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Abstract

GABA typéA receptors (GABRS) are the most abundant proteins responsible for
inhibitory signalling in the brain. These proteins assemble into a hgtemameric

a0 NHzZOGdzNB X 02y a i NHzO &SR0l WNF-&> I MmASE S00Gx2Y
subunits. Although prototypic GARRRs ae generally considered to be composed of

hj 1 JdzodzyAdas GKS LINBOAAS O2 Y lLWsiehdds2y Iy
poorly defined. It is commonly accepted that distinct GABA receptors comprise only
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influencing neural circuit activity and behaviour.

The aim of this study was to investigate the likelihood of hetero & dzo dzy A4 | 44 S
in the same receptor pentamer, dissecting the complexity associated with subunit
assembly foGABARs and providing novel insight into their structures and functional
F220LINAyGad ¢2 FFRRNBaa GKAax ¢S FTANRG St
i HK O !-typp and redoriRermutant subunit mixtures in HEK293 cells to establish

the presene of heteroh-GABAR isoforms. We also examined the stoichiometry of
heteroch-NS OSLJi2NE YR @SKSGKSNI GKSNBXS A& LINBT
Aa2F2NINVEO SVl 2RALFT SLIAYS O0AYRAY3I AYyiSNFI OSa

We then demonstrate that heterd-GABARS are expresseith vivoand measure

their abundance and subcellular localisation in hippocampal neurons using proximity
ligation assays (PLA). In addition, we assess dynamic regulation of these receptors
during long term potentiation (LTP). There is a significant increase Rcentaining
receptors upon LTP induction, and these receptors are localised preferentially at
inhibitory synapses. Finally, homand hetere" m Kk H AR humbers at synapses

were estimated using Spatial Intensity Distribution Analysis (SPIDA).

In canclusion, this study demonstrates that hetefo D WRs do assemble in the
brain and proposes their physiological importance for brain inhibition. This study also
describes a multidisciplinary approach that is applicable for investigating other
GABAR heteo-h-subunit assemblies, including the assessment of their

pharmacological profiles.
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Impact statement

In the brain, fast synaptic inhibition is mediated by GABéceptors that are
SELINB&&ESR a LISyidlYSNE O2YLINRA&AAY3TI R2F (62
receptor composition determines receptor agonist sensitivity, pharmacological
LINEFAESE YR &dzoOSftfdzf I NJ f20FfAaliAzyd L
in a GABAreceptor complex largely dictates receptor GABA potency as well as
pharmacol@ical sensitivity and physiological effects of benzodiazepinéfABAR

positive allosteric modulators. Therefore, establishing GAB¥ceptor subunit
composition is key to understanding the dynamics of inhibitory transmission within

the brain.

Previous wudies have mostly focused on functional and pharmacological
characterisation of GABANB OS LJI 2 NJ adzo 18 LiSa 6A0GK §62 AR
WK2NRLKI Q NBOSLIIi2NE® 5SaLIAGS a2YS 0A20KS
CNS GAB#&eceptorswithtwoRA a 0 Ay Ol " §WIHA/SNIK A B 2 BB QX Bl
corroborative evidence for such receptor subtypes using other techniques is limited.

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

of heterol f LK @QRsPBont. Ay Ay 3 h m | ke tivet most duidledyy A § &
SELINBa&aSR h &dzodzyAld GeLSa Ay GKS 6N Ayd
combining both electrophysiological and imaging techniques, we were able to
establish the existence and relative proportion ofsueceptors in both recombinant

and native GAB&eceptor populations.

¢KS SELINBaarzy 2F NBOSLII2NAR ¢A0GK G662 RA:
complexity to the assembly, expression and localisation of GA&®ptors, likely

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

WK S it $ NLIK | frecBptors In the brain is likely to be involved in finming their
pharmacological activity, including physiological effects of benzodiazepines. This may

aid the deelopment of therapeutic agents showing greater receptor selectivity and

with reduced offtarget effects. Overall, this work expands our understanding of

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

control of synaptic ihibition.
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Chapter 1: Introduction

1.1 GABw\ receptors

In the mammalian brain/-aminobutyric acid (GABA) is the main inhibitory
neurotransmitter and acts through both fast ionotropic type A receptors GRE#d
slow metabotropic type B receptors GABA(Smart and Stephenson, 2019his
introduction gives an insight into the former, as the emphasis of this project lies in

the GABAreceptor family.

GABA receptors belong to a superfamily of ligagdted ion channels (LGICs)
previously know as Cydoop LGICs, and now referred to as pentameric LGICs, which
includes glycine receptors (GlyRs) and nicotinic acetylcholine receptors (NAChRSs) as
two examplegBowery and Smart, 2006/hen two GABA molecules bind to GABA
receptors,they initiate the gating and opening of the selective ion channel pore
through which negatively charged ions, primarily chloride) (@hd bicarbonate
(HCQ@) flow, mediating phasic and tonic inhibitosynaptic transmissiofOlsen and
Sieghart, 2009; Thomas et al., 2008)the mature central nervous system (CNS), the
resulting influx of anions into neurones results in a an increased membrane
KBLISNLRfFNRAIFIGA2Y YR AYyONBIFaSR YSYoONIyY
A Y K A o(RafrahtZagdCNusser, 2005; Song et al., 20Thpse have an effect on
potential changes of other ion channels by reducing their amplitude and duration.
Hyperpolarisation and increased membrane conductaaceto decrease neuronal

excitability, providinghe principal mechanism for controlling brain activity.

GABAreceptors are known for their prominent variety of subunit combinations, that
upon assembly produce distinct physiological, kinetic and pharmacological properties
(Mortensen et al., 202b; Olsen and Sieghart, 2009; Semyanov et al., 2004; Sieghart
and Sperk, 200215ABAreceptors play a major role in CNS signalling, therefore their
aberrant function is associated with a multitude of disease states such as epilepsy,
memory deficits, dtizophrenia, anxiety disorders and depressfbtacdonald et al.,
2010; Mohler, 2006; Olsen and Sieghart, 2009¢nce, these receptorsave an

obvious relevance for pharmacotherapy for certain brain dissd®Isen, 2018)It
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is therefore important to understand GABAeceptors subunit assembly and
arrangement to providdetter physiological and pharmacological characteristics for

such treatmentg; the underlying rationaldor this thesis.

