊŜ ǎƘƻǿƴ ƛƴ ǘƘŜ рΩ ǘƻ оΩ ŘƛǊŜŎǘƛƻƴΦ bǳŎƭŜƻǘƛŘŜǎ ǘƘŀǘ ŎƻǊǊŜǎǇƻƴŘ ǘƻ 

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 

όǎŜǉǳŜƴŎŜ рΩ-оΩύ 

Reverse primer 

όǎŜǉǳŜƴŎŜ рΩ-оΩύ 

Template 

GABAA h м 

F65L 

ATGTGTTTTTaCGTCAAAGTT

GGAAGG  

CTATTGTATACTCCATATCGTG

GTCTG  

GABAA h м 

GABAA h м 

H101C 

CAATGGAAAGAAGTCTGTG

GCCCACAA  

caGAAAAATGTATCTGGAGTC

CAGATT  

GABAA h м 

GABAA h м 

H101R 

CgCAATGGAAAGAAGTCTGT

GGCCCAC  

GAAAAATGTATCTGGAGTCCA

GATTTT  

GABAA h м 

GABAA ₫м-

HA 

ttccagattacgctGATGAACTT

AAAGACAACACCACT 

catcgtatgggtaTTGGGAGGGCT

GTCCATAGCTTCT 

GABAA h м 

GABAA ₫м-

myc 

tcagaagaggatctgGATGAACT

TAAAGACAACACCACT 

gatgagtttttgttcTTGGGAGGGC

TGTCCATAGCTTCT 

GABAA h м 

GABAA h н 

F65L 

ATGTTTTaTTTCGGCAAAAA

TGGAAAGG  

CTATTGTATACTCCATATCTGT

ATCTGG  

GABAA h н 

GABAA h н 

H101C 

CAATGGGAAAAAGTCAGTG

GCCCATAA  

caAAAGAAGGTATCAGGAGTC

CAGATT  

GABAA h н 

GABAA h н 

H101R 

CgCAATGGGAAAAAGTCAG

TGGCCCATAAC  

AAAGAAGGTATCAGGAGTCC

AGATTTTGCT  

GABAA h н 

GABAA ₫н-

myc 

tcagaagaggatctgGATGAGG

CTAAAAATAACATCACC 

 

gatgagtttttgttcTTCTTGGATGT

TAGCCAGCACCAA 

 

GABAA h н 

 

 

[ƛƎŀǘŜŘ Ŏ5b! ǿŀǎ ǘƘŜƴ ǘǊŀƴǎŦƻǊƳŜŘ ƛƴǘƻ рʰ ŎƻƳǇŜǘŜƴǘ Escherichia coli (E. coli) (New 

England Biolabs, C2987). Ligated DNA product (1-н ˃ƭύ ǿŀǎ ƎŜƴǘƭȅ ǇƛǇŜǘǘŜŘ ŀƴŘ mixed 

ǿƛǘƘ нр ˃ƭ ƻŦ ŎƻƳǇŜǘŜƴǘ E. coli and left on ice for 30 minutes. The bacteria were then 

heat shocked (42 ɕ/ύ ŦƻǊ пл ǎŜŎƻƴŘǎ ǘƻ ǘŀƪŜ ǳǇ ǘƘŜ ƭƛƎŀǘŜŘ 5b! ǇǊƻŘǳŎǘΦ CƻƭƭƻǿƛƴƎ м-

ƳƛƴǳǘŜ ƛƴŎǳōŀǘƛƻƴ ƻƴ ƛŎŜΣ {h/ ƳŜŘƛǳƳ όмлл ˃ƭύ ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ 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 рʰ ŎƻƳǇŜǘŜƴǘ E. 

coli bacteriŀ ǿŜǊŜ ǇƭŀŎŜŘ ƛƴ ǘƘŜ ƛƴŎǳōŀǘƻǊ όотх /ύ ƻǾŜǊƴƛƎƘǘ for colony growth. The 
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colonies were picked the next day and incubated in 2.5 ml of LB broth supplemented 

