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Abstract

In the adult brain, the main role for γ-aminobutyric acid receptors (GABAARs)

is to control neural excitability via transient synaptic and persistent tonic inhibi-

tion. These forms of inhibition are distinct and mediated by receptors located at

inhibitory synapses (phasic), and by extrasynaptic receptors (tonic). Although re-

ceptors containing the α5 subunit (α5-GABAARs) are predominantly located ex-

trasynaptically, there are also synaptic α5-GABAARs, which, due to their signifi-

cant expression in the hippocampus, are thought to play an important role in learn-

ing and memory. Consequently, selective allosteric modulators of α5-GABAARs

have been proposed as therapeutic options for cognitive dysfunction associated

with conditions such as Down syndrome, Alzheimer’s disease, schizophrenia, and

autistic spectrum disorder. However, how hippocampal synaptic inhibition via

α5-GABAARs is regulated, remains largely unknown. Here, online prediction soft-

ware for post-translational modification and mass-spectrometry analyses were used

to discover phosphorylation sites in the intracellular domain of the α5 subunit that

may regulate the subcellular location of the α5-GABAARs. To assess this, one of the

key phosphorylated residues α5
S374 was mutated to phosphomimetic and phospho-

dead residues. Whole-cell patch clamp recordings in wild-type and mutant trans-

fected HEK293 cells were used to reveal that α5
S374 has a significant role in receptor

function and is likely to be phosphorylated by the kinase GSK3β. By using a combi-

nation of electrophysiology and structured illumination microscopy (SIM) in trans-

fected cultured hippocampal neurons, phosphorylation of α5
S374 was found to reg-

ulate the synaptic location of α5-GABAARs and thus control phasic inhibition. The

underlying molecular mechanism behind modified α5-receptor trafficking is likely



to be altered binding between phosphorylated α5-GABAARs and inhibitory synap-

tic scaffold proteins. Although several drugs can target α5-GABAARs, a greater

understanding of the molecular mechanisms by which neurons control their accu-

mulation at synaptic sites, and thus regulate phasic inhibition, is greatly needed to

elucidate the role of α5-GABAARs in cognition.

4



Impact statement

The α5-GABAAR isoform is quite unique for the GABAA receptor family. These

receptors show a discrete brain distribution being particularly and substantially ex-

pressed in the hippocampus. It is also unusual by exhibiting both synaptic and ex-

trasynaptic subcellular localization and thus is ideally-placed to contribute towards

both phasic and tonic inhibition mediated by GABA. It also has a so far unique inter-

action with a receptor associated molecule radixin that may influence its synaptic,

perisynaptic and extrasynaptic accumulation. The α5-GABAAR innately displays

slow kinetics and numerous studies support a key role in higher order function in-

cluding synaptic plasticity and in terms of behaviour, cognitive function.

The key physiological role played by α5-GABAARs is exemplified by the con-

sequences when there are deficits in α5-GABAARs function. Such deficits are asso-

ciated with multiple neuropathological diseases and again consequentially, several

drugs have been developed to target these receptors. Despite this background, very

little is known about the molecular and cellular regulation of this unique receptor

subtype which will be of paramount importance for normal healthy brain function,

and which will also influence our view of its role as a developing therapeutic target.

In the present study, by using a combination of methods designed for pre-

cise experimental interrogation, we provide a new contribution towards what is

known about the molecular regulation of α5-GABAARs. Significantly, strong ev-

idence is obtained demonstrating that the accumulation of α5-GABAARs at in-

hibitory synapses is negatively regulated by the phosphorylation of a key serine

residue at position 374 located in the intracellular domain of the α5 subunit. The

consensus sequence that includes α5
S374 implicates glycogen synthase kinase-3 iso-



form β(GSK3β) as the partner phosphorylating kinase and links the regulation of

α5-GABAARs to a variety of signalling pathways. This represents a new pathway

for controlling and modulating α5-GABAAR function and will impact on the sub-

cellular localisation of these receptors with implications for their contribution to

both phasic and tonic GABA-mediated inhibition.

Given the pivotal role of the α5-GABAARs in controlling synaptic plastic-

ity and excitatory transmission within the hippocampus, this phosphorylation-

dependent regulation of α5-GABAARs is likely to be important for underpinning

their involvement in memory and cognition. Therefore, in conclusion, this study

describes the importance and impact of post-translational modification in GABAAR

signalling, and in particular this work broadens our fundamental knowledge about

the specific regulation of α5-GABAARs. Consequently, it further highlights the

therapeutic potential of these receptors.
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Chapter 1

Introduction

1.1 GABAA receptor structure, subunit composition

and assembly
γ-Aminobutyric acid receptors (GABAARs) are the major mediators of inhibitory

neurotransmission within the mammalian central nervous system (CNS), which

is caused by opening of anion-permeable pentameric ligand-gated ion channels

(pLGIC) leading to an increased membrane conductance and often the hyperpo-

larization of the postsynaptic cell. In this case, GABA is released by the presy-

naptic axon terminal boutons and binds to these receptors which, in turn, leads to

an increased influx of chloride ions and a reduction in neuronal excitability (Sal-

lard et al., 2021). Although chloride ion flux accounts for most of the GABAAR

membrane conductance in vivo, these currents will also have a smaller contribution

from bicarbonate ion flux. Furthermore, in ion substitution experiments, formate,

propionate, acetate, cyanide, and halides can also permeate through the GABA ion

channel. The relative conductance and permeability for these anions is controlled

by ion selectivity filters, transmembrane electrochemical ion gradients and the pore

diameter (Fatima-Shad and Barry, 1993).

GABAARs are members of the pLGIC (formerly Cys-loop receptor) family

together with anion-selective glycine receptors, cation-selective nicotinic acetyl-

choline receptors and type-3 serotonin (5-HT3) receptors, and the Zn2+-activated

ion channel (ZAC) in vertebrate species (Corringer et al., 2012). Like other recep-



tors in this family, GABAARs assemble as pentamers with all five subunits arranged

pseudo-symmetrically around the central pore (Figure 1.1A). Each subunit com-

prises three main domains: an extracellular domain (ECD), a transmembrane do-

main (TMD), and an intracellular domain (ICD). The ECD has a highly conserved

domain organization which comprises an N-terminal α-helix, followed by two in-

ner and outer sheets comprising ten β strands arranged orthogonally. The structural

signature of the Cys-loop family is a loop formed by a disulfide bridge between two

cysteine residues on strands β6 and β7 (Kim and Hibbs, 2021). The ECD is impor-

tant as it contains two orthosteric (GABA) binding sites and several other binding

sites for allosteric modulators (Kim et al., 2020; Masiulis et al., 2019; Zhu et al.,

2018). By comparisons to the ECD, the TMD is composed of four transmembrane

α-helices (M1–M4), with the M2 helices of each subunit contributing to form the

pore. The amino acid sequence of the large ICD that lies between the M3 and M4

TMD helices, is variable between subunits (Kim and Hibbs, 2021). Despite recent

advances in our understanding from structural studies of GABAARs (Laverty et al.,

2019; Miller and Aricescu, 2014; Miller et al., 2018, 2017; Phulera et al., 2018) the

structure of the ICD is still poorly understood and described as intrinsically disor-

dered (Figure 1.1B). However, the ICD is believed to adapt a defined conformation

when bound to intracellular binding partners or receptor-associated molecules (Kim

and Hibbs, 2021). The ICD is the focus of this project as it is important for receptor

trafficking (Charych et al., 2004; Kittler et al., 2008) and the fine tuning of GABA

channel kinetics (Kittler et al., 2005) as well as mediating interactions with synaptic

anchoring proteins (Brady and Jacob, 2015; Mukherjee et al., 2011; Tretter et al.,

2008, 2011; Ye et al., 2021).

The subunits constituting GABAA heteropentameric receptors are derived from

a diverse number of families. Based on the exact combination of the subunits, recep-

tors are divided into subtypes, each possessing a specific pharmacology and distinct

distribution in the brain. Mammals have 19 genes coding for GABAARs subunits

(Simon et al., 2004), classified into homologous classes (α, β, γ, ρ, θ, ε, π and δ)

with some of these exhibiting multiple isoforms (α1-6, β1-3, γ1-3 and ρ1-3) (Olsen
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(A)
8

(B)

Figure 1.1: Schematic of heteropentameric GABAA receptor and their subunits.
(A) Left, the stoichiometric arrangement of the subunits as viewed from the plane of the
membrane and right, looking down on the extracellular surface. Each chloride permeable
GABAAR is composed of five subunits typically arranged as γ-β-α-β-α (orange - light
green - green - light green - green), when read counter-clockwise, although other subunit
combinations also exist. There are two GABA binding sites (blue), both located at the
β+/α− interfaces. (B) Schematic of one GABAA subunit that comprises an extracellular
domain (β-sheets, in light brown), four membrane-spanning α-helices (TM1–TM4, in blue)
and a large cytoplasmic domain (grey) between TM3 and TM4.

and Sieghart, 2008). The diversity of subunits is further increased by alternative

splicing where γ2 subunits are found in long (γ2L) and short versions (γ2S) serving

as the best example. The only difference between these two isoforms is a cytoplas-

mic insertion of 8 residues in γ2L which also contains a protein kinase C (PKC)

phosphorylation site (Cheng et al., 1997; Kofuji et al., 1991; Krishek et al., 1994;

Whiting et al., 1990).

The largest population of receptors in the brain are thought to be composed of

two α, two β and one γ subunit, where both alpha and beta subunits are most often,

but not always, of the same isoform (Olsen and Sieghart, 2008, 2009). However,

other stoichiometries can be observed: a θ subunit can replace a β subunit (Bonnert

et al., 1999) and ε, π and δ subunits can replace a γ subunit (Araujo et al., 1998;

Hedblom and Kirkness, 1997; Neelands et al., 1999). The subunits in the same class

share approximately 70% sequence identity, whereas only approximately 20-40%

sequence identity is observed between members of different classes (Olsen and To-

bin, 1990). From structural studies, the stoichiometric arrangement of subunits is
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γ-β-α-β-α, when read counter-clockwise looking down onto the extracellular face.

The receptor carries two GABA binding sites, both located at the β+/α− interfaces

in the ECD of the receptor, where + stands for “principal” and – for “complemen-

tary” faces of the subunit (Figure 1.1A). Upon the binding of the agonist to the

orthosteric-binding sites, a cascade of conformational changes is initiated leading

to the opening of the chloride-permeable central pore and a resultant flux of ions

(Baumann et al., 2001, 2002, 2003).

Given the heteromeric nature of GABAARs in vivo, the long list of subunits

together with the splice variants gives rise to a huge number of theoretically pos-

sible subunit combinations. However, experimental evidence only exists for a few

dozen combinations in vivo, suggesting that the assembly process of GABAARs is

selective and not based simply on permutations (Olsen and Sieghart, 2008). It is

likely that assembly rules are different depending on the expression and availabil-

ity of partner subunits (Pirker et al., 2000) and also multiple residues in different

domains may be involved in oligomerization with the same neighbouring subunit

(Sarto-Jackson and Sieghart, 2008). Yet, few universal rules have been established.

For an example, most studies data suggests that both α and β subunits are obligatory

for the surface expression of fully functional pentameric receptors (Connolly et al.,

1996). In addition, most GABAARs subtypes contain only one non-α/β subunit,

making non-α/β subunits most likely mutually exclusive within a pentamer (Araujo

et al., 1998).

1.2 GABAA receptor trafficking

Under physiological conditions, GABAARs are believed to cycle continuously be-

tween the neuronal cell surface and intracellular compartments. GABAARs can be

inserted into the plasma membrane either as newly assembled receptor complexes

via a de novo secretory pathway or reinserted following internalization. First, the

monomers are oligomerized into dimers and trimers and eventually pentamers in

the endoplasmic reticulum (ER) and are then transported to the Golgi apparatus for

further maturation and onward transportation (Luscher et al., 2011). Proteins cannot
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exit the ER until they have achieved their correctly-folded conformation. Unassem-

bled monomers are subject to poly-ubiquitination that targets them for proteasomal

degradation (Gallagher et al., 2007). Following correct assembly and quality con-

trol, GABAARs are trafficked to the Golgi apparatus and segregated into vesicles for

transport to and insertion into the plasma membrane facilitated by several receptor-

associated proteins (Luscher et al., 2011). On the plasma membrane GABAARs

diffuse laterally between synaptic and extrasynaptic locations and between adjacent

synapses (Bogdanov et al., 2006; Thomas et al., 2005; Triller and Choquet, 2005),

before they are internalized by clathrin-mediated endocytosis (Kittler et al., 2000).

Most internalized GABAARs are rapidly recycled back to the plasma membrane

and non-recycled GABAARs are targeted for lysosomal degradation (Figure 1.2)

(Kittler et al., 2004, 2005, 2008).

1.3 Synaptic and extrasynaptic subcellular location

of GABAA receptors
Immunocytochemistry and in situ hybridization experiments in rodent brain have

demonstrated that synaptic GABAARs primarily consist of α, β, and γ2 subunits

whereas those lacking γ2 are predominantly or exclusively extrasynaptic (Heldt and

Ressler, 2007; Hörtnagl et al., 2013). For these latter receptors, most often, the

γ2 subunit in the pentamer is replaced by δ (Nusser et al., 1998a) or with an ε

subunit in some specific brain areas (Jones and Henderson, 2007; Neelands et al.,

1999). It should be emphasised that extrasynaptic GABAARs are not restricted

to those lacking the γ2 subunit. Although γ2 subunits in complex with α1 or α2

subunits are densely clustered at inhibitory synapses, the total amount of both of

these subtypes expressed at inhibitory synapses of CA1 pyramidal cells is similar to

that found in the extrasynaptic membrane (Kasugai et al., 2010). The γ2 subunit is

probably a “licence” or anchor to permit synaptic localisation, but it is most likely

not solely responsible for guiding GABAARs to synapses (Alldred et al., 2005;

Essrich et al., 1998; Kerti-Szigeti et al., 2014; Schweizer, 2003). The α-subunit

expression within synaptic receptors varies, but predominantly these are α1, α2, or
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Figure 1.2: Schematic of GABAARs trafficking.
Newly synthesised GABAAR monomers are assembled into higher-order oligomers and
eventually pentamers in the endoplasmic reticulum and sent to the Golgi apparatus for
further maturation. Ubiquitination targets wrongly or unassembled monomers for
proteasomal degradation. Fully functional pentamers enter the plasma membrane via
fusion of secretory vesicles in extrasynaptic areas. These GABAARs can then laterally
move to synaptic sites where receptors are captured by synaptic anchoring proteins such as
gephyrin. Receptors can be removed from the plasma membrane by endocytosis and then
recycled back to the cell surface as required. Dispensable receptors are degraded in the
lysosomes.
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α3 subunits (Fujiyama et al., 2000; Gross et al., 2011; Nusser et al., 1996; Sassoè-

Pognetto et al., 2000). On the other hand, subunits α4 and α6 in complex with δ

subunit are perisynaptic or extrasynaptic (Herd et al., 2013; Nusser et al., 1998a;

Sun et al., 2018; Wei et al., 2003), and α5 subunit-containing GABAARs are found

at both, synaptic and extrasynaptic sites (Brady and Jacob, 2015; Christie and de

Blas, 2002a; Hausrat et al., 2015; Loebrich et al., 2006; Serwanski et al., 2006;

Zarnowska et al., 2009).

To enable synaptic transmission, GABAARs are captured at synapses by post-

synaptic scaffold proteins such as gephyrin (Kneussel et al., 1999), collybistin (Pa-

padopoulos et al., 2007) and Lipoma HMGIC Fusion Partner-Like 4 (LHFPL4/

GARLH4) (Davenport et al., 2017; Yamasaki et al., 2017), along with other trans-

synaptic proteins in the postsynaptic density like neuroligins (Chiu et al., 2019;

Poulopoulos et al., 2009). Scaffold proteins are key components in the organiza-

tion of functional synapses by binding to cytoskeletal anchoring elements and to

receptors thus providing a physical link between them (Ko et al., 2015).

Gephyrin has a major role in anchoring, clustering, and stabilizing GABAARs

at synaptic sites although these processes can also occur independently from

gephyrin (Kneussel et al., 2001; Lévi et al., 2004). Different research groups have

shown that gephyrin can directly bind to a specific gephyrin binding domain (GBD)

in the intracellular loop of α1-3 and α5 subunits, and β2, and β3 subunits (Brady

and Jacob, 2015; Kowalczyk et al., 2013; Mukherjee et al., 2011; Tretter et al.,

2008, 2011), but it is an essential synaptic organizer only for α2 subunit-containing

GABAARs as demonstrated by knock-out experiments (Kneussel et al., 1999, 2001;

Lévi et al., 2004). Interestingly, prior studies have indicated that the GBD is located

in the same region of the intracellular loop for all the aforementioned α subunits, but

the amino acid sequence in that region is not conserved (Figure 1.3), which points to

a higher order structure or an unidentified common feature that is conserved among

these subunits (Tretter et al., 2012). Although the α subunits seem to be the main

subunit in the pentamer that interacts with gephyrin, the process is most likely more
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complicated and involving other subunits such as γ2 (Alldred et al., 2005; Essrich

et al., 1998).

Figure 1.3: Alignment of the mouse α-subunits from the beginning of the TM3 to the
end of the intracellular domain.
Gephyrin binding domain (highlighted in pink) has been identified in α1-3 and α5 subunits,
radixin on the other hand has only been shown to bind to α5 subunits (binding domain
highlighted in green). Conserved transmembrane region TM3 is highlighted in blue, and
the intracellular part of the subunits is in grey. Data obtained from UniProt entry numbers:
α1 P62812, α2 P26048, α3 P26049, α5 Q8BHJ7. Exact amino acid numbers are marked at
the beginning and at the end of the sequence based on the whole protein sequence
including signalling peptide.

Collybistin (CB) is another important synaptic scaffold protein that binds to

gephyrin (Grosskreutz et al., 2001; Kins et al., 2000) and GABAARs in a region-

specific manner (Papadopoulos et al., 2007). Evidence has highlighted the role of

CB in strengthening the interactions between α2 and gephyrin by forming a ternary

complex (Saiepour et al., 2010), but the role in clustering other gephyrin-dependent

GABAARs remains controversial (Patrizi et al., 2012; Wagner et al., 2021). Neu-

roligin2 (NL2) is an inhibitory synaptic cell adhesion molecule that is located in

the postsynaptic membrane (Varoqueaux et al., 2004) and binds to gephyrin and

collybistin to contribute to the formation and stabilization of GABAergic synapses

(Poulopoulos et al., 2009). Recently it was shown that LHFPL4 is also enriched at

inhibitory synapses and forms a complex with γ2 subunits in GABAARs and NL2

and is thus considered to be a major regulator of synaptic localization of GABAARs

in hippocampal pyramidal neurons. Furthermore, synaptic accumulation and clus-

tering of gephyrin itself also requires GARLH expression (Davenport et al., 2017;

Wu et al., 2018; Yamasaki et al., 2017). The γ2 subunit was shown to be absolutely

necessary for the formation of the tripartite complex NL2/LHFPL4/GABAARs (Ya-

masaki et al., 2017), which is consistent with previous studies showing that the γ2

subunit is required for synaptic localization of GABAARs (Essrich et al., 1998;

Schweizer, 2003).
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In contrast to δ subunit-containing GABAARs, which exhibit a diffuse distri-

bution on the extrasynaptic membrane (Nusser et al., 1998a; Sassoè-Pognetto et

al., 2000), extrasynaptic α5 subunit-containing receptors are clustered by radixin

(Loebrich et al., 2006). Interestingly, α5 is the only subunit so far to be reported to

interact directly with radixin even though the corresponding regions in α1-3 subunits

have very similar (or in the case of α2, identical) amino acid sequences to the radixin

binding motif found in α5 (Figure 1.3) (Hausrat et al., 2015; Loebrich et al., 2006).

However, none of these proteins completely explain the mechanisms that con-

trol which receptor subtypes are targeted to specific inhibitory synapses. Fritschy

and colleagues proposed that the α-subunit is a prime candidate for providing recep-

tor domains that direct subcellular receptor targeting (Fritschy et al., 1998). More-

over, it was directly demonstrated that α subunits, together with γ2, can guide the

synaptic localization of GABAARs (Wu et al., 2012).

1.4 Phasic and tonic inhibition mediated by GABAA

receptors
Following vesicular release of GABA by the presynaptic neuron, the peak concen-

trations of GABA briefly reach 1-3 millimolar in the synaptic cleft as each vesicle

is thought to release several thousand GABA molecules (Mozrzymas et al., 2003;

Scimemi and Beato, 2009). Tens to hundreds of GABAARs concentrated at post-

synaptic sites are then transiently activated which gives rise to phasic inhibition

characterized by a fast rising and slower decaying synaptic conductance waveform

(Nusser et al., 1997, 1998b). GABAARs at the synapses have a lower apparent

affinity for GABA than their extrasynaptic counterparts (Mortensen et al., 2011) to

ensure that the GABA molecules only occupy the receptors for a very short dura-

tion, with a time constant for the clearance of synaptic GABA of a few hundred

microseconds (Mozrzymas, 2004; Mozrzymas et al., 2003). The functions of pha-

sic inhibition in the adult CNS are to provide a temporally and spatially precise

means of counterbalancing excitatory inputs to rapidly prevent over-excitation of

neurons and to generate coordinated rhythmic activities in neuronal networks. This
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fine control of neuronal excitation is vital for all aspects of signal processing and

normal brain function (Farrant and Nusser, 2005) (Figure 1.4).

In contrast to the high levels of GABA present in the synapse, extrasynap-

tic GABAARs distributed over the neuronal surface are persistently activated by

low nanomolar to micromolar GABA concentrations (Christensen et al., 2014;

Mortensen and Smart, 2006; Nyitrai et al., 2006). These receptors display a higher

affinity for GABA as they are usually, only exposed to low ambient levels of GABA

in the extracellular space (Mortensen et al., 2011), resulting from overspill from

the synaptic cleft on the same or nearby neurons. Other non-vesicular sources of

ambient GABA include reversed transport by GABA transporters and GABA per-

meation through specific anion channels (Brickley and Mody, 2012). Extrasynaptic

GABAARs provide a basal low level but persistent inhibitory membrane conduc-

tance, termed tonic inhibition, which makes the generation of action potentials by

the postsynaptic cell, less likely (Figure 1.4) (Bright and Smart, 2013a). Interest-

ingly, it has been postulated, that postsynaptic scaffold proteins like gephyrin con-

tribute to tonic, as well as to phasic, inhibition, adding an extra level of regulation

for both forms of inhibition (Marchionni et al., 2009).

1.5 Post-translational modifications regulate GABA-

ergic postsynaptic plasticity
The regulation of GABAergic inhibition involves multiple processes includ-

ing diverse post-translational modifications such as protein phosphorylation,

SUMOylation, acetylation, palmitoylation, ubiquitination and nitrosylation, of

both GABAARs and scaffold proteins (Lorenz-Guertin and Jacob, 2018; Nakamura

et al., 2015). Phosphorylation serves as a key post-translational modification, as

GABA channel function as well the postsynaptic plasticity of GABAARs are all

regulated by phosphorylation (Abramian et al., 2010; Brandon et al., 2000, 2001,

2002a). For example, the phosphorylation of residue S383 within the β3 subunit by

calcium/calmodulin-dependent kinase (CAMKII) promotes GABAARs insertion

and clustering on the plasma membrane (Houston et al., 2008, 2009; Mcdonald
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Figure 1.4: Schematic of phasic and tonic inhibition mediated by GABAA receptors.
Depending on the subunit composition GABAARs can locate synaptically or
extrasynaptically, where they mediate phasic and tonic inhibition respectively.
Neurotransmitter GABA, released from the presynaptic terminals, quickly acts on GABAA
receptors located directly at inhibitory synapses. Receptors residing at extrasynaptic sites
are activated by GABA that has ‘escaped’ from the synaptic cleft. Tonic inhibition is
mostly generated by α5 or δ subunit-containing and some α/β heteromers GABAARs,
whereas phasic inhibition mostly depends on α1-α3, β and γ2L subunit-containing
GABAARs. Tonic inhibition (trace in the left bottom corner) is revealed by the change in
holding current after application of the GABAAR antagonist picrotoxin (PTX). On the
other hand, the inhibitory postsynaptic currents (IPSCs, trace on right bottom corner) that
mediate phasic inhibition are apparent as spontaneous deflections in the holding current
and are shaped by the properties and number of GABAARs at the synapse. Both example
traces originate from this project.
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and Moss, 1997; Petrini et al., 2014; Saliba et al., 2012). Other well character-

ized phosphorylation sites in β3 subunit are S408/S409 phosphorylated by PKC and

protein kinase A (PKA) that regulate GABAAR cell surface levels and function

(Kittler et al., 2005; Mcdonald and Moss, 1997; McDonald et al., 1998). Also, the

phosphorylation of residue S443 in α4 subunit by PKC has been shown to increase

the stability of receptors on the cell surface (Abramian et al., 2010), but the exact

effects remain controversial (Bright and Smart, 2013b). The number of phosphory-

lation sites identified in GABAARs so far is surprisingly low, considering that the

major intracellular domain between TM3 and TM4 of the each GABAAR subunit

contains numerous consensus sites for phosphorylation by both serine/threonine

and tyrosine protein kinases (Luscher et al., 2011; Moss and Smart, 1996; Moss et

al., 1995).

GABAergic postsynaptic plasticity relies on the type and dynamic number of

GABAARs at the synapses which is largely controlled by the interaction between

GABAARs and synaptic scaffold proteins (Barberis, 2020). These receptor-scaffold

interactions are not only regulated by the phosphorylation of GABAARs but also by

the phosphorylation of scaffold proteins. The phosphorylation of gephyrin is well

described, and depending on the specific residue, can lead to either an increased or

decreased clustering of GABAARs at synapses (Flores et al., 2015; Lorenz-Guertin

and Jacob, 2018; Tyagarajan et al., 2011, 2013).

1.6 Heterogeneous expression of GABAA receptors in

the brain
GABAAR receptors are present on nearly all neurons in the brain (Mody and Pearce,

2004). The regional distribution of GABAARs is broad and very heterogeneous

throughout the brain (Heldt and Ressler, 2007; Hörtnagl et al., 2013; Pirker et al.,

2000; Sperk et al., 2020). The most abundant and ubiquitously distributed subtype

in the mammalian nervous system is α1β2γ2 accounting for approximately 60% of

all GABAARs in rodents. Two other major subtypes, receptors containing the α2 or

α3 subunits frequently co-expressed with the β3 and γ2 subunits, account for approx-
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imately 15-20% and 10-15% respectively, of all GABAARs in the brain (Whiting

et al., 1995). Receptors containing the α5 subunit account for less than 5% of all

GABAARs in the rodent brain but are highly concentrated in CA1 to CA3 areas

in the hippocampus (Möhler et al., 2002). Receptors containing the α4-subunit are

generally expressed at very low abundance but more prominently in thalamus and

dentate gyrus. Those containing the α6-subunit are restricted to the granule cell layer

of the cerebellum and to the cochlear nucleus (Heldt and Ressler, 2007; Hörtnagl

et al., 2013; Pirker et al., 2000). These expression profiles highlight the regional

diversity for GABAARs, but it is also important to note that the subunit composi-

tion of GABAARs is very plastic and is often specific to certain types of neurons in

one brain region and may even vary in single neurons in a cell compartment depen-

dent manner, for example α2 subunit-containing receptors are specifically clustered

around the axon initial segment (Nathanson et al., 2019) and β2/3 subunits show

differential expression patterns on single Purkinje neurons in the cerebellum (He et

al., 2015).
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1.7 GABAARs containing the α5 subunit

Receptors containing the α5 subunit (α5-GABAARs), have recently received a lot of

interest due to their special role in cognition and unique anatomical expression pat-

tern in the brain (Jacob, 2019; Mohamad and Has, 2019). There are three main fea-

tures that make α5-GABAARs an attractive target for research. First, α5-GABAARs,

usually α5β3γ2L (Sur et al., 1998), are found at both synaptic and extrasynaptic ar-

eas, where they mediate phasic and tonic inhibition respectively (Glykys and Mody,

2006; Serwanski et al., 2006; Vargas-Caballero et al., 2010; Zarnowska et al., 2009).

Secondly, α5-GABAARs are expressed in several parts of the brain including the

cortex, amygdala, olfactory bulb and hypothalamus, but they are most abundant in

dendritic regions of the CA1–CA3 subfields of the hippocampus (Heldt and Ressler,

2007; Hörtnagl et al., 2013; Pirker et al., 2000; Sperk et al., 1997). This particularly

restricted localization of α5 subunits in the brain suggests the great importance of

α5-GABAARs subtype in the physiological processes underlying learning and mem-

ory (Collinson et al., 2002, 2006; Dawson et al., 2006; Martin et al., 2010; Prut et

al., 2010). Therefore, several selective negative and positive allosteric modulators

(NAM/PAMs) of α5-GABAARs have been proposed as therapeutic targets for cog-

nitive dysfunction associated with disorders such as Down syndrome (Block et al.,

2017; Braudeau et al., 2011; Martínez-Cué et al., 2014), Alzheimer’s disease (Vin-

nakota et al., 2020; Xu et al., 2018), schizophrenia (Gill and Grace, 2014; Gill et al.,

2011; Hauser et al., 2005), autism spectrum disorder (Mesbah-Oskui et al., 2017;

Zurek et al., 2016) and major depressive disorder (MDD) (Fee et al., 2021). Third,

synaptic currents mediated by α5-GABARs show a characteristic kinetic profile,

with slow decays (Cao et al., 2020; Capogna and Pearce, 2011; Magnin et al., 2019;

Prenosil et al., 2006; Salesse et al., 2011; Schulz et al., 2018; Vargas-Caballero et

al., 2010; Zarnowska et al., 2009).

1.8 Synaptic location of α5-GABAARs

Controversies regarding the subcellular location of α5-GABAARs have been mainly

fuelled by the conflicting reports about these receptors colocalising with the synap-
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tic scaffold protein gephyrin (Brady and Jacob, 2015; Brünig et al., 2002; Christie

and de Blas, 2002a; Crestani et al., 2002; Serwanski et al., 2006). There are sev-

eral reasons behind this. First, it is widely accepted that postsynaptic gephyrin

anchors GABAARs at inhibitory synapses, yet gephyrin-independent mechanisms

have also been described (Kneussel et al., 2001; Lévi et al., 2004). Secondly, con-

trary to popular belief that synaptic GABAARs accumulation requires the presence

of gephyrin molecules at synaptic sites, the insertion of GABAARs at synapses may

occur prior to the formation of the synaptic gephyrin clusters (Petrini et al., 2014).

Even more, gephyrin may form complexes with extrasynaptic GABAARs (Dan-

glot et al., 2003) and radixin-α5-GABAARs complexes can be found at synapses

(Magnin et al., 2019). Therefore, the sole use of gephyrin as a postsynaptic marker

will not accurately describe the full complexity of the organization of inhibitory

synapses.

For many years, it was thought that α5-GABAARs are predominantly or exclu-

sively extrasynaptic as early immunofluorescence staining experiments in dissoci-

ated cultures of rat hippocampal neurons and confocal laser scanning microscopy

of CA1 pyramidal cells in mice and rat hippocampal sections failed to detect colo-

calization between α5-GABAARs and gephyrin (Brünig et al., 2002; Crestani et

al., 2002). Interestingly, although Brünig and colleges laid the foundation of the

extrasynaptic nature of α5-GABAARs, they also demonstrated that approximately

24% of α5-GABAARs were located directly opposed to synapsin I-positive boutons,

a presynaptic marker used for GABAergic and glutamatergic synapses. To explain

this observation, they postulated that these synapsin clusters were presynaptic to

neighbouring synapses not containing α5-GABAARs or α5-GABAARs were clus-

tered at postsynaptic sites independently of gephyrin, but this result was not hugely

influential for the research community. In addition, gephyrin knockout studies in-

dicated that clustering of α5-GABAARs per se does not require gephyrin (Kneussel

et al., 2001).