1.1.1 GABAsubunit and receptor structure

GABAR are heterepentameric glycoproteins composed from a selection of nineteen
subunitsh M X -0iZmM0'EIM 4 I k03X O'NB OSLIi2WNE O2y il AyAy3
known as GAB&eceptors)(Barnard et al., 1998; Sigel and Steinmann, 20I8¢re

isD70% sequence identity within each subunit family &#0% sequence similarity

(counting conservative amino acid replacements) between different families of
subunits(Davies et al., 1996; Olsen and Tobin, 1998BA receptor genes consist

2F yAyS O2RAy3 SE2ya IyR SA3IKG y2yO02RAY13
exons and eight intronéSigel and Steinmann, 2012; Smart and Stephenson, 2019)

Further diversity of receptor subunits results from the alternative splicing of RNA,
genemting two forms of a particular subuniiSieghart, 1995, 1995; Smart and
Stephenson, 2019 hy S 2F (KS Y2ad LINRYAYySydG SEI
ddzodzy Al Fftt26Ay3a F2NI SEA&GSyO0S 2F aK2NJI
The difference between the two subunit variants lie in an eight amino acid sequence

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

C (PKC) bindin@arvey et al., 1994; Whiting et al., 199Qther GABAR subunit

sequences undergo RNakernativeda Lt A OAy 3 6hcX i HE 1 003X K3
these variants is still to be elucidat€®&imon et al., 2004; Smart and Stephenson,

2019)

The mature GAB&eceptor subunit is around 450 amino acid residues long (about
50 kDa molecular weight). GABA subunits share a common topology: large N
terminal extracellular domain (NTOdllowed by four hydrophobic transmembrane
(TM) spanning domains (TM with a large intracellular loop (ICL) between TM3 and
TM4, and an extracellular-©rminus (Carter et al., 2010; Ernst et al., 20q5¢e
Figure 1.). The description as a Gimop superfamily results from a conserved-13

residue amino acid loop formed by a disulphide bridge between two cysteine
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residues in the extracellular NT@onnolly and Wafford, 2004; Unwin, 2008)is
located at the base of the NTD and plays a crucial rolerming GABA mding site

and ion channel communicatioMiller and Smart, 2010Multiple cryoelectron
microscopy (EM) structures of GIBABAR chimeras and more physiological
GABAR heteropentamersh(i * 0 | NB | @ Af I 0t GansenR019 | NRA 2 dz
Laverty et al., 2017, 2019a; Masiulis et al., 2019a; Miller et al., 2017; Miller and
Aricescu, 2014)he dimensions dhe overallreceptor can be noted from these. The
height of the receptor (without the ICL) 3100 A, more than a half of which is
occupied by the NTD in the extracellular spécaverty et al. 2019)T'he width of a
GABARranges between 60 and 80 A depending on the state of the receptu.
interfaces formed between subunits have a specific nomenclature being labelled as
the principal subunit face (+) and a complementary subunit fage these are

important for orthosteric and allosteric binding site specification.

The extracellular dmain is mostly comprised of a coalescence of orthogonally
positioned inner and outer -sheets (ten in total) that incorporate agonist and

allosteric modulator binding site_averty et al. 2019)Two " -helices break the
2NRSNGRSSEKSYAE M ohwmo LIRaAAGAZ2ZYSR 206 GKS
0 S (i 4 SsBahdsithree and foufLaverty et al. 2019Extensive studies reveal that

GKS b¢s5 F2NX¥Xa | 0 AY-RAEupMmit intdfd0oq) &d foraoddrid ! . |
Y2Rdzf F G2 NE &dzOK | & - {slbbnit int&fgce)Mighels dndMdasy Sa o h
2007; Sigel, 2002)The NTD is also important for assembly and expression of

functional GABAreceptors.
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Coor

Figure 1.1 Thestructure of a GABAreceptor. A. Schematic of a subunit structure. The

structure of all subunits follows the same topology: largéehninal domain (NTD), four
transmembranedomains(TMs) and a large intracellular loop (ICL) between TM3 and TM4.

B. Schematic representation of the top (from the extracellular space) view of subunit
arrangementina GABNB OS LJG 2 NJ LISy GF YSNX ¢g2 D! .! OAYRAY
0 LINJ vy O A L@orhpkmehtafyR interfaces. GABA molecule is represented as anger

triangle.C and DTop and side views of a cEM structure of thé mi o ¢ H hrecBptor !
(Masiulisetal. 2019) ¢ KS hmX i 0X YR ' H[ &adzmdzyAdGa I NB :
respectively, with (+) and)(interfaces indicated. The protein is bound by the megabody,

Mb38, shown in pinkPDB ID is 6HUJ.

PyEfA1S GKS b¢53 NI yhalidaBnvsoustire, panRidgYhe lipif & | NEX
bilayer of a cell membranéMiller and Smart, 2010)The TM2 domains of each

subunit in a pentameric complex contribute to the lining of the ion pore and in the
absence of GABA are held close together with a pore radius of Jl&vArty et al.

20190 ¢ K S -héliees aré highly conservetiroughout the GABAreceptor

subunit family(Miller and Smart, 2010)A selectiveanion channel pore is formed
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from an electropositive ring in the cytosolic por{ahaverty et al. 2019; Keramidas et
al. 2004) A prime number notation is used ttescribe the position of amino acids
within the porelining TM2 domain: the first highly conserved amino acid residue
FNRY (GKS Oed2LX FaYAO aaiasS 2F ¢an Aa RSy2i
I a (Mief21989) GABA binding leads to the tilting of TM2 domain outward by 9
11° relative to the central vertical axis, allowing the flow of i¢ghaverty et al. 2019;
Masiulis et al. 2019 ¢ Keficed of TM1, TM3 and TM4 contain the binding sites
for various allosteric modulatof&orman and Miller, 2016; Laverty et al., 2017; Miller
and Aricescu, 2014)For example, the binding site for anaesthetics is situated in the
¢ a NXB 3 A -2infeFace (Romman and Miller, 2096 Another group of drugsg
barbiturates, have been shown to bind in the TM domain of tha ib &interface

using photolabelled derivativgdayakar et al., 2015)

The large ICL between TM3 and TM4 is where the highest amino acid sequence
variability betweenGABAR subunits lis and comprises~10% of the total subunit

molecular masgMoss and Smart, 2001lf is therefore unsurprising that it plays a

critical role in receptor function, trafficking, assembly and distribution via post
translational modifications, such as phosphorylation and ubiquitina(iiler and