ǿƛǘƘ ŀƴ ŀƴǘƛōƛƻǘƛŎ ǿƛǘƘ ǎƘŀƪƛƴƎ ƻǾŜǊƴƛƎƘǘ ŀǘ отх /Φ ¢ƘŜ 5b! ǿŀǎ ǘƘŜƴ ǇǳǊƛŦƛŜŘ ǳǎƛƴƎ 

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  
 

IǳƳŀƴ ŜƳōǊȅƻƴƛŎ ƪƛŘƴŜȅ όI9Yнфоύ ŎŜƭƭǎ ǿŜǊŜ ŎǳƭǘǳǊŜŘ ƻƴ мл ŎƳ ŘƛǎƘŜǎ ƛƴ 5ǳƭōŜŎŎƻΩǎ 

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 

IŀƴƪǎΩ .ŀƭŀƴŎŜŘ {ŀƭǘ {ƻƭǳǘion (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 



62 
 

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 (hΥʲΥʴύ  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 (hΥʲΥʴύ 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 τ 

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, 



64 
 

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).  

/Ŝƭƭǎ ǿŜǊŜ Ŏƻƴǎǘŀƴǘƭȅ ǇŜǊŦǳǎŜŘ ǿƛǘƘ YǊŜōΩǎ ǎƻƭǳǘƛƻƴ όр Ƴa I9t9{Σ мпл Ƴa bŀ/ƭΣ пΦт 

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 Mʍ filled with internal solution (10 mM HEPES, 140 mM KCl, 1 mM MgCl2, 4 

mM MgATP, 10 mM ethylene glycol-bis(2-aminoethylether)-bΣbΣbΩΣbΩ-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 ǎƘƻǿǎ ŀ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ŀ ΨǇŀǘŎƘŜŘΩ I9Yнфо ŎŜƭƭ ŀƴŘ ǘƘŜ 

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 ˃ M 

D-AP5 Sigma ddH2O 50 mM 50 ˃ M 

Diazepam Roche DMSO 1 mM Җ 1 ˃ M 

Flurazepam  DMSO 1 mM Җ 1 ˃ M 

GABA Sigma ddH2O 1-3 M Җ 30 mM 

Glycine Sigma ddH2O 200 mM 200 ˃ M 

Kynurenic acid Sigma YǊŜōΩǎ ǎƻƭǳǘƛƻƴ Powder 1 mM 

Nocodazole  Sigma DMSO 10 mM 10 ˃ M 

Picrotoxin Sigma DMSO 100 mM 100 ˃ M 

PF-06372865 Pfizer DMSO 1 mM Җ 1 ˃ M 

ZnCl2 Sigma ddH2O 10 mM 10 ˃ M 

 

 

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: 

ὢ
ὢ

ὢ
ρππϷ 

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: 

Ὅ

Ὅ

ρ

ρ
Ὁὅ
ὃ

 

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: 

Ὅ
Ὅ

ρ
Ὁὅ
ὃ

 

Where x is the number of fitted components. All h mhutʲ2ɹ concentration response 

profiles were fitted with two and three Hill components. Fits were ranked according 

to 2̝ value where a better fit corresponded to the smallest ̝2 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 interŜǎǘ όʰ1 2̡ 2ɹL or h 2 2̡ 2ɹL) 

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: 

Ϸ ὴέὸὩὲὸὭὥὲὸὭέὲ Ὁὅ Ὃὃὄὃ 
Ὅ Ὅ

Ὅ
ρππϷ 

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 ς 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 

ǘƘŜ ʴ ǎǳōǳƴƛǘ ƛƴ D!.!A ǊŜŎŜǇǘƻǊǎ όʰʲ ƻǊ ʰʲʴ ǇŜƴǘŀƳŜǊǎύΦ ¢ƻ Řƻ ǘƘƛǎΣ ŀ ƭƻǿ 

concentration of Zn2+ was used (10 µM) (Hosie et al., 2003). This concentration blocks 

ʰ -̡containing GABAA ǊŜŎŜǇǘƻǊǎΣ ōǳǘ ƴƻǘ ʰʲʴ-containing receptors. From the GABA 

concentration-response profiles, an EC80 was estimated for each transfection (~30 