Using a novel in house developed affinity-purified antibody against the α5 sub-

unit and fluorescence immunocytochemistry, Christie and De Blas challenged the
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idea that α5-GABAARs are exclusively extrasynaptic in pyramidal neurons and for

the first time, officially reported the synaptic location and the colocalization be-

tween α5-GABAARs and gephyrin. They also showed clustering and not diffuse

staining of extrasynaptic α5-GABAARs (Christie and de Blas, 2002a). Later, the

same laboratory described three different types of α5-GABAARs clusters in the

rat brain based on the triple-label colocalization with gephyrin and a presynap-

tic marker glutamic acid decarboxylase (GAD) (Serwanski et al., 2006). In ad-

dition to imaging studies, direct interaction between α5-GABAARs and gephyrin

was shown by immunoprecipitating the complex from both cultured neurons and

adult rat brains (Brady and Jacob, 2015). This interaction has been supported by

the observation that gephyrin/collybistin clusters can trap surface α5-GABAARs in

recombinant cells (George et al., 2021).

Based on the most recent research, it is clear that the subcellular location of

α5-GABAARs is highly dynamic and these receptors are indeed expressed at both

synaptic and extrasynaptic locations (Davenport et al., 2021; Hausrat et al., 2015).

Yet, despite the strong evidence of synaptic α5-GABAARs, the focus in research

remains still on the extrasynaptic pool of α5-GABAARs mediating tonic inhibition

thus forming the main basis for investigation in this PhD project.

1.9 Distinct functional roles of extrasynaptic and

synaptic α5-GABAARs
The participation of extrasynaptic α5-GABAARs in tonic inhibition was first de-

scribed by Caraiscos and colleges in cultured mouse hippocampal neurons and hip-

pocampal CA1 pyramidal cells on brain slices (Caraiscos et al., 2004) and later

in other brain areas (Bonin et al., 2007; Glykys and Mody, 2006; Glykys et al.,

2008). Functional roles attributed to these high-affinity extrasynaptic α5-GABAARs

include the control of neuronal network activity (Bonin et al., 2007; Lee and

Maguire, 2014), to avoid pathological hyperactivity (Donegan et al., 2019) and to

regulate gamma frequency oscillations (Glykys et al., 2008; Towers et al., 2004).

Gamma oscillations occur in different cognitive tasks including memory processing
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and impaired gamma oscillations lead to deficits in synchronised network activity

(Lisman and Buzsáki, 2008). In addition, extrasynaptic α5-GABAARs are also a

conduit for modulating inhibitory postsynaptic plasticity (Davenport et al., 2021).

α5-GABAARs are clustered at extrasynaptic sites by activated radixin and the dis-

ruption of this complex leave these receptors free to accumulate at synaptic sites

(Davenport et al., 2021; Hausrat et al., 2015).

Inhibitory postsynaptic currents (IPSCs) can be categorised on the basis of

their kinetics into GABAA,fast and GABAA,slow IPSCs (Capogna and Pearce, 2011).

α5-GABAARs mediate slowly rising and slowly decaying GABAA,slow currents and

this unique feature has been used as a signature to show the presence of this recep-

tor subtype at synapses (Cao et al., 2020; Capogna and Pearce, 2011; Magnin et

al., 2019; Prenosil et al., 2006; Salesse et al., 2011; Schulz et al., 2018; Vargas-

Caballero et al., 2010; Zarnowska et al., 2009). Moreover, α5-GABAARs have been

shown to specifically contribute to a large-amplitude subset of GABAA,slow IPSCs

and the pharmacological data suggests that this type of synaptic current may be re-

sponsible for the modulation of cognitive function by α5-GABAAR targeting drugs

(Zarnowska et al., 2009).

1.10 Cell- and synapse-type specific expression of

α5-GABAARs
Although α5-GABAARs constitute about 5% of the total GABAARs population in

the brain, this subtype is highly concentrated on pyramidal neurons in the CA1 and

CA3 regions of the hippocampus, where α5-GABAARs make up almost 25% of the

total GABAARs population (Brünig et al., 2002; Caraiscos et al., 2004; Crestani et

al., 2002; Sur et al., 1998, 1999). Recent work has suggested that α5-GABAARs

are also expressed in CA1 somatostatin positive interneurons (Magnin et al., 2019;

Salesse et al., 2011).

Interestingly, under basal conditions in CA1 pyramidal neurons, α5-GABAARs

mostly contribute to tonic inhibition and although these receptors can be synaptic

as well, involvement in synaptic inhibition is rather limited (Davenport et al., 2021)
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or specific to certain synapses only (Schulz et al., 2018). Even more, the synaptic

location of α5-GABAARs on pyramidal neurons in the neocortex declines rapidly

during development in the first two postnatal weeks, which results in weakening

of synaptic inhibition onto these cells (Cao et al., 2020). Nevertheless, synaptic

contribution of α5-GABAARs on neocortical pyramidal neurons can be detected

throughout the development (Ali and Thomson, 2008).

Synaptic inhibition of pyramidal neurons in the hippocampus is mediated by

numerous classes of GABAergic interneurons (IN), which all express different

molecular markers and have different connectivity, but two of the major classes are

relevant to this project: somatostatin (SST)-positive oriens/lacunosum-moleculare

(O-LM) cells that target the distal dendrites of the pyramidal cells and interneuron-

selective, vasoactive intestinal polypeptite (VIP)- and/or calretinin (CR)-positive

interneurons, that specifically target other inhibitory neurons and drive the network

disinhibition (Harris et al., 2018).

In hippocampus, between interneurons, α5-GABAARs are preferentially tar-

geted to the inhibitory synapses made by the VIP- and CR-positive terminals onto

dendrites of SST-INs (Magnin et al., 2019; Salesse et al., 2011). Between interneu-

rons and principal cells, α5-GABAARs are targeted to synapses formed by SST-INs

onto the dendrites of pyramidal cells (Cao et al., 2020; Schulz et al., 2018)(Figure

1.5). It should be noted that the expression of synaptic α5-GABAARs is not re-

stricted to these types of cells and can be found at other classes of interneurons as

well (Petrache et al., 2020).

It is very likely that pyramidal and interneuronal expression of α5-GABAARs

serves distinct functions in cognitive processing. Elegant work by Magnin and col-

leges separated the specific impacts of hippocampal α5-GABAARs mediated inhibi-

tion at synapses formed by interneuron-interneuron or interneuron-pyramidal cells

and demonstrated that phasic inhibition via VIP/CR input to SST-INs was respon-

sible for the control of anxiety-like behaviour whereas tonic inhibition via SST-INs

onto pyramidal neurons controlled spatial learning (Magnin et al., 2019).
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Figure 1.5: Schematic of cell- and synapse-type specific expression of α5-GABAARs.
In the hippocampus, α5-GABAARs receptors are expressed on somatostatin-positive (SST)
interneurons and pyramidal cells (PC). On SST interneurons, α5-GABAARs are mostly
synaptic whereas on pyramidal neurons, most α5-GABAARs are extrasynaptic and only
few of these receptors can be found at synapses under basal conditions.

1.11 Phosphorylation as a key post-translational

modification for regulating inhibitory synapse

plasticity

Little is known about the molecular mechanisms that control the accumulation of

α5-GABAARs at inhibitory synapses, but compelling evidence suggests that phos-

phorylation and dephosphorylation of GABAARs and/or postsynaptic scaffold pro-

tein gephyrin are the key events for induction of inhibitory synaptic plasticity

(Nakamura et al., 2015, 2020; Tyagarajan and Fritschy, 2010; Tyagarajan et al.,

2011). There are no phosphorylation sites identified to date on the α5 subunit,

but the phosphorylation sites identified in α1 (T375) and α2 (S359) subunits support

this idea linking phosphorylation and plasticity. On both subunits, phosphoryla-

tion of residues negatively impacts on the binding of the α subunit to gephyrin or

gephyrin/collybistin complexes respectively, and therefore decreases receptor accu-

mulation at synapses (Mukherjee et al., 2011; Nakamura et al., 2020). It is very

likely that similar mechanisms also exist for α5-GABAARs.
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On the other hand, phosphorylation and other post-translational modifica-

tions of gephyrin have been extensively investigated. For example, the activity-

dependent phosphorylation of S305 in gephyrin by calcium/calmodulin-dependent

kinase (CAMKII) promotes GABAARs clustering (Flores et al., 2015). By contrast,

gephyrin phosphorylation by extracellular signal–regulated kinase 1/2 (ERK1/2)

and glycogen synthase kinase 3 isoform β (GSK3β) at residues S268 and S270 re-

spectively, reduces GABAARs aggregation and enhances gephyrin proteolysis by

calpain (Tyagarajan et al., 2011, 2013). In addition, while gephyrin palmitoyla-

tion stabilizes the receptors at synapses, gephyrin nitrosylation and SUMOylation

decrease its synaptic clustering (Dejanovic and Schwarz, 2014; Dejanovic et al.,

2014; Ghosh et al., 2016).

1.12 Negative and positive allosteric modulators of

α5-GABAARs
The notable subtype diversity of GABAARs provides these receptors with a rich

pharmacology and considerable therapeutic potential, which is best implemented by

targeting a specific α subunit (Olsen, 2018; Sieghart and Savić, 2018). GABAARs

subtypes containing the α1, α2, α3 or α5 together with γ2 subunit, but not those con-

taining the α4 or α6 subunit, are sensitive to benzodiazepines, positive allosteric

modulators (PAM-s) of GABAARs that have been in clinical use for decades

(Sieghart, 2006). The sensitivity to benzodiazepines is determined by a critical

histidine in α subunits, α1
H101, which is conserved in benzodiazepine-sensitive but

not in benzodiazepine-insensitive subunits (Duncalfe et al., 1996; Wieland et al.,

1992). Benzodiazepines bind to the benzodiazepine binding site (BZ site), located

at the α+/γ2– interfaces and potentiate GABA-induced activation of the receptor

(Miller et al., 2018; Sigel, 2002; Zhu et al., 2018). However, their use is limited

by side effects and their addictive properties. Therefore, in addition to benzodi-

azepines, other compounds have been developed that either bind to the same site as

benzodiazepines or bind to an overlapping site (Maramai et al., 2020; Rudolph and

Knoflach, 2011; Solomon et al., 2019).
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Increased hippocampal activity in the ageing human brain (Koh et al., 2013),

in schizophrenia patients (Gill and Grace, 2014) or in neuropsychiatric disorders

with cognitive deficits (Engin et al., 2015) has highlighted the potential use of

α5-GABAARs specific PAMs. Reduction of excess neuronal activity by enhanc-

ing α5-GABAARs mediated inhibition could significantly improve the treatment of

these disorders (Jacob, 2019; Maramai et al., 2020). Unfortunately, only a few α5-

PAM compounds with limited selectivity for α5-GABAARs are available: SH-053-

2’F-R-CH3 (Savić et al., 2008), compound 44 (Chambers et al., 2003), compound

6 (van Niel et al., 2005), and MP-III-022 (Stamenić et al., 2016), thus their impact

on cognitive tasks needs further investigation.

Negative allosteric modulators (NAMs) that selectively reduce GABAergic

transmission through α5-GABAARs have been heavily investigated for their poten-

tial cognitive enhancing effects (Atack, 2011; Jacob, 2019; Maramai et al., 2020).

Reducing the expression levels or inhibiting α5-GABAARs activity has been shown

to be beneficial in various hippocampal-dependent cognitive tasks (Collinson et al.,

2002; Crestani et al., 2002; Engin et al., 2020; Martin et al., 2009; Milić et al., 2013;

Yee et al., 2004). From the many NAMs developed, L-655,708 (Quirk et al., 1996),

has been widely investigated in preclinical studies (Atack et al., 2006; Clarkson et

al., 2010; Inoue et al., 2021; Khodaei et al., 2020; Lake et al., 2015; Zurek et al.,

2012, 2014).

The α5 NAM L-655,708 is an α5 subunit-selective partial inverse agonist that

binds to the benzodiazepine site of α5-GABAARs, but at higher concentrations also

to α1, α2, and α3 subunit-containing GABAARs. Effects of blocking α5-GABAARs

in the hippocampus by L-655,708 include reduction of tonic inhibition, enhanced

LTP, improved cognitive performance and generation of spontaneous gamma oscil-

lations (Atack et al., 2006; Caraiscos et al., 2004; Glykys et al., 2008; Khodaei et

al., 2020). Unfortunately, L-655,708 also exhibits anxiogenic effects (Navarro et

al., 2002), which has prevented its further development and use in humans (Atack,

2011).
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1.13 Thesis aims
Maintaining inhibitory synaptic transmission is essential for normal function of neu-

ronal networks and disruption to GABAARs mediated inhibition will cause pro-

found alterations to brain function, which has been linked with several pathological

conditions (Rudolph and Möhler, 2014). Inhibitory synaptic plasticity is primarily

mediated by the modulation of GABAARs number at postsynaptic sites and their in-

teraction with synaptic scaffold protein gephyrin also plays a significant role. Yet,

the molecular mechanisms underlying the plasticity of GABAergic synapses are

poorly understood (Barbaris 2020). As emphasised previously, α5-GABAARs are

the focus of this project due to their dual subcellular location, great importance

in hippocampal-dependent cognitive tasks and therapeutic potential. This project

investigates the molecular mechanisms controlling the synaptic accumulation of

α5-GABAARs by exploring the role of phosphorylation of residue S374 in the α5

subunit. The aims of this PhD project are to:

1. Identify phosphorylation sites and explore which potential kinases phos-

phorylate the gephyrin binding domain in the α5 subunit.

At present, there are no phosphorylation sites identified in the α5 subunit de-

spite it containing numerous kinase consensus sequences. Using different

online prediction tools and mass-spectrometry analysis, I aim to specifically

find phosphorylation sites within the gephyrin binding domain of the α5 sub-

unit. In addition, I explore potential kinases that can phosphorylate selected

residues in α5 subunits.

2. Characterise the functional effects of phosphorylating the gephyrin bind-

ing domain in the α5 subunit.

Using site-directed mutagenesis I generate phospho-null and phospho-

mimetic α5 cDNAs for transfecting recombinant and primary neuronal

cells. Next, I perform whole-cell patch clamp recordings from transfected

cells to assess the potential effects of phosphorylation on the function of

α5-GABAARs.
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3. Investigate the hypothesis that phosphorylation of gephyrin binding do-

main in α5 subunit controls the synaptic accumulation of α5-GABAARs.

This aim is the main emphasis of this project. Using whole-cell patch

clamp recordings from transfected cells and super-resolution imaging I

search for evidence of increased synaptic location of phospho-null mutant

α5-GABAARs. In addition, I assess the role of gephyrin in this process and

discuss the potential importance of our findings.
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Chapter 2

Material and Methods

2.1 Mass-spectrometry
Mass spectrometry was performed in the laboratory of Prof Konstantinos Tha-

lassinos (Structural & Molecular Biology, Division of Biosciences, UCL). Carmen

Kivisild prepared samples, Abubakar Hatimy and Shaan Subramaniam carried out

data acquisition and analysis.

2.1.1 Sample preparation and immunoprecipitation of GABAARs

Two set of cell samples were used in these experiments: recombinant receptors

expressed in HEK293 cells and native neuronal receptors from rat brain lysates.

HEK293 cells plated on 10 cm culture dishes and transiently transfected with

cDNAs expressing mouse myc-tagged α5, flag-tagged β3 and untagged γ2L sub-

units were cultured for 24 h before harvesting the cells. All three constructs were

previously made and already available in the lab (details in Appendix Table A.2).

HEK293 cells were maintained and transfected as described in Section 2.4.1. At

15 min prior to the sample collection, half of the cell samples were treated with

the protein kinase C activator phorbol 12-myristate 13-acetate (200 nM, PMA) and

the other half were exposed to the PMA vehicle, dimethyl sulfoxide (DMSO) as a

control. All of the following procedures were carried out on ice. The media was

removed, and cells were briefly washed in 5 ml ice cold tris-buffered saline (TBS,

pH 7.6). The TBS was then removed, 0.9 ml of pre-chilled lysis buffer A (20 mM

HEPES, 300 mM NaCl) supplemented with a protease inhibitor cocktail (cOmplete,



Mini Protease Inhibitor Tablets, Roche) was added to the cells. The dishes were im-

mediately placed into a -80°C freezer for 3 min to disrupt cell structure and break

up the membranes. The dishes were then removed from the freezer and the cells

were scraped off from the dish, transferred into a pre-chilled microcentrifuge tube

and homogenized by pipetting samples through Microlance 21-gauge and 23-gauge

needles, 10 times each.

The second set of samples were prepared from rat brain lysates. Female adult

rat brains were rapidly removed, hippocampi were extracted using a dissecting

microscope and the meninges removed. Dissected hippocampi were immediately

frozen in liquid nitrogen and stored at -80°C for further experiments. Samples were

then taken out from the freezer and two hippocampi were transferred to a hand-held

Dounce glass homogenizer. 1 ml of lysis buffer A supplemented with the pro-

tease inhibitor cocktail (cOmplete) was added and samples were homogenized with

10 manual up-and-down strokes. The homogenate was transferred into a new pre-

chilled microcentrifuge tube and further homogenised by pipetting samples through

Microlance 21-gauge and 23-gauge needles, 10 times each. Finally, the samples

were put into a -80°C freezer for 3 min to disrupt cell structure and break up cell

membranes.

Both sets of samples were then incubated on ice for 10 min and centrifuged at

1000g for 10 min at +4°C. The pellet was removed, and the supernatant transferred

into a pre-chilled microcentrifuge tube. To solubilize cell membranes, 100 μl of a

10x n-Dodecyl β-D-maltoside/cholesteryl hemisuccinate (DDM/CHS) stock solu-

tion (final concentrations: 20 mM (1%, w/v) DDM, 4 mM (0.25% Trizma salt, w/v,

equivalent to 0.2% free acid form) CHS) was added dropwise. The samples were

incubated for 1 h at +4°C with a gentle rotating motion. Solubilized proteins were

collected by centrifugation at 16 000 g for 30 min at +4°C and the supernatant was

transferred into a fresh pre-chilled microcentrifuge tube.

Magnetized Protein A or Protein G Dynabeads (50 μl per sample, Invitrogen)

were washed once with lysis buffer A and then the buffer was removed. Primary

antibodies were diluted in 500 μl of lysis buffer A and added to the beads. The fol-
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lowing primary antibodies were used: 15 μg of anti-myc tag antibody (clone 9E10,

Abcam) and anti-flag tag antibody (clone M2, Sigma-Aldrich) to pull down recom-

binant receptor complexes from HEK293 cells and 2.5 μl of α5 subunit specific

antisera (gift from Jean-Marc Fritschy) (Fritschy et al., 1997) was used to immuno-

precipitate α5-GABAARs from hippocampal lysates (details about antibodies used

in Appendix Table A.4). Anti-myc tag and anti-flag tag primary antibodies were

conjugated to Dynabeads Protein G and the anti-α5 subunit primary antibody was

conjugated to Dynabeads Protein A by incubation for 30 min at room temperature

(22°C) with agitation, and then washed twice with 500 μl of lysis buffer A. The

buffer was removed, and samples containing solubilized receptors were added to

the beads conjugated to an appropriate primary antibody and then incubated on a

rotating platform overnight at +4°C to allow receptor complexes to bind to the Dyn-

abeads. Next day, the receptor-antibody-beads complexes were washed three times

with washing buffer (0.05% w/v DDM, 0.0125% w/v CHS in lysis buffer A) to re-

move non-specific binding. After the final wash, the washing buffer was removed

and the receptor-antibody-bead complex was resuspended in 35 μl of SDS sam-

ple buffer (10% v/v glycerol, 2.5% w/v sodium dodecyl sulfate (SDS), 62.5 mM

tris-HCl (pH 6.8), 2.5 mg/ml bromophenol blue, 2 M urea, 100 mM dithiothreitol

(DTT)) to elute the proteins. Beads were separated from the immunoprecipitate by

exposure to a magnet for 1 min, the samples were collected, and then incubated for

30 min at room temperature prior to loading onto gels.

2.1.2 Protein separation and digestion

Eluted proteins were run on NuPAGE 4-12% Bis-Tris 1.5 mm gel (Invitrogen) along

with a pre-stained protein marker (New England Biolabs) in MOPS buffer (0.1 mM

MOPS, 0.1 mM Tris, 0.1% SDS, 5 mM sodium bisulfite). Proteins resolved by

electrophoresis were visualized using Coomassie staining, and target protein bands

were excised. Gel bands were cut into smaller pieces and washed twice with 500

μl of AmBic buffer (40% acetonitrile, 60% of a 50 mM ammonium bicarbonate

solution (AmBic, pH 8.6)) for 30 min on a shaker and then shrunk with 500 μl of

acetonitrile. Acetonitrile was then discarded, and the gel pieces were dried at 50 °C.
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For reduction and alkylation, 200 μl of 10 mM dithiothreitol (DTT) buffer (15.4 mg

DTT in 10 ml of 50 mM AmBic) was added and samples were incubated for 60 min

at 56 °C. Then 200 μl of 55 mM iodoacetamide (IAA) buffer (102 mg IAA in 10

ml 50 mM AmBic) was added and incubated for 45 min at room temperature in the

dark. Next, the reducing and alkylating solution was removed, and gel pieces were

washed with 1000 μl of 50 mM AmBic, shrunk with 500 μl of acetonitrile before

swelling again with 500 μl 50 mM AmBic. The shrinkage and swelling steps were

repeated twice. After the last shrinkage, the gel pieces were dried completely using

the SpeedVac concentrator at 50°C.

Sequencing-grade, lyophilized trypsin (Promega) was reconstituted according

to the manufacturer’s instructions and diluted to a final concentration of 10 ng μl in

25 mM ammonium bicarbonate (pH 8.6). Gel pieces were placed in 200 μl of the

trypsin solution and incubated overnight at 37°C. On the following day, the enzyme

solution was removed and retained. Peptides were extracted by adding 100 μl of

extraction buffer (0.5% formic acid, 20% acetonitrile in water) to the gel pieces,

followed by vigorous shaking for 15 min. The extraction buffer was removed and

added to the retained enzyme solution. This extraction process was repeated twice.

All three solutions were pooled (200 μl enzyme solution + 2x 100 μl extraction

buffer) and the SpeedVac concentrator was used at 50°C to reduce the volume to

∼10 μl.

2.1.3 Sample desalting with StageTips method

The stop-and-go-extraction tips (StageTips) were assembled using P200 pipette tips

with Empore C18 disk cores as described previously (Rappsilber et al., 2007). As-

sembled StageTips were washed with 50 μl of methanol, then equilibrated with 50

μl of solution 2 (0.5% Acetic acid in water), 50 μl of solution 3 (0.5% Acetic acid

in 80% acetonitrile) and then again with 50 μl of solution 2. Next, the concentrated

peptides extracted from the gel pieces were resuspended in 50 μl of solution 2 be-

fore being applied to the StageTips, washed with 50 μl of solution 2, and finally

eluted with 50 μl of solution 3.
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2.1.4 Data independent liquid chromatography–mass spectrometry (LC/MSE)

Two mass-spectrometry compatible solvents were injected at appropriate propor-

tions to generate a gradient for the separation of peptides by reversed phase nano-

Ultra Performance Liquid Chromatography (15 kpsi NanoAcquity UPLC, Waters

Corp.). These are: Solvent A (0.1% Formic acid in Water; Thermo Scientific) and

Solvent B (0.1% formic acid in Acetonitrile). For each sample 1 μl – 5 μl was loaded

onto a reverse-phase UPLC Symmetry C18 trap column (180 μm internal diameter,

20 mm length, 5 μm particle size, Waters Corp.). Samples were desalted (99.9%

Solvent A) at a flow rate of 8 μl/min for 2 min. Peptides were subsequently sepa-

rated by a linear gradient (0.3 μl/min, 35°C; 3% - 40% Solvent B) using a BEH130

C18 nano-column (75 μm internal diameter, 250 mm length, 1.7 μm particle size,

Waters Corp.) over the course of 60 min.

The nanoLC was coupled through a nanoflow sprayer to a quadrupole time-

of-flight (QToF) mass spectrometer (HDMS Synapt G2-Si; Waters Corp.) operat-

ing in Resolution mode. The ToF analyser was externally calibrated from 175.11

to 1285.54 m/z using the fragment ions from a 320 fmol μl solution of [Glu1]-

fibrinopeptide B (FPB, Sigma-Aldrich Aldrich). Data were lockmass-corrected fol-

lowing acquisition using the monoisotopic mass of the doubly-charged precursor of

FPB (785.8426 m/z), delivered to the mass spectrometer via a LockSpray interface.

This reference spray was sampled every 30 s. Mass measurements were made using

a data independent mode (LC-MSE) of acquisition. Briefly, energy in the collision

cell was alternated from low energy (4 eV) to high energy (energy ramp from 16-38

eV) whilst continuously acquiring MS data. Measurements were made over an m/z

range of 50-2000 Da with a scan time of 0.6 s One cycle of MS and MSE data were

acquired every 1.2 s.

2.1.5 Data analysis

LC-MS data were processed as described earlier (Geromanos et al., 2009) using

the Protein Lynx Global Server (PLGS) v3.0.2 (Waters Corporation). Data were

queried against a Homo sapiens protein database (UniProt proteome:UP000005640)

concatenated with a list of common contaminants obtained from the Global Pro-
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teome Machine (ftp://ftp.thegpm.org/fasta/cRAP). Carbamidomethylation of cys-

teine was specified as a fixed modification. Phosphorylation (of serine, threonine

and tyrosine residues) and oxidation (of methionine) were specified as variable

modifications. A maximum of two missed cleavages were tolerated in the analysis

to account for incomplete digestion. For peptide identification, three corresponding

fragment ions were set as a minimum criterion whereas for protein identification

a minimum of seven fragment ions were required. Protein false positive discov-

ery rate was set at 1% as estimated by the number of proteins identified from a

randomised database.

2.2 Online bioinformatic tools
The NetPhos 3.1 server (https://www.cbs.dtu.dk/services/NetPhos/) (Blom et al.,

2004) was used to predict the phosphorylation consensus sites for serine, threonine

and tyrosine residues, and the eukaryotic linear motif (ELM) resource (https://elm.

eu.org) (Kumar et al., 2020) was used to find consensus phosphorylation motifs

within the major intracellular loop of the α5 subunit. For both tools, the primary

sequence for the intracellular loop of the mouse α5 subunit (UniProt - Q8BHJ7,

amino acids 342-428 in the α5 protein) was uploaded into the software. For ELM,

the cell compartment was set to ‘plasma membrane’ and ‘cytosol’, and the species

name was set to Mus musculus. Details of different software used are in Appendix

Table A.5.

2.3 Molecular biology
2.3.1 Site-directed mutagenesis

The coding regions of murine γ-aminobutyric acid type A (GABAA) receptor α5, β3

and γ2L subunits were previously cloned into the pRK5 expression vector (Gielen

et al., 2015) and this plasmid was used as a template for following PCR reactions.

Single-amino acid mutations (S374A and S374D) were introduced into the wild-type

or into myc-tagged GABAA α5 nucleotide sequence by site-directed mutagenesis

using standard PCR methods.
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PCR amplification was carried out with Phusion High-Fidelity DNA Poly-

merase (New England Biolabs) according to the manufacturer’s protocol. Briefly,

all reactions were performed in a total volume of 50 μl and under the following

conditions: pre-incubation at 98°C for 30 s, denaturation at 98°C for 10 s, primer

annealing for 30 s (temperature according to primers used), extension at 72°C for 60

s, 35 cycles. All the forward and backward primers (Sigma-Aldrich) used are listed

in Appendix Table A.1. The resultant PCR products were purified using QIAquick

Gel Extraction Kit (Qiagen).

The purified PCR product (16 μl) was transferred into a new microcentrifuge

tube and incubated for 5 min at 70°C. Next, 2 μl of T4 ligase buffer and 1 μl of

T4 polynucleotide kinase were added to the samples and incubated for 30 min at

37°C. Then 2 μl of T4 ligase was added and the samples were incubated overnight

at 16°C. All the reagents used for DNA ligation were obtained from New England

Biolabs.

pRK5 plasmids containing the appropriate inserts were then transformed into

5-alpha Competent E. coli cells (New England Biolabs) according to the manu-

facturer’s instructions, before plating of the transformed bacterial cells onto Luria

Broth (LB) agar plates supplemented with ampicillin at 100 μg/ml for overnight

incubation at 37°C. Colonies were picked and incubated in 100 ml of LB supple-

mented with ampicillin with shaking overnight at 37°C. Plasmid DNA was purified

using a Qiagen Plasmid Maxi kit (Qiagen) following the manufacturer’s protocol.

The concentration of plasmid DNA was determined using a Nanodrop (Thermo Fis-

cher). The correct sequence of the plasmid was verified by DNA sequencing across

the insert (Source Bioscience).

All constructs generated and used in this project are listed in Appendix Table

A.2. HA-GSK3β S9A pcDNA3 was a gift from Jim Woodgett (Addgene plasmid #

14754).
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2.4 HEK293 cell culture and electrophysiology
2.4.1 Culture preparation and transfections

All cell culture reagents were acquired from Thermo Fisher Scientific unless oth-

erwise stated. Human embryonic kidney (HEK293) cells were cultured and tran-

siently transfected as described previously (Hannan et al., 2013; Thomas and Smart,

2005). Briefly, HEK293 cells were maintained in Dulbecco‘s modified Eagle‘s

medium (DMEM) supplemented with 10% v/v fetal bovine serum (FBS), 100 U/ml

penicillin and 100 μg/ml streptomycin at 37°C in humidified air with 5% CO2.

For electrophysiology experiments, cells were plated onto 22 mm glass coverslips

(VWR international) coated with poly-L-lysine (100 μg/ml, Sigma-Aldrich) and on

100 mm culture dishes (Greiner-Bio-One GmbH) for routine secondary culture and

for proteomics. Using the calcium phosphate precipitation method, HEK293 cells

were transiently transfected 4-6 h post-plating with various combinations of cDNA

constructs encoding for α5 (wt and mutated), β3 and γ2L subunits, GSK3β S9A and

enhanced green fluorescent protein (eGFP). The expression of eGFP was used for

identifying transfected cells, as well as estimating transfection efficiency. For trans-

fections, appropriate cDNAs were mixed in 1:1 ratio to a total amount of 4 μg for

electrophysiology and 24 μg for proteomics, usually in a total volume of 4 μl or 24 μl

respectively. Then, 20 μl of 340 mM CaCl2 was added to the 4 μg DNA mixture fol-

lowing by 24 μl HEPES-buffered saline (HBS; 280 mM NaCl, 2.8 mM Na2HPO4,

50 mM HEPES (pH 7.2)) and vortexed vigorously. Solution volumes were adjusted

accordingly for proteomics experiments. The mixture was added dropwise to the

cultured cells and before their return to the incubator. Further experiments com-

menced around 24 h after plating the cells. The transfection efficacy was estimated

around 70%.

2.4.2 Whole-cell patch clamp recordings from HEK293 cells

Whole-cell patch-clamp recordings were performed at room temperature with an

Axopatch 200B amplifier (Molecular Devices). GABA-evoked membrane currents

were recorded from single eGFP-fluorescent HEK293 cells expressing GABAARs

containing wild-type or mutated α5 subunits along with β3 and γ2L subunits. Cells
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were voltage-clamped at -20 mV and continuously perfused with Krebs solution

containing: 140 mM NaCl, 4.7 mM KCl, 1.2 mM MgCl2, 2.52 mM CaCl2, 11 mM

Glucose and 5 mM HEPES, adjusted to pH 7.4 with 1 M NaOH. All recordings

were performed using thin-walled borosilicate glass pipettes with resistance of 2.5

- 3 MΩ (World Precision Instruments). These were filled with an internal solution

containing 120 mM KCl, 1 mM MgCl2, 11 mM EGTA, 10 mM HEPES, 1 mM

CaCl2 and 2 mM K2ATP, adjusted to pH 7.2 with 1 M NaOH. The osmolarity of this

intracellular solution was 300 ± 10 mOsm/L. Currents were filtered at 5 kHz (4-pole

Bessel filter) and digitized at 50 kHz with a Digidata 1440A (Molecular Devices).