Smart, 2010; Moss and Smart, 200Epr example, ICL of GABAE OS LJi 22NJ i |y
subunits has been shown to comprise multiple consensus sequences recognised by
several tyrosine and serine/threonine kinases, such as protein kinase A (PKA) and

protein kinase C (PK@®JcDonald et al., 1998; Moss et al., 1992a)

There are two GABA binding sites in each GA8BzZeptor located intie extracellular

R2YIl Ay 2 TFinteifdc&§MilletardhSmart, 2010Both of hese sites must be

occupied by a GABA molecule for full receptor activation in the canonical GABA
receptor trirhetero-pentamer (' i )!(Macdonald et al., 1989; Petrini et al., 2014)
bSOSNIKSt Saasz Ydzil 3SySaira aideRabSal y&Rh M HC
interfaces respectivelyhiforced concatemeric GARRRs have revealed that the two

GABA binding sites do not contribute equally to receptor activai@Baumann et al.,

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

a2NB aLISOATAOI {finteFakes B ffabkedby thel K-S§ubuhbits (site

MUY gKAfald GKS 20KSNJ Aa adzNXBRuwdnR 8tRl., 6 8 (K
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2003; Miller and Aricescu, 20148tudies in these concatemeric receptors suggested
that site 2 had a thredold higher affinity for GABA, than site 1. In contrast, muscimol
(an extrasynaptic GAB&eceptor supefragonist, se&ection 1.3.%or detail) showed

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

The GABA binding site is comprised of six domains, known as @@ Ag KSNE (G KS
interface provides loops-A | ypRovidies loops BF (Bergmann et al., 2013; Miller

and Aricescu, 2014; Miller and Smart, 2010jtial GABA dockingtothe tydoh Y S 01 H
Y97) amino acid residue in loop A leads to a series of conformation changes, leading
to the opening of the gatéMiller and Smart, 2010; Padgett et al., 2007This allows

Cland HC® anions to flow through the channel pore following their electrochemical
gradients(Masiulis et al. 2019)n the developed adult brain, the @lbncentration

inside neurons is maintained at a low level by the actions okthet co-transporter,

KCC2, resulting in a-@éversal potential more hyperpolarised than the resting
membrane potential. Therefore, the opening of GAB#ceptors resultsn the influx

of anions into the neurones and subsequent hyperpolarisation of the cell membrane.
Contrastingly, in immature neurones, intracellular@@hcentration is maintained at

higher levels, due to lower expression of KCC2 and higher expression Ntk -

Cl cotransporter NKCCL1. This leads to an efflux afgdh opening of the GARR

pore and an excitatory action of GABAeceptor activation(BentAri et al., 2007;

Olsen and Sieghart, 2009)

1.1.2 GABAreceptor assembly, stoichiometry and cellular localisation

GABA receptors are pentameric in naturegroviding an enormous variety for
potential subunit assembly partners. Nevertheless, only a limited number of subunit
combinations are expresseth vivg which are spatially and developmentally
regulated(Michels and Moss, 2007; Olsen and Sieghart, 20008 receptor subunit
stoichiometry and arrangement are important as they define physiological and
pharmacological profiles of functional native GABreceptors. Most GABA
receptors have a stoichiometryai & & -8 | Wl orlat (Olsen and Sieghart,

2009) The major receptor isofarn in the mammalian adult brain has a stoichiometry
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of 2h1: 2i 2: 1 2 (Farrar et al., 1999; Olsen and Sieghart, 2009; Tretter et al., 1997)
Electrophysiological studies using forced concatameeceptors and studies using

atomic force microscopy (AFM) to visualise antibodpd Fab fragmenfabelled
NEOSLIi2NB KIS O2yFANNSR GKIFG GrRS$E- &dzo dzy A
sequence around the central ion channel pore if viewed framextracellular matrix

(Barrera et al., 2008; Baumann et al., 200R¢ceptor folding and assembly occur in

the endoplasic reticulum (ER) and requires chaperones such as calnexin, protein
disulphide isomerase and immunoglobulin heahain binding protein (BiP)

(Connolly et al., 1996; Sarttackson and Siegha008)

GABA receptors appear to follow specific assembly rules, where only certain
combinations of subunits can @ssemble with each other in certain stoichiometries,
that determine functional and pharmacological properties of the receptor as well as
their cellular localisatioriOlsen and Sieghart, 2009jhis section will give an outline

of the assembly rules, reptor subunit composition and subcellular localisation

patterns.

¢CKS LINBaSyOS 27F &aLISOATAO Hanpdrtanyidhome vy 2 6 Y
and heterepentameric GAB&receptor assemblySarteJackson and Sieghart, 2008)

For instance, the amino acid residues&4p A hAve been shown to be important

F2NJ O2NNB OGO | aas YSrihivasamet a@i. K1999; T &yloriet ak, A2®YYzy A U
Specificallyamino acids (a.a.) Q67 and W69 are of great importance in assembly of

GKS TFdzy Ol A2yl t (Srinivesan et LalS y1909; YTSyME et al., 1999)
Furthermore, residues 7§ @ Ay i o &S1jdzZSy OS> &8QJ&OA FA O |
crucial BNJ O2NNB OGO | aaSyofeée gAGK GKS-khmbadzo d:
interface(Ehya etal., 2008) { S1j dzSy OS & dzo & GyAMitdzUIAY2R/ & o2 F6 | d
yno BAOK GKS K2Y2f232dza aSljdzSyoSa 2F
0S0s6SSy 23msublnislausberger et al., 2000; Sarto et al., 2002, 2002)
C2dzNJ | YAy2 | OAR& 2y o &dzodzyAiayY DmMTMZI
FaasSYyote 27F | oardcaptord(Vagloidet@l., DOR)Otherassembly

boxes have been identified through the years that are important for GA&zeptor

assemblySartaJackson and Sieghart, 2008)
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The complexity of GABAreceptor pharmacology and function requires an
understanding of how these receptors assemble in the brain. MulBpldies have

shown that most single GAR#£eceptor subunits are retained in the ER after folding

as a means to prevent the unassembled receptors from reaching the cell surface
(Connollyet al., 1996; Gorrie et al., 1997; Taylor et al., 1998&me receptor subunits

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

SEI YLX S GKS YdzNAYS i m I yR-channeld dzatdag A G a O
not gated by GABA and are also insensitive to bicuculine or muscimol respectively
(Connolly et al., 1996; Krishek et al., 1996a; Wooltorton et al., #97) m K2 Y 2 Y S N.
can be activated by pentobarbitone and propofol andilrted with picrotoxin