ҡa ŦƻǊ ʰ1 3̡ 2ɹL, h 2 3̡ 2ɹL, h 1ʰн3̡ 2ɹL and h м2h 3̡) 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: 

Ϸ Ὁὅ Ὃὃὄὃ ὭὲὬὭὦὭὸὭέὲ
Ὅ Ὅ

Ὅ
ρππϷ 

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: 

Ϸ Ὅ
Ὅ

Ὅ Ὅ
ρππϷ 

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  

Ὅ . Once the current returned to baseline, a high dose of PTX (100 M˃) 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 Mʍύ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŀǘ ŦƻǊ 

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- bΣbΣbΩΣbΩ-

tetraacetic acid (EGTA), 2 mM Na2ATP, 0.5 mM Na2GTP, 2 mM QX-314, pH7.3) with 

osmolarity of 300 ± 10 mOsm/l.  

/Ŝƭƭǎ ǿŜǊŜ Ŏƻƴǎǘŀƴǘƭȅ ǇŜǊŦǳǎŜŘ ǿƛǘƘ ŀ ƳƻŘƛŦƛŜŘ YǊŜōΩǎ ǎƻƭǳǘƛƻƴΣ ǇIтΦо όǎŜŜ ǊŜŎƛǇŜ ƛƴ 

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-ŀǇǇƭƛŜŘ ōȅ ŀŘŘƛǘƛƻƴ ǘƻ ǘƘŜ ǇŜǊŦǳǎƛƴƎ YǊŜōΩǎ 

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 

frequenŎȅΦ CƻǊ ŦǳǊǘƘŜǊ ŀƴŀƭȅǎƛǎ ƻŦ ǎLt{/ ƪƛƴŜǘƛŎǎΣ ŀǘ ƭŜŀǎǘ рл ΨŎƭŜŀƴΩ ŜǾŜƴǘǎ 

(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 (̱w) 

value was calculated using the following formula: 

Equation 8: 

ʐ
ὃ ʐ ὃ ʐ

ὃ ὃ
 

Where ̱ 1 and ̱ 2 are the time constants of each exponential component, and A1 and 

A2 are the relative amplitude contributions to the overall bi-exponential fit.  
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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

a
ry

 A
n
tib

o
d
ie

s 

Polyclonal anti-GABAA h 1 Rabbit Amino acids 1-15 from rat GABAA h 1 1:500 Ab33299 Abcam 

Polyclonal anti-GABAA h 1 Rabbit Cytoplasmic loop from rat GABAA h 1 1:500 06-868 Upstate 

Polyclonal anti-GABAA h н Rabbit Amino acids 29-37 from rat GABAA 

ʰн 

1:500 224-103 Synaptic Systems 

Monoclonal anti-GABAA h р Mouse Amino acids 368-419 from human 

GABAA h р 

1:500 N415/24 NeuroMab 

Monoclonal anti- GABAA ̡ 2,3 (Clone 

BD17) 

Mouse Extracellular domain (̡ chain) from 

bovine GABAA ̡ 2,3 

1:500 MAB341 Sigma-Aldrich 

Polyclonal anti-GABAA ɹ н Rabbit Amino acids 39-53 from rat GABAA 

ʴн 

1:100 AGA-005 Alomone labs 

Polyclonal anti-GABAA ɹ н Rabbit Cytoplasmic loop from rat GABAA ɹ н 1:300 832A-GG2C PhosphoSolutions 

Monoclonal anti-GABAA ɻ  Mouse Internal region from rat GABAA ɻ  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 

S
e
c
o
n
d
a
ry

 

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 (Җ30 

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 hм ŀƴŘ ʰнΣ ʰм ŀƴŘ ʰрΣ ƻǊ ʴ 

and  ɻ 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 ɕ/Φ .ŜǘǿŜŜƴ ƛƴŎǳōŀǘƛƻƴǎΣ ŎŜƭƭǎ ǿŜǊŜ ǿŀǎƘŜŘ 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.
















































































































































































































































































