The series resistance was measured at regular intervals and recordings in which the

series resistance changed by more than 25% were discarded. All chemicals used to

prepare solutions were purchased from Sigma-Aldrich.

2.4.3 Drug treatments

All the drugs used in this study were bath-applied in Krebs solution, including

GABA (Sigma-Aldrich), protein kinase C activator phorbol 12-myristate 13-acetate

(PMA, 200 nM, Calbiochem) and GSK3β kinase inhibitor CHIR99021 (CHIR, 1

μM, Calbiochem) (details in Appendix Table A.3). Different GABA concentra-

tions (0.01 μM to 300 μM) were rapidly applied using a modified U-tube system

with a solution exchange time of <100 ms (Mortensen and Smart, 2007). PMA or

CHIR99021 were applied continuously during the recordings in appropriate exper-

iments. Control responses using the maximum concentration of GABA (300 μM)

were obtained at regular intervals. The number of cells recorded for each condition

is noted in each figure legend.

2.4.4 Data analysis

2.4.4.1 Concentration-response curve (CRC) fitting

Clampex 10.3 and Clampfit 10.3 software (Molecular Devices) were used for data

acquisition and analysis respectively. Concentration–response relationships (CRC)

were generated for each recorded cell and accrued using Origin 2020 software

(OriginLab). The peak amplitudes of GABA-activated currents were measured rel-

ative to the baseline holding current prior to GABA application. GABA responses
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at all concentrations were normalised to the peak current in response to the max-

imal GABA concentration (300 μM). After normalization, concentration response

data were curve fitted using the Hill equation:

I =
Imax

1+(
EC50
[GABA])

n
(2.1)

where I is the measured current, Imaxx is the maximum current, [GABA] is the

concentration of applied GABA, EC50 represents the concentration of GABA that

evokes 50% of maximum response and n represents the Hill coefficient.

2.4.4.2 Calculation of whole-cell parameters, current densities and macroscopic

kinetic parameters

Membrane currents in response to 10 mV hyperpolarising steps were used to calcu-

late series resistance (Rs, MΩ), input resistance (Rin, MΩ), membrane tau (τ, ms),

and membrane capacitance (Cm, pF) using the following equations:

Equation 2.2, series resistance:

Rs =
−10
Ipeak

×1000 (2.2)

Equation 2.3, input resistance:

Rin = (
−10
Iss

×1000)−Rs (2.3)

Equation 2.4, membrane tau value:

τ =
area

Ipeak − Iss
(2.4)

Equation 2.5, membrane capacitance:

Cm =
τ × (Rs +Rin)

Rs ×Rin
×1000 (2.5)

Where Ipeak is the peak current, Iss is the steady current, and the area is deter-

mined from under the current response.
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Current densities (pA/pF) were calculated from the peak current, Ipeak in re-

sponse to maximal concentrations of GABA using the following equation:

Equation 2.6, current density:

current density =
Ipeak

Cm
(2.6)

In addition, the kinetics of maximal GABA-activated currents - receptor activa-

tion, desensitisation, and deactivation phases, were characterised. Activation time

was quantified as the 20 – 80% rise time of the peak current whilst exponential time

constants for desensitisation and deactivation were obtained by fitting exponential

functions to the relevant phase of current decay. The desensitising current was fit-

ted with a single exponential, whilst the deactivation phase was fitted with either

one or two exponential components, with the accuracy of the fit judged by visual

inspection. For those responses in which the decay was better fit by a biexponential

function, the weighted time constant (τw) was calculated using equation:

Equation 2.7, weighted time constant:

τw =
(A1 × τ1)+(A2 × τ2)

A1 +A2
(2.7)

Where A represent the amplitude and τ represents the exponential time con-

stant of each component.

2.5 Primary neuronal cultures and electrophysiology
2.5.1 Culture preparation and transfections

Primary neuronal cultures were prepared from E18 Sprague-Dawley rat embryos

of either sex. This procedure was performed under UK Home Office guidelines by

authorised Home Office licence holders. Pregnant dams of various ages were sac-

rificed by a team member of UCL Biological Services in accordance with the UK

Animals (Scientific Procedures) Act 1986. Pups were taken out and hippocampi

were extracted in ice cold Hanks’ balanced salt solution (HBSS) and placed into

HBSS supplemented with 0.1% w/v trypsin (Sigma-Aldrich) for 10 min at 37°C.
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Enzymatic dissociation was followed by mechanical trituration into single cells us-

ing fire-polished glass Pasteur pipettes. Cells were plated onto 22 mm glass cov-

erslips (VWR international) for electrophysiology or onto 1.5H 18 mm glass cov-

erslips (Marienfeld) for imaging experiments, both coated with 100 μg/mg poly-

L-ornithine (Sigma-Aldrich). The plating medium contained Minimum Essential

Medium (MEM) supplemented with 5% v/v FBS, 5% v/v horse serum, penicillin-

G/streptomycin (100 U/ml and 100 μg/ml), 20 mM glucose (Millipore), and 2 mM

L-glutamine. After 2 h, the plating media was replaced with a maintenance medium

(Neurobasal-A with 1% v/v B-27 supplement, penicillin-G/streptomycin (50 U/ml /

50 μg/ml), 0.5% v/v Glutamax, 35 mM glucose). Neurons were grown in a humid-

ified incubator (37°C, 5% CO2).

Primary hippocampal neurons in culture were transfected after 7 days in vitro

(DIV) using a calcium phosphate precipitation method (Hannan et al., 2013), with

neurons subsequently being used for electrophysiological recordings between 12 –

16 DIV or fixed for imaging on 14 DIV. For transfections, 54 μl of TE buffer (10

mM Tris-HCl (pH 8.0), 0.1 mM EDTA) was mixed with 1.5 μl of eGFP cDNA and

2.5 μl of the appropriate α5 (wild-type/mutated/tagged/untagged) cDNA. Next, 2.5

μl of 2.5 M CaCl2 was added, and the mixture was then transferred dropwise into a

new microcentrifuge tube containing 60 μl of 2x HEPES buffered saline (HBS; 42

mM HEPES, 274 mM NaCl, 10 mM KCl, 1.4 mM Na2HPO4, 15 mM D-glucose;

pH 7.11) while continuously vortexing. The mixture was then incubated at room

temperature for 30 min with vortexing every 5 min. Meanwhile, the media from

the neuronal dishes was replaced with pre-warmed (37°C) and filter-sterilized 2

mM kynurenic acid in Neurobasal-A supplemented with penicillin-G/streptomycin

(100 U/ml and 100 μg/ml). The DNA mixture (60 μl) was added dropwise to each

coverslip and cells were returned to the incubator for 30 min. Cells were then

washed twice with 1 ml of pre-warmed Neurobasal-A supplemented with penicillin-

G/streptomycin (100 U/ml and 100 μg/ml) before replenishment with neuronal

maintenance media. The transfection efficacy was estimated around 1%.
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2.5.2 Whole-cell patch clamp recordings from neuronal cultures

Neurons were removed from the incubator (between 12 - 16 DIV) and placed into a

bath continuously perfused with Krebs solution supplemented with 2 mM kynurenic

acid (Sigma-Aldrich) to block ionotropic glutamate receptors. Cells were voltage-

clamped at -60 mV and recorded at room temperature. The patch pipette was filled

with an internal solution consisting of 140 mM CsCl, 2 mM NaCl, 10 mM HEPES,

5 mM EGTA, 2 mM MgCl2, 0.5 mM CaCl2, 2 mM Na2ATP, 0.5 mM Na2GTP, 2

mM QX-314 (Tocris), pH 7.4, with an osmolarity of 300 ± 10 mOsm/L. CsCl and

QX-314 were included in the internal solution to block voltage-gated K+ and Na+

currents respectively. The pH of the intracellular solution was adjusted using 1 M

CsOH.

2.5.3 Drug treatments

L-655,708 (Santa Cruz Biochemicals, sc-204040) is an α5-GABAARs selective

inverse agonist or negative allosteric modulator/inhibitor and was used to block

α5-GABAARs mediated currents. Picrotoxin (PTX, Sigma-Aldrich, P1675) is an

antagonist of all GABAARs subtypes and was used to reveal the total tonic cur-

rent in cultured hippocampal neurons. Stock solutions in DMSO (5 mM for L-

655,708, 100 mM for PTX) were diluted into Krebs solution to make appropriate

working solutions (50 nM for L-655,708, 100 μM for PTX) (details in Appendix Ta-

ble A.3. Both drugs were applied continuously onto cells through a modified U-tube

(Mortensen and Smart, 2007) after a period of stable control recording and allowed

to equilibrate for at least 3 min before starting with subsequent recordings. In ex-

periments where both drugs were used, recordings were made for approximately

10-15 min in L-655,708 before subsequent application of PTX.

2.5.4 Peptide treatment

All experiments with peptides were performed by a PhD student Seth Liebowitz

and analysed by Carmen Kivisild. Two peptides were used in this study: (1) a

blocking peptide mimicking the gephyrin binding domain (residues 370-385) on

the α5 subunit (Brady and Jacob, 2015) and (2) a scrambled peptide with the same

amino acids in random sequence. Both peptides, synthesised by Biomatik, were
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dissolved as 3 mM stock solutions in water and stored at -18°C. Peptides were added

to the internal solution on the day of the experiment to a final concentration of 30

μM. Currents were recorded approximately 5 min after patching the cell to allow

enough time for the peptide to act. The sequences of peptides were as follows:

Blocking peptide: acetyl-KSNAFTTGKLTHPPN-amide

Scrambled peptide: acetyl-TSTLFPTHKKPNNAG-amide

N- and C- terminal modifications (acetylation and amidation) were made to the

peptides to remove the charge from both termini of the peptide. In addition, these

modifications make the peptides more stable and increase their biological activity.

2.5.5 Electrophysiology data analysis

Spontaneous inhibitory postsynaptic currents (sIPSCs) were recorded from trans-

fected neurons expressing wild-type or mutated α5 subunits along with eGFP. The

recordings were imported into WinEDR (V3.9.5, Strathclyde Electrophysiology

Software, Dr J Dempster) for event detection using an amplitude threshold method

(threshold was set to -4 pA). All detected synaptic events were verified by visual

inspection of individual traces and the frequency and the amplitude of sIPSCs were

calculated. Average baseline current levels were calculated during a 2 ms epoch im-

mediately before each detected event and the peak amplitude was calculated relative

to this value.

Selected synaptic events were imported into WinWCP software (V5.5.5,

Strathclyde Electrophysiology Software, Dr J Dempster) for further analysis.

Events that exhibited monotonic rises and an uncontaminated decay phase were

aligned on their rising phases and mean synaptic IPSC waveforms were constructed

by averaging >50 sIPSCs for each cell. The sIPSC 10 – 90% rise times and decay

times were calculated from the mean IPSC waveforms. Decay times were char-

acterised by fitting the decay phase of the mean IPSC waveform with a standard

mono- or bi-exponential decay function, and weighted time constants were calcu-

lated using Equation 2.7.
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Next, all synaptic currents were pooled within one transfection group and am-

plitude distributions fitted with the sum of three or four Gaussian functions of the

form:

Equation 2.8, Gaussian function:

y = y0 +
A

w
√

π

2

× e
−2(x−xc)2

w2 (2.8)

Where A is the area, y0 defines the pedestal of the distribution, xc is the mean

amplitude current and w is the half-height width of the Gaussian curve. The distri-

butions were fitted using Gaussian functions programmed in Origin (Ver 6). Synap-

tic currents were then subdivided into small- and large-amplitude groups using a

threshold based upon the Gaussian fits. Cumulative probability plots and histograms

were generated for both frequency and amplitude distributions in small- and large-

amplitude groups using GraphPad Prism 9 software (GraphPad).

2.6 Structured illumination microscopy (SIM)
2.6.1 Immunostaining

Myc-tagged (protein sequence: EQKLISEEDL) constructs were created to distin-

guish transfected α5 from endogenous α5 subunits. A previously engineered cDNA

construct expressing a myc-tagged mouse α5 subunit was used as a template to gen-

erate myc-tagged α5 mutants as described in Section 2.3.1. The myc-tag at the

beginning of the mature protein, between amino acids 28 and 29 in the α5 subunit

including the signalling peptide (UniProt Q8BHJ7).

Cultured hippocampal neurons were transfected at 7 DIV with cDNA express-

ing one of the following variants: wild-type α5, mutated α5
S374A or α5

S374D subunits

as described in Section 2.5.1. Seven days after transfection (14 DIV), coverslips

were removed from the incubator, gently washed with ice-cold phosphate-buffered

saline (PBS) and fixed with paraformaldehyde (4% v/v PFA/ 4% w/v sucrose/ PBS,

pH 7.0) for 5 mins before washing twice in PBS. Surface proteins were blocked

with 10% v/v normal goat serum (NGS) in PBS for 20 min at room temperature and
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then the coverslips were washed once with 1% w/v bovine serum albumin (BSA) in

PBS. All following washes used 1% BSA in PBS. GABAARs at the cell membrane

were labelled by incubating coverslips in a primary antibody solution diluted in 3%

NGS for 1 h at room temperature. Anti-myc primary antibody (Abcam, ab9106

and ab32) and α5 subunit specific antisera (Fritschy et al., 1997), diluted 1:2000

and 1:500 respectively, were used to label α5 subunits expressed at the cell sur-

face. Cell surface expressed endogenous α1 subunits were labelled using anti-α1

primary antibody (Abcam, ab33299) diluted 1:200 (details about antibodies used

are in Appendix Table A.4). After washing the cells once, they were permeabilised

to stain for intracellular proteins using 0.1% Triton X-100 in PBS for 5 mins and

then washed twice more. Next, the cells were incubated in a blocking solution (10%

NGS in PBS) for 30 mins, washed and intracellular endogenous vesicular inhibitory

amino acid transporter (VIAAT) and gephyrin proteins were labelled by incubating

coverslips in primary antibody solution diluted in 3% NGS for 1 h at room tempera-

ture. Anti-VIAAT (Alomone labs, AGP-129) and anti-gephyrin (Synaptic Systems,

SYSY3B11) primary antibodies were used, diluted by 1:500 and 1:200 respectively.

Cells were then washed three times and incubated in a secondary antibody mix-

ture consisting of anti-rabbit Alexa Flour 488 (Invitrogen, A-11034), anti-mouse

Alexa Flour 555 (Invitrogen, A-21424) and anti-guinea pig Alexa Flour 647 (Invit-

rogen, A-21450), all diluted by 1:500 in 3% NGS. Cells were subsequently washed

four times and coverslips were mounted on microscope slides using Prolong Glass

mounting medium (Invitrogen) for SIM imaging.

2.6.2 Imaging

Multichannel 3D-SIM images were acquired using an Axio Observer.Z1 SR Zeiss

ELYRA PS.1 microscope with Plan-Apochromat DIC M27 63x 1.4 NA oil objective

lens immersed in halogen-free (HF) immersion oil (SPI Supplies) at room temper-

ature. Fluorophores were excited by illumination from 488 nm, 561 nm, and 642

nm lasers (HR Diode and HR DPSS) and emitted light was detected by a pco.edge

sCMOS camera controlled via ZEN Black software (v. 11.0.2.190, Zeiss). Struc-

tured illumination was provided by diffracting incident laser light using a 100 nm
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grating pattern at three angles with five rotations per angle. Camera exposure time

was maintained at 100 ms and laser power at 10% of maximum. 10-15 z-stacks

were acquired for each 12-bit image. For channel alignment, 200 nm TetraSpeck

fluorescent microspheres (Invitrogen) were imaged using the same settings. Raw

images were corrected for chromatic aberration using the channel alignment algo-

rithm and reconstructed into super-resolution images using the SIM reconstruction

mode with default settings in ZEN Black software.

2.6.3 Data analysis

Reconstructed images were analysed using an ImageJ-based plugin called DiAna

(Gilles et al., 2017). Briefly, images were opened in ImageJ and a region of interest

(ROI) was drawn using the freehand selection tool. Only proximal dendrites were

chosen, and the soma was excluded from the analysis. Next, 5-10 z-stack slices

were selected where the clusters from all three channels were in focus and out of

focus slices were excluded. The background area outside of the ROI was deleted

and the three channels were split. The DiAna plugin was then used to perform

3D segmentation for object extraction using a global intensity thresholding proce-

dure. Appropriate thresholds for each channel were assigned by visual inspection

and fixed during the analysis. Other parameters of the segmentation were kept on

default settings. Following the segmentation procedure, 3D measurements (volume

and mean grey value), colocalization and distance analysis were performed. Clus-

ters were defined as colocalised if they overlapped with each other, with the distance

between two clusters measured from centre-to-centre. All data were saved as Excel

files, which were then imported into MATLAB 2020 (Mathworks) for further anal-

ysis. A custom-made MATLAB code (by Risto Jamul, Kings College London, UK)

was used to find mean values and quantify the percentage of colocalization in each

cell.

2.7 Statistical analysis and software used
All data visualisation and statistical analyses were performed using GraphPad Prism

9 software. In all figures, bars represent the overall mean values and individual cir-
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cles correspond to mean values from each cell. One-way ANOVA and two-way

repeated measurements (RM) ANOVA analysis followed by appropriate post-hoc

tests were performed depending on the number of variables. For cumulative proba-

bility plots Kruskal-Wallis with Dunn’s post hoc tests were used. The threshold for

statistical significance was set at p < 0.05. In all figures: non-significant (ns) p >

0.05, ∗ p ≤ 0.05, ∗∗ p > 0.01, ∗∗∗ p > 0.001. All values are presented as mean ±

standard error of the mean (SEM). All graphs were plotted in GraphPad Prism and

figures including multiple panels were composed in Adobe Illustrator CS6 (Adobe).
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Chapter 3

Phosphorylation of S374 in the

gephyrin binding domain of the α5

subunit by glycogen synthase kinase

3 alters the α5-GABAARs function

3.1 Introduction

As discussed in previous sections, phosphorylation of GABAARs is a key post-

translational modification in regulating inhibitory postsynaptic plasticity (Naka-

mura et al., 2015; Tyagarajan and Fritschy, 2010). Mass-spectrometry (MS) is a

powerful tool for investigating the phosphorylation of different proteins (Dephoure

et al., 2013). Considerable effort has been made to expand our knowledge about

regulatory domains contained within the primary sequences of GABAAR subunits

(Kang and Lubec, 2009) as well as the technical aspects for investigating GABAARs

using MS (Chen et al., 2012). Yet, there are only a few comprehensive studies us-

ing this technique to describe the phosphorylation status of GABAARs (Jurd et al.,

2010; Kang et al., 2011; Nakamura et al., 2016, 2020) as it has been challenging,

because GABAARs are strongly hydrophobic transmembrane proteins (Kang and

Lubec, 2009; Kang et al., 2008). Nevertheless, MS has been utilised to find novel

binding partners for GABAARs (Nakamura et al., 2016), to identify co-associations



between different GABAAR subunits (Ghafari et al., 2017; Ju et al., 2009), and also

to sequence, with near complete coverage, individual GABAAR subunits (Chen et

al., 2012; Kang and Lubec, 2009; Kang et al., 2008, 2009).

The main challenges for identifying novel phosphorylation sites in GABAARs

are the low abundance of phosphorylated proteins compared to unphosphorylated

counterparts and the need for a large sample of pure protein (Dephoure et al.,

2013). Another approach that can be taken to support the use of MS is to use

computational-based prediction tools to tentatively identify protein kinase consen-

sus sites. There are several computational methods that can be used to predict phos-

phorylation sites, which can be broadly categorized into two groups: (1) meth-

ods based on machine learning and (2) methods that seek consensus phosphory-

lation motifs by screening primary sequences. The NetPhos 3.1 (https://services.

healthtech.dtu.dk/service.php?NetPhos-3.1) server uses previously trained artificial

neural networks to predict serine (S), threonine (T) or tyrosine (Y) phosphoryla-

tion consensus sites in eukaryotic proteins (Blom et al 1999). The Eukaryotic Lin-

ear Motif (ELM, https://ELM.eu.org/) is a prediction tool that scans a library of

user-submitted protein sequences for matches to experimentally validated or puta-

tive motifs. The current version of the ELM database contains 289 motif classes

and 3523 individual protein motifs including phosphorylation and protein binding

motifs (Kumar et al 2020). A combination of MS and online prediction tools is

therefore a powerful approach for identifying phosphorylation sites in α5 subunits.

The function of GABAARs is finely regulated by phosphorylation (Kittler et

al., 2005; Nakamura et al., 2015). Intrinsic electrophysiological parameters have

been used to describe the changes in GABAAR function. Most described macro-

scopic kinetic parameters of GABA-evoked currents are known as: activation, de-

sensitisation, and deactivation (Figure 3.1). Activation phase is described as a rapid

increase in current upon exposure to agonist, desensitisation phase is a progressive

decrease in current in the continued presence of agonist and deactivation phase is a

decay of any remaining current upon removal of agonist. These three phases can be

characterised by parameters reflecting the duration or rate of current change or, in
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the case of desensitisation, the extent of current decrease. Activation time is the de-

lay associated with a step change in GABA concentration and receptor/channel re-

sponse, which depends on the receptor affinity for GABA and thus speed of GABA

binding leading to a series of conformational changes to the receptor and opening of

the central pore. Desensitization is a process in which GABAARs lose their ability

to remain open upon sustained agonist binding (Sallard et al., 2021). Intuitively,

this mechanism would protect neural networks from abnormally strong inhibitory

signals, but it can also act as an initiator of synaptic plasticity (Baker et al., 2002;

Bianchi and Macdonald, 2002; Field et al., 2021). During the deactivation phase,

GABA unbinds from its orthosteric site on the GABAAR and consequently the cen-

tral pore closes, thus ending usually the hyperpolarisation of the cell (Sallard et

al., 2021). At given agonist concentrations, and when exposed to agonist for the

same duration, these kinetic parameters can be used to identify the receptor subtype

involved by its signature current profiles (Bianchi et al., 2002; Chen et al., 2017;

Gingrich et al., 1995; Picton and Fisher, 2007) and also to investigate the alterations

to receptor function following mutations when comparing the same receptor sub-

type (Laha and Tran, 2013; Terejko et al., 2020, 2021). In this chapter, macroscopic

kinetic parameters are used to describe the functional changes of α5-GABAARs

caused by mutating the phosphorylated residue in the α5 subunit. In addition, ad-

vantage is taken of the distinct α5-GABAARs kinetic profile to describe the synaptic

accumulation of these receptors under specific circumstances.

The changes to GABAAR function are classically described using the func-

tional parameters derived by fitting concentration response curves to a series of

GABA responses: the EC50 and Hill coefficient. The EC50 is the GABA concen-

tration at which the current peak reaches half of the maximal current amplitude

and reflects directly the potency of GABA, it will also be affected by the receptor’s

affinity for GABA and GABA efficacy (Colquhoun, 1998). The Hill coefficient of

a GABAAR reflects the slope of the concentration response curve, and it has been

used to describe the changes in the number of and cooperativity between GABA

binding sites (Sallard et al., 2021) although the information on the latter aspects is
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Figure 3.1: Schematic showing macroscopic kinetic phases of a GABA-activated
current.
Whole-cell membrane current evoked by 300 µM GABA (bar) depicting the three
macroscopic kinetic phases analysed: activation (red), desensitisation (orange), and
deactivation (green).

tenuous (Colquhoun, 1998). In this chapter, GABA concentration response curves

(CRC) are used, and fitted by the empirical Hill equation (Equation 2.1), to de-

rive EC50 and Hill coefficient values to compare the functional properties between

wild-type and mutated α5-GABAARs.
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3.2 Results
3.2.1 Residues S374, T379 and T380 in the gephyrin binding domain are pre-

dicted phosphorylation consensus sites for protein kinase C

I used the online prediction tool NetPhos 3.1 to identify novel phosphorylation con-

sensus sites in the entire ICD of the mouse α5 subunit (UniProt entry Q8BHJ7,

residues 342-428 between transmembrane domains M3 and M4). Eleven residues

in the mouse α5 subunit were highlighted as potential sites for phosphorylation by

either PKC or unspecified kinases (unsp.) (Table 3.1). Three of these residues (S374,

T379 and T380) are in the GBD of the α5 subunit (Brady and Jacob, 2015) and there-

fore, were targeted for this project. I hypothesized that the phosphorylation of GBD

may negatively impact the interaction between the α5 subunit and gephyrin and

ultimately reduce the accumulation of α5-GABAARs at inhibitory synapses. The

identification of PKC as a candidate for phosphorylating α5 subunits was unsurpris-

ing because it is known to phosphorylate other GABAAR subunits including α4, β1-3

and γ2 (Moss and Smart 1996, Brandon et al 2000, Smart et al 2001, Abramian et

al 2010, Bright and Smart 2013b, Nakamura et al 2015).

Table 3.1: Consensus phosphorylation sites in the large intracellular domain of the
mouse α5 subunit.
There are eleven residues in the ICD of the mouse α5 subunit which are predicted to have a
high likelihood of phosphorylation according to the prediction server NetPhos 3.1. These
residues were predicted to be phosphorylation sites for unspecified kinases (unsp.) or by
PKC. Each residue has a prediction score (range 0.000 (unlikely)-1.000 (very likely))
which shows how likely it is for this residue to be phosphorylated and by which kinase.
Only residues with likelihood scores above 0.5 were considered as potential substrates.

Residue Context Kinase Score
T345 VNYFTKRGW PKC 0.512
S374 ILNKSTNAF PKC 0.560
T379 TNAFTTGKL PKC 0.515
T380 NAFTTGKLT unsp. 0.958
S405 APTVSIKAS unsp. 0.891
S409 SIKASEEKT unsp. 0.977
S416 KTAESKKTY unsp. 0.894
T419 ESKKTYNSI PKC 0.668
Y420 SKKTYNSIS unsp. 0.822
S422 KTYNSISKI unsp. 0.939
S424 YNSISKIDK unsp. 0.984
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3.2.2 Mass spectrometry confirms phosphorylation of predicted residues in

the gephyrin binding domain of recombinant and native α5 subunits

I used mass spectrometry to experimentally confirm the predicted phosphoryla-

tion sites (Table 3.1). Two sets of samples were prepared: HEK293 cell lysates

for recombinant receptors and adult rat hippocampal lysates for native receptors.

HEK293 cells were transfected with cDNAs expressing myc-tagged α5, flag-tagged

β3 and untagged γ2L subunits 24 h before harvesting the cells. Recombinant recep-

tor complexes were pulled down using immunoprecipitation directed against either

the myc- or flag-epitope tags. To maximise phosphorylation by PKC, half of the cell

samples were treated with the PKC activator phorbol 12-myristate 13-acetate (PMA

– 200 nM for 15 min prior to cell lysis) whilst the other half were only exposed to

the PMA vehicle, dimethyl sulfoxide (DMSO) as a control (Table 3.1). The sec-

ond set of samples were taken from rat hippocampal lysates (for details see Section

2.1.1). The purpose of using rat brain to complement HEK293 cell samples was

to assess phosphorylation of α5 subunits assembled in native GABAAR complexes

using immunoprecipitation targeted against the α5 subunit.

Cell samples were analysed as described in Sections 2.1.2-2.1.5. Briefly, sam-

ples were run on 10% Bis-Tris gel and stained overnight using InstantBlue (Expe-

deon). The stained bands with molecular weights of approximately 50-70 kDa were

excised and trypsin digested. Resulting peptides were separated by reverse phase

nano-Ultra Performance Liquid Chromatography (nano-UPLC) and analysed us-

ing label-free liquid chromatography mass spectrometry in data-independent anal-

ysis mode (LC-MSE). Data collected by LC-MSE were processed using the Pro-

tein Lynx Global Server (PLGS) v3.0.2 (Waters Corporation) and queried against

a Homo sapiens protein database (UniProt proteome: UP000005640) concate-

nated with a list of common contaminants obtained from the Global Proteome

Machine (ftp://ftp.thegpm.org/fasta/cRAP) (Figure 3.2A). All peptides detected by

mass spectrometry covered 27% of the entire α5 subunit in HEK293 cell samples

(for both PMA and DMSO treated cells) and 23% of native α5 subunit in rat brain

samples. Next, detected peptides were aligned against the ICD of either rat (UniProt
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entry P19969 – native receptors) or human (UniProt entry P31644 – recombinant

receptors) α5 protein sequences (Figure 3.3) and only peptides carrying the phos-

phorylation motifs were included in further analysis.

Mass spectrometry analysis found one peptide from the rat hippocampal lysate

and seven peptides from the HEK293 samples that were phosphorylated. The sin-

gle phosphorylated α5 peptide identified from rat hippocampal lysate contained two

phosphorylated threonines, T379 and T380. For the seven phosphorylated α5 pep-

tides detected in HEK293 cell lysates, in four peptides the residue that had under-

gone post-translational modification could be identified, whilst in three peptides the

phosphorylated residue remained unidentified (Table 3.3).

There are several issues that complicate identification of the precise residue(s)

of modification including low occupancy and two phosphorylation sites being

too close together. In addition, same-sequence peptides, but phosphorylated

on different residues, will have identical intact mass. To overcome this issue,

phosphorylation-site localization relies on peptide fragmentation and when a pep-

tide containing two sites is fragmented for MS, only those fragments resulting from

breakage points located between the two sites can be used to distinguish them (Fig-

ure 3.2B). MS spectra rarely contain all possible fragment ions and therefore may

not yield sufficient information to localize the site(s) within the peptide sequence

(Dephoure et al 2013).

Often, there are multiple possible locations for a phosphate group on a pep-

tide (Figure 3.2B). Because the intact masses would be the same for all of them,

fragmentation is used to determine the exact location of the phosphate group. If

multiple serines, threonines or tyrosines are close together, fragmentation must split

the residues for successful identification. Unfortunately, not all fragments are pro-

duced and sometimes there is insufficient information to identify the phosphorylated

residue in a particular peptide. In such cases the location of the phosphorylated

residues is marked with an asterisk (∗).

From the DMSO control samples, amino acids T393, S402, S408 and two more

peptides (the location of the phosphorylation group was unidentified) were basally-
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(A)

(B)

Figure 3.2: Schematic of sample preparation and mass spectrometry analysis.
(A) Two sets of samples were used: transfected HEK293 cells and rat brains. Cells were
lysed, α5-GABAAR complexes were separated using immunoprecipitation and run on 10%
Bis-Tris gel. Protein bands with weight approximately 50-70 kDa were excised from the
gel and then enzymatically digested by trypsin. Resultant peptides were separated, and
mass spectrometry analysis was performed (see Section 2.1.2). (B) Example of
phosphopeptide fragmentation to localize the exact residue carrying a phosphate group.

phosphorylated. In PMA treated cells, phosphorylation was detected on human

residues S373, T379, S415 and T418 (Table 3.3). Therefore, six out of eleven predicted

phosphorylation sites (mouse S374, T379, T380, S409, S416, T419) were confirmed to

be phosphorylated in at least one of the samples, whilst the mass spectrometric anal-

ysis detected two phosphorylation sites, human T393 and S402 that are not conserved

in the mouse sequence and therefore were not forecast by the NetPhos algorithm.

Of the five predicted mouse sites that were not detected as phosphorylated by the

MS analysis (mouse T345, S405, Y420, S422, S424), T345 did not have any peptide

coverage, whilst S405 is not conserved among all three species. Interestingly, some
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residues were found in both forms: phosphorylated and not phosphorylated in the

same sample, which may suggest low occupancy for these residues (Table 3.2).

To summarise, the three amino acids of interest located in the gephyrin binding

domain of the α5 subunit that were predicted to be sites of phosphorylation (mouse

S374, T379 and T380) (Table 3.1) were all experimentally confirmed as phospho-

rylated by MS analysis (Tables 3.2 and 3.3, Figure 3.3). Complementary experi-

ments performed in HEK293 cells by our collaborators (SJ Moss, Tufts University,

Boston) confirmed only the phosphorylation of S374 (unpublished data), thus the

role of the phosphorylation of residue S374 was selected for further investigation.