(Krishek et al., 1996a; Sigel etal., 1989)Ly i o O5b! Ay2SOiSR 22C
and bicuculline increased the membrane conductance, whereas picrotoxin &hd Zn

had the opposite effec{Wodtorton et al., 1997) Moreover, when the 2S splice

variant but not! 2L is expressed alone in HEK293 cells, single subunits can reach the

cell surface and are subsequently internalig€dnnolly et al., 199). However, upon
co-expression withh m | Y R | H 2Sindmdrdeyickell Fufface expression is
repressed provinghat ! 2S subuniis unlikely to be expresseinh vivoas homomers

(Connolly et al., 1999; Moss and Smart, 2@91)¢ KNES ~°~ &ddzodzy Al Aaz2
to form both home and heterepentameric receptors. These receptors are thought

to be largely expressed as homomers in the innerifidex layer of the retingKoulen

et al.,, 1998) CoA YYdzy 2 LINBOA LI GF GA2y &GdzRASA adza3
expressed withh 1 subunits in Purkinje cells of the mouse cerebral cortex and in

certain other brain areafHarvey et al., 2006; Milligan et al., 2004)

Allh 17 1andi o ‘subunt combinations are retained in the endoplasmic reticulum
(Connolly et al., 1999, 1996 ecombinant GABA & G dzZRAS& O2y Of dzZRSR
subunit ceexpresion is sufficient to form functional GARyated ion channels with

low singlechannel conductance and benzodiazepine insensitif@gnnolly et al.,

1996; Verdoorn et al., 1990J here is evidence that these receptors existivoand

account for up to 10% of the total extrasynaptic pool of receptors in hippocampal
pyramidal neurongMortensen arnl Smart, 2006; Sieghart and Sperk, 200®&)lusion

of a! ddz0 dzy A i AR is2necessaly toprodute a receptor with a
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benzodiazepine binding sif@&ngelotti and Macdonald, 1993; Connolly et al., 1996;
Sigel et al., 1990; Verdoorn et al., 199B¢cause most GABPreceptors in the brain
harbour a benzodiazepine binding site, the majority of GABAeptors that exisin
vivo are thought to be a combination ¢f = i + slibynRs(Sigel and Steinmann,
2012)

Finally, multiple studies have suggested the possibility of GR8A&ontaining two
RAaAUGAYOG h(Olgehand Sieyhtnd, 8p0PRHhé dvidence comes mostly from
co-localisation, immunodepletion and ésnmunoprecipitation stdies(Benke et al.,
20044a; Chang et al., 1996a; Nakamura et al., 2016; Olsen and Sieghart, T2@3®)

receptors will be discussed in more detaiSaction 1.4.

The sulinit composition dictates subcellular distribution: receptors can be localised
within the synapse or extrasynapticallySieghart and Sperk, 2002)Tr
heteropentameric synaptic GARA& dza dzF f f & SuhiGsdfermllwheieas ' & d
extrasynaptic receptors contain {asubunit (Farrant and Nusser, 2005; Olsen and
Sieghart, 2009)For instance, immunogold labelling localisation studies showed that
hmMZ T HYX 10X FYR +H LNBGFIAtT Ay D! .!SNHAO
not detected in synaptic junctions, but was present in extrasynaptic locations on
somatic and dendrititnembranegNusser et al., 1995a; Zoltan Nusser et al., 1998)
Interestingly, the former pool of subunits has been found extrasynaptically at low
levels (Zoltan Nusser et al., 1998)ater, receptors that are clustered synaptically

have been confirmed to be localised extrasynaptidq@lygdanov et al., 2006; Thomas

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

and dynamic control of receptors at inhibitory synap§@¢sen and Sieghart, 2009;
Thomas et al., 2005)

OEGNI aeyl LIGAO NBOSLIi2NB dzadzZ tfe O2yidl Ay |

3 (Olsen and Sieghart, 2009hese receptors are characteristically highly sensitive to

GABA and have a slower desensitisation rate thegeptors in the synapse which

mediate phasic responses. From a pharmacological perspective, these receptors

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

(Brown et al., 2002)There is evignce that" pi * H NBOSLIi2NB SEA &G S
YR ho O2ydlAYyAy3
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both localised synaptically and extrasynaptically, depending on the brain region

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

1.1.3 GABAR in vivo expression patterns

Evidence from immunohistochemical, genetic and pharmacological studies has
provided an insight into the GAReceptor and subunit distribution in the CGhua

and Chebib, 2017; Sieghart and Sperk, 200Re expression patterns of GABA

receptors in the adult rat braimary depending on individual subunits and receptor
composition(Pirker et al., 20000 ¢ KS h mi H! H &dzoG@LIJS Aa o8&
receptor isoform in the brain, comprising between 50% and 60% of total FFBA

and is expressed in most brain ard@hua and Chebib, 2017; Somogyi et al., 1996)
hiKSNJ P YR I A&a2F2N¥a F2NY FdzyQlAzylf 1
expression is more regiespecific(Olsen and Sieghart, 2008 2 NJ SEI YLX S h ¢+
are expressed in hippocampal pyramidal neurones at high density, whereas the
hoio'n Aa2F2NY A& 6ARSte& SELINBaaSR Ay GK¢
(Chua and Chebib 2017jnmunohistochemical staining of the adult rat brain gave
AYRAOIFIGA2Y 2F GKS RAAGNAOdziAZ2Yy 2F RATFTFS
widespread throughout the brain, with the latter more localised to dibag bulb,

CA3 area of the hippocampus, dentate molecular layer and amyg@@atachy and

Mohler, 1995; Pirker et al., 2000) 5 S @St 2 LIYSy Gt NBIdz | GA2Y
subunit mRNA levels significantly increasing with age in both layer 3 and layer 5
O2NIAOFEf LBBNIYARIE OSft t aDattagtralS RBHGuUtdf H Y wb
alGABAW h &dzodzyAla> hm Ywb! FyR LINBia@Ay f S¢
et al., 2013)

hiKSNJ P adzodzyAGa FNBE Y2NB t20FfAaSR Ay 0
Ad Y2aild LINRPYAYSY(l Ay &aLISOAFTFAO FINBlFa 2F 0
is highest in regions of thalamus, striatum and dentate gffPuger et al., 2000)T're
SELINBaaArAz2y 2F hp FyR hc A&2F2NX¥& A& &aA3y)
6ARS SELINBaarzy 2F hp Ay GKS KALLROI YLz
granule cellgFritschy and Mohler, 1995; Jones et al., 1997; Zoltan Nusser et al., 1998;
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Pirker et al., 2000)These findings areonsistentwith previousin situ hybridisation