Table 3.2: Six predicted phosphorylation consensus sites were confirmed to be
phosphorylated by mass spectrometry.
Six out of eleven predicted phosphorylation sites (mouse S374, T379, T380, S409, S416, T419)
were confirmed to be phosphorylated in at least one of the lysate samples. Five predicted
sites (mouse T345, S405, Y420, S422, S424) were not detected as phosphorylated by the MS
analysis.

Predicted
phosphorylation
sites in mouse

Corresponding residue
in rat

Corresponding residue
in HEK293

T345 not covered not covered
S374 not phosphorylated S373 phosphorylated
T379 T379 phosphorylated not confirmed
T380 T380 phosphorylated not confirmed
S405 S406 not phosphorylated not conserved
S409 not covered S408 phosphorylated
S416 not covered S415 phosphorylated
T419 not covered T418 phosphorylated
Y420 not covered Y419 not phosphorylated
S422 not covered S421 not phosphorylated
S424 not covered S423 not phosphorylated
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Table 3.3: Mass-spectrometry analysis of phosphorylation of recombinant and native α5 subunits.
Rat brain and HEK293 cell lysates were used to purify native and recombinant GABAARs respectively. HEK293 cells were transfected with mouse
cDNAs expressing myc-tagged α5, flag-tagged β3 and γ2L subunits and incubated with PMA to activate PKC or DMSO solvent as a control. For
immunoprecipitation (IP), myc and flag tags were used with HEK293 cell lysates and antibody directly against α5 subunit was used for rat
hippocampal lysates to pull down whole receptor complexes from the plasma membrane. Proteins were then separated, extracted, and digested with
trypsin, and analysed by LC-MSE (see Sections 2.1.1-2.1.5). From the ICD of the α5 subunit mass spectrometry analysis identified one peptide in rat
hippocampal lysates and seven in the HEK293 cell lysates that were phosphorylated. Where the exact location of the post-translational modification
was known, it is highlighted in red in the second column and numerically marked in the peptide in the third column (counting from the left, first
residue = 1). In other cases where the exact location was unknown (unsp.), an asterisk is shown. The location of the peptides and the phosphorylated
residues are written in the fourth and fifth columns respectively.

Protein accession
number

Peptide
sequence

Modification Peptide location
on α5

Phosph. residue
on α5

Sample Transfected
with

IP Treatment

P19969

GWAWDGKK none 348-355 N/A
Rat brain

lysate
N/A α5 N/AERELILNKSTNAFTTGK Phosph.(14;15) 366-382 T379;T380

STNAFTTGK none 374-382 N/A
EQLPGGTGNAVGTASIR none 392-408 N/A

P31644

REVILNKSTNAFTTGK Phosph.(*;*) 366-381 unsp.

HEK293
cell

lysate

myc-α5 +
flag-β3 +
γ2L

myc DMSO
STNAFTTGK none 373-381 N/A myc DMSO

EQTPAGTSNTTSVSVKPSEEK Phosph.(12;18) 391-411 S402;S408 myc DMSO
EQTPAGTSNTTSVSVKPSEEK Phosph.(3;18) 391-411 T393;S408 myc DMSO

GWAWDGKK none 348-355 N/A flag DMSO
EVILNKSTNAFTTGK Phosph.(*;*) 367-381 unsp. flag DMSO

STNAFTTGK none 373-381 N/A flag DMSO
MSHPPNIPK none 382-390 N/A flag DMSO
STNAFTTGK none 373-381 N/A myc PMA

STNAFTTGKMSHPPNIPK Phosph.(1;7) 373-390 S373;T379 myc PMA
EQTPAGTSNTTSVSVKPSEEK Phosph.(*;*) 391-411 unsp. myc PMA

TSESKKTYNSISK Phosph.(4;7) 412-424 S415;T418 myc PMA
TYNSISK none 418-424 N/A myc PMA

TYNSISKIDK none 418-427 N/A myc PMA
EVILNKSTNAFTTGK none 367-381 N/A flag PMA

KTYNSISK none 417-424 N/A flag PMA
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Figure 3.3: Phosphorylation in the gephyrin binding domain confirmed by mass spectrometry analysis.
Sequences of the intracellular domain of the α5 subunit (large intracellular loop between TM3-TM4) from mouse, rat and human were aligned. The
NetPhos 3.1 server was used to predict phosphorylated amino acids in mouse α5 subunit and mass spectrometry was used to experimentally confirm
predicted consensus sites in rat and human samples (see Sections 2.2 and 2.1). All residues covered in the mass spectrometry analysis were highlighted
in yellow (exact sequences and conditions are shown in Table 3.3), gephyrin binding domain is in pink and overlapping residues shown in orange.
Residues predicted to be phosphorylated are indicated on a separate line underneath the mouse sequence, phosphorylated residues confirmed
experimentally are in red and marked with asterisks in the rat and human α5 sequences. All three predicted phosphorylation sites in the gephyrin
binding domain (Table 3.1) were detected as phosphorylated by mass spectrometry either in rat hippocampal lysate (mouse residues T379 and T380) or
in HEK293 cell lysates (mouse residues S374 and T380) (Table 3.3).
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3.2.3 Functional characterisation of wild-type and mutated α5-GABAARs ex-

pressed in HEK293 cells

To characterise the effects on receptor function of phosphorylating the intracellu-

lar domain of the α5 subunit at residue S374 I generated a phospho-null mutant

(α5
S374A) by replacing this serine with the neutral amino acid alanine (A) and a

phospho-mimetic mutant (α5
S374D) by replacing S374 with the negatively-charged

aspartic acid (D). These mutants and wild-type α5 cDNAs were then transfected

into HEK293 cells along with constructs encoding β3 and γ2L subunits to allow the

expression of α5β3γ2L receptors, an isoform that is thought to be widely expressed

in vivo (Pirker et al 2000). Cells were also co-transfected with a plasmid expressing

eGFP as a positive-transfection marker and studied using whole-cell patch clamp

electrophysiology.

Whole-cell currents were recorded in response to brief (2-5 s) GABA applica-

tions via a U-tube and peak current responses were measured. Data for the GABA

CRC were collected for each cell and fitted with the Hill equation (see Equation

2.1 in the Methods) to generate the mean CRC for wild-type and mutated receptors.

Mutating serine to alanine (α5
S374A) shifted the CRC to the right (Figure 3.4A) and

resulted in a significantly higher mean EC50 value compared to wild-type recep-

tors (7.7 ± 1.0 μM and 4.3 ± 0.6 μM respectively; one-way ANOVA p=0.0235,

Tukey’s multiple comparisons test: α5β3γ2L vs α5
S374A

β3γ2L adjusted p=0.0221;

Figure 3.4B), which indicates that this mutation reduced GABA potency. Mutating

serine to aspartate at position 374 (α5
S374D), to mimic phosphorylation, resulted in

similar GABA curves (Figure 3.4A) and EC50 values compared to wild-type recep-

tors (6.4 ± 1.3 μM and 4.3 ± 0.6 μM respectively; Figure 3.4B). The mean value of

Hill coefficient was significantly lower for α5
S374A

β3γ2L compared to wild-type re-

ceptors (0.85 ± 0.07 and 1.08 ± 0.05 respectively; one-way ANOVA p=0.0182,

Tukey multiple comparisons test: α5β3γ2L vs α5
S374A

β3γ2L adjusted p=0.0179),

which might suggest altered cooperativity of GABA binding to these receptors. In

contrast, the mean Hill coefficient value for α5
S374D

β3γ2L receptors was very simi-

lar to wild-type receptors (1.06 ± 0.07 and 1.08± 0.05 respectively; Figure 3.4C).
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Taken together, these data indicate that S374 in α5 subunit (α5
S374) is an important

residue in terms of receptor function and mutating it to alanine causes a decrease in

GABA potency (higher mean EC50) and a less steep GABA CRC (lower mean Hill

coefficient).

(A) (B)

(C)

Figure 3.4: Effects of phospho-mutants of α5 subunit on GABA activation of α5β3γ2L
receptors.
(A) GABA CRC for wild-type α5β3γ2L (n=14, black), phospho-null α5

S374A
β3γ2L (n=8,

red) or phospho-mimetic α5
S374D

β3γ2L (n=7, blue) receptors. Bars represent the mean
values of (B) GABA EC50 (μM) and (C) Hill coefficient and are shown in black for
wild-type α5β3γ2L receptors and in red or blue for mutated α5

S374A
β3γ2L and α5

S374D
β3γ2L

receptors respectively. Points represent values calculated for individual cells. Error bars
represent SEM. ∗ p< 0.05, one-way ANOVA followed by Tukey’s multiple comparisons
test.

To explore the impact of mutating α5
S374 on receptor expression, I examined

membrane currents elicited by a saturating concentration (300 μM) of GABA (Fig-

ure 3.5A). These maximum peak currents (pA) were normalized to whole cell ca-

pacitance (pF) to account for transfected cell-to-cell variability in size and are ex-

pressed as current density (pA/pF). The mean maximum peak current was signif-

icantly smaller for α5
S374A

β3γ2L compared to wild-type (-4960 ± 587.6 pA and
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-7760 ± 634.7 pA respectively) or mutated α5
S374D

β3γ2L receptors (-7662 ± 671.4

pA; one-way ANOVA p=0.0128, Tukey multiple comparisons test: α5β3γ2L vs

α5
S374A

β3γ2L adjusted p=0.0140, α5
S374A

β3γ2L vs α5
S374D

β3γ2L adjusted p=0.0464;

Figure 3.5B). As expected, there was no change in whole-cell capacitance (α5β3γ2L:

11.6 ± 1.07 pF, α5
S374A

β3γ2L: 12.0 ± 1.69 pF, α5
S374D

β3γ2L: 13.1 ± 1.95 pF;

p=0.7676; Figure 3.5C). Therefore, the significant decrease seen in the mean max-

imum peak current for α5
S374A

β3γ2L compared to wild-type receptors was also re-

flected by reduced maximum GABA current densities (-455.5 ± 62.95 pA/pF and

-712.0 ± 56.59 pA/pF respectively; one-way ANOVA p=0.0546, Tukey multiple

comparisons test: α5β3γ2L vs α5
S374A

β3γ2L adjusted p=0.0492), suggesting a reduc-

tion in cell surface expression levels for α5
S374A

β3γ2L receptors. Mean maximum

GABA current density was similar comparing α5β3γ2L and α5
S374D

β3γ2L receptors

(-712.0 ± 56.59 pA/pF and -674.3 ± 119.3 pA/pF respectively; Figure 3.5D).

Next, I focused on whether mutating α5
S374 caused any effect on receptor ki-

netics by characterising the activation, desensitisation, and deactivation phases of

maximal (300 μM) whole-cell GABA-activated currents (Figure 3.6) as described

in Section 2.4.4. Mean activation time (ms) was measured as the interval between

20% and 80% of the peak current rise time (Figure 3.6A) and was significantly

longer for α5
S374A

β3γ2L receptors by over 2-fold compared to wild-type (100.2 ±

9.5 ms and 44.9 ± 7.4 ms respectively) and α5
S374D

β3γ2L receptors (40.2 ± 4.4

ms; one way ANOVA p<0.0001, followed by Tukey multiple comparisons test:

α5β3γ2L vs α5
S374A

β3γ2L adjusted p=<0.0001, α5
S374A

β3γ2L vs α5
S374D

β3γ2L ad-

justed p=0.0002; Figure 3.6B). Although, the molecular mechanism of how altering

residue α5
S374 affects the function of α5-GABAARs in HEK293 cells remains un-

known, slower activation time may plausibly occur because of a slow rate of GABA

binding, a slow exit from any preactivation states, or slowed channel gating (Sal-

lard et al., 2021). These effects would also accord with the rightward shift of the

GABA CRC for α5
S374A

β3γ2L receptors seemingly reducing the potency of GABA.

The exponential time constants for desensitisation (mono-exponential) and deacti-

vation (weighted tau, mono- or bi-exponential) were determined by fitting expo-
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(A)

(B) (C) (D)

Figure 3.5: α5
S374A reduces maximum GABA current of α5β3γ2L receptors.

(A) Representative examples of membrane currents recorded from HEK293 cells
expressing recombinant α5-GABAARs in response to increasing concentrations of GABA
(0.03-300 μM). The black horizontal lines indicate the duration of GABA applications.
Bars represent the mean values of (B) maximum current density (pA/pF), (C) maximum
peak current (pA), and (D) capacitance (pF) and are shown in black for wild-type α5β3γ2L
receptors (n=14) and in red or blue for mutated α5

S374A
β3γ2L (n=8) and α5

S374D
β3γ2L

(n=7) receptors respectively. Points represent values calculated for individual cells. Error
bars represent SEM. ∗ p<0.05, one-way ANOVA with Tukey multiple comparisons test.
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nential components to the current decay. More details about the analysis in Section

2.4.4. Desensitisation tau (α5β3γ2L: 2.95 ± 0.15 s, α5
S374A

β3γ2L: 2.81 ± 0.17 s,

α5
S374D

β3γ2L: 2.86 ± 0.31 s; p=0.8533; Figures 3.6C) and deactivation weighted

tau (α5β3γ2L: 0.76 ± 0.12 s, α5
S374A

β3γ2L: 0.54 ± 0.11 s, α5
S374D

β3γ2L: 0.63 ±

0.12 s; p=0.4706; Figure 3.6D) remained unchanged between the three receptors.

Note that deactivation phase may be contaminated by some desensitisation.

(A) (B)

(C) (D)

Figure 3.6: α5
S374A slows the rate of GABAAR activation.

Activation time was measured as the time taken to ascend from 20% to 80% of peak
current following the application of 300 μM GABA. Bars represent the mean values of (A)
activation time (ms), (C) desensitisation tau (s) and (D) deactivation weighted tau (s) and
are shown in black for wild-type α5β3γ2L receptors (n=14) and in red or blue for mutated
α5

S374A
β3γ2L (n=8) and α5

S374D
β3γ2L receptors (n=7) respectively. (B) Example GABA

currents for the activation of wild-type (black) and mutated α5
S374A

β3γ2L (red) and
α5

S374D
β3γ2L (blue) receptors. More details about the analysis are in Section 2.4.4. Points

represent values calculated for individual cells. Error bars represent SEM. ∗∗∗ p< 0.001,
one-way ANOVA, Tukey multiple comparisons test.
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3.2.4 Kinase(s) responsible for phosphorylating S374 in the α5 subunit

The previous set of experiments using receptor expression in HEK293 cells demon-

strated that mutating α5
S374 affects the function of α5-GABAARs. First, I showed

that α5
S374A

β3γ2L receptors have significantly higher EC50 (Figure 3.4B) and a

lower Hill coefficient (Figure 3.4C) compared to wild-type receptors, which indi-

cates a reduced GABA potency for α5
S374A

β3γ2L receptors. Secondly, investigating

the macroscopic kinetics of GABA-activated currents revealed more than a 2-fold

increase in the activation time for α5
S374A

β3γ2L compared to wild-type receptors

(Figure 3.6A). Since removal of this phosphorylation site by mutation to alanine

leads to changes in receptor function, I speculated that this residue is likely to be

phosphorylated in wild-type α5 subunits under basal conditions in HEK293 cells.

Next, I wanted to know which kinase is responsible for phosphorylating S374 in

wild-type α5 subunits. Since PKC was predicted by the NetPhos 3.1 server to phos-

phorylate α5
S374 and mass spectrometry analyses confirmed that the same residue

was indeed phosphorylated in PMA (PKC activator) treated HEK293 cells express-

ing α5β3γ2L receptors (Table 3.3), I decided to test PKC first. Furthermore, PKC

is known to phosphorylate other GABAAR subunits including β3 and γ2L (Brandon

et al., 2000, 2002b; Kittler et al., 2005; McDonald and Moss, 1994; Mcdonald and

Moss, 1997; Moss et al., 1992). To specifically investigate the potential role of PKC

in phosphorylating α5
S374, I used PMA to activate PKC and compared the effects on

GABA CRC and EC50 values between wild-type α5β3γ2L and mutated α5
S374A

β3γ2L

receptors expressed in HEK293 cells. I excluded α5
S374D

β3γ2L receptors from this

experiment, because this phospho-mimetic mutation appeared to have no signifi-

cant impact upon receptor function from our previous set of experiments (Figures

3.4 and 3.6).

For α5β3γ2L and α5
S374A

β3γ2L receptors, I first recorded the control GABA

CRC, then applied 200 nM PMA for 3 min before re-evaluating the GABA CRC in

the presence of the kinase activator. Adding PMA to wild-type receptors shifted the

GABA CRC to the right (Figure 3.7A) and resulted in a significantly higher EC50

value, which indicates a decreased receptor sensitivity to GABA (2.7 ± 0.8 μM and
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4.8 ± 1.0 μM respectively; two-way RM ANOVA: drug effect p=0.068, genotype

effect p=0.578; followed by Sidak’s multiple comparisons test: α5β3γ2L no drug vs

PMA, adjusted p=0.026; Figure 3.7C). Activating PKC in HEK293 cells express-

ing α5
S374A

β3γ2L receptors did not affect EC50 values (4.3 ± 0.60 μM and 4.3 ±

0.6 μM respectively; Figures 3.7B and 3.7C). Therefore, surprisingly, activation of

PKC has a similar effect on wild-type receptors as introduction of the phospho-null

α5
S374A mutation, with both causing a decrease in GABA potency. However, given

that there was no effect of PMA on α5
S374A

β3γ2L receptors, this suggests that α5
S374

is involved in mediating the PKC-evoked effect on wild-type receptors. Taken to-

gether, these results suggest that PKC does not directly phosphorylate α5
S374 to

cause the decrease in GABA sensitivity but is probably involved in the signalling

pathway.

Following our postulation that PKC may not act directly on α5-GABAARs, I re-

turned to NetPhos 3.1 to expand the search criteria for identifying kinases that may

phosphorylate residues in the mouse α5 gephyrin binding domain. Instead of only

allowing positive hits with scores higher than 0.5, I looked at the top three ranked

kinases based on their scores. In addition to PKC, cyclin-dependent kinase 2 (cdc2)

and GSK3 were predicted to phosphorylate α5
S374 (Table 3.4). Ca2+/calmodulin-

dependent protein kinase II (CaMKII) was also highlighted as a potential kinase for

phosphorylating another two residues, T379 and T380 in the gephyrin binding do-

main. All the aforementioned kinases are found at inhibitory synapses (Uezu et al.,

2016).

To evaluate the probability of cdc2 and GSK3 phosphorylating residue S374 I

searched for known short linear motifs in the intracellular domain of the α5 sub-

unit using the online prediction tool ELM. The prediction power was enhanced by

applying additional filters such as the cell compartment (e.g, cytosol and plasma

membrane) and species (e.g, Mus musculus). In addition to phosphorylation motifs,

ELM found motifs for other classes of protein interaction across the intracellular

domain of the α5 subunit (see Table 3.4, column 3). All results are presented, but as

the aim was to find kinase consensus motifs in the gephyrin binding domain of the
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(A) (B)

(C)

Figure 3.7: Activation of PKC decreases GABA sensitivity for wild-type α5β3γ2L but
not for α5

S374A
β3γ2L receptors.

GABA CRC for (A) wild-type α5β3γ2L (n=6) and (B) mutated α5
S374A

β3γ2L (n=5)
receptors recorded in the absence (black and red respectively) and presence (grey and pink
respectively) of 200 nM PMA. (C) Bars represent mean GABA EC50 (μM) values and are
shown in black or grey (before and after applying 200 nM PMA) for wild-type α5β3γ2L
receptors and in red or pink for mutated α5

S374A
β3γ2L receptors. Points represent EC50

values calculated for individual cells and are linked for no treatment and PMA data points
as these were recorded from the same cell. Error bars represent SEM. ∗ p< 0.05, two-way
RM ANOVA followed by Sidak’s multiple comparisons test.
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Table 3.4: Kinases predicted by NetPhos 3.1 server to phosphorylate α5 subunit in the
gephyrin binding domain.
There are three potential phosphorylation residues in the gephyrin binding domain of the
α5 subunit based on the prediction server NetPhos 3.1. Top ranked kinases for
phosphorylating each of these residues based on kinase scores are PKC, GSK3, cdc2 and
CaMKII.

Residue Context Kinase Score

S374 ILNKSTNAF
PKC 0.560
cdc2 0.487

GSK3 0.445

T379 TNAFTTGKL
PKC 0.515

GSK3 0.475
CaMKII 0.439

T380 NAFTTGKLT
unsp. 0.958
PKC 0.792

CaMKII 0.431

α5 subunit, the other motifs were not investigated further. Serine 374 is part of the

canonical consensus sequence for GSK3, which is composed of two key residues,

either S or T, which are separated by 2-4 amino acids from a further S or T that acts

as a priming phosphorylated residue (Sp/Tp). Both α5
S374 and T379 potentially fulfil

the criterion of being a part of a GSK3 consensus motif of S/T-X2-4-Sp/Tp, assum-

ing that the residue T379 is previously phosphorylated by another unknown kinase to

prime α5
S374 for phosphorylation by GSK3. The α5 sequence is 374-STNAFT-379

(Figure 3.3).
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Table 3.5: Classes of motif identified in the intracellular domain of the mouse α5 subunit.
I used the ELM prediction tool to find different classes of motifs in the large intracellular domain of the α5 subunit (UniProt entry Q8BHJ7, amino
acids 342-428 between TM3-TM4). Only matches including the cell compartments cytosol and plasma membrane were included in the analysis. S374

is highlighted in red.

Matched
sequence

Position ELM description Cell
compartment

NY 342-343 N-terminal motif that initiates protein degradation cytosol

YFTK 343-346 STAT5 Src homology 2 (SH2) domain binding motif cytosol

KIKKKERELIL 361-371 MAPK interacting molecules carry docking motif that helps to regulate
the specific interactions in the MAPK cascade

nucleus, cytosol

RELIL 367-371 Substrate recognition site that interacts with cyclin and thereby
increases phosphorylation by cyclin/cdk complexes

cytosol, nucleous

LNKSTN 371-376 NEK2 phosphorylation motif nucleus, cytosol

NKSTNAFT
AFTTGKLT
PTVSIKAS
IKASEEKT

372-379
377-384
402-409
406-413

GSK3 phosphorylation recognition site cytosol, nucleus
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Matched
sequence

Position ELM description Cell
compartment

THPPNIP 384-390 Motif recognised by SH3 domains with a
non-canonical class I recognition specificity

plasma
membrane

focal adhesion
cytosol

PTVSIK 402-407 NEK2 phosphorylation motif nucleus, cytosol

ASEE 408-411 Major TRAF2 binding consensus motif cytosol

SKKTYNS 416-422 CK1 phosphorylation site cytosol, nucleous

TYNSI 419-423 Canonical LIR motif that binds to Atg8 protein family members
to mediate processes involved in autophagy

cytosol
late endosome

membrane

YNSI 420-423 Tyrosine-based sorting signal responsible for the interaction
with the AP (adaptor protein) complex

plasma
membrane

endocytic vesicle
cytosol
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GSK3 is a multi-substrate, serine/threonine-protein kinase that is at the cen-

tre of numerous signalling pathways. Therefore, it is not surprising that GSK3 is

involved in a range of biological processes. In addition, dysfunction of this ki-

nase is associated with autism spectrum disorder, Alzheimer’s disease, Parkinson’s

disease, Huntington’s disease, stroke, Fragile X syndrome and several psychiatric

diseases (Beurel et al., 2015; Pandey and DeGrado, 2016). The two isoforms of

GSK3, GSK3α and GSK3β, are both expressed in the brain (Yao et al., 2002). At

inhibitory synapses, GSK3β is best known for regulating postsynaptic plasticity via

phosphorylating gephyrin, which reduces clustering (Tyagarajan et al., 2011, 2013).

Given this link, I therefore chose this isoform for further investigation.

I took a similar approach to that previously adopted for PKC to investigate the

potential role of GSK3β in phosphorylating α5
S374. Unfortunately, no direct acti-

vator of GSK3β has yet been developed, thus ruling out pharmacological activation

of this kinase as an experimental approach. Therefore, I co-transfected HEK293

cells with a constitutively-active mutant form of GSK3β (GSK3β S9A) (Stambolic

and Woodgett, 1994) and compared these cells in parallel to those transfected with

just α5β3γ2L alone. I hypothesized that expressing activated GSK3β should potenti-

ate wild-type receptors by phosphorylating a higher percentage of receptors, unless

all wild-type receptors are already fully phosphorylated, a scenario which seemed

unlikely. Also, if S374 is the phosphorylation site for GSK3β, then in the absence

of this target residue, in α5
S374A

β3γ2L receptors, adding GSK3β S9A should have

no effect. Whilst I lack a specific activator of GSK3β, there is a specific inhibitor,

CHIR99021 (CHIR). Using the inhibitor, I first recorded the control GABA CRC,

before applying 1 μM CHIR (IC50 value is 6.7 nM for GSK3β (Kaku et al., 2008))

and then after a 5 min incubation period, I recorded GABA currents for compiling

the CRC again.

As expected, co-expression of GSK3β S9A with wild-type receptors shifted

the GABA CRC to the left (Figure 3.8A) and resulted in a significantly lower

mean EC50 value (6.5 ± 1.4 μM and 3.3 ± 0.4 μM respectively; two-way ANOVA:

GSK3β S9A effect p=0.114, genotype effect p=0.249; followed by Sidak’s multi-
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ple comparisons test: α5β3γ2L receptors co-expressed with GSK3β S9A vs α5β3γ2L

receptors, adjusted p=0.023; Figure 3.8D), which suggests that GSK3β S9A potenti-

ated the function of wild-type receptors. In contrast, co-expression of GSK3β S9A

with mutated α5
S374A

β3γ2L receptors did not have any effect on the GABA CRC

(Figure 3.8B) or EC50 values (5.8 ± 0.9 μM and 6.1 ± 1.1 μM respectively; Figure

3.8D). CHIR (1 μM) had no effect on the GABA EC50 values for wild-type recep-

tors (6.5 ± 1.4 μM and 7.2 ± 1.4 μM, in the absence or presence of the inhibitor

respectively; Figures 3.8A and 3.8C) or for mutated α5
S374A

β3γ2L receptors (5.8 ±

0.9 μM and 5.6 ± 1.1 μM, in the absence or presence of CHIR respectively; Fig-

ures 3.8B and 3.8C). It should also be noted that EC50 values were much higher in

this experiment and the significant difference between wild-type and α5
S374A

β3γ2L

receptors seen in previous experiments was not clear. It is likely that the phospho-

rylation status of residue α5
S374 in HEK293 cells has changed between experiments

demonstrating the importance of controlling the extent of phosphorylation in such

experiments. Nevertheless, the observation that co-expression of GSK3β S9A af-

fects wild-type, but not mutated α5
S374A

β3γ2L receptors suggests that GSK3β could

directly phosphorylate α5
S374 to increase receptor sensitivity to GABA activation.
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(A) (B)

(C) (D)

Figure 3.8: Constitutively-active GSK3β S9A increases GABA sensitivity for
wild-type α5β3γ2L but not for α5

S374A
β3γ2L receptors.

GABA CRC for (A) wild-type α5β3γ2L or (B) mutated α5
S374A

β3γ2L receptors. Cells
expressing wild-type or mutated receptors were untreated (n=7, black and n=8, red),
exposed to 1 μM GSK3β inhibitor CHIR (grey or pink) or cells co-expressed a
constitutively-active form of GSK3β S9A (n=12, green or n=6, purple respectively). (C)
and (D) Bars represent mean GABA EC50 (μM) values and are shown in black, grey and
green for wild-type α5β3γ2L receptors and in red, pink and purple for mutated
α5

S374A
β3γ2L receptors (no treatment, CHIR and +GSK3β S9A respectively). Points

represent EC50 values calculated for individual cells and are linked for no treatment and
CHIR data points as these were recorded from the same cells. Error bars represent SEM. ∗
p< 0.05, two-way ANOVA followed by Sidak’s multiple comparisons test.
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3.3 Discussion

Phosphorylation is one of the post-translational modifications that controls

GABAAR function and subcellular location (see earlier sections). Many studies

have addressed the location of phosphorylation sites in GABAARs, but so far, none

have identified any such sites in the α5 subunit until now (Nakamura et al., 2015).

In this Chapter, I have identified three new phosphorylation sites in the gephyrin

binding domain contained in the α5 subunit ICD. I also investigated the effects

of phosphorylating α5
S374 on α5-GABAARs function and surface expression in

HEK293 cells. Finally, I demonstrated the involvement of both, PKC and GSK3β

in phosphorylating residue α5
S374.

I used mass-spectrometry and two online prediction tools, NetPhos 3.1 server

and ELM, to identify novel phosphorylation sites in the α5 subunit. I prepared two

sets of biological samples, adult rat brain and transfected HEK293 cell lysates, to

purify both native and recombinant α5-GABAARs respectively. Mass spectrometry

analysis found one phosphopeptide from the rat hippocampal lysate and seven phos-

phopeptides from the HEK293 samples. In total, the online prediction tools fore-

casted eleven potential phosphorylated residues in the large intracellular domain of

the α5 subunit, of which six were confirmed by mass-spectrometry. Between the

samples, residues S374, T379 and T380, located in the GBD of the α5 subunit, were

phosphorylated. Previously, it has been shown that the GBD of subunits α1 and α2

are also subject to phosphorylation (Mukherjee et al., 2011; Nakamura et al., 2020).

I were not surprised to find multiple residues phosphorylated as there are also two

phosphorylation sites described in the GBD for the α2 subunit (Nakamura et al.,

2020). Although the primary sequence of this domain varies significantly between

different α subunits, I propose that phosphorylating GBD in a α subunit is a com-

mon mechanism to regulate the interaction between gephyrin and GABAARs. Here,

I selected residue α5
S374 for further investigation. Future experiments will examine

the importance and the interplay between all three identified phosphorylation sites.

The second set of experiments were designed to assess the importance of

residue α5
S374 on receptor function using whole-cell patch-clamp electrophysiology
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in HEK293 cells. Removing the phosphorylation site by mutating α5
S374A increased

EC50 values and reduced the Hill coefficient, indicating that this mutation reduced

GABA sensitivity and potentially reduced the cooperativity of GABA binding for

α5
S374A

β3γ2L receptors. Examination of the macroscopic parameters for GABA-

evoked currents unveiled that mutating α5
S374A increased the activation time by

more than 2-fold, which supports the altered GABA binding hypothesis. Together,

this data provides evidence that residue α5
S374 affects α5-GABAARs function.

Synaptic and extrasynaptic GABAARs are composed of receptor subunits that

convey electrophysiological properties ideally suited to generate transient phasic or

persistent tonic inhibition in the brain (Banks and Pearce, 2000; Farrant and Nusser,

2005). Different GABAARs subtypes exhibit a range of GABA potencies: extrasy-

naptic α6 subunit-containing receptors have the highest potency for GABA, whereas

synaptic α2β3γ2 and α3β3γ2 receptors exhibit the lowest potency (Mortensen et al.,

2011). α5-GABAARs, found both at synaptic and extrasynaptic areas, have inter-

mediate sensitivities to GABA. Based on our results, I assume that probably α5
S374

is phosphorylated under basal conditions in HEK293 cells and dephosphorylation

makes α5-GABAARs less sensitive to GABA. I hypothesize that reduced GABA

sensitivity could make unphosphorylated α5-GABAARs more suitable for synaptic

localization compared to phosphorylated counterparts.