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

With regards to & dzodzyAdaz Fff GKNBS A&a2F2N¥a | N
bl otés G(KS SEIRNBDaA2NE 20R YLK S YISy it WE A\
AONREFGdzYz iw Ada KAIKEE O2yOSYGNIGSR Ay df
in striatum(Pirker etal., 20000 CdzNI KSNXY2NB> i &ddzodzyAla ¥F2
LINEFSNBYOS: gAGK i m |yR I H mpdiktgireurdad I K &
GKSNBFE i m YR i o |LIISEN YIFEAyte& OikeadNE&aSt
etal., 20000 hdzi 2F Fff GKNBS * adzodzyAdGaz + H Az
v f20FtAaFGA2Y Aa YI Ayt ey ANBNEG NIRYORI SRS LidiRd
expression is limited to expression in specific somas and dendrites at low levels.
Expression of the & dzodzyAd Aa&a NBaAaGNAROGSR (G2 OGKIfIF
(Olsen and Sieghart, 2008; Pirker et 2000)

1.1.4 GABAR biophysical properties

The sibunit composition of GABAreceptors not only determines the cellular
localisation, but also the biophysical properties of these receptors. Subunit
composition influences a number of measurable parameters: the magnitude of the
response, agonist sensitivity, and the rates of actorgt deactivation and
desensitisatior(Farrant and Nusser 20Q5)he affinity of the receptor for the kgpd

(how avidly the ligand binds to the receptor) and the efficacy of the ligand (how
effective the channel gating is) both influence the macroscopic sensitivity of a ligand

gated ion channel to its agonis{€olquhoun, 1998)It is worth noting, that the

affinity cannot be measured from electrophysiological experimgttierefore the

GSN¥Ya WIHLLINBYG FFFAYyAGEQ 2N F32yHhald LR
measure(Colquhoun, 1998)Typically, synaptic receptorsthose composed of an

h X | YR + A&az2F2N)Y O2YoAyllUiAz2ya KIF @S |
SEGNI aeyl LIGAO NBOSLIIi 2 NB aredeptoksi(Modyj 2001)y R+ C
This is in conjunction with the role of these receptors. Synaptic receptors are exposed

to high transient levels of GABA (> 1 mM), released from the presynaptic terminal
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into the synaptic cleft, mediating sheldsting phasic inhibitiofFarrant and Nusser,
2005; Galarreta and Hestrin, 1997Qn the contrary, extrasynaptic receptors are
exposed to much loer levels of ambient GABA (€15M) in the extrasynaptic space,
mediating a persistent level of receptor activation that results in a tonic current

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

The GABA potency of dieteropentameric GAB&eceptorsf = i = |y R *+ O2Yy
Ad RSOSNX¥YAYSR o0& GKS h Aaz2F2N) LINBaSydid
electrophysiological experiments showed that a four armac@ domain in the GABA
OAYRAY3I LIRO1SG 2F |y h &dzo dzy A(Bohme®tah, | G S &
2004) Electrophysiological studies in transfected HEK293 cells $lawen that
deylLWiAOLEte t20lftAaSR hu YR ho O2yidlAy
the lowest sensitivity to GABAith EGovaluesmo ®n >a | YR MH®p >a
(Mortensen et al., 2012ld) ¢ KS S E (i NJcanbiyfimglrditeptors display the
KAIKS&G LGSy Oe@Martenseb étal! 2012bpepending-aa the cell

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

L2 GSyOe NIy3aSa 0SGoSSy m >a | YRsheing >az ¢
OFNRY f 2 &<hid2h2 kX 2B N3 (Farrant and Nusser, 2005; Mortensen

et al.,, 2012b; Picton and Fisher, 2007herefore, this simple GABA potency
relationship is important in underpinning GAB&ceptor activation and subsequent

mechanisms of neuronal inhibition (phasictonic).

The relative positioningofah & dzodzy AG Ay | LISy Gl YSNAO NB
RAGGAY OO h adzodzyAlG Aaz2F2N¥ya RAOGIGSA LKL
triple concatenated receptors (two linked subunits expressed alongside thmesd
adzodzy Aiaov O2heiidofbrh AmixEire ekpyessed inXenopusoocytes
exhibited different potency with respectii 2 D! . | I HgMiliKe ‘Kak GAy 3 |
much higher EGG K| HY aik-i m 0 dpn >a | Yy R n(Minier and NB & LIS «
Sigel, 2004a)CeS ELINB a8 aA 2y &0dzRASE 2F hwmkhog FyR N
the effica@ 2F GKS NBOSLIWi2NJ Aa RAOGFGSR o6& GK
F FFAYAGE A& RAOUBbEtRRA,GMW4) 620K h adzodzy Al a
¢KS LINBaSyOS 2F || &ALISOATAO i adzodzyAld Aaz2
receptors, with the rank order of B8 0 SA<fI<iim AYy Ly hwmi E! H
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isoform(Mortensen etal., 2012) ¢ KS LINBaSyOS 2F : 2NJt ad:
role in receptor sensitivity to GABA. Pharmacological characterisation of a cell line
stably exprea Ay 3 hni ot AYRAOFGSR GKFG + w  adzo dzy
GABA EGby almost fiveF 2f R 0 T NB Y H QRrowrr et al.[i2802)Thése > a U
NEadz Ga FNBE Ay FIANBSYSyl g-koit&ining feéptofs 2 O £ A 2
that are exposed to low concentration of GAE®Isen and Sieghart, 2008)
LYydSNBatAy3Ites D!. ! STFAOLO& G hnpniot N
indicating that GABA is a patiagonist at these receptor@rown et al., 2002)

Indeed, studies have shown that both 4,5;8efrahydoisoxazolo[5,€]pyridine

3(2H)one (THIP) and muscimol acted as sdpel2 YA dGa 2y hni ol
(Mortensen et al., 2010; Stérustovu and Bbe2006p ! RRAGAZ2Y | f f & X
O2y Gl AyAy3d NBOSLIi2NAR LINBaSyld arxayiaAfFaol yi
NBEOSLIi2NBRS ' H NBLXIFIOSYSYy(l 6AGK + &dzodzyA:
opening bursts as well as the mean opening tigkésher and Macdonald, 1997)his

RIEGF Aa O2yaratsSyt 6AGK GKS ARSE GKFG DI

isoform containing receptor@Adkins et al., 2001; Farrant and Nusser, 2005)

The rates of activation and deactivation are attoongly influenced by GAB®R
ddzodzy Al O2YLRAAGA2Y® ¢KS h AdzodzyAld LX I &a
respanses(Farrant and Nusser, 206B) wl LJA R o mnn > & (catiénbk td dzNJ & A
GN} yaFSOUGSR 1 9YHho 2N O2NIAOIE ySdaNRyYy LI
G2 GAYSA T aid SNI0h Kiseytimes Tvere" W5 ms' and 10 misn
respectively), whereas decay rate was six times slower (208 ms and 31 ms
respectively)Lavoie et al., 1997; McClellan and Twyman, 1998¢ presence of an

h o &dhdp/iAHlY H O LIN®IRdEDSSR inlthe dcgvatibid rate compared

G2 hm O2y Gl AyAy3 NBEOSLI 2 NA xh Mdzi@ingscA G KS

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

1 2NJ 4 Adzodzy Al A @MAKBENNNS ASYDBSTIZEFA 2 1 NI» IMS
almostfourF 2f R 02 YLJI NBR ¢ A (K {KI (risetifesbfd4eo KS i ¢
ms compared to 1.7 mgHaas and Macdonald, 1999)his is only seen with the long

splice variant of the subuniiBenkwitz et al., 2004) hy (G KS O2y (NI NEB>
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presence reduces the deactivation rate by two fold (76.1 ms compared to 34.1 ms,

hmi o' H | YR h m(Haas diEMacdsrald, ABHt & 0

Desensitisation of GARAeceptors reflects transition to closed receptor states whilst

GABA is still bound at the orthosteric site and provides a regulatory mechanism for
receptor activationwith a likelyphysiological role. Desensitisation has been shown

to play a role in shapg thetime course of IPSCs, initiation of inhibitory plasticity of
synapses, and modulation of extrasynaptic recep{@msght et al., 2011; Field et al.,

2021; Mortensen et al., 2010Additon2 ¥ G KS + (G2 hwmi o R2Sa y2i
effect on the receptor activation rate;, however it does decrease both the extent

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

ms) of desensitisatiofHaas and Macdonald, 1999)hese findings correlate withe

F dzy Ol A 2 y-kohtaifitiB fec@ptadsfin mediating tonic inhibition.

1.1 Posttranslational modifications
1.2.1 Phosphorylation

A further level of complexity is added to GAB#receptor function via post
translaional modifications. Various receptor modifications can be made but
phosphorylation appears to be particularly critical for regulation of GABéeptor
mediated transmissionMoss and Smart, 1996)Iyrosine and serine/threonine
kinases are both known to phosphorylate GAB#& They act via a reversible
mechanism consisting of a phosphoryl group {P@ansfer from aeénosine
triphosphate (ATP) to aerine/threonine/tyrosineamino acid contained within a
consensus sequencfArdito et al.,, 2017; Moss and Smart, 1996his change
modifies the hosphorylated protein residue from hydrophobic to hydrophilic polar,
potentially altering both protein function and its interaction with other proteins
(Ardito et al., 2017) GABA receptor phosphorylation is an important moduday
mechanism which affects a multitude of processes including cell surface expression,

downstream protein interaction, channel function and pharmacological profiles
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(Nakamura et al., 201550me of the currently known GABRAphosphorylation sites

and their physiological consequences are outline@able 1.1

The large intracellular domain between TM3 and TM4 has the highest sequence
variability between GABAR subunits and contains several consensus sequences
recognised by various serine/threonine and tyrosine protein kingdésss and
Smart, 1996)Pull down assays of glutathiong¢r@nsferase (GST) fusion proteins with
intracellular loops of various GAEA subunits have been used to identify specific
kinases and corresponding phosphorylation sites. Studaes largely focused on
phosphorylation gesA RSY 0 A TASR -4y I VRS i(Brandoh @&nalk i
2001; McDonald and Moss, 1997; Moss et al., 1995)
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Table 1.1 GABAreceptor phosphorylation sitesSerine (S)/threonine (T) and tyrosine (Y)

residues that are known to be phosphorylated in GAB&eptor subunits alongside their
corresponding kinases are listed in the second and third columns of the table. Physiological
STF¥FSOG Aa AYRYRBAISREI s KESBONBIFaAGE YR m Yy A
arenoted in the last column.

h Putative - @ aéyl LW AO (Mukheree etal,
T375 @ YLt {/ Y 2011)
h S443 PKC n adz2NFI OS (Abramian et al.,
H G2yAO0 A 2014, 2010)
™M S384 CamKiII - (McDonald and
Moss, 1994)
S409 CamKill, PKA, OdzNNB vy i (Brandon et al.,

@
PKC,PKG @ RSaSyaad 2002 McDonald et
al., 1998; McDonald
and Moss, 1994;
Moss et al., 1992b)
i2 Y372/Y379 PI3K  adzNF I OS  (Vetiskaetal., 2007
S410 Akt, CamKiII, @ adzNFI OS (Bright and Smart,
PKA,PKC,PK( @ G2y AO A 2013;McDonald
and Moss, 1997)
dzNF I OS (Houston et al.,
dzNNB y i 2007; McDonald
&y I LJG A © andMoss, 1997;
Petrini et al., 2014)
S408/S409 CamKIl,PKA, { Ay 3f S &A G (Brandonetal,
PKC, PKG I YLJ A G dzR¢ 20Q; Houston et
neurosteroidmediated ~ @l-» 2007; Jovanovic
current potentiation. €t al- 2004; Kittler

I o S383 CamKII m a
n O
m a

) i McDonald and
expression Moss, 1997)
m OdzNNBY U
fw{¥ S327 PKC i £ F 0§SNIf (Kellenbergeretal,
@ OdzZNNBYy i 1992; Muiret al.,
2010)
S348/T350 CamKll - (Houston et al.,

2007; McDonald
and Moss, 1994)

Y365/Y367 Src m adz2NFIF OS (Brandon et al.,
i OdzNNB Yy i 2001; Tretter et &,
b adyl LWGAO 2009)
121 S343 CamKIl,PKC @ OdzNNBy (i (Krisheketal., 1994