Next, I wanted to identify the kinase responsible for phosphorylating α5
S374

and based on the prediction server, PKC was the first kinase to be tested. Initially,

I used PMA to activate PKC. If PKC is the kinase responsible for phosphorylat-

ing α5
S374, then I expected to see the opposite effects from mutating this serine

to a phospho-null residue. Surprisingly, activating PKC had the same effect on

GABA potency as mutating α5
S374 to alanine, which means it is unlikely to directly

phosphorylate this residue, but instead perhaps engages with another kinase. PKC

is known to phosphorylate other GABAAR subunits (Nakamura et al., 2015), but

these are probably not involved since comparing the effects of PMA between WT

and mutated receptors clearly showed that the inhibitory effects of PMA on receptor

function were mediated alone by α5
S374.
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Although PKC did not directly phosphorylate α5
S374, it appeared to negatively

affect the signalling pathway that does cause phosphorylation. GSK3β is one of

the kinases that is negatively regulated by PKC (Moore et al., 2013). GSK3β is

normally active in cells and is primarily regulated through inhibition of its activity

(Doble and Woodgett, 2003). Interestingly, it is one of the kinases that requires

prior phosphorylation of the target protein (called priming) by another kinase at a

serine or threonine located 3-5 residues C-terminal to the GSK3β phosphorylation

site (Hermida et al., 2017). The consensus sequence identified in the mouse α5

subunit 374-STNAFT-379 shows that S374 together with T379 are ideally located for

GSK3β phosphorylation of the α5 subunit. Moreover, both residues were confirmed

to be phosphorylated by mass-spectrometry analysis in the first set of experiments.

This kinase has not been previously shown to directly phosphorylate any of the

GABAARs, but the scaffold protein gephyrin is a GSK3β substrate (Nakamura et

al., 2015; Tyagarajan et al., 2011, 2013), thus making this kinase an ideal candidate

for phosphorylating α5
S374, a residue located in the gephyrin binding domain (Brady

and Jacob, 2015). As predicted, the constitutively active mutant GSK3β (GSK3β

S9A) enhanced receptor sensitivity to GABA and the GSK3β inhibitor, CHIR, had a

minor inhibitory effect in wt α5β3γ2L but not with mutated α5
S374A

β3γ2L receptors.
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Chapter 4

α5
S374 regulates phasic but not tonic

inhibition mediated by α5-GABAARs

4.1 Introduction

The mechanisms underlying GABAergic plasticity can be categorised into presy-

naptic, postsynaptic, or mixed pre-and postsynaptic origins. In most cases, post-

synaptic plasticity involves the modulation of GABAAR number and/or their prop-

erties at the postsynaptic cell surface membrane (Barberis, 2020), whereas presy-

naptic plasticity involves a change in neurotransmitter release (Yang and Calakos,

2013). Traditionally, mean spontaneous GABA-mediated inhibitory postsynap-

tic current (sIPSC) frequency is used to monitor presynaptic effects (Choi and

Lovinger, 1997) and mean sIPSC amplitude is used to provide insight into the

dynamics of GABAAR numbers at synapses (Nusser et al., 1998b). However,

α5-GABAARs are also expressed at presynaptic terminals (Serwanski et al., 2006),

but the functional consequences of presynaptic inhibition on neurotransmitter re-

lease varies across different synapses (Khatri et al., 2019). In this chapter, mean

sIPSC frequency and amplitude are used to investigate the pre- and postsynaptic

effects of mutating α5
S374: a residue, that I propose impacts on the synaptic accu-

mulation of α5-GABAARs.

The distinct response kinetics of GABAAR subtypes are important for adapt-

ing the extent and duration of inhibition at inhibitory synaptic inputs (Banks and



Pearce, 2000; Farrant and Nusser, 2005). Thus, the specific requirements of individ-

ual synapses, at any particular moment, can be met by varying the expression levels

of different GABAAR subtypes (Eyre et al., 2012; Picton and Fisher, 2007), each

expressing distinctive kinetics (Bosman et al., 2002; Gingrich et al., 1995; Ortinski

et al., 2004). Based on kinetic and amplitude profiles, sIPSCs can further be subdi-

vided into GABAA,fast and GABAA,slow currents (Banks and Pearce, 2000; Banks et

al., 2000). Slowly decaying sIPSCs are one of the key characteristic features gener-

ated by synaptic α5-GABAARs (Banks and Pearce, 2000; Cao et al., 2020; Capogna

and Pearce, 2011; Magnin et al., 2019; Prenosil et al., 2006; Salesse et al., 2011;

Schulz et al., 2018; Vargas-Caballero et al., 2010; Zarnowska et al., 2009). Us-

ing the benzodiazepine-insensitive, α5
H105R mutant mice, Zarnowska and colleges

demonstrated that multiple forms of GABAA,slow IPSCs exist, but α5-GABAARs are

pre-eminent by contributing particularly to large-amplitude spontaneous and evoked

responses in the hippocampus (Zarnowska et al., 2009). This unique kinetic profile

of the α5-GABAAR is therefore used to detect the presence of these receptors at

inhibitory synapses. In addition, I classify sIPSCs into small and large amplitude

groups to specifically determine the GABA synaptic currents most affected by mu-

tating α5
S374.

Using α5 subtype-selective modulators is a useful technique to investigate the

involvement of this particular GABAAR subtype in phasic and tonic inhibition

(Maramai et al., 2020). As mentioned in Section 1.12, L-655,708 is a α5 subunit-

selective partial inverse agonist (or negative allosteric modulator, NAM) that specif-

ically decreases GABAergic transmission via the α5-GABAAR (Quirk et al., 1996).

However, many modulators, including L-655,708, often exhibit only limited selec-

tivity for GABAAR subtypes (Sieghart and Savić, 2018). L-655,708 binds to the

benzodiazepine binding site, located at the interface between α5 and γ2L subunits

and exhibits an 50-100-fold selectivity for α5-GABAARs compared to others con-

taining α1, α2 or α3 subunits. The inhibitory efficacy ( 35-50%) for L-655,708 is

similar at all benzodiazepine-sensitive receptors, but the selectivity of L-655,708

for α5-GABAARs is determined by the higher binding affinity at this subunit (Ca-
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sula et al., 2001; Quirk et al., 1996). Therefore, L-655,708 was used to investigate

the synaptic contribution of α5-GABAARs by measuring the effect on sIPSCs and

on the level of tonic inhibition by measuring a shift in the holding current after par-

tially blocking α5-GABAARs with L-655,708 in neurons expressing wild-type or

mutated α5-GABAARs.

To further explore the impact of the α5-GABAARs on inhibitory transmission,

I target the α5-GABAAR-gephyrin protein complex (Khayenko and Maric, 2019;

Schulte and Maric, 2021). This strategy relies upon the assumption that gephyrin

is a key synaptic scaffold protein that regulates subcellular location and function of

α5-GABAARs (Brady and Jacob, 2015; Tyagarajan and Fritschy, 2014). I investi-

gate by blocking the interaction between α5-GABAAR and gephyrin using a com-

petitive peptide that mimics the gephyrin binding domain (GBD) on the α5 subunit

(Brady and Jacob, 2015). Therefore, in these experiments, I expect to reduce the

synaptic location of α5-GABAARs and hence their contribution to phasic inhibition.
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4.2 Results
Experiments with recombinant GABAARs in HEK293 cells demonstrated that mu-

tating the putative phosphorylation site α5
S374 to alanine, to prevent phosphorylation

by GSK3β, altered both α5-receptor function and its cell surface expression. Whole-

cell electrophysiological recordings from HEK cells expressing α5
S374A

β3γ2L re-

ceptors showed that this mutation resulted in receptors 2-fold less sensitive to

GABA (Figure 3.4), with 2-fold slower macroscopic activation times (Figure 3.6),

and reduced the number of receptors on the cell surface (Figure 3.5).

Whilst the HEK293 cell system provides an opportunity to investigate the func-

tional properties of GABAARs in relative isolation, it is also important to assess the

impact of α5
S374 on receptors residing in their native environment with all other

GABAAR subtypes including the necessary regulatory proteins. Hence, I trans-

fected cultured rat hippocampal neurons with wild-type α5, phospho-null α5
S374A

or phospho-mimetic α5
S374D constructs on the seventh day in vitro (7 DIV) and per-

formed whole-cell recordings to examine sIPSCs and tonic currents on 12-16 DIV.

Tonic currents were revealed by shifts in the holding current after applying 100

μM picrotoxin (PTX). As for HEK293 cell transfections, I also expressed eGFP to

identify transfected neurons, and as a control treatment to confirm that the transfec-

tion process itself did not affect inhibitory transmission (for detailed description of

methods see Section 2.5.1).

4.2.1 α5
S374A prolongs the IPSC decay phase in hippocampal neurons

First, to investigate the impact of α5
S374A on synaptic α5-GABAARs, I performed

a detailed analysis of sIPSC properties and investigated how expressing wild-type

or mutated forms of α5 in cultured hippocampal neurons affected sIPSC mean fre-

quency and amplitude. Neurons transfected with the phospho-null α5
S374A construct

showed a trend towards a reduced mean frequency of GABAergic events compared

to eGFP transfected cells (α5
S374A: 0.96 ± 0.24 Hz and eGFP: 2.33 ± 0.52 Hz;

one-way ANOVA, Tukey’s multiple comparisons test adjusted p=0.0953). Neu-

rons transfected with either the wild-type α5 or phospho-mimetic α5
S374D construct

had similar sIPSC mean frequencies compared to eGFP transfected cells (α5: 2.04
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± 0.74 Hz, α5
S374D: 1.42 ± 0.37 Hz; Figures 4.1A and 4.1E, one-way ANOVA

p=0.8768).

To examine how residue α5
S374 may influence the number of GABAARs at in-

hibitory synapses, I compared sIPSC mean amplitudes between the four different

transfected cell groups. sIPSC mean amplitudes were consistent across all trans-

fected cell groups (eGFP: -77.40 ± 11.62 pA, α5: -81.59 ± 17.79 pA, α5
S374A:

-106.3 ± 31.63 pA, α5
S374D: -98.00 ± 37.46 pA; Figures 4.1B and 4.1E), there-

fore mutating α5
S374 does not appear to affect the mean number of GABAARs at

inhibitory synapses.

Secondly, for each transfected cell, a minimum of fifty GABAergic events were

analysed for their kinetic profiles. sIPSCs were only selected for analysis if they

presented ‘clean’ sIPSC profiles from which a mean IPSC was constructed (Figure

4.1F; for full details of analysis see Section 2.5.5). Neurons expressing α5
S374A

had significantly slower decaying sIPSCs compared to α5 or eGFP transfected cells

(eGFP: 41.1 ± 4.0 ms, α5: 60.1 ± 4.9 ms, α5
S374A: 88.0 ± 8.1 ms, α5

S374D: 67.1 ±

8.3 ms; one-way ANOVA p=0.0002, Tukey’s multiple comparisons tests, eGFP vs.

α5
S374A p<0.0001, α5 vs. α5

S374A p=0.0305, Figure 4.1C). Decay phase of α5
S374D

transfected neurons did not significantly differ from any other transfection groups.

There were no changes to the mean IPSC 10 - 90% rise times (eGFP: 1.2 ± 0.2 ms,

α5: 1.0 ± 0.1 ms, α5
S374A: 1.2 ± 0.1 ms, α5

S374D: 1.2 ± 0.1 ms; one-way ANOVA

p=0.5652; Figure 4.1D).

Together, these results indicate that the mean number of GABAARs at individ-

ual synapses are likely to be similar between wild-type and α5
S374A transfected cells

(no change in sIPSC mean amplitudes). However, the increased decay time con-

stant for α5
S374A transfected cells suggest that the population of synaptic receptor

subtypes was re-modelled in the neuronal environment, as experiments in HEK293

cells demonstrated that the α5
S374A mutation does not appear to affect macroscopic

receptor desensitisation or deactivation, the two receptor properties most likely to

translate into altered IPSC decays.
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Figure 4.1: Mutating α5
S374A results in slower decaying sIPSCs in hippocampal

neurons.
Bars represent the mean values of sIPSC (A) frequency (Hz), (B) amplitude (pA), (C)
weighted tau decay time (ms) and (D) rise time (ms) and are shown in green for eGFP,
black for wild-type α5, red for the phospho-null α5

S374A and blue for the phospho-mimetic
α5

S374D expressing neurons. Points represent mean values calculated for individual cells.
sIPSC frequency and amplitude: eGFP n=11, α5 n=9, α5

S374A n=18, α5
S374D n=10; sIPSC

decay and rise time: eGFP n=10, α5 n=9, α5
S374A n=14, α5

S374D n=8. Error bars represent
SEM. ∗ p<0.05, ∗∗∗ p<0.001 one-way ANOVA followed by Tukey’s multiple
comparisons test. (E) Example sIPSC recordings and (F) mean peak-scaled IPSCs from
representative GFP, α5, α5

S374A and α5
S374D transfected cells.

4.2.2 L-655,708 blocks large-amplitude IPSCs in hippocampal neurons

To further investigate the synaptic effects seen with the α5 subunit variants in

the previous experiment, I used the α5 subunit-selective partial inverse agonist L-

655,708 (L655) to selectively inhibit these receptors. Recordings were made from

cultured hippocampal neurons transfected with either eGFP, wild-type α5, mutant

α5
S374A or α5

S374D constructs as before. After a ∼15 min period of stable control

recordings, L-655,708 (50 nM, IC50 0.4 nM, Manzo et al 2021) was bath-applied

and sIPSCs detected in the presence of L-655,708 were compared with control sIP-

SCs obtained before drug application in the same cell. I analysed sIPSC mean

frequency and amplitude, as well as mean IPSC decay and rise times. Two-way

repeated-measures (RM) ANOVA results indicate a significant overall effect of

L-655,708 treatment (p=0.0170) but no overall effect of the transfected construct

(p=0.4120) on the mean sIPSC frequency. A clear trend for a reduction of sIPSC

frequency by L-655,708 was noted for all α5 transfected neurons (wt, α5
S374A,

α5
S374D), but not for eGFP (no drug vs. L-655,708; eGFP: 1.67 ± 0.42 vs. 1.83

± 0.95 Hz, α5: 1.58 ± 0.25 vs. 0.77 ± 0.17 Hz, α5
S374A: 1.10 ± 0.38 vs. 0.68 ±

0.18 Hz, α5
S374D: 1.97 ± 0.66 vs. 1.10 ± 0.57 Hz; Figure 4.2A). However, none

of the individual pairwise comparisons were considered significant after correction

for multiple comparisons. Interestingly, L-655,708 did not affect the mean sIPSC

frequency in eGFP transfected control cells. Although, there were no significant

effects of L-655,708 on mean sIPSC amplitudes, I noticed a trend for reduction

of sIPSC amplitudes in neurons transfected with α5
S374A and α5

S374D (no drug vs.
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L-655,708; α5
S374A: -142.7 ± 49.27 vs. -74.16 ± 15.29 pA; α5

S374D: -146.2 ±

71.15 vs. -73.97 ± 30.72 pA; two-way RM ANOVA, drug effect p=0.1440, trans-

fected construct effect p=0.9899; Figure 4.2B). All results from this section are sum-

marised in Table 4.1. Taken together, these data provide evidence that L-655,708

reduces sIPSC frequency and may also affect amplitude suggesting the involvement

of synaptic α5-GABAARs.

The impact of L-655,708 on IPSC decay and rise times was assessed by ex-

amination of clean profile IPSC events as before. A two-way RM ANOVA analysis

data revealed a significant overall effect of transfected construct on mean IPSC de-

cay (p=0.0272); however, none of the individual pairwise comparisons reached sig-

nificance after correction for multiple comparisons (Figure 4.2C). This result likely

reflects the prolonged sIPSC decay time caused by transfection with α5
S374A (Fig-

ure 4.1C). L-655,708 did not affect the mean IPSC decay time constants (overall

drug effect p=0.6618) or rise times (overall drug effect p=0.8724, Figure 4.2D) in

any of the transfected cell groups. All results from this section are summarised in

Table 4.2.

Table 4.1: L-655,708 decreases mean sIPSC frequency in wild-type and mutated α5
transfected neurons.
Summary of sIPSC frequency (Hz) and amplitude (pA) values (mean ± SEM) in control
conditions and in the presence of 50 nM L-655,708. L-655,708 reduced the mean sIPSC
frequency in wild-type and mutant α5 but not in eGFP transfected neurons (two-way RM
ANOVA: drug effect p=0.017, transfected construct effect alone p=0.412; followed by
Sidak’s multiple comparisons test). There were no significant changes in mean sIPSC
amplitude in any transfection group (two-way RM ANOVA: drug effect p=0.1440,
transfected construct effect p=0.9899).

Transfected
with

Number
of cells

Treatment sIPSCs
frequency (Hz)

sIPSCs
amplitude (pA)

eGFP 4
N/A 1.67 ± 0.42 -110.5 ± 17.07

L-655,708 1.83 ± 0.95 -128.4 ± 23.17

α5 6
N/A 1.58 ± 0.25 -99.58 ± 23.49

L-655,708 0.77 ± 0.17 -100.1 ± 30.37

α5
S374A 11

N/A 1.10 ± 0.38 -142.7 ± 49.27
L-655,708 0.68 ± 0.18 -74.16 ± 15.29

α5
S374D 5

N/A 1.97 ± 0.66 -146.2 ± 71.15
L-655,708 1.10 ± 0.57 -73.97 ± 30.72
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(A) (B)

(C) (D)

Figure 4.2: L-655,708 reduces the mean sIPSC frequency of wild-type and mutated α5
transfected neurons.
Bars represent the mean values of sIPSC (A) frequency (Hz), (B) amplitude (pA), (C)
decay time (ms) and (D) rise time (ms) and are shown in green for eGFP, black for
wild-type α5, red for the phospho-null α5

S374A and blue for phospho-mimetic α5
S374D

expressing neurons. Points represent mean values calculated for individual cells and are
linked for ‘no drug’ treatment and L-655,708 data points, recorded from the same cells.
Mean sIPSC frequency and amplitude: eGFP n=4, α5 n=6, α5

S374A n=11, α5
S374D n=5;

mean IPSC decay and rise time: eGFP n=4, α5 n=3, α5
S374A n=8, α5

S374D n=3. Error bars
represent SEM. ∗ p<0.05, two-way RM ANOVA followed by Sidak’s multiple
comparisons test.
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Table 4.2: L-655,708 does not affect mean sIPSC decay or rise times.
Summary of the mean IPSC decay (ms) and rise time (ms) values (mean ± SEM) in
control conditions and in the presence of 50 nM L-655,708. L-655,708 did not affect mean
IPSC decay or rise time values. Two-way RM ANOVA decay: drug effect p=0.662,
transfected construct effect p=0.027; rise time: drug effect p=0.872, transfected construct
effect p=0.657; followed by Sidak’s multiple comparisons test.

Transfected
with

Number
of cells

Treatment Mean IPSCs
decay (ms)

Mean IPSCs
rise time (ms)

eGFP 4
N/A 43.7 ± 5.3 1.5 ± 0.2

L-655,708 47.1 ± 7.3 1.6 ± 0.3

α5 3
N/A 72.2 ± 6.6 1.2 ± 0.3

L-655,708 78.0 ± 13.4 1.3 ± 0.2

α5
S374A 8

N/A 98.7 ± 10.0 1.4 ± 0.1
L-655,708 88.0 ± 10.5 1.3 ± 0.1

α5
S374D 3

N/A 71.6 ± 12.2 1.3 ± 0.1
L-655,708 66.4 ± 10.8 1.2 ± 0.2

To further examine the reduction in mean sIPSC amplitudes, I combined all

events from one transfection group before and after drug application and visualised

the results using relative frequency plots (Figure 4.3). First, I noticed that both mu-

tants, α5
S374A (Figure 4.3C) and α5

S374D (Figure 4.3D), had more large amplitude

sIPSCs compared to wild-type (Figure 4.3B) and eGFP (Figure 4.3A) transfected

neurons. Secondly, L-655,708 reduced the amplitude of the large-amplitude synap-

tic events in α5
S374A and α5

S374D and not in wild-type and eGFP transfected neurons.

Finally, in each transfection group, sIPSCs with amplitudes 0 to -100 pA accounted

for the majority (>70%) of all events (eGFP: 82.8%, α5: 78.9%, α5
S374A: 74.7%,

α5
S374D: 69.9%).

To quantify the observed differences in the effects of L-655,708 on different

amplitude GABA synaptic currents, I subdivided the sIPSCs into small- and large-

amplitude groups. First, I fitted amplitude distributions to the pooled sIPSCs in each

transfection group under control conditions with the sum of three (eGFP, α5
S374A,

α5
S374D) or four (α5) Gaussian functions (Figure 4.4. Then, I evaluated the three pa-

rameters characterizing each individual component (A, amplitude; x, peak; c, peak

centre; w, half-amplitude width). Our goal was to find one cut-off amplitude for all

transfection groups that includes most of the data that had been fitted with the sum
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Figure 4.3: L-655,708 reduces the number of the largest amplitude sIPSCs in α5
S374A

and α5
S374D transfected neurons.

Relative frequency plots for all sIPSC amplitudes recorded from (A) eGFP (n=4, green),
(B) α5 (n=6, black), (C) α5

S374A (n=11, red) and (D) α5
S374D (n=5, blue) transfected

neurons. Coloured bars on the relative frequency plots represent the amplitude
distributions under control conditions and grey bars reflect the presence of L-655,708.
Selected areas on the α5

S374A and α5
S374D plots are shown zoomed in to emphasise the

range of sIPSC amplitudes where L-655,708 seemed to have the largest effect.
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of Gaussian functions. The relative frequency distributions of the largest amplitude

sIPSCs were too low and spread to be adequately fit by a Gaussian function, thus

I put these events into one group. Based on the peak centre and width of the third

component (GFP peak c3=-51.57 ± 1.68 pA, w3=39.42 ± 1.76 pA, Figure 4.4A;

α5: peak c3=-42.51 ± 2.52 pA, w3=29.08 ± 3.01 pA, Figure 4.4B; α5
S374A: peak

c3=-78.89 ± 6.45 pA, w3=63.56 ± 7.97 pA, Figure 4.4C; α5
S374D: peak c=-68.55

± 3.58 pA, w3=65.26 ± 4.72 pA, Figure 4.4D), I defined small-amplitude sIPSCs

with an absolute peak amplitude up to 100 pA and the remaining sIPSCs of >100pA

as large-amplitude sIPSCs. Interestingly, I noticed that α5 transfected neurons had a

fourth group of sIPSCs: GABA currents with a larger amplitude (peak c4=-101.57

± 8.26 pA, w4=157.37 ± 11.27 pA). However, as other transfection groups lacked

the fourth component, I classified these events under the ‘large-amplitude’ category.

After sub-dividing the sIPSC-s, the data were re-analysed for control condi-

tions and in the presence of L-655,708 to evaluate the drug effects on sIPSC fre-

quency and amplitude in both (large and small) amplitude groups. L-655,708 af-

fected the frequency of small- and large-amplitude sIPSCs similarly: eGFP trans-

fected neurons were unaffected while the mean frequency of sIPSCs was reduced

in wild-type and mutated α5 transfected neurons (two-way RM ANOVA p=0.0224

drug effect for small-amplitude GABA currents, p=0.0589 drug effect for large-

amplitude events; no statistically significant transfected construct effects; none of

the individual pairwise comparisons reached significance after correction for multi-

ple comparisons; Figures 4.5A and 4.5B).

Next, I reanalysed the sIPSC mean amplitudes to further investigate the trend

in reduction caused by L-655,708 seen in α5
S374A and α5

S374D transfected neurons.

First, I examined the small-amplitude events for each group by comparing the mean

value of amplitudes (Figure 4.6A) and using cumulative probability plots obtained

by pooling data from all cells in each group with or without L-655,708 treatment

(Figure 4.6C). As expected, applying L-655,708 did not affect mean amplitudes

for small IPSCs in any transfected cell group (Figures 4.6A-4.6C). By contrast, L-

655,708 significantly reduced the mean amplitude of large-IPSCs in α5
S374A and
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(A) (B)

(C) (D)

Figure 4.4: sIPSCs segregate into small- and large-amplitude groups.
The sIPSC amplitude distributions for pooled data from (A) eGFP (n=4), (B) α5 (n=6), (C)
α5

S374A (n=11) and (D) α5
S374D (n=5) transfected neurons are fitted with the sum of three

or four Gaussian functions. Blue lines show individual component fits, red lines the sum of
the three or four components. Grey bars represent the amplitude distributions.

α5
S374D transfected neurons (no drug vs. L-655,708, α5

S374A: -452.7 ± 117.6 pA

vs. -284.4 ± 65.66 pA; α5
S374D: -455.7 ± 79.86 pA vs. -235.4 ± 38.08 pA; two-

way ANOVA: drug effect p=0.0025, transfected construct effect p=0.3860; followed

by Sidak’s multiple comparisons test: α5
S374A adjusted p=0.0127, α5

S374D adjusted

p=0.0313; Figures 4.7A-4.7C). Based on this result I concluded that both mutants

significantly contributed to large-amplitude synaptic currents. All the results from

this section are shown together in Table 4.3.

To summarize, these results indicate that L-655,708 has pre- and postsynap-

tic effects by reducing the frequency and amplitude of sIPSCs. Interestingly, L-

655,708 appears to cause a selective reduction in large amplitude sIPSCs and only
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(A) (B)

Figure 4.5: L-655,708 reduces the mean frequency of small- and large-amplitude
IPSCs in wild-type and mutated α5 transfected neurons similarly.
Bars represent the mean values for frequency (Hz) of (A) small amplitude and (B)
large-amplitude sIPSCs and are shown in green for eGFP (n=4), black for wild-type α5
(n=6), red for phospho-null α5

S374A (n=11) and in blue for phospho-mimetic α5
S374D (n=5)

transfected neurons. Points represent mean values calculated for individual cells and are
linked for no treatment and L-655,708 data points as these were recorded from the same
cell. Error bars represent SEM. ∗ p<0.05, two-way RM ANOVA followed by Sidak’s
multiple comparisons test.

in cells transfected with α5
S374A and α5

S374D. Small amplitude sIPSCs were un-

affected by L-655,708 in all transfected groups. These results further support the

notion that α5 receptors contribute to large-amplitude inhibitory synaptic currents.
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(A) (B)

(C)

Figure 4.6: L-655,708 does not affect the mean amplitude of small sIPSCs.
(A) Bars represent the mean values of amplitude of small-amplitude sIPSCs and are shown
in green for eGFP (n=4), black for wild-type α5 (n=6), red for phospho-null α5

S374A (n=11)
and in blue for phospho-mimetic α5

S374D (n=5) transfected neurons. Points represent mean
values calculated for individual cells and are linked for no treatment and L-655,708 data
points as these were recorded from the same cell. Error bars represent SEM. No
statistically significant changes according to two-way RM ANOVA test. (C) All sIPSCs
from all cells in one transfected group were pooled and analysed using cumulative
probability plots. (B) Example recordings for small-amplitude sIPSCs.
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(A) (B)

(C)

Figure 4.7: L-655,708 significantly reduces the mean amplitude of large sIPSCs in
α5

S374A and α5
S374D transfected neurons.

(A) Bars represent the mean values of amplitude of large-amplitude sIPSCs and are shown
in green for eGFP (n=4), black for wild-type α5 (n=6), red for phospho-null α5

S374A (n=11)
and in blue for phospho-mimetic α5

S374D (n=5) transfected neurons. Points represent mean
values calculated for individual cells and are linked for no treatment and L-655,708 data
points as these were recorded from the same cell. Error bars represent SEM. ∗ p<0.05, ∗∗
p<0.005 two-way RM ANOVA followed by Sidak’s multiple comparisons test. (C) All
sIPSCs from all cells in one transfected group were pooled and analysed using cumulative
probability plots. (B) Example recordings for large-amplitude sIPSCs
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Table 4.3: L-655,708 decreases mean amplitude of large-amplitude sIPSCs in α5
S374A and α5

S374D transfected neurons.
Summary of sIPSC frequency (Hz) and amplitude (pA) values (mean ± SEM) before and after applying L-655,708. Application of L-655,708
significantly reduced the sIPSC mean frequency in wild-type and mutant α5 transfected neurons similarly. Two-way RM ANOVA: small-amplitude
currents, drug effect p=0.022, transfected construct effect p=0.314; large-amplitude currents, drug effect p=0.059, transfected construct effect p=0.647;
followed by Sidak’s multiple comparisons test. L-655,708 significantly reduced the mean amplitude of large-amplitude sIPSCs in α5

S374A and α5
S374D

transfected neurons. Two-way RM ANOVA: large-amplitude currents, drug effect p=0.003, transfected construct effect p=0.386; followed by Sidak’s
multiple comparisons test: α5

S374A adjusted p=0.013, α5
S374D adjusted p=0.031.

Transfected
with

Number
of cells

Treatment Small-amplitude GABA currents Large-amplitude GABA currents

sIPSCs
frequency (Hz)

sIPSCs
amplitude (pA)

sIPSCs
frequency (Hz)

sIPSCs
amplitude (pA)

eGFP 4
N/A 1.34 ± 0.25 -35.97 ± 4.50 0.32 ± 0.18 -564.1 ± 120.2

L-655,708 1.32 ± 0.57 -37.03 ± 3.67 0.52 ± 0.38 -504.2 ± 127.7

α5 6
N/A 1.10 ± 0.11 -36.73 ± 2.64 0.47 ± 0.17 -286.3 ± 57.03

L-655,708 0.59 ± 0.16 -33.39 ± 4.23 0.18 ± 0.05 -250.1 ± 52.70

α5
S374A 11

N/A 0.84 ± 0.26 -33.85 ± 1.80 0.26 ± 0.12 -452.7 ± 117.6
L-655,708 0.56 ± 0.13 -31.45 ± 2.49 0.12 ± 0.05 -284.4 ± 65.66

α5
S374D 5

N/A 1.32 ± 0.43 -37.02 ± 3.82 0.65 ± 0.46 -455.7 ± 79.86
L-655,708 0.71 ± 0.26 -34.26 ± 3.88 0.36 ± 0.32 -235.4 ± 38.08
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4.2.3 Competition for gephyrin binding leads to faster sIPSC decays in

α5
S374A transfected cells

Based on previous research that synaptic α5-GABAARs exhibit large-amplitude and

slowly decaying synaptic GABA currents (Zarnowska et al., 2009), I hypothesized

that an increased sIPSC decay time constant and more large-amplitude synaptic

events for α5
S374A transfected cells may represent an increased synaptic accumula-

tion of α5
S374A-GABAARs (Figure 4.8B). To investigate this hypothesis, I designed

a small blocking peptide that mimics the gephyrin binding domain sequence on

the α5 subunit to disrupt the interaction between α5-GABAARs and this important

synaptic scaffold protein (sequences and modifications of peptides are described

in Section 2.5.4) (Figure 4.8A). As a control, I also designed a scrambled version

of the peptide. I postulated that the blocking peptide would prevent the localiza-

tion of α5
S374A-GABAARs at inhibitory synapses by competing with the receptors’

intracellular domain for the binding site on gephyrin (Figure 4.8C), whereas the

scrambled peptide would not (Figure 4.8D). Using a competitive peptide to block

the interaction between two proteins is a common technique used in GABAARs re-

search (Brandon et al., 2002b; Maric et al., 2017; Shen et al., 2019; Weltzien et al.,

2012).

The peptides were dissolved in the patch pipette solution for intracellular deliv-

ery, and sIPSCs recorded over time. The presence of 30 μM blocking peptide, but

not an equivalent concentration of the scrambled peptide, decreased sIPSC decay

times in neurons expressing the α5
S374A mutant (scrambled vs. blocking peptide:

76.33 ± 6.51 ms vs. 45.18 ± 4.90 ms; two-tailed unpaired t-test p=0.0034; Figure

4.9B). Mean sIPSC amplitude (scrambled vs. blocking peptide: -67.23 ± 17.94 pA

vs. -92.02 ± 32.56 pA; two-tailed unpaired t-test p=0.5199; Figure 4.9A) and IPSC

rise time (scrambled vs. blocking peptide: 1.75 ± 0.08 ms vs. 1.68 ± 0.17 ms;

two-tailed unpaired t-test p=0.7288; Figure 4.9C) were unaffected by the blocking

peptide.

By examining all synaptic GABA currents recorded from cells internally-

perfused with either blocking or scrambled peptide, I noticed those with the block-
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(A) (B)

(C)

(D)

Figure 4.8: Schematic explaining the strategy with blocking peptide.
(A) Mass-spectrometry experiments showed that α5

S374, a residue located in the gephyrin
binding domain, exists in both phosphorylated and unphosphorylated forms. Based on the
amino acid sequence of the gephyrin binding domain in the wild-type α5 subunit, I
designed a blocking peptide to act as a binding competitor, as well as a scrambled version
of the same peptide. (B) I hypothesized that the increased decay time constant seen with
sIPSCs recorded from α5

S374 transfected neurons may indicate increased synaptic
accumulation of α5

S374A-GABAARs following interaction with gephyrin. (C) If this
hypothesis is true, then I would expect this effect to be reversed by the blocking peptide,
i.e., a faster decay rate. (D) In contrast, the scrambled peptide should not disturb the
interaction between α5

S374A-GABAARs and gephyrin at inhibitory synapses.
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ing peptide had less large-amplitude GABA currents (Figure 4.9E). However, sub-

dividing the sIPSCs into small (< 100 pA, scrambled vs. blocking peptide: -26.15

± 2.78 pA vs. -31.29 ± 2.34 pA; two-tailed unpaired t-test p=0.1874) and large (>

100 pA, scrambled vs. blocking peptide: -291.9 ± 72.15 pA vs. -232.2 ± 39.64 pA;

two-tailed unpaired t-test p=0.4847) amplitude groups did not reveal any significant

changes to mean sIPSCs amplitudes (Figure 4.9D and 4.9E). From these experi-

ments, I concluded that the increased decay time constant of α5
S374A transfected

cells was most likely caused by increased synaptic accumulation of α5-GABAARs.

4.2.4 L-655,708 blocks tonic GABA current in neurons expressing all α5 sub-

unit variants

The preceding experiments with L-655,708 focused on synaptic GABAAR, but it is

also important to see if mutating α5
S374 affects tonic inhibition mediated by extrasy-

naptically located α5-GABAARs. To investigate GABA-mediated tonic currents, I

first applied L-655,708 (50 nM) to measure the shift in the holding current reveal-

ing an estimate of the α5-GABAAR supported tonic current. Next, I applied a sat-

urating concentration of the GABAAR antagonist picrotoxin (100 μM, PTX) in the

continued presence of L-655,708, to reveal any remaining tonic current mediated

by unblocked α5 and other GABAAR subtypes, for example δ- subunit containing

GABAARs (Figures 4.10A to 4.10B).

Notably, for α5 and α5
S374A transfected neurons, significantly less total tonic

current was evident when compared to eGFP expressing control cells (tonic blocked

by L-655,708 + PTX, eGFP: 41 ± 8 pA, α5: 19 ± 3 pA, α5
S374A: 19 ± 3 pA,

α5
S374D: 32 ± 6 pA; one-way ANOVA p=0.0073; Tukey’s multiple comparisons

test, eGFP vs. α5 adjusted p=0.0312, eGFP vs. α5
S374A adjusted p=0.0196). A

similar outcome was evident when applying just the α5 selective inhibitor (tonic

blocked by L-655,708 only, eGFP: 21.16 ± 7.70 pA, α5: 5.73 ± 2.55 pA, α5
S374A:

5.63 ± 1.59 pA, α5
S374D: 8.20 ± 1.60 pA; one-way ANOVA p=0.0136; Tukey’s

multiple comparisons test, eGFP vs. α5 adjusted p=0.0296, eGFP vs. α5
S374A ad-

justed p=0.0114; Figure 4.10C). The proportion of the total tonic current that was

sensitive to L-655,708 was very similar between transfections, indicating compara-
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(A) (B) (C)

(D)

(E)

Figure 4.9: Blocking peptide reduces the decay time constant in α5
S374A transfected

neurons.
Bars represent the mean values of (A) sIPSC amplitude, (B) sIPSC decay and (C) rise
times, (D) amplitude of small-amplitude and (E) large-amplitude IPSCs and are shown in
red for α5

S374A with the scrambled peptide (n=6) and purple for α5
S374A with the blocking

peptide (n=6) transfected neurons. Points represent mean values calculated for individual
cells. Error bars represent SEM. ∗∗ p<0.005 two-tailed unpaired t-test. Cumulative
probability plots for (D) small-amplitude and (E) large-amplitude sIPSCs.
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ble contributions of extrasynaptic α5-GABAARs to tonic inhibition (∼ 30%, Figure

4.10D). I concluded that mutating α5
S374 does not affect the tonic current mediated

by α5-GABAARs.

(A) (B)

(C) (D)

Figure 4.10: Expressing α5 and α5
S374A in neurons significantly reduces tonic current.

(A) Schematic of GABAAR isoforms blocked by 50 nM L-655,708 and 100 μM PTX. The
selective partial inverse agonist L-655,708 only blocks a subset of α5 containing
GABAARs, whilst PTX blocks tonic inhibition mediated by all GABAAR subtypes. (B)
Representative example membrane current recording for an α5

S374D expressing cell
showing a two-step block by first L-655,708 and then PTX. (C) Coloured bars represent
total tonic (L-655,708+PTX) and grey bars represent tonic current blocked just by
L-655,708. (D) Bars represent the percentage of the total tonic current sensitive to
L-655,708. Bars are shown in green for eGFP (n=3), black for wild-type α5 (n=7), red for
phospho-null α5

S374A (n=13) and in blue for phospho-mimetic α5
S374D (n=7) transfected

neurons. Points represent mean values calculated for individual cells. Error bars on both
figures represent SEM. ∗ p<0.05 one-way ANOVA followed by Tukey’s multiple
comparisons test.
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4.3 Discussion

Each GABAAR subtype, which corresponds to a specific subunit composition, dif-

fer in their electrophysiology and pharmacology (Mortensen et al., 2011). Although

each GABAergic synapse likely comprises several different subtypes of GABAARs,

collectively shaping sIPSCs (Kasugai et al., 2010), knowledge of receptor proper-

ties provides an opportunity to isolate and identify the components of GABAergic

inhibition that originate from one particular subtype. In this chapter, I explored the

functional effects of mutating α5
S374 on α5-GABAAR mediated inhibitory transmis-

sion.

First, I examined the pre-and postsynaptic effects of S374 by comparing mean

sIPSC frequency and amplitude respectively, for α5 subunit expressing neurons. As

there were no significant changes to either parameter, I concluded that mutation of

residue α5
S374 does not regulate the neurotransmitter release or the mean number of

GABAARs at synapses. Instead, I demonstrated that the residue α5
S374 affects the

combination of GABAARs subtypes present at synapses as the mean IPSC decay

time constant was significantly longer for α5
S374A compared to wild-type α5 trans-

fected neurons. Previous research has shown a direct link between slower IPSC

decay times and the increased presence of synaptic α5-GABAARs (Cao et al., 2020;

Magnin et al., 2019; Salesse et al., 2011). Our previous experiments using heterol-

ogous expression of recombinant receptors in HEK cells demonstrated that mutat-

ing residue α5
S374 does not appear to affect macroscopic receptor desensitisation

or deactivation. Therefore I speculate that the alteration in decay kinetics without

changes to mean sIPSC amplitudes indicates a re-modelling of GABAARs present

at the synapse with an accumulation of α5-GABAARs replacing other α subunit-

containing GABAARs (van Rijnsoever et al., 2005). Thus, I propose that the residue

α5
S374 may control the synaptic accumulation of α5-GABAARs.

I used L-655,708 to block α5-GABAARs mediated inhibition to reveal the spe-

cific component of synaptic inhibition affected by α5
S374. Interestingly, L-655,708

caused a reduction in the sIPSC frequency for all α5 transfected groups compared

to eGFP transfected control cells. I speculate that L-655,708 acted via blocking
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presynaptic α5-GABAARs (Serwanski et al., 2006) and reduced synaptic release of

GABA. However, given our visual observations that transfection efficacy is smaller

than 1% (data not shown), it is highly unlikely that presynaptic neurons were also

substantially transfected. Thus L-655,708 could have acted via endogenous axonal

α5-GABAARs. Recent studies have demonstrated that axonal GABAARs, which

can be activated by ambient GABA or by an autocrine GABA action, are often de-

polarising and exhibit excitatory action (Khatri et al., 2019; Kramer et al., 2020;

Zorrilla de San Martin et al., 2017). Therefore, blocking presynaptic α5-GABAARs

by L-655,708 would reduce the probability of GABA release. As the effect was

not present in GFP transfected neurons, I hypothesize that over-expressing any of

our α5 constructs in postsynaptic pyramidal neurons induced some form of activity-

dependent short-term inhibitory plasticity on presynaptic interneurons (Kawaguchi,

2019).

Next, I demonstrated that mutating S374 to either α5
S374A or α5

S374D increases

the number of large-amplitude GABA currents that could be blocked by L-655,708,

whereas small-amplitude events were unaffected by the α5-NAM. This amplitude-

dependent difference in L-655,708 modulation in transfected neurons agrees with

previous work by Pearce and colleges where they showed that α5-GABAARs specif-

ically contribute to large-amplitude GABA currents (Zarnowska et al., 2009). The

origin of these large-amplitude currents is currently unknown, but I speculate

that the largest sIPSCs may arise from spontaneous activity of multiple inhibitory

synapses via synchronous possibly multi-vesicular release (Cohen et al., 2008; Iven-

shitz and Segal, 2010).

Regarding the sIPSC decay rate, I speculated that sIPSCs would decay faster by

blocking a proportion of synaptic α5-GABAARs. However, unexpectedly, applica-

tion of L-655,708 did not decrease the prolonged IPSC decay phase in α5
S374A trans-

fected neurons. This result is in line with recent research showing that L-655,708

has no effect on mIPSCs (Manzo et al., 2021; Nuwer et al., 2021). The possible

reason for this could be that insufficient numbers of receptors were blocked by the

α5-NAM due to its efficacy being only ∼35-50% in primary hippocampal neuron
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cultures combined with the fact that most α5-GABAARs are extrasynaptic in hip-

pocampal pyramidal neurons (Serwanski et al., 2006). Even using transfections,

I would expect this scenario to be true due to the limited space at synaptic sites

compared to the vast extrasynaptic area. Other NAMs could be explored to find

one that is more efficacious and subunit-selective to block low numbers of synaptic

α5-GABAARs (Hipp et al., 2021). Contrary to the experiments with L-655,708, an

alternative strategy, using a blocking peptide to mimic the gephyrin binding domain

on the α5 subunit (Khayenko and Maric, 2019; Maric et al., 2017), successfully re-

versed the effects caused the α5
S374A mutation on sIPSC decay times. This result

supports the hypothesis, from the present study, that α5
S374 regulates the gephyrin-

dependent synaptic accumulation of α5-GABAARs.

Finally, I investigated the effects of mutating residue α5
S374 on tonic inhibition.

Interestingly, transfecting neurons with wild-type or α5
S374A constructs significantly

reduced the total tonic current compared to eGFP expressing neurons. Compar-

ing the relative percentage of the tonic current sensitive to L-655,708, revealed no

differences between the transfection groups. However, given the low efficacy of

L-655,708, our results support the previous research which suggests that tonic cur-

rent in hippocampal pyramidal cells is mediated predominantly by α5-GABAARs

with a smaller contribution from other subtypes, for example δ subunit-containing

GABAARs (δ- GABAARs). Moreover, for the Gabra5 -/- mouse model, the expres-

sion of the δ subunit is upregulated as a likely compensatory mechanism (Glykys

and Mody, 2006; Glykys et al., 2008). Therefore, it is possible that the reduction of

total tonic current is due to the overexpression of α5 receptors, which may result in

reduced expression of other GABAARs subtypes mediating tonic inhibition in these

cells.

In conclusion, in this chapter, I transfected cultured rat hippocampal neurons

with wild-type α5, phospho-null α5
S374A or phospho-mimetic α5

S374D constructs

and explored the impact of α5
S374 on α5-GABAAR mediated inhibition. I mea-

sured sIPSC frequency and amplitude, characterized kinetics of sIPSCs and the

level of tonic current in each transfection group. Then, I used the α5 subtype spe-
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cific inverse agonist L-655,708 to block synaptic and tonic currents mediated by

α5-GABAARs, and a competitive peptide to block α5-GABAAR interactions with

gephyrin. I showed that α5
S374A prolongs the mean IPSC decay phase and neurons

transfected with α5
S374A had more large-amplitude GABA currents, which could be

blocked by L-655,708. Furthermore, L-655,708 reduced the frequency of sIPSC in

all α5 transfection groups probably by blocking presynaptic axonal α5-GABAAR.

By using a competitive blocking peptide to interrupt the association of α5 subunits

with gephyrin, I demonstrated that the effects of α5
S374A on the sIPSC decay phase

can be reversed by most likely preventing the accumulation of α5-GABAARs at the

inhibitory postsynaptic density.
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Chapter 5

Phosphorylation of α5
S374 regulates

the synaptic accumulation of

α5-GABAARs

5.1 Introduction

Recording from recombinant GABAARs in HEK293 cells and transfected cultured

hippocampal neurons strongly suggest that the function and subcellular location of

α5-GABAARs are regulated by the residue α5
S374 in the large intracellular domain.

To enable more accurate mapping of α5-GABAAR location, three-coloured, three-

dimensional structured illumination microscopy (3D SIM) was used (Gustafsson,

2000). Super-resolution 3D-SIM microscopy was chosen over conventional con-

focal microscopy to characterize the nanoscale organization of the α5 containing

inhibitory synapse as it provides an enhanced resolution of ∼120 nm laterally and

∼300 nm axially (Crosby et al 2019).

3D SIM is a super-resolution microscopy technique that has been used to ex-

amine synapse structure and morphology (Crosby et al., 2019; Hong et al., 2017).

This technique is easier to use in three-color and 3D mode compared to other

super-resolution techniques previously used to investigate the nanoscale structure

of inhibitory synapses such as stimulated emission depletion (STED) microscopy

(Crosby et al., 2019; Dzyubenko et al., 2016), stochastic optical reconstruction mi-



croscopy (STORM) (Specht et al., 2013; Yang et al., 2021) or photoactivated locali-

sation microscopy (PALM) (Battaglia et al., 2018; Pennacchietti et al., 2017; Specht

et al., 2013). The level of resolution is more than sufficient to resolve individual

synaptic compartments (Crosby et al., 2019; Hong et al., 2017). Furthermore, three-

coloured SIM is preferred over a two-coloured approach as it permits both, pre-and

postsynaptic markers to be used at the same time when imaging GABAARs.

Cultured hippocampal neurons were transfected at 7DIV with constructs ex-

pressing either wild-type α5 or mutant α5
S374A or α5

S374D GABAA subunits. The

N-terminus of each construct was myc-tagged to distinguish transfected from en-

dogenously expressed α5 subunits. Neurons were fixed and antibody labelled on

day 14 (DIV) and imaged within a month using a Zeiss ELYRA PS.1 microscope at

nanoscale resolution. I imaged cell surface α5-GABAARs and intracellular gephyrin

clusters on hippocampal neuronal dendrites along with an inhibitory presynaptic

marker, vesicular inhibitory amino acid transporter (VIAAT). To identify α5 clus-

ters colocalising with other synaptic compartments in an unbiased way, a semi-

automated object-based 3D colocalization analysis tool, called DiAna, was used

(Figure 5.1). DiAna is an ImageJ plugin that offers 3D segmentation for cluster ex-

traction and determines the degree of colocalization and distance between clusters

whilst providing quantitative measurements of cluster volume and mean grey value

(Gilles et al 2017).

I defined α5 clusters to be colocalised with another marker if both clusters

overlapped. α5 clusters were considered as synaptic when colocalised with both

gephyrin (postsynaptic marker) and VIAAT (presynaptic marker) or with α1 (post-

synaptic marker) and VIAAT clusters (presynaptic marker) at the same time. In

all images for the proceeding figures, myc-tagged α5 clusters are shown in green

colour, endogenous gephyrin or α1-GABAARs clusters are red, and VIAAT clusters

are shown in blue.

Using a semi-automated analysis pipeline allowed the analysis of large num-

bers of immunostained clusters. For instance, for the α5-gephyrin-VIAAT im-

munostaining, I analysed 1900 α5, 2900 gephyrin and 1600 VIAAT clusters from
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Figure 5.1: Schematic of the imaging workflow.
Constructs expressing myc-tagged wild-type or mutated α5 subunits were transfected into
cultured hippocampal neurons, which were fixed, antibody-labelled, imaged, and the data
subsequently analysed. More details are included in Section 2.6

each neuron (18 cells for wild-type α5, 17 cells for α5
S374A and 18 cells for α5

S374D).

For the α5-α1-VIAAT imaging, I analysed 3500 α5 and 2900 α1 clusters from each

untransfected neuron (16 cells), and 3400 α5, 2500 α1 and 2000 VIAAT clusters

from each transfected neuron (21 cells for wild-type α5, 19 cells for α5
S374A and 19

cells for α5
S374D). For each cell, mean cluster volumes and mean grey values were

determined to characterise changes in the size and brightness of clusters. Both val-

ues were measured as previous research has shown that the density of gephyrin pro-

teins can change independently from the cluster size during activity-dependent re-

modelling of inhibitory synapses (Battaglia et al., 2018; Pennacchietti et al., 2017).

For measurements of the density of clusters along dendrites, I analysed dendritic

areas of 100–300 μm2 on each neuron. Previous research has shown that the sur-

face area of a typical inhibitory postsynaptic density ranges between 0.04 and 0.15

μm2 (Kasugai et al., 2010; Lushnikova et al., 2011; Nusser et al., 1997) and that

GABAARs and gephyrin clusters located opposite the release site are composed of

a small number of receptors, ranging from tens to hundreds (Battaglia et al., 2018;

Brickley et al., 1999; Nusser et al., 1997; Specht et al., 2013).
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The correct internal organisation of inhibitory synapses is the foundation of

efficient synaptic transmission (Yang and Specht, 2019). Recent advances in super-

resolution microscopy techniques have demonstrated the higher nanoscale structure

of inhibitory synaptic compartments. The large clusters of GABAARs, gephyrin

and VIAAT previously seen by conventional microscopy, can now be resolved into

smaller structural units called subsynaptic domains (SSD) (Crosby et al., 2019; Pen-

nacchietti et al., 2017; Yang et al., 2021). One aim of this chapter is to also examine

if the residue α5
S374 affects the number of SSDs. The exact role of a subsynap-

tic domain is yet to be described, but first insights suggest they may play a role in

synaptic efficacy and GABAergic synaptic plasticity (Barberis, 2020; Crosby et al.,

2019; Hruska et al., 2018; Pennacchietti et al., 2017). Interestingly, it should be

noted that most inhibitory synapses contain only a single SSD with a smaller pro-

portion containing up to 2-6 SSDs (Crosby et al., 2019; Pennacchietti et al., 2017).

Thus, this paucity of SSDs suggests their function may be relevant only for the

larger postsynaptic densities (Yang and Specht, 2019).
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5.2 Results

5.2.1 Residue α5
S374 does not affect the mean density, volume, or the bright-

ness of α5-GABAA clusters

First, I assessed the effect of mutating residue α5
S374 on the surface expression of

α5-GABAARs by examining the density (per 1 μm2) of myc-tagged α5 clusters along

the dendrite as experiments with recombinant receptors in HEK293 cells suggested

that there were less α5
S374A receptors on the surface membrane compared to wild-

type α5 transfected cells (Figure 3.5). I also examined the cluster density of the pre-

and postsynaptic markers, VIAAT and gephyrin respectively (Figure 5.2A), as I saw

a reduction of sIPSC mean frequency in α5
S374A transfected neurons in previous ex-

periments (Figure 4.1A). No changes to the density of endogenous VIAAT clusters

were noted in cells expressing α5 (1.25 ± 0.19 clusters per 1 μm2), α5
S374A (1.46

± 0.22 clusters per 1 μm2), or α5
S374D (1.28 ± 0.12 clusters per 1 μm2; one-way

ANOVA p=0.6838; Figure 5.2B). Gephyrin clusters were also unaffected in α5 (2.65

± 0.26 clusters per 1 μm2), α5
S374A (2.58 ± 0.29 clusters per 1 μm2), or α5

S374D ex-

pressing cells (2.43 ± 0.26 clusters per 1 μm2; one-way ANOVA p=0.8338; Figure

5.2C). Moreover, the density of transfected myc-tagged α5 clusters remained con-

stant (α5: 1.81 ± 0.14 clusters per 1 μm2, α5
S374A: 1.62 ± 0.15 clusters per 1 μm2,

α5
S374D: 1.73 ± 0.13 clusters per 1 μm2; one-way ANOVA p=0.6465; Figure 5.2D).

I then examined the impact of mutating α5
S374 on the size (mean volume) and

brightness (mean grey value) of separate inhibitory synaptic components. I hypoth-

esized that if the accumulation of α5, gephyrin or VIAAT is affected by mutating

residue α5
S374, then I would see a reduction in either the mean volume or mean grey

values. First, I noticed for transfected neurons that α5 and gephyrin clusters were of

a similar volume, whereas the presynaptic VIAAT clusters were approximately 2-

fold larger in volume compared to α5 and gephyrin clusters (Figures 5.3A to 5.3C).

This indicates that α5 clusters are of a suitable size to be clustered by gephyrin as the

stoichiometry between gephyrin molecules and postsynaptic receptors is considered

to be approximately 1:1 (Battaglia et al., 2018; Specht et al., 2013). Surprisingly,

the mean grey value of VIAAT clusters was significantly smaller for α5
S374D com-
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Figure 5.2: Residue α5
S374 does not affect the density of α5, gephyrin or VIAAT

clusters on hippocampal dendrites.
(A) Example SIM image of a hippocampal dendrite (left panel) illustrating three different
markers: myc-tagged α5 in green, the postsynaptic marker gephyrin in red, and the
presynaptic marker VIAAT in blue. Right panels show separate staining patterns. Bar
graphs representing the mean values for cluster density (clusters per 1 μm2) of (B) VIAAT,
(C) gephyrin and (D) α5 clusters along the dendrites and are shown in black for wild-type
α5 (n=18), in red for phospho-null α5

S374A (n=17) and in blue for phospho-mimetic α5
S374D

(n=18) transfected neurons. Points represent mean values calculated for individual cells.
Error bars represent SEM. No significant effects according to one-way ANOVA.
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pared to α5
S374A transfected neurons, which may indicate a reduction of the number

of VIAAT proteins per cluster (α5: 1951 ± 32, α5
S374A: 2030 ± 51, α5

S374D: 1906

± 21; one-way ANOVA p=0.0588; Tukey’s multiple comparisons test, α5
S374A vs.

α5
S374D adjusted p=0.0488; Figure 5.3E). By contrast, there were no changes in

mean grey values for α5 subunits (α5: 5608 ± 87, α5
S374A: 5688 ± 71, α5

S374D:

5562 ± 80; one-way ANOVA p=0.5394; Figure 5.3D) and gephyrin clusters (α5:

2854 ± 21, α5
S374A: 2921 ± 25, α5

S374D: 2875 ± 24; one-way ANOVA p=0.1299;

Figure 5.3F). The mean volume of α5 (α5: 7.7 ± 0.4 x 10-3
μm3, α5

S374A: 7.8 ± 0.5

x 10-3
μm3, α5

S374D: 6.8 ± 0.5 x 10-3
μm3; one-way ANOVA p=0.2386), gephyrin

(α5: 8.0 ± 0.5 x 10-3
μm3, α5

S374A: 8.3 ± 0.4 x 10-3
μm3, α5

S374D: 8.6 ± 0.5 x

10-3
μm3; one-way ANOVA p=0.6349) and VIAAT clusters (α5: 14.8 ± 0.7 x 10-3

μm3, α5
S374A: 14.0 ± 0.6 x 10-3

μm3, α5
S374D: 14.1 ± 0.5 x 10-3

μm3; one-way

ANOVA p=0.6191) were unaffected by the transfections. Note that here I measured

all imaged clusters, regardless of whether they were colocalising or not.

5.2.2 Residue α5
S374 affects GABAAR interactions with gephyrin and VIAAT

To investigate the interaction between α5 and gephyrin or VIAAT clusters sepa-

rately, I first compared them pairwise. I calculated how many α5 clusters were

separately colocalising with VIAAT or gephyrin in each transfection group. In-

terestingly, the percentage of α5 clusters colocalising with gephyrin clusters and

not VIAAT clusters (most likely extrasynaptic α5-gephyrin clusters) was unaltered

by the α5
S374 mutations (α5: 13.33 ± 1.33%, α5

S374A: 13.82 ± 1.67%, α5
S374D:

12.90 ± 1.44%; one-way ANOVA p=0.9096; Figure 5.4A). On the other hand,

there were significantly more α5
S374A clusters colocalising with VIAAT clusters

only and not with the gephyrin clusters compared to wild-type α5 or mutant α5
S374D

clusters (α5: 6.87 ± 0.71%, α5
S374A: 11.25 ± 1.94%, α5

S374D: 7.03 ± 0.39%; one-

way ANOVA p=0.0182; Tukey’s multiple comparisons test, α5 vs. α5
S374A adjusted

p=0.0314, α5
S374A vs. α5

S374D adjusted p=0.0393; Figure 5.4D). These data suggest

that the clustering of α5-GABAARs at sites apposed to presynaptic terminals is not

dependent solely on gephyrin. Although, colocalising with the presynaptic marker

VIAAT alone without a postsynaptic marker is insufficient to categorically deter-
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Figure 5.3: Residue α5
S374 does not affect the mean cluster size of α5, gephyrin or

VIAAT.
Bar graphs represent the mean volume (A-C) and mean grey values (D-F) of α5, gephyrin
and VIAAT clusters and are shown in black for wild-type α5 (n=18), in red for
phospho-null α5

S374A (n=17) and in blue for phospho-mimetic α5
S374D (n=18) transfected

neurons. Points represent mean values calculated for individual cells. Error bars represent
SEM. ∗ p<0.05, one-way ANOVA followed by Tukey’s multiple comparisons test.

mine the location of inhibitory synapses, this result strongly supports our previous

interpretation that there are more α5
S374A receptors located at inhibitory synapses

compared to transfected neurons expressing wild-type α5 subunits.

An increase in number of clusters colocalising could potentially be due to an

increase in cluster size as this might introduce overlap of adjacent clusters without

an actual change in proximity. To examine this possibility, I compared the mean vol-

umes of α5 clusters colocalising with either VIAAT or gephyrin only. No changes

in the mean volume of α5 clusters colocalising with gephyrin and not with VIAAT
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were observed (α5: 12.48 ± 0.74 x 10-3
μm3, α5

S374A: 10.50 ± 0.75 x 10-3
μm3,

α5
S374D: 9.82 ± 0.94 x 10-3

μm3; one-way ANOVA p=0.0649; Figure 5.4B). Sim-

ilarly, no changes were evident for α5 clusters colocalising with VIAAT and not

gephyrin (α5: 12.43 ± 1.06 x 10-3
μm3, α5

S374A: 11.91 ± 0.93 x 10-3
μm3, α5

S374D:

11.64 ± 1.25 x 10-3
μm3; one-way ANOVA p=0.8723; Figure 5.4E). Collectively,

these data suggest that the increased number of α5
S374A clusters colocalising with

VIAAT clusters was not simply dependent on cluster size but by a genuine increase

in cluster colocalization. Furthermore, there were no changes in mean grey values

of α5 clusters colocalising with gephyrin and not with VIAAT (α5: 5897 ± 104,

α5
S374A: 5851 ± 90, α5

S374D: 5764 ± 102; one-way ANOVA p=0.6269; Figure

5.4C) or colocalising with VIAAT and not with gephyrin (α5: 6171 ± 167, α5
S374A:

6350 ± 160, α5
S374D: 6200 ± 152; one-way ANOVA p=0.7006; Figure 5.4F).

During the analysis, only a small number of α5 clusters were noted to colo-

calise with either gephyrin ( 13%, Figure 5.4A) or VIAAT ( 7-11%, Figure 5.4D)

only. Therefore, I decided to examine the percentage of α5 clusters that did not

colocalise with either of the two markers (designated as extrasynaptic α5 clusters)

and α5 clusters that colocalised with both markers (defined as synaptic α5 clusters).

The majority of α5 clusters ( 69-77%) were classed as extrasynaptic and did not

colocalise with either pre- or postsynaptic marker. Interestingly, there were signifi-

cantly less extrasynaptic α5 clusters in α5
S374A compared to wild-type α5 or mutated

α5
S374D transfected cells (α5: 76.78 ± 1.42%, α5

S374A: 68.96 ± 2.45%, α5
S374D:

76.91 ± 1.71%; one-way ANOVA p=0.0059; Tukey’s multiple comparisons test,

α5 vs. α5
S374A p=0.0147, α5

S374A vs. α5
S374D p=0.0128, Figure 5.5A). In com-

parison, there were significantly more synaptic α5 clusters in α5
S374A compared to

wild-type α5 or mutant α5
S374D transfected cells (α5: 2.30 ± 0.26%, α5

S374A: 4.67

± 0.84%, α5
S374D: 2.4 ± 0.31%; one-way ANOVA p=0.0036; Tukey’s multiple

comparisons test, α5 vs. α5
S374A p=0.0072, α5

S374A vs. α5
S374D p=0.0113, Figure

5.5D). In addition, I observed that extrasynaptic α5 clusters were small volume (α5:

5.72 ± 0.32 x 10-3
μm3, α5

S374A: 5.39 ± 0.26 x 10-3
μm3, α5

S374D: 5.33 ± 0.33

x 10-3
μm3; one-way ANOVA p=0.3222; Figure 5.5B) compared to the increased
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(D) (E) (F)

Figure 5.4: α5
S374A increases the number of α5 clusters colocalising with VIAAT

clusters independent of gephyrin.
Bar graphs representing the mean number of clusters (%; A, D), mean volume (μm3, B, E)
and mean grey values (C, F) of α5 clusters colocalising with gephyrin or VIAAT clusters
only. These are shown in black for wild-type α5 (n=18), in red for phospho-null α5

S374A

(n=17) and in blue for phospho-mimetic α5
S374D (n=18) transfected neurons. Points

represent mean values calculated for individual cells. Error bars represent SEM. ∗ p<0.05,
one-way ANOVA followed by Tukey’s multiple comparisons test.

size of synaptic α5 clusters (α5: 19.82 ± 1.53 x 10-3
μm3, α5

S374A: 22.27 ± 2.54

x 10-3
μm3, α5

S374D: 18.93 ± 1.76 x 10-3
μm3; one-way ANOVA p=0.4744; Fig-

ure 5.5E). This profile was repeated for the mean grey value with extrasynaptic α5

clusters the dimmest (α5: 5463 ± 74, α5
S374A: 5475 ± 55, α5

S374D: 5418 ± 62; one-

way ANOVA p=0.8044; Figure 5.5C) and synaptic α5 clusters clearly the brightest

(α5: 6574 ± 197, α5
S374A: 6774 ± 294, α5

S374D: 6619 ± 205; one-way ANOVA

p=0.8211; Figure 5.5F). There were no transfection group specific changes in mean

cluster volume or in mean grey values.

Together, these results suggest that gephyrin and VIAAT can produce larger

and brighter clusters of α5-GABAAR, but the largest and brightest clusters need the

presence of both, pre-and postsynaptic markers. Increased cluster size and bright-
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ness occurs also for synaptic α5-GABAAR clusters in the absence of gephyrin at

VIAAT positive synapses, presumably due to other postsynaptic scaffolding pro-

teins.

(A) (B) (C)

(D) (E) (F)

Figure 5.5: Synaptic α5 clusters have the largest volume.
Bar graphs represent the mean cluster (%, A, C), mean volume (μm3,B, E) and mean grey
value (C, F) of extrasynaptic α5 clusters not colocalising with gephyrin or VIAAT, and
synaptic α5 clusters colocalising with both markers. These are shown in black for
wild-type α5 (n=18), in red for phospho-null α5

S374A (n=17) and in blue for
phospho-mimetic α5

S374D (n=18) transfected neurons. Points represent mean values
calculated for individual cells. Error bars represent SEM. ∗ p<0.05, ∗∗ p<0.01, one-way
ANOVA followed by Tukey’s multiple comparisons test.