McDonald and
Moss, 1994)
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A wellstudied example of a phosphorylation site is a conserved serine amino acid
NE&ARdzZS F2dzyR I ONRP&aa Fftf GKNBS | &dzodzy Az
This residue is knowto be a target for numerous kinases: protein kinase A (PKA),

protein kinase C (PKC), protein kinase G (PKG) affttallaodulindependent

protein kinase Il (CamK{McDonald and Moss, 1997, 1994) vitro experiments

have indicated some discrepancies betweba ability of thePKA to phosphorylate

ivw {nmn NBaARdS® {2YS &dddzRASA adz3asSad GK
08 tY!I 6KSNBIFIa 20KSNE ada3SaiSR ARl 0 GKSE
cells is not modulated by PKMcDonald et al., 1998; McDonald and Moss, 1997,

Moss ¢ al., 1992a) Furthermore, the downstream effects of tiposphorylation by

tY! 4 GKS im FyR i o &dzodzyAl NBAaAARISE |
D! . I SNAEAO GORNNE yAlyaA yAZy NBMOS LJG 2 NB -évoked mM! H U X
O dzNNE vy icantaining'NB @S LJG 2 NHMcDHonhawdi epal.,H1998; Moss et al.,

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

i o &dzodzyAld o{nnyo0x GKI{ ®é $4090d&fininglkhd a LIK 2 N.
direction of modulation with PK@cDonald et al., 1998he AP2 complex plays an

essential role in clathrimediated internalisation of GARAeceptors(Vithlani and

Moss, 2009) Studies suggested that the phosphorylation 40&S409 residues on

i o & dzo dzy Aasigndantiyizédiicgd afinftior the u2 subunit of the adaptor

protein 2 (AP2), hence preventing GABrceptor endocytosis resulting in an
increased cell surface expressi@Kittler et al., 2005) Therefore, this provides a

dynamic phosphaleperdent mechanism to regulate receptor internalisation.

hiKSN) LIK2AaLIK2NEf F GA2Y &8 inSagellukad dgnfainstaS Sy A F
targets for various kinaseg@Nakamura et al., 2018) ¢ KS {oyn NXBaA RdzS
subunits has beeshownto be phosphorylated by CaMKIl, however the physiological

function of such phosphorylation is unknowicDonald and Moss, 1994A
K2Y2ft232dza aAdS 2y (GKS i o adzodzyAlG 6{oyod
(Houston et al., 2009; McDonald and Moss, 1998)udies hae shown that
LIK2AaLIK2NBfFGA2Y 27 i o {oyo NBaedtkdda AYy
currents in both a recombinant system (NG1IB cells) and cultured cerebellar

granule cellfHouston and Smart, 2006)wo tyrosine resiues (Y372 and Y379) on
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i H adzodzyAlG 6SNB Saidl ofracagkiS®bphodphdidkstidel JK 2 NE f
3-kinase (PI&)(Nakamura et al., 2015Following insulin treatment, the association

between these residues and Pk3significantly increased, resulting in the enhanced
expression of GABAreceptors at the membrane and upregulation of mIPSC
amplitude(Vetiska et al., 2007)

Numerous phosphorylation sites habeenidentified in the intracellular domain of

0 KS ' n (Naldzoudayethali, 2015Three residues: S327 and S343/T350 have a

high affinity to protein kinase C (PKC) and CaMKIl serine/threonine kinases
respectively(Houston et al., 2007; Krishek et al., 1994; McDonald and Moss,.1994)
Phosphorylation of S327 by PKGuked in a downregulation of GABAoked

currents when expressed Kenopu® 2 O 4 Sa 6" mi(Kellenbdrgerietia®, ¥ 2 NJY U
1992) Moreover, S327 phosphorylation causedecrease in GAB&eceptor lateral

mobility within the cell membrane, providing phosphedependent control of

synaptic inhibition and plasticitfMuir et al., 2010) Another serine residue found

only in the eigt YAY 2 | OAR AyaSNI 2F GKS f2y3 a
phosphorylated by CaMKII and results in a significant reduction of @&@added

currents (Krishek et al., 1®4; Moss et al., 1992afrc tyrosine kinase has a high

I FFAYAGE F2N) ,o0ocp YR ,o0cTt NBaARdzSa 27F
GABAevoked currentdMoss et al., 1995)CaMKII phosphorylation ¢fiei o { oy o
NEA&ARIZS KIFa Iy AYRANBOO NBaARdzZ t LRaAlAOD
further increasing GAB&eceptor currentHouston et al., 2007)

Unlike numerous ident8 R 1 ' yR 4+ LIK2ALIK2NEf I GA2Yy &A
LIK23LIK2NRBEFGA2y Aa fAYAGSR® ¢KS 2yfeé& h &
hm 4G {nno | YAy2 I OAR ¢ pbr&iay etialk 80105 y (i NI C
Nakamura et al., 2015)mmunoprecipitation studies from transfected COS7 cells,
AaK2gSR GKFG tY/ FTOGAGIOGA2Y AYONBFasSa LK
subsequently upregulates the cell surface expressiontofieNd & &y I LIGA O hni
receptors (Abramian et al.2010) Neurosteroids were later shown to potentiate
PKERSLISYRSY(l LIK2aLIK2NEBfFGA2Y 2F bhn &dzodzy A
insertion of extrasynaptic GARAeceptors(Abramian et al., 20140n the contrary,

immunof | 6 St £ Ay 3 2receptorsiexpressdd in.HEK293 cells revealed a
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significant decrease in cellurface expression following PKC applica(Bright and

Smart, 2013) Furthermore, a decrease in tonic inhibition in dentatgus was

observed that washown(i 2 6S RSLISYRSyild 2y i H  &dzo dzy A
(Bright and Smart, 2013)

1.2.2 Nlinked glycosylation

N-linked glycosylation is another important pesanslational modification of

proteins. This modification occurs ime& endoplasmic reticulum (ER), where a
multimeric enzyme ¢ oligosaccharyltransferase (OST) transfers assembled
oligosaccharide complexes (comprising glucose, mannose awktpiglucosamine
monosaccharides) to asparagine (N) residues within the consessgsence
asparaginex-serine/threonine (NX-S/T, where X is any amino acf{ijohorko et al.,

2011; Parodi, 2000a)Glycosylation is an essential mechanism for correct pretein

folding, trafficking and degradatior{Parodi, 2000b) Glycosylationof GABA

receptors has been shown to be altered in disease states such as schizophrenia and
absence epilepsfMueller et al., 2014; Taka et al., 2008p {FYLX Sa 2F LJ 0
YFEGUGSNI AYRAOFGSR | NBRdAzOSR 3t &a@egeptért | G A2y
subunits(Mueller et al., 2014)

Functional studies iXenopusocytes were the first to identify the importance of N

linked glycosylation in GARAeceptor cell surface expression. Applications of
tunicamycin, an inhibitor of Mnked glycosylation, caused GABAeceptor
expression in oocytes to be significantly redu¢8dmikawa et al., 1988) ater, site

directed mutagenesis of twofl A Yy {1 SR 3Jf & 0z2aef I GA2yRA{Sa
Iy RV NB @St SR GKFG NBY2@Ay3d (KS&aS aAriasa
receptors inXenopusoocytes(Buller et al.,, 1994)Mass spectrometry of purified

GABA receptors from rat neocortex confirmed the presence of these ditegivo

(Chen et al., 2012a)The N110 residue aflh & dzisdayvéldefined glycosylation

site identified based on the sequence analysis and has also been confirmed in later
GABA receptor structural studiegBlom et al., 2004; Julenius et al., 2005; Laverty et

al., 2019b; Phulera et al., 2018his site is located at the ECD of the receptor and
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oligosaccharides tethered at i#h site occupy a significant portion of the of the

vestibule above the channel pore. The carbohydrate side chains of the
oligosaccharide are well ordered, making multiple interactions between the sugar
ANRdzLJA Fa ¢Sttt | a ! W &dzaxRfPhulera &l 200802534 b
This glycosylation site is proposed to beportant for GABA receptor assembly,

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

h & dzo(Rlayléraiedal., 2018)

¢KNBES FaLlk NIFIAYyS NBAARdzSSa 2y GKS i H &dzo dz
potential glycosylation sites using sitirected mutagenesis experimengko et al.,

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

of a GABAI o K2 Y 2 LI8Wer land Slickscu, 2014Btudies in transfected

| 9YHpo OStfa aK2gSR GKFG tff GKNBS 3t e02:
AY hmin NBOSLII2NJ I aaSYot N80 iwas RenifidditopEyh O A Y -
a rolein receptor assembly and stability in the ER. Electrophysiological experiments
further showed that mutating any of the glycosylated residues reduced &ABked
OdzZNNBy G | YL AGdzRSa +Fa ¢Sttt Fa | f@Edamrya i
al., 2010)

1.3 GABAreceptor pharmacology

A defining feature of the GARAeceptor is the diverse pharmacological profile
displayed across receptor subtypes. This profile is altered depending on the structural
diversity and arrangement of subunits in a GABXeptor complex. Understanding

the pharmacological properties of spéc receptor isoforms is therefore crucial in
predicting the functional profil¢Carter et al., 2010; Mo6hler, 2006l)he binding sites

of GABAreceptor modulators are schematicalgpresented inFigure 1.2
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ot / vy interface
BDZ (high affinity site)

B subunit
Propofol

PS
Loreclezole

B* / a”interface
Orthosteric agonists (GABA, THIP)
BDZ (low affinity site)
Antagonists (bicuculine, gabazine)
Propofol
Neurosteroids

Channel pore
PTX

Penicillin

a* /B interface

CGS 9895

Figure 1.2 i 1GABA receptor pharmacology. GABA receptors have a diverse
pharmacological profile which is determined by subunit composition and arrangement. Most
binding sites are located at the subunit interfaces. Compouhds$ bind within the N
terminal extracellular domain are highlighted in black. Compounds that have binding sites
within the transmembrane region are highlighted in red. Some compounds (PTX and
penicillin) bind directly in the channel pore. AbbreviatioB®Z¢ benzodiazepines, P&
pregrenolone sulfate, PTXpicrotoxin.

1.3.1 GABAreceptor agonists

Several selective exogeneous GABéceptor agonists have been developed as
potential therapeutic agents for regulating GABAergic inhibition. The two most
commonly known agonists that bind to the orthosteric GAB&ceptor site are
muscimolg isolated fromAmanita muscarianushroomg and THIP(Johnston, 2014;

Krogsgaard_arsen et a).2002; Stérustovu and Ebert, 2006)

[3H]Muscimol binding and electrophysiological studies suggested that muscimol acts
uniformly on most GABANXE O S LJécantiihing)d except for extrasynaptically

f 201 4G4SR h ni(Ebert eNab, @D T teanksFected HEK293 cells, muscimol
acted as a super agonist, eliciting between 120% of the maximal GABA&oked
OdzZNNBy G a | (Moriersen etS 2030;)8t@usBvu and Ebert, 2006)

¢l Lt Qa LIKFNXYIO2f 23A Ohwito hadNEbdnAsélestivek It aénly | f & 2

38



I Oda I a | Ll-dddtalning GAB&eReytArsi Wherag it acts as a super

I 32y A a-Gontatiyig receptors, eliciing peak currents 220% greater than
saturating GABAS @2 1 SR NBalLlRyaSa iy oh nd 2oy O yEAKYST |
of both muscimol and THIP has been establish&tbert et al., 1994; Mortensen et

al., 2010) Muscimol potency is more than thrée2 ft R KA IKSNJ (Kl y D!
(0.92+0.34 uM and 3.4+1.0 uM respectively)andfv@ f R KA IKSNJ Ay hni o
MM and 0.35£0.03 pM respectively). The potency of THIP is much lower than GABA
across dlthese NEOSLIJi 2N O2YO0AylFIGAz2ya ohmiorwnXI h
between 107+31 uM and 13+3.5 pfMortensen et al., 2010) The super agonist

0SKI @A2dzNJ 2F ¢l Lt 2y bhni ot NBOSLIIi2NR Oy
channel openinglwell times and frequency, resulting in a prolonged burst duration.

| 26 SOSNE YdzaOAY2f Q& Y iBub dbbildi e atfibldeiStdlh | 32 y A
decreased desensitisation of extrasynaptic recep{dsrtensen et al., 20Q).

Neither muscimol nor THIP show selectivity across GABAceptor subtypes,

therefore more selective GARPeceptor agonists have been developed to assess the
properties of individual receptor subunit combinatio@®hnston, 2014)A group of
5-(4-piperidyl}3-isoxazolol (4PIOL) derived analogues have bidirectional effects on

GABA receptors, actingither as weak partial agonists or antagonists depending on

subunit composition(Mortensen et al., 2002; Patel et al., 201@PIOL exhibits
agonistlike effects ird @ y | lelintaifingreceptors, and antagonisipe behaviour

AY S E{ NI-coxayhind JéckepborgPatel et al., 2016)Tonic currents were

affected by 4PIOL application to CA1l hippocampal neurones and thalamic relay
neurones, thatexpress p i * £ h