5.2.3 α5
S374A increases the number of synaptic α5-gephyrin clusters

After investigating the α5-GABAARs interaction with gephyrin and VIAAT individ-

ually, I focused our attention onto synaptic α5-gephyrin clusters. The α5-gephyrin

cluster was defined as being synaptically-located if all three markers (α5, gephyrin,

VIAAT) were colocalised (Figure 5.6A). The α5-gephyrin clusters were designated

as extrasynaptic when these cluster combinations did not colocalise with VIAAT

(Figures 5.4A-5.4C). Then, I compared the percentage of synaptic α5-gephyrin clus-

125



ters in all three transfection groups (α5, α5
S374A and α5

S374D). There were signif-

icantly more synaptic α5
S374A-gephyrin clusters compared to wild-type α5 or mu-

tated α5
S374D clusters which strongly supports the hypothesis that residue α5

S374

regulates the subcellular location of α5-GABAARs (α5: 14.50 ± 1.29%, α5
S374A:

23.74 ± 3.33%, α5
S374D: 15.09 ± 0.91%; one-way ANOVA p=0.0041; Tukey’s

multiple comparisons test, α5 vs. α5
S374A adjusted p=0.0077, α5

S374A vs. α5
S374D

adjusted p=0.0134; Figure 5.6B). The mean volume (Figure 5.4E) and mean grey

value (Figure 5.4F) of synaptic α5 clusters were the same for all three transfec-

tion groups, thus the increased percentage of synaptic α5 was cluster size indepen-

dent. Furthermore, line scans through a typical synaptic 3D-image illustrates the

expected structural arrangement of presynaptic and postsynaptic markers where α5

and gephyrin clusters colocalise closely with each other with a VIAAT cluster lo-

cated further away (Figure 5.6C).

5.2.4 α5
S374A increases the number and proximity of α5 and neighbouring

gephyrin or VIAAT SSDs

Several studies have investigated the nanoscale structure of inhibitory synapses and

it has been established that a synapse can be composed of multiple nanoscale sub-

synaptic domains (SSDs) (Crosby et al., 2019; Pennacchietti et al., 2017; Yang and

Specht, 2019; Yang et al., 2021). The mean volume of α5, gephyrin and VIAAT

clusters in this project appear to correspond to individual SSD volumes rather than

to whole pre- and postsynaptic compartments (mean individual GABAARs SSD

volume 0.02 μm3, mean postsynaptic compartment volume 0.05 μm3) (Crosby et

al., 2019). Thus, I decided to quantify the number of α5 SSDs per VIAAT (presy-

naptic marker) or gephyrin cluster (postsynaptic marker) and vice versa. This was

achieved by counting the number of α5 clusters that colocalise with the same VIAAT

or gephyrin cluster.

I pooled the number of SSDs in each cell within one transfection group and

investigated the relative frequency of the number of α5, gephyrin and VIAAT SSDs.

Analysis revealed that the majority (89.3% to 97.1%) of α5-gephyrin and α5-VIAAT

pairwise clusters comparisons had a 1:1 ratio, with a mean number of SSDs of
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Figure 5.6: α5
S374A increases the number of synaptic α5-gephyrin clusters.

(A) Schematic of synaptic and extrasynaptic α5-GABAAR clusters. (B) Bar graph
representing mean percentage of α5-gephyrin clusters that colocalise with VIAAT, shown
in black for wild-type α5 (n=18), in red for phospho-null α5

S374A (n=17) and in blue for
phospho-mimetic α5

S374D (n=18) transfected neurons. Points represent mean values
calculated for individual cells. Error bars represent SEM. (C) Example cell showing
synaptic α5-gephyrin clusters with line scans parallel to and across the synaptic axis from
α5

S374A transfected cells. ∗ p<0.05, ∗∗ p<0.01, one-way ANOVA followed by Tukey’s
multiple comparisons test.

1.03–1.13 and a range of 1–7 SSDs (Figure 5.7). α5
S374A transfected neurons had

more often 2:1 ratio for gephyrin-α5 clusters and 2:1 or 3:1 ratio for VIAAT-α5

clusters compared to α5 and α5
S374D transfected cells (Figures 5.7A and 5.7B). The

ratio between α5-gephyrin clusters did not change across transfection groups (Figure

5.7C) and the ratio for α5-VIAAT was more often 2:1 in α5 compared to α5
S374A or

α5
S374D transfected cells (Figure 5.7D).

There were significantly more gephyrin and VIAAT SSDs per α5 cluster for

α5
S374A compared to α5 or α5

S374D transfected cells (gephyrin SSDs: α5: 1.076

± 0.004, α5
S374A: 1.091 ± 0.004, α5

S374D: 1.064 ± 0.004; Kruskal-Wallis test

p<0.0001; Dunn’s multiple comparisons test, α5 vs. α5
S374A adjusted p=0.0032,

α5
S374A vs. α5

S374D adjusted p<0.001; VIAAT SSDs: α5: 1.035 ± 0.003, α5
S374A:

1.067 ± 0.005, α5
S374D: 1.030 ± 0.003; Kruskal-Wallis test p<0.0001; Dunn’s
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multiple comparisons test, α5 vs. α5
S374A adjusted p<0.0001, α5

S374A vs. α5
S374D

adjusted p<0.0001; Figures 5.7E and 5.7F). The mean number of α5 SSDs per

gephyrin cluster did not change between transfection groups (α5: 1.109 ± 0.005,

α5
S374A: 1.110 ± 0.005, α5

S374D: 1.118 ± 0.006; Kruskal-Wallis test p=0.3582;

Figure 5.7G). By contrast, the mean number of α5 SSDs per VIAAT cluster was

significantly higher for α5 compared to α5
S374A or α5

S374D transfected cells (α5:

1.135 ± 0.007, α5
S374A: 1.105 ± 0.006, α5

S374D: 1.097 ± 0.006; Kruskal-Wallis

test p<0.0001; Dunn’s multiple comparisons test, α5 vs. α5
S374A adjusted p=0.0006,

α5 vs. α5
S374D adjusted p=0.0003; Figure 5.7H).

Together, these data indicate that residue α5
S374 affects the number of gephyrin

and VIAAT SSDs. The molecular mechanism is currently unknown, but I speculate

that an increased number of gephyrin and VIAAT SSDs in α5
S374A transfected neu-

rons could potentially be due to the increased presence of α5-GABAARs at synaptic

sites (see discussion for more details) and that α5 subunits play a key role in regu-

lating the number of gephyrin and VIAAT SSD at these synapses.

To further investigate the effect of residue α5
S374 on the apposition of α5 clus-

ters with gephyrin or VIAAT clusters, I determined the distance between the centre

of each α5 cluster and its nearest neighbouring gephyrin or VIAAT cluster and com-

pared these distances in all three α5 transfection groups. The centre of the cluster

of interest was automatically determined by using thresholding and segmentation

masks (see Methods for more details, Section 2.6.3). As expected, the mean dis-

tance between centres of colocalised α5 and VIAAT clusters is greater than mean

distance between centres of colocalised α5 and gephyrin clusters as both α5 and

gephyrin are localised on the postsynaptic membrane, whereas VIAAT is presynap-

tic (Figures 5.8C and 5.8D). The mean distance between the centres of α5
S374A clus-

ters and colocalised gephyrin clusters was significantly shorter compared to wild-

type α5 or α5
S374D transfected cells (α5: 0.1801 ± 0.0012 µm, α5

S374A: 0.1678 ±

0.0012 µm, α5
S374D: 0.1803 ± 0.0014 µm; Kruskal-Wallis test p<0.0001; Dunn’s

multiple comparisons test, α5 vs. α5
S374A adjusted p<0.0001, α5

S374A vs. α5
S374D

adjusted p<0.0001; Figure 5.8A and 5.8C). The mean distance between α5 clus-
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Figure 5.7: α5
S374A increases the number of gephyrin and VIAAT SSDs per α5 cluster.

(A-D) Frequency distribution plots of the number (#) of α5 SSDs per VIAAT or per
gephyrin cluster and vice versa. (E-H) Bar graphs representing the mean numbers of
SSDs. (A,E) Mean number of gephyrin SSDs per α5 cluster, (B,F) mean number of
VIAAT SSDs per α5 cluster, (C,G) mean number of α5 SSDs per gephyrin cluster, (D,H)
mean number of α5 SSDs per VIAAT cluster. Data shown in black are for wild-type α5
(n=18), in red for phospho-null α5

S374A (n=17) and in blue for phospho-mimetic α5
S374D

(n=18) transfected neurons. Error bars represent SEM. ∗∗ p<0.01, ∗∗∗ p<0.001
Kruskal-Wallis test followed by Dunn’s multiple comparisons test.

ters and colocalised VIAAT clusters varied significantly between all three transfec-

tion groups and was longest in α5 and shortest in α5
S374A transfected neurons (α5:

0.2160 ± 0.0020 µm, α5
S374A: 0.1886 ± 0.0015 µm, α5

S374D: 0.2003 ± 0.0019 µm;

Kruskal-Wallis test p<0.0001; Dunn’s multiple comparisons test, α5 vs. α5
S374A

adjusted p<0.0001, α5
S374A vs. α5

S374D adjusted p=0.0018, α5 vs. α5
S374D adjusted

p<0.0001; Figure 5.8B and 5.8D). I speculate that the change in distance between

neighbouring α5-gephyrin and α5-VIAAT clusters could represent the conforma-

tional changes of receptor and/or gephyrin.

5.2.5 α5
S374 affects the clustering of other synaptic GABAARs

Given the increased number of synaptic α5-gephyrin clusters, it was of interest to

examine if expressing more α5 receptors in neurons affected the clustering of other

synaptic GABAAR α subunits. The GABAAR is a pentamer and composed of two

α, two β and either a γor δ subunit. I hypothesized that the clustering of GABAARs

composed of other α subunits could be compromised in α5 transfected neurons as

a result of competition for available β and γsubunits. I examined this hypothesis

using α1 subunits as this is most widely expressed α subunit in the brain (Heldt and

Ressler, 2007; Hörtnagl et al., 2013; Müller Herde et al., 2017; Pirker et al., 2000;

Sun et al., 2004) and is an important contributor to synaptic GABAAR inhibition

(Fujiyama et al., 2000; Nusser et al., 1996; Sassoè-Pognetto et al., 2000). I used an

antibody directed against the α5 subunit to detect native α5 clusters in neurons and an

antibody against the myc-tag to identify transfected α5 clusters (Figure 5.9E). The

mean volume of α5 clusters in α5-transfected neurons (detected by myc-tag only)

was significantly higher compared to α5 clusters in untransfected neurons (detected
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(A) (B)

(C) (D)

Figure 5.8: α5
S374A decreases the distance between α5 and neighbouring gephyrin or

VIAAT clusters.
The mean distance between nearest neighbouring α5-gephyrin and α5-VIAAT clusters
measuring from centre to centre of the clusters. Cumulative probability plots (A-B) and
bar graphs (C-D) for the distance between α5 and its nearest colocalised neighbouring
(A,C) gephyrin, or (B,D) VIAAT cluster. Black indicates wild-type α5 (n=18), red is for
phospho-null α5

S374A (n=17) and blue is phospho-mimetic α5
S374D (n=18) transfected

neurons. Error bars represent SEM. ∗∗∗ p<0.001 Kruskal-Wallis test followed by Dunn’s
multiple comparisons test.

by antibody directly against α5 subunit) (untransfected: 5.26 ± 0.40 x 10-3
μm3, α5:

11.07 ± 0.76 x 10-3
μm3, α5

S374A: 10.20 ± 0.67 x 10-3
μm3, α5

S374D: 10.99 ± 0.97 x

10-3
μm3; one-way ANOVA p<0.001; Tukey’s multiple comparisons test, untrans-

fected vs. α5, α5
S374A, α5

S374D all pairwise adjusted p=<0.001; Figure 5.9A). To

detect endogenous α1 subunits, I used an antibody directed against the α1 subunit.

The mean volume of α1 clusters in α5 transfected neurons was significantly lower

compared to the mean volume of α1 clusters in untransfected cells (untransfected:

12.39 ± 0.83 x 10-3
μm3, α5: 8.93 ± 0.59 x 10-3

μm3, α5
S374A: 8.50 ± 0.52 x 10-3

μm3, α5
S374D: 8.23 ± 0.50 x 10-3

μm3; one-way ANOVA p<0.001; Tukey’s mul-
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tiple comparisons test, untransfected vs. α5, α5
S374A, α5

S374D all pairwise adjusted

p=<0.001; Figure 5.9A). Interestingly, I noticed that the mean volume of endoge-

nous α5 clusters in untransfected cells (Figure 5.9A) was 2-fold smaller compared to

endogenous α1 clusters in untransfected cells (Figure 5.9C). The mean grey value of

α5 (untransfected: 5715 ± 90, α5: 5924 ± 50, α5
S374A: 5837 ± 56, α5

S374D: 5831

±67; one-way ANOVA p=0.1776; Figure 5.9B) and α1 receptors (untransfected:

3203 ± 56, α5: 3183 ± 54, α5
S374A: 3187 ± 48, α5

S374D: 3133 ± 43; one-way

ANOVA p=0.7894, Figure 5.9D) were similar compared to untransfected and trans-

fected cells. From these results I concluded that expressing extra α5 subunits in

neurons reduces the clustering of cell surface α1 subunits. There were no changes

within different α5 transfection groups, which suggests that residue α5
S374 does not

affect the clustering of α1 subunits specifically.

Previous imaging results showed that generally, synaptic (colocalised with

both gephyrin and VIAAT) GABAAR clusters have the largest volume and

GABAAR clusters that do not colocalise with VIAAT or gephyrin are the smallest

in volume. Thus, changes in receptor cluster volumes may reflect their interaction

with other components of the postsynaptic density that is the inhibitory synapse. As

the α1 mean cluster volume was reduced in all α5 transfection groups compared to

untransfected neurons (Figure 5.9C), I decided to examine, by imaging, if residue

α5
S374 affects the subcellular location of α1 subunits. First, I quantified the number

of endogenous α1 clusters that did not colocalise with either, α5 or VIAAT clusters.

Most likely these represented extrasynaptic α1 clusters. There were significantly

less extrasynaptic α1 clusters in α5
S374A and α5

S374D compared to wild-type α5

transfected neurons (α5: 76.70 ± 1.83%, α5
S374A: 61.69 ± 3.57%, α5

S374D: 65.20

± 3.00%; one-way ANOVA p=0.0011; Tukey’s multiple comparisons test, α5 vs.

α5
S374A adjusted p=0.0013, α5 vs. α5

S374D adjusted p=0.0148; Figure 5.10A).

Next, I quantified the number of extrasynaptic α1 clusters that colocalised with

α5 but not with VIAAT clusters. There were significantly more extrasynaptic α1-

α5 clusters in α5
S374A and α5

S374D compared to wild-type α5 transfected neurons

(α5: 11.41 ± 1.24%, α5
S374A: 24.25 ± 3.38%, α5

S374D: 24.45 ± 3.22%; one-
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(A) (B)

(C) (D)

(E)

Figure 5.9: Transfecting α5 constructs increased α5 and decreased α1 cluster volumes
compared to untransfected cells.
Bar graphs representing (A) mean volume of α5 clusters, (B) mean grey value of α5
clusters, (C) mean volume of α1 clusters, (D) mean grey value of α1 clusters. Grey
represents untransfected cells (n=16), black is wild-type α5 (n=21), red is phospho-null
α5

S374A (n=19) and blue is phospho-mimetic α5
S374D (n=19) transfected neurons. Points

represent mean values calculated for individual cells. ∗∗∗ p<0.001, one-way ANOVA
followed by Tukey’s multiple comparisons test. (E) Example image showing α5 clusters in
green, α1 clusters in red and VIAAT clusters in blue along the hippocampal dendrite.

way ANOVA p=0.0010; Tukey’s multiple comparisons test, α5 vs. α5
S374A adjusted

p=0.0038, α5 vs. α5
S374D adjusted p=0.0033; Figure 5.10B). The number of synap-

tic α1 clusters (α1 colocalising with VIAAT) that did not contain α5-GABAARs

remained constant across all the transfection groups (α5: 9.34 ± 0.81%, α5
S374A:

8.74 ± 1.16%, α5
S374D: 6.84 ± 0.89%; one-way ANOVA p=0.1552; Figure 5.10C).

By contrast, there were significantly more synaptic α1 clusters that contained

α5-GABAARs (α1 colocalising with VIAAT and α5) in α5
S374A compared to wild-

type α5 transfected neurons (α5: 2.07 ± 0.33%, α5
S374A: 4.24 ± 0.68%, α5

S374D:

2.90 ± 0.36%; one-way ANOVA p=0.0076; Tukey’s multiple comparisons test, α5

vs. α5
S374A adjusted p=0.0055; Figure 5.10D). These results suggest that residue
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α5
S374 regulates the colocalization of α5 with α1 subunits either in separate, or the

same, receptor complex.

(A) (B)

(C) (D)

Figure 5.10: α5
S374 affects the colocalization of α5 with α1 subunits.

Bar graphs representing the percentage of α1 clusters that (A) did not colocalise with α5 or
VIAAT clusters, (B) colocalised with α5 but not with VIAAT clusters, (C) colocalised with
VIAAT but not with α5 clusters and (D) colocalised with both α5 and VIAAT clusters.
These are shown in black for wild-type α5 (n=21), in red for phospho-null α5

S374A (n=19)
and in blue for phospho-mimetic α5

S374D (n=19) transfected neurons. Points represent
mean values calculated for individual cells. ∗ p<0.05, ∗∗ p<0.01 one-way ANOVA
followed by Tukey’s multiple comparisons test.

As the number of α1 clusters colocalising with α5 and VIAAT clusters was

the highest in α5
S374 transfected cells, I examined synapses containing both α1 and

α5 subunits to investigate the effects of α5
S374 on synaptic α1-GABAARs (Figures

5.11A and 5.11G). The number of fluorophore channels imaged at one time was

limited to three, therefore I could not use another postsynaptic marker. Thus, I

treated α1 as a postsynaptic marker in these images if it colocalised with the presy-

naptic marker VIAAT. I calculated the percentage of synapses (α1 colocalising with
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VIAAT) that contained α5 clusters. There were significantly more α1-VIAAT clus-

ters that colocalised with α5 clusters in α5
S374A and α5

S374D transfected neurons

compared to wild-type α5 transfected neurons (α5: 16.43 ± 1.91%, α5
S374A: 30.30

± 4.19%, α5
S374D: 29.81 ± 3.75%; one-way ANOVA p=0.0056; Tukey’s multi-

ple comparisons test, α5 vs. α5
S374A adjusted p=0.0127, α5 vs. α5

S374D adjusted

p=0.0168; Figure 5.11B). I concluded that in both mutated α5
S374A and α5

S374D

transfected cells, there were significantly more α1 positive synapses that include α5

receptors compared to wild-type transfected cells. I noticed that the synaptic α5

clusters were more than 2-fold larger and brighter than synaptic α1 clusters. The

mean volume of synaptic α5 clusters (α5: 41.03 ± 3.76 x 10-3
μm3, α5

S374A: 34.31

± 3.59 x 10-3
μm3, α5

S374D: 37.63 ± 3.19 x 10-3
μm3; one-way ANOVA p=0.4071;

Figure 5.11C) or synaptic α1 clusters (α5: 18.47 ± 2.39 x 10-3
μm3, α5

S374A: 15.11

± 1.02 x 10-3
μm3, α5

S374D: 16.83 ± 1.69 x 10-3
μm3; one-way ANOVA p=0.4349;

Figure 5.11D) did not change between transfected groups. Also, there were no

changes in mean grey values of synaptic α5 (α5: 7706 ± 163, α5
S374A: 7237 ±

133, α5
S374D: 7351 ± 134; one-way ANOVA p=0.0633; Figure 5.11E) or synaptic

α1 clusters (α5: 3672 ± 93, α5
S374A: 3638 ± 71, α5

S374D: 3679 ± 101; one-way

ANOVA p=0.9445; Figure 5.11F) between transfection groups. Taken together, I

concluded that residue α5
S374 alters the colocalization between α5-GABAARs and

α1-GABAARs at both, synaptic and extrasynaptic areas which is probably due to

the redistribution of α5-GABAARs at both sites.
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Figure 5.11: α5
S374 affects the colocalization of α5 with α1 subunits at synapses.

(A) Schematic of inhibitory synapse composed of VIAAT as a presynaptic marker,
α1-GABAA as a postsynaptic marker and α5-GABAARs. Bar graphs represent (B)
percentage of α1-VIAAT clusters that colocalised with α5 clusters, (C) mean volume of
synaptic α5 clusters, (D) mean volume of synaptic α1 clusters, (E) mean grey value of
synaptic α5 clusters, (F) mean grey value of synaptic α1 clusters. These are shown in black
for wild-type α5 (n=21), in red for phospho-null α5

S374A (n=19) and in blue for
phospho-mimetic α5

S374D (n=19) transfected neurons. Points represent mean values
calculated for individual cells. ∗ p<0.05, one-way ANOVA followed by Tukey’s multiple
comparisons test. (G) Example cell showing synaptic α1-α5 clusters with line scan across
the synaptic axis.
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5.3 Discussion

Super-resolution imaging is an effective way to visualise the nanoscale organization

of inhibitory synapses. 3D SIM provides sufficient resolution to separate pre-and

postsynaptic compartments and measure their physical properties such as the vol-

ume and mean grey value of clustered proteins. Using a semi-automated, unbiased,

and high-throughput analysis workflow, I were able to analyse tens of thousands

α5-GABAARs, gephyrin and VIAAT clusters.

Experiments on recombinant GABAARs in HEK293 cells showed a reduction

in cell surface expression levels for α5
S374A

β3γ2L receptors compared to α5β3γ2L

and α5
S374D

β3γ2L receptors. Therefore, I first analysed the cluster density of three

markers – myc-tagged α5 subunits, native gephyrin and VIAAT, along the dendrites

together with the mean cluster volume and mean grey value in transfected hip-

pocampal neurons expressing wild-type α5 or mutant α5
S374A or α5

S374D GABAA

subunits. No changes were observed in the density, mean volume or mean grey

values of α5-GABAARs in the different transfection groups. Interestingly, these

results were different from previous experiments modifying the gephyrin bind-

ing domain in GABAARs containing the α1 or α2 subunits (Hines et al., 2018;

Mukherjee et al., 2011; Nakamura et al., 2020). Phosphorylation of residue S359

in the gephyrin/collybistin binding domain of the α2 subunit negatively impacted on

the binding of α2-GABAARs to gephyrin/collybistin. Hippocampal neurons ex-

pressing phospho-mimetic S359D construct had a reduced cluster density on the

dendrites and a reduced enrichment of α2-GABAARs at the axon initial segment

(Nakamura et al., 2020). Phosphorylation of residue T375 in gephyrin binding do-

main of the α1 subunit also negatively regulated the affinity of the α1 subunit for

gephyrin. The density of α1-GABAARs clusters was also significantly reduced in

hippocampal neurons transfected with a construct expressing phospho-mimetic α1

T375D subunits (Mukherjee et al., 2011). Thus, phosphorylation of residues within

the gephyrin binding domain of α1 and α2 subunits seems to affect the cluster density

of GABAARs containing these subunits. However, in our experiments, mimicking
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the phosphorylation on S374 in the gephyrin binding domain of α5 subunits did not

affect the clustering or the surface expression levels of α5-GABAARs.

I quantified the number of α5-GABAARs clusters colocalizing with the pre-

and postsynaptic markers, VIAAT and gephyrin respectively, and measured mean

cluster size and brightness in neurons expressing wild-type or S374 mutant α5 sub-

units. In all transfection groups, I routinely observed three classes of α5-GABAARs

clusters in our imaging study: (1) the smallest and dimmest α5-GABAARs clusters

which did not colocalise with either of the synaptic markers gephyrin and VIAAT

(presumably extrasynaptic α5-GABAARs), (2) α5-GABAARs clusters colocalised

with either gephyrin or VIAAT exhibit mid-range volume and brightness, and (3)

α5-GABAARs colocalised with both markers (presumably synaptic α5-GABAARs)

were the largest in volume and the brightest. These three classes of α5-GABAARs

have been previously described in rat hippocampal cultures using immunofluo-

rescence (Serwanski et al., 2006). Extrasynaptic α5-GABAARs were most likely

clustered by radixin (Hausrat et al., 2015; Loebrich et al., 2006), while synaptic

α5-GABAARs were presumably clustered by gephyrin (Brady and Jacob, 2015).

In addition to its role at synaptic sites, gephyrin also reduces the lateral diffusion,

and confines GABAARs, at extrasynaptic locations (Battaglia et al., 2018). Thus,

the extrasynaptic α5-GABAARs-gephyrin clusters could serve as a reserve pool for

synaptic α5-GABAARs, diffusing to synaptic sites as pre-formed receptor-scaffold

complexes, similar to extrasynaptic complexes formed between glycine receptors

and gephyrin (Chapdelaine et al., 2021; Ehrensperger et al., 2007; Hakim and Ranft,

2020).

However, it should be emphasised that the majority of transfected α5-GABAARs

did not colocalise with either marker, therefore most of the α5-GABAARs clusters

appear to be extrasynaptic. Although I observed considerable heterogeneity in

cluster colocalization, comparing different transfection groups revealed that there

were significantly more α5
S374A clusters colocalising with VIAAT clusters with-

out gephyrin compared to wild-type or α5
S374D transfected cells. By contrast,

there were no transfection group specific changes in α5 clusters colocalising with
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gephyrin clusters without VIAAT (representing extrasynaptic α5-gephyrin clusters).

By quantifying the percentage of synaptic and extrasynaptic α5-gephyrin clusters,

there were significantly more synaptic α5-gephyrin clusters in α5
S374A compared

to wild-type or α5
S374D transfected cells. These results showing increased colo-

calization of α5 clusters with key inhibitory synaptic markers suggest an increased

accumulation of α5-GABAARs at postsynaptic sites in α5
S374A transfected cells.

However, there is evidence to suggest that the mechanism(s) for these changes

could be, at least in part, gephyrin-independent.

Previous studies have shown that the α5-GABAAR interaction with radixin is

necessary for the formation of extrasynaptic α5-GABAARs clusters (Loebrich et al.,

2006) and dispersal of α5-GABAARs-radixin complexes increase their accumula-

tion at synapses (Hausrat et al., 2015). An interaction with gephyrin is also im-

portant for the synaptic localisation of α5-GABAARs (Brady and Jacob, 2015), but

gephyrin per se is not crucial for the synaptic clustering of α5-GABAARs as it was

unaltered in spinal cord sections derived from gephyrin knock-out mice ((geph-/-))

(Kneussel et al., 2001). This suggests that although gephyrin and radixin both play

a dynamic role in regulating the subcellular localisation of α5-GABAARs, other,

unidentified proteins could be involved as well. The list of proteins involved in

GABAARs clustering at synapses is continuously expanding (Ko et al., 2015), but

none of these proteins seem to have strong links to α5-GABAARs. Thus, more work

is needed to identify proteins directly interacting with α5-GABAARs at synaptic and

extrasynaptic sites.

It is important to consider the possibility that other subunits in the receptor

pentamer may play a supportive role for a gephyrin/radixin independent cluster-

ing of α5-GABAARs at synaptic or extrasynaptic sites. Interestingly, the fourth

transmembrane domain of the γ2 subunit is reported to be sufficient for GABAAR

clustering per se, also, notably, both the cytoplasmic domain and the fourth trans-

membrane domain of the γ2 subunit are required for the recruitment of gephyrin at

synaptic sites (Alldred et al., 2005; Essrich et al., 1998). In the absence of the γ2

subunit, the γ3 subunit can also initiate clustering of GABAARs at synaptic sites
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(Kerti-Szigeti et al., 2014). In addition, post-translational modifications such as

the phosphorylation of γ2L
S327 have been shown to play a central role in gephyrin-

independent GABAARs clustering (Bannai et al., 2009; Muir et al., 2010; Niwa

et al., 2012). For example, increased acute excitatory synaptic activity caused the

dephosphorylation of residue γ2L
S327, which in turn increased the lateral mobility

of GABAARs on the cell surface and led to reduced postsynaptic clustering and

dispersal of GABAARs and gephyrin from inhibitory synapses (Bannai et al., 2009;

Muir et al., 2010). In this case, the de-clustering of synaptic GABAARs was inde-

pendent of gephyrin and gephyrin loss was a consequence only of receptor dispersal

(Niwa et al., 2012). Therefore, increased synaptic accumulation of α5-GABAARs

with or without gephyrin in α5
S374A transfected cells seen in this study could be a

combination of enhanced interaction with gephyrin, interaction with novel synaptic

protein(s) and/or altered phosphorylation of other subunits in the pentamer.

The organisation of inhibitory synaptic compartments into discrete SSDs has

been described, but the exact function or the regulation of the number of SSDs per

synapse remains elusive (Crosby et al., 2019; Lushnikova et al., 2011; Pennacchietti

et al., 2017; Yang et al., 2021). I demonstrated that the α5
S374A transfected cells had

significantly more gephyrin and VIAAT SSDs per α5 cluster and the mean distance

between α5 and colocalising gephyrin or VIAAT clusters was the shortest compared

to other transfection groups. There were no changes in SSD volumes between trans-

fection groups, thus changes in the number of and proximities between SSDs could

not be due to the cluster size. Instead, I speculate that it may represent an altered

conformation of gephyrin and/or α5-GABAARs. Based on the existence of ‘open’

and ‘closed’ structural conformations for gephyrin (Sander et al., 2013), Battaglia

and colleagues hypothesized that the distance between and/or the total number of

gephyrin nanodomains, may depend on the conformational changes caused by the

phosphorylation of gephyrin (Battaglia et al., 2018). The two different functional

conformations for gephyrin depend on the folding of the linker domain (C-domain)

and as gephyrin phosphorylation sites have been mapped in this domain (Pizzarelli

et al., 2020; Zacchi et al., 2014), they suggested that phosphorylation could be a
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switch between open and closed states within gephyrin nanodomains (Battaglia et

al., 2018). Indeed, Yang and colleagues recently demonstrated that gephyrin SSDs

contain high levels of phosphorylated gephyrin molecules at residue pS270 (Yang

et al., 2021). The phosphorylation of residue S270 in gephyrin is primed by cyclin-

dependent kinase 5 (CDK5) (Kalbouneh et al., 2014) and phosphorylated by GSK3β

(Tyagarajan et al., 2011). GSK3β is also a kinase that I propose to directly phos-

phorylate α5
S374. Therefore, it is plausible that GSK3β could be a central kinase in

inhibitory transmission by phosphorylating several proteins such α5-GABAARs and

gephyrin at inhibitory synapses to affect their structure and receptor accumulation.

An increased number of gephyrin nanodomains have been observed in hip-

pocampal pyramidal cells during inhibitory long-term potentiation (Lushnikova et

al., 2011; Pennacchietti et al., 2017) and in response to elevated neural activity by

incubating neurons for 24h with bicuculline to block GABAAR mediated inhibi-

tion (Crosby et al., 2019). Decreased numbers of gephyrin nanodomains have been

seen after acute increased neural activity by 4-aminopyridine treatment in spinal

cord neurons (Yang et al., 2021). Hence, I propose that the increased number of

gephyrin and perhaps also VIAAT SSDs in α5
S374A transfected cells could be caused

by increased inhibitory transmission due to the increased synaptic accumulation of

α5-GABAARs at these synapses.

In final part of this chapter, I asked whether the increased synaptic accumu-

lation of α5-GABAARs in α5
S374A transfected cells affects the colocalization of

α5-GABAARs with other GABAARs. I chose to investigate the colocalization be-

tween α5-GABAARs and α1-GABAARs clusters as the latter are ‘classically’ synap-

tic receptors and the most widely expressed in the brain (Pirker et al., 2000). In-

terestingly, the colocalization between α5-GABAARs and α1-GABAARs clusters

was increased at both synaptic and extrasynaptic sites in neurons expressing either

phospho-mimetic or phospho-dead, α5
S374A and α5

S374D respectively, constructs

compared to neurons expressing wild-type α5 subunits. Thus, this effect seemed

to be dependent on residue α5
S374 but independent from phosphorylation.
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In regard to synaptic inhibition mediated by α5-GABAARs, Zarnowska and

colleges discussed that the larger amplitude subpopulation of GABAA,slow IPSCs,

generated by synaptic/perisynaptic α5-GABAARs, may also have contained α1-

GABAARs. Their experiments with diazepam and α5
H105R mice support the idea

that various receptor types could be present at the same synapses, either with synap-

tic α1-GABAARs and perisynaptic α5-GABAARs or possibly with α1-α5 present

in the same hetero-alpha subunit receptor complex (Zarnowska et al., 2009). The

GABAAR pentamer has two non-equivalent positions for α subunits at β-α-β and

β-α-γlocations. The existence of α5-GABAARs containing an α1 subunit in a single

receptor complex, where α5 is positioned next to the γ2 subunit, has been well doc-

umented, based largely on imaging and immunoprecipitation studies (Araujo et al.,

1999; Balic et al., 2009; Benke et al., 2004; Christie and de Blas, 2002b; Ghafari

et al., 2017; Ju et al., 2009; Müller Herde et al., 2017; del Río et al., 2001). In

Chapter 4 I demonstrated that both mutants, α5
S374A and α5

S374D, had more large

amplitude sIPSCs which could be blocked by the α5-NAM, L-655,708. In this chap-

ter, I showed increased colocalization for α1 and α5 subunits at extrasynaptic and

synaptic areas for both α5
S374A and α5

S374D expressing cells. Therefore, based on

previous findings and our results, I propose that the larger amplitude subpopulation

of GABAA,slow IPSCs is potentially generated by GABAARs containing both α1

and α5 subunits. I hypothesize that the phosphorylation of residue α5
S374 controls

the subsynaptic location of α5-GABAARs, and that this residue, independently from

phosphorylation, is important for α5 to interact with α1 subunits.
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Chapter 6

General Discussion

6.1 Overall rationale for this project
The α5-GABAAR isoform has received a lot of interest in recent years due to their

unique distribution in the brain accompanied by their dual, synaptic and extrasy-

naptic, subcellular location. Moreover, this receptor subtype has an important role

in inhibitory postsynaptic plasticity (Davenport et al., 2021; Martin et al., 2010;

Schulz et al., 2019; Wyroślak et al., 2021), cognition (Atack et al., 2006; Ballard et

al., 2009; Chambers et al., 2003; Dawson et al., 2006; Gacsályi et al., 2017; Knust

et al., 2009; Martínez-Cué et al., 2013) and memory (Collinson et al., 2002, 2006;

Crestani et al., 2002; Davenport et al., 2021; Engin et al., 2015, 2020; Ghafari et

al., 2017; Martin et al., 2009, 2010; Möhler and Rudolph, 2017; Prut et al., 2010;

Zurek et al., 2012). Thus, promoting α5-GABAARs as an ideal target for the treat-

ment of pathological conditions particularly involving cognitive dysfunction (Jacob,

2019; Mohamad and Has, 2019). Despite their considerable therapeutic potential,

no study to date has examined the effects of phosphorylation on synaptic targeting

of α5-GABAARs to identify molecular mechanisms of action that could be signifi-

cant in these physiological processes.

6.2 Summary of key findings
In this project I identified several phosphorylation sites within the large intracellu-

lar domain of the α5 subunit including three that are located in the gephyrin binding

domain and of these, residue S374 was selected for further investigation. Using



phospho-mimetic and phospho-null mutations of this S374 site, I provided evidence

that phosphorylation of α5
S374, possibly by kinase GSK3β, affects receptor function

and favours extrasynaptic location whereas dephosphorylation of S374 increases the

synaptic accumulation of α5-GABAARs. This type of phosphoregulation relies on

the dynamic and transient interactions between the receptor and the postsynaptic

scaffold protein gephyrin (Brady and Jacob, 2015; Tretter et al., 2012). Moreover,

previous research has shown that the phosphorylation of other GABAARs subunits

(e.g. α1-2) (Kowalczyk et al., 2013; Nakamura et al., 2020; Petrini et al., 2014;

Tretter et al., 2008) as well as gephyrin (Battaglia et al., 2018; Flores et al., 2015;

Tyagarajan et al., 2011) is a key step in regulating the number of GABAARs at

postsynaptic sites during GABAergic postsynaptic plasticity (Barberis, 2020; Tya-

garajan and Fritschy, 2010). Similarly, the main conclusion derived from this study

is that the role of phosphorylating α5
S374 is most likely to modulate α5-GABAergic

postsynaptic plasticity via receptor interaction with gephyrin.

6.3 Relocation of extrasynaptic α5-GABAARs to

synaptic areas

Although the source of the increased number of synapses containing α5-GABAARs

in α5
S374A transfected cells was not addressed in this study, I presumed, from

prior work on other GABAARs by others, that these receptors laterally diffuse into

synapses from extrasynaptic areas either as receptors alone or receptor-gephyrin

complexes (Davenport et al., 2021; Hakim and Ranft, 2020; Hausrat et al., 2015).

I demonstrated that increased synaptic accumulation of α5-GABAARs resulted

from replacing a phosphorylation consensus residue with alanine (α5
S374A) in the

gephyrin binding domain of the α5 subunit. Under physiological conditions, the tar-

geted relocation of extrasynaptic α5-GABAARs to synaptic sites can be trigged by

enhanced neuronal activity which increases the number of synaptic α5-GABAARs

and strengthens phasic inhibitory transmission mediated by these receptors (Daven-

port et al., 2021; Hausrat et al., 2015).
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In the hippocampus, activity-dependent plasticity of synaptic transmission,

classically represented by excitatory as well as inhibitory long-term potentiation

and depression (LTP and iLTP, LTD and iLTD respectively), is a neural corre-

late of learning and memory (Gaiarsa et al., 2002). As α5-GABAARs have a di-

rect role in these physiological processes, LTP and iLTP have been used to exam-

ine the molecular changes that occur during a variety of cognitive tasks. Recent

studies have focused on how synaptic transmission is affected by the induction

of both LTP and iLTP within the hippocampus. For example, induction of iLTP

enhanced tonic current in hippocampal CA1 pyramidal neurons by increasing the

pool of extrasynaptic α5-GABAARs (Wyroślak et al., 2021). By contrast, induc-

tion of LTP in CA1 pyramidal neurons was shown to drive initially extrasynaptic

α5-GABAARs into synapses which in turn strengthened synaptic inhibition and su-

pressed the LTP (Davenport et al., 2021). This dynamic relocation of α5-GABAARs

required the dissociation of the α5-GABAARs-radixin complex and the presence of

gephyrin at inhibitory synapses. Increased accumulation of synaptic α5-GABAARs

was associated with impaired short-termed memory and reversal learning which

was rescued by photo-blocking α5-GABAARs (Davenport et al., 2021; Hausrat

et al., 2015). Hence, I hypothesize that dephosphorylation of α5
S374 is part of

the molecular mechanism involved in activity-dependent relocation of extrasynap-

tic α5-GABAARs into synapses in conjunction with dephosphorylation of radixin

residue T564 (Davenport et al., 2021; Hausrat et al., 2015). Although the exact role

in cognitive function of these changes in postsynaptic α5-GABAAR localisation re-

mains elusive, the emerging evidence emphasises its critical importance for stabi-

lizing learned associations (Davenport et al., 2021). A delicate balance in synaptic

receptor recruitment has to be achieved, since abnormal increased relocation of ex-

trasynaptic α5-GABAARs to synapses may lead to pathological conditions, such as

Huntington’s disease (Rosas-Arellano et al., 2017).
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6.4 Therapeutic potential of α5-GABAARs

The α5-GABAAR isoform can also directly affect the generation of LTP. For ex-

ample, genetic deletion (Gabra5 -/- mouse model) or pharmacological inhibition

of α5-GABAARs (via L-655,708) reduced the threshold for LTP induction in CA1

stratum radiatum neurons (Martin et al., 2010). Previous studies have shown that

Ts65Dn mice, a mouse model for Down Syndrome (DS,) exhibits excessive α5-

GABAergic inhibition which contributes to cognitive dysfunction in these mice

(Block et al., 2017; Braudeau et al., 2011; Duchon et al., 2019; Kleschevnikov et al.,

2004; Martínez-Cué et al., 2013, 2014; Möhler, 2012; Schulz et al., 2019; Vidal et

al., 2017). In Ts65Dn mice, in vivo LTP at hippocampal CA3-CA1 synapses could

not be evoked by a high-frequency stimulation (HFS) protocol. However, LTP was

sustainably restored in these mice by blocking α5-GABAARs with an α5-selective

inverse agonist (α5IA) (Duchon et al., 2019). In the same mouse model, another

α5-GABAAR-selective inverse agonist, RO4938581, also completely restored LTP

induced by theta burst stimulation in CA1 stratum radiatum neurons (Martínez-Cué

et al., 2013). Importantly, all mentioned NAMs of α5-GABAARs enhance cogni-

tion in both, wild-type and Down syndrome mouse model (Jacob, 2019; Möhler,

2012). As there are no gross changes in the distribution or expression levels of

α5-GABAARs in the hippocampus of Ts65Dn mice, over-inhibition is likely caused

by the changes in the properties of individual GABAergic synapses (Kleschevnikov

et al., 2012; Zorrilla de San Martin et al., 2018). This could involve both pre-

and postsynaptic mechanisms. I propose that the dysregulation to the phosphoryla-

tion/dephosphorylation balance of α5
S374 results in increased extrasynaptic/synaptic

accumulation of α5-GABAARs that could play a significant role in the excessive

inhibition observed in Ts65Dn mice (Schulz et al., 2018, 2019). Therefore, the

molecular mechanisms revealed in this study could significantly contribute to fur-

ther research about the treatment of cognitive disability in Down syndrome as well

as cognitive deficits in other neuropathological diseases.

Interestingly, the ability of α5-GABAARs to regulate the threshold for induc-

tion of LTP depends on the brain region and is the highest at ventral hippocampal
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CA1 synapses (Pofantis and Papatheodoropoulos, 2014) which is in agreement with

the higher expression levels of these receptors in the CA1 region of ventral com-

pared to dorsal hippocampus (Sotiriou et al., 2005). The dominant view is that the

cognitive functions such as spatial memory and navigation, assessed with the water

maze and radial maze for example, are thought to involve the dorsal hippocam-

pus, whereas the ventral segment of the hippocampus mediates anxiety-related be-

haviours and is involved in unconditioned fear responses often studied by the ele-

vated plus maze (EPM) (Strange et al., 2014).

α5-GABAARs in the ventral hippocampus may play an important role in

schizophrenia as patients have increased hippocampal activity at rest (Medoff et al.,

2001) which is the result of reduced GABAergic inhibition (Heckers and Konradi,

2015) most likely caused by the reduction in the number of SST INs (Konradi et al.,

2011). Given that α5-GABAARs are more highly expressed at synapses onto SST

INs (Magnin et al., 2019; Salesse et al., 2011), this may imply that a specific deficit

in α5-GABAARs inhibition is important. Indeed, overexpression of α5-GABAARs

in ventral hippocampus of the methylazoxymethanol (MAM) model of schizophre-

nia, by viral-mediated gene transfer, rescued inhibitory signalling, normalized pyra-

midal cell activity and rescued impaired cognitive functions (Donegan et al., 2019).

The deficits in α5-GABAARs mediated inhibition in the MAM model were also re-

versed by the α5 selective positive allosteric modulator, SH-053-2’F-R-CH3 (Gill et

al., 2011).

6.5 α5-GABAARs control dendritic outgrowth and

spine morphology
Most GABAergic contacts are formed onto dendritic shafts and small protrusions

known as dendritic spines. Dendritic spines are postsynaptic compartments consist-

ing of postsynaptic density (PSD) and receive the majority of excitatory input in the

brain (Higley, 2014). Following synaptic plasticity, including LTP and LTD, spines

can undergo morphological plasticity (Matsuzaki et al., 2004; Nishiyama, 2019; Oh

et al., 2013; Zhou et al., 2004). Spine morphology studies in cultured hippocampal
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neurons have shown that the shift in extrasynaptic/synaptic membrane localisation

of α5-GABAARs significantly disrupts dendritic outgrowth and spine morphology.

A relocation of synaptic α5-GABAARs to extrasynaptic areas resulted in enhanced

dendritic outgrowth and a less mature dendritic spine phenotype (Brady and Jacob,

2015). Treatment with the α5 NAM L-655,708 (50 nM for 48 h) also reduced den-

dritic spine maturation but without affecting dendritic branch complexity (Nuwer

et al., 2021). By contrast, treatment of cultured cortical neurons with the α5 PAM,

GL-II-73 (1 μM for 24h), increased dendritic branch complexity and the number of

spines (Prevot et al., 2021). Although dendritic spine morphology and complexity

of dendritic branching were not assessed in this study, future work should explore

these aspects of neuronal structure in α5
S374A and α5

S374D transfected neurons.

6.6 α5-GABAARs in other brain regions

In contrast to high expression levels of α5-GABAARs in the hippocampus, these re-

ceptors are expressed at low-to-moderate levels in the amygdala (Heldt and Ressler,

2007; Müller Herde et al., 2017). As Gabra5 -/- mice exhibit deficits in learn-

ing and memory, but normal anxiety levels (Collinson et al., 2002; Martin et al.,

2009), there have not been many papers investigating the role of extrasynaptic and

synaptic α5-GABAARs in the amygdala until recently. The amygdala is a brain

region known for processing emotion and is broadly divided into the basolateral

complex (BLA) and the central nucleus of the amygdala (CeA). The CeA is made

up of a lateral (CeL) and a medial (CeM) subdivision with the CeL projecting to

the CeM. Neurons in both subdivisions are primarily GABAergic (Janak and Tye,

2015). There are different types of neurons, but the best characterised are those ex-

pressing the protein kinase C-delta isoform (PKCδ+), and those expressing SST

but negative for PKCδ (PKCδ-). Approximately 50% of CeL GABAergic neu-

rons are expressing PKCδ+ (Haubensak et al., 2010) and, in turn, about 70% of

PKCδ+ neurons in CeA are also expressing the α5 subunit (Botta et al., 2015). It

was recently demonstrated that extrasynaptic α5-GABAARs, mediating tonic inhi-

bition in PKCδ+ neurons, contribute to the regulation of anxiety. After auditory fear
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conditioning, PKCδ+ neurons exhibited a reduced tonic conductance, mediated by

α5-containing receptors. The authors suggested that the reduced extrasynaptic in-

hibition in these cells is most likely caused by alternations in the numbers and/or

properties of α5-GABAARs expressed by CeA PKCδ+ neurons (Botta et al., 2015).

Therefore, it is plausible that regulation of extrasynaptic or synaptic accumulation

of α5-GABAARs by phosphorylation studied in cultured hippocampal neurons in

this project, is also relevant for other brain areas, including the amygdala.

6.7 Similar slow kinetic profiles for α5-GABAARs and

NMDARs
As described in Section 1.9, α5-GABAAR-mediated currents have slow decay ki-

netics, a feature that makes this isoform unique for GABAARs (Cao et al., 2020;

Capogna and Pearce, 2011; Magnin et al., 2019; Prenosil et al., 2006; Salesse

et al., 2011; Schulz et al., 2018; Vargas-Caballero et al., 2010; Zarnowska et al.,

2009). Schulz and colleagues found that the decay time and voltage-dependent ac-

tivation threshold of α5-GABAAR-mediated currents closely match with the time

profile for currents mediated by excitatory N-methyl-D-aspartate (NMDA) recep-

tors (NMDARs) (Schulz et al., 2019). Indeed, there appears to be a complex in-

terplay between α5-GABAARs and NMDARs, both participate in the bidirectional

control of excitatory and inhibitory synaptic transmission. Inhibitory LTP, induced

by the pharmacological activation of NMDARs, increased the proportion of ex-

trasynaptic α5-GABARs (Wyroślak et al., 2021), recruited extrasynaptic gephyrin

to synaptic compartments (Pennacchietti et al., 2017; Petrini et al., 2014) and in-

creased the complexity of inhibitory postsynaptic densities (PSD) (Pennacchietti

et al., 2017). Activation of NMDARs by theta burst stimulation (TBS) and corre-

sponding Ca2+ influx during excitatory LTP, caused the relocation of extrasynaptic

α5-GABARs to synapses. This accumulation of synaptically-clustered α5-GABARs

prevented not only NMDAR activation but also the following excitatory LTP (Dav-

enport et al., 2021). Furthermore, the previously described Down syndrome mouse

model, Ts65Dn, have impaired NMDAR activation, which could be rescued by
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blocking approximately 50% of the α5-GABARs in dendritic synapses by acute ap-

plication of α5-NAM RO4938581 (1 μM) (Martínez-Cué et al., 2013, Schulz et al.,

2018). Thus, noting the functional synchrony and physical proximity of these α5-

and NMDA-receptors in CA1 pyramidal cells, I propose that dephosphorylation

of α5
S374 followed by relocation of α5-GABAARs to synaptic sites in hippocam-

pal neurons likely requires nearby NMDAR-mediated signalling and a concurrent

increase in cytoplasmic Ca2+. Conversely, phosphorylation of α5
S374 by GSK3β

at synaptic sites promotes the transfer of α5-GABARs to extrasynaptic areas, thus

allowing more activation of synaptic NMDARs.

The direct interplay between GSK3β and NMDA receptors has been described

in many studies. For example, Ppp1r2cre/Grin1 knockout (KO) mice, a model of

NMDAR hypofunction relevant to schizophrenia, exhibit reduced function of NM-

DARs due to the lack of the essential NMDAR subunit Grin1 in 50% of corti-

cal and hippocampal GABAergic neurons and over-activation of GSK3β. The ge-

netic deletion of GSK3β in GABAergic neurons reversed the synaptic and cognitive

deficits described in this mouse model (Nakao et al., 2020). Similarly, conditional

cell-type–specific deletion of GSK3β in neurons expressing dopamine D2 recep-

tors, resulted in increased NMDA function in the medial prefrontal cortex (Li et al.,

2020). In another study, NMDA receptor expression in prefrontal cortical neurons

was increased by lithium treatment, a common drug that blocks GSK3β activity by

increasing phosphorylation on S9 in GSK3β (Monaco et al., 2018). Moreover, NM-

DAR subunit expression and synaptic content is directly affected by the activity of

α5-GABARs (Nuwer et al., 2021).

6.8 Remaining questions and future work

Although the present study sheds light on molecular mechanisms of inhibitory post-

synaptic plasticity mediated by α5-GABAARs, and lays a strong foundation for fur-

ther studies, several questions remain unanswered.
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6.8.1 Experiments for elaborating the current findings

First, multiple phosphorylation sites were detected in the large intracellular domain

of the α5 subunit. Although this study focused on the role of α5
S374, it would be

interesting to further investigate the role(s) of the other phosphorylation consen-

sus sites identified by mass-spectrometry. Residues α5
T379 and/or α5

T380 most

likely serve as a priming residue for phosphorylation of α5
S374 by GSK3β. Fur-

ther along the intracellular loop more potential phosphorylation consensus residues

(Q8BHJ7, amino acids 400-428) could regulate the binding of other unidentified

proteins. Thus, a new mass-spectrometry analysis to identify novel binding part-

ners should be performed. Secondly, the binding affinities of wild-type and mutated

α5-GABAARs to gephyrin were not assessed in this study. This could be addressed

in future experiments using a binding affinity assay. A biochemical assay to show

direct phosphorylation of α5
S374 by GSK3β and dephosphorylation by phosphatases

in vitro is also needed. To quantify the amount of phosphorylated α5
S374 in vivo, a

phospho-antibody directed against phosphorylated α5
S374 should be generated. This

could be used in biochemical (e.g., Western blot) and imaging studies.

The α5 NAM, L-655,708, was chosen as it is the most widely used drug in

α5-GABAARs research (Quirk et al., 1996). Yet, there are several other α5-NAMs

available (Maramai et al., 2020). Recent studies have shown that L-655,708 has lit-

tle effect on synaptic α5-GABAARs acting more so via extrasynaptic α5-GABAARs

instead (Manzo et al., 2021; Nuwer et al., 2021). Thus, other α5-NAMs and α5-

PAMs should be tested to refine the functional signature of synaptic α5-GABAARs.

The peptide approach used in electrophysiology studies could also be used in

3D SIM imaging. Blocking the binding between α5-GABAARs and gephyrin by

using a competitive peptide was successful as demonstrated by electrophysiology.

Hence, it is likely that 3D SIM imaging could detect a reduced synaptic location for

α5-GABAARs after incubating cells with a cell-permeable version of the blocking

peptide.
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6.8.2 Future directions

As discussed previously, the synaptic accumulation of α5-GABAARs is highly cell-

type and brain region-specific. Thus, future studies should specifically target the

distinct subcellular populations, extrasynaptic or synaptic, α5-GABAARs in de-

fined cell types. To investigate the role of α5-GABAARs in the control of anxiety,

phospho-regulation of α5-GABAARs should be addressed within specific neuronal

circuits responsible for that behaviour as demonstrated by the virus-based approach

adopted by Botta and colleges (Botta et al., 2015). Most work to date has centred on

the hippocampus, but other brain regions where α5-GABAARs are expressed such as

amygdala and olfactory bulb would expand our understanding of the physiological

role of α5-GABAARs in other behavioural processes.

The role of α5-GABAARs in pathological conditions has been well docu-

mented and ongoing efforts are being made to specifically target α5-GABAARs us-

ing NAMs and PAMs. The studies described in this thesis offer new understanding

about the control of synaptic and extrasynaptic accumulation of the α5-GABAAR at

a molecular level, orchestrated by α5 subunit phosphorylation. Thus, future studies

in terms of pathological conditions should focus on one subsynaptic population at

time, for example, by targeting phosphorylated α5-GABAAR.
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Appendix A

Details of primers, constructs, drugs,

antibodies and software used in

experiments.

Table A.1: Details of primers used for mutagenesis.

Primer Sequence 5’-3’ Template
Forward CTTTTACAACTGGAAAGCTGACC α5-GABAAR

or
myc-α5-GABAAR

374A-Reverse CATTTGTTGcCTTATTTAGTATGAG
S374D-Reverse CATTTGTgtcCTTATTTAGTATGAG

Table A.2: Details of constructs used in experiments.

Construct Vector Insert Tag
pRK5-eGFP

pRK5

eGFP -
α5 α5 -

α5
S374A

α5
S374A -

α5
S374D

α5
S374D -

Myc-α5 Myc-α5 Myc-tag (replacing amino
acids 28 and 29 in mouse

α5 subunit)
Myc-α5

S374A Myc-α5
S374A

Myc-α5
S374D Myc-α5

S374D

β3 β3 -

Flag-β3 Flag-β3

Flag-tag (inserted between
amino-acids 23 and 24 in

mouse β3 subunit)
γ2L γ2L -

pcDNA3-HA-
GSK3β S9A

pcDNA3 HA-GSK3β S9A HA-tag (C terminal on insert)



Table A.3: Details of drugs and peptides used in experiments.

Compound Abbrev. Source Stock Solvent Working
concentration

Dimethyl sulfoxide DMSO Sigma-Aldrich - - 0.0001% v/v
Phorbol 12-myristate 13-acetate PMA Calbiochem 2 mM DMSO 200 nM

CHIR99021 CHIR Calbiochem 10 mM DMSO 1 μM
Gamma-aminobutyric acid GABA Sigma-Aldrich 1 M water 0.01-300 μM

L-655,708 L655 Santa Cruz Biochemicals 5 mM DMSO 50 nM
Picrotoxin PTX Sigma-Aldrich 100 mM DMSO 100 μM

CH3CO-KSNAFTTGKLTHPPN-NH2CO Blocking peptide Biomatik 3 mM water 30 μM
CH3CO-TSTLFPTHKKPNNAG-NH2CO Scrambled peptide Biomatik 3 mM water 30 μM
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Table A.4: Details of antibodies used in experiments.

Antibody IP dilution Immunostaining Epitope details Source
Primary antibodies

Guinea pig
anti-α5 subunit

2.5 μl
per 500 μl

1:2000
Amino acids 32 –41 (QMPTSSVQDE)

of rat α5 subunit
gift from Dr

Jean-Marc Fritschy
Mouse

anti-myc
15 μl

per 500 μl
1:500 Myc-tag at the start

of the mature protein
Abcam, ab32

Rabbit anti-myc - 1:500 Abcam, ab9106
Mouse

anti-flag tag
15 μl

per 500 μl
- Flag-tag at the start

of the mature protein
Sigma, M2

Rabbit
anti-α1 subunit

-
1:200

Amino acids 28-42 (QPSQDELKDNTTVFT)
of rat α1 subunit

Abcam, ab33299

Guinea pig
anti-VIAAT

-
1:500

Amino acids 106-120 (GEFGGHDKPKITAWE)
of rat VIAAT protein

Alomone labs,
AGP-129

Mouse
anti-gephyrin

-
1:200

Amino acids 326-550
(SSKENILRASHSAVDITKVARRHRMSPFPL)

from rat gephyrin protein

Synaptic Systems,
SYSY3B11
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Antibody IP dilution Immunostaining Epitope details Source
Secundary antibodies

Anti-rabbit
Alexa Flour 488

-
1:500 IgG Invitrogen, A-11034

Anti-mouse
Alexa Flour 555

-
1:500 IgG (H+L) Invitrogen, A-21424

Anti-guinea pig
Alexa Flour 647

-
1:500 IgG (H+L) Invitrogen, A-21450

Table A.5: Details of software used in experiments and analysis.

Software Reference/source Website
NetPhos 3.1 server (Blom et al., 2004) https://www.cbs.dtu.dk/services/NetPhos/

ELM (Kumar et al., 2020) https://elm.eu.org
ImageJ National Institutes of Health https://imagej.nih.gov/ij/
Prism GraphPad https://www.graphpad.com/scientific-software/prism/

MATLAB Mathworks https://www.mathworks.com
Adobe Illustrator CS6 Adobe https://www.adobe.com/

WinEDR Strathclyde Electrophysiology Software https://spider.science.strath.ac.uk/sipbs/software_ses.htm
WinWCP Origin OriginLab https://www.originlab.com/
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Radulović, T., Cook, J. M., & Savić, M. M. (2013). PWZ-029, an inverse

agonist selective for α5-GABAA receptors, improves object recognition,

but not water-maze memory in normal and scopolamine-treated rats. Be-

havioural brain research, 241, 206–213.

Miller, P. S., & Aricescu, A. R. (2014). Crystal structure of a human GABAA re-

ceptor. Nature, 512(7514), 270–275.

Miller, P. S., Masiulis, S., Malinauskas, T., Kotecha, A., Rao, S., Chavali, S., De

Colibus, L., Pardon, E., Hannan, S., Scott, S., et al. (2018). Heteromeric

GABAA receptor structures in positively-modulated active states. BioRxiv,

338343.

Miller, P. S., Scott, S., Masiulis, S., De Colibus, L., Pardon, E., Steyaert, J., &

Aricescu, A. R. (2017). Structural basis for GABAA receptor potentiation

by neurosteroids. Nature structural & molecular biology, 24(11), 986–992.

Mody, I., & Pearce, R. A. (2004). Diversity of inhibitory neurotransmission through

GABAA receptors. Trends in neurosciences, 27(9), 569–575.

Mohamad, F. H., & Has, A. T. C. (2019). The α5-containing GABAA receptors—a

brief summary. Journal of Molecular Neuroscience, 67(2), 343–351.

Möhler, H., Fritschy, J., & Rudolph, U. (2002). A new benzodiazepine pharmacol-

ogy. Journal of Pharmacology and Experimental Therapeutics, 300(1), 2–

8.

Möhler, H. (2012). Cognitive enhancement by pharmacological and behavioral in-

terventions: the murine Down syndrome model. Biochemical pharmacol-

ogy, 84(8), 994–999.

Möhler, H., & Rudolph, U. (2017). Disinhibition, an emerging pharmacology of

learning and memory. F1000Research, 6.

181



Monaco, S. A., Ferguson, B. R., & Gao, W.-J. (2018). Lithium inhibits GSK3β and

augments GluN2A receptor expression in the prefrontal cortex. Frontiers in

cellular neuroscience, 12, 16.

Moore, S. F., van den Bosch, M. T., Hunter, R. W., Sakamoto, K., Poole, A. W., &

Hers, I. (2013). Dual regulation of glycogen synthase kinase 3 (GSK3)α/β

by protein kinase C (PKC)α and akt promotes thrombin-mediated integrin

αIIbβ3 activation and granule secretion in platelets. Journal of Biological

Chemistry, 288(6), 3918–3928.

Mortensen, M., Patel, B., & Smart, T. G. (2012). Gaba potency at GABAA recep-

tors found in synaptic and extrasynaptic zones. Frontiers in cellular neuro-

science, 6, 1.

Mortensen, M., & Smart, T. G. (2006). Extrasynaptic αβ subunit GABAA receptors

on rat hippocampal pyramidal neurons. The Journal of physiology, 577(3),

841–856.

Mortensen, M., & Smart, T. G. (2007). Single-channel recording of ligand-gated

ion channels. Nature protocols, 2(11), 2826–2841.

Moss, S. J., Doherty, C., & Huganir, R. (1992). Identification of the cAMP-

dependent protein kinase and protein kinase C phosphorylation sites within

the major intracellular domains of the β1, γ2S and γ2L subunits of the

GABAA receptor. Journal of Biological Chemistry, 267(20), 14470–14476.

Mozrzymas, J. W. (2004). Dynamism of GABAA receptor activation shapes the

“personality” of inhibitory synapses. Neuropharmacology, 47(7), 945–960.
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Savić, M. M., Huang, S., Furtmüller, R., Clayton, T., Huck, S., Obradović, D. I.,
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Sieghart, W., & Savić, M. M. (2018). International union of basic and clinical phar-

macology. CVI: GABAA receptor subtype-and function-selective ligands:

key issues in translation to humans. Pharmacological reviews, 70(4), 836–

878.

Sigel, E. (2002). Mapping of the benzodiazepine recognition site on GABAA recep-

tors. Current topics in medicinal chemistry, 2(8), 833–839.

Simon, J., Wakimoto, H., Fujita, N., Lalande, M., & Barnard, E. A. (2004). Anal-

ysis of the set of GABAA receptor genes in the human genome. Journal of

Biological Chemistry, 279(40), 41422–41435.

189



Solomon, V. R., Tallapragada, V. J., Chebib, M., Johnston, G., & Hanrahan, J. R.

(2019). GABA allosteric modulators: an overview of recent developments in

non-benzodiazepine modulators. European journal of medicinal chemistry,

171, 434–461.

Sotiriou, E., Papatheodoropoulos, C., & Angelatou, F. (2005). Differential expres-

sion of GABAA receptor subunits in rat dorsal and ventral hippocampus.

Journal of neuroscience research, 82(5), 690–700.

Specht, C. G., Izeddin, I., Rodriguez, P. C., El Beheiry, M., Rostaing, P., Darzacq,

X., Dahan, M., & Triller, A. (2013). Quantitative nanoscopy of inhibitory

synapses: counting gephyrin molecules and receptor binding sites. Neuron,

79(2), 308–321.

Sperk, G., Schwarzer, C., Tsunashima, K., Fuchs, K., & Sieghart, W. (1997).

GABAA receptor subunits in the rat hippocampus I: immunocytochemical

distribution of 13 subunits. Neuroscience, 80(4), 987–1000.

Sperk, G., Kirchmair, E., Bakker, J., Sieghart, W., Drexel, M., & Kondova, I. (2020).

Immunohistochemical distribution of 10 GABAA receptor subunits in the

forebrain of the rhesus monkey macaca mulatta. Journal of Comparative

Neurology, 528(15), 2551–2568.

Stambolic, V., & Woodgett, J. R. (1994). Mitogen inactivation of glycogen synthase

kinase-3 β in intact cells via serine 9 phosphorylation. Biochemical Journal,

303(3), 701–704.
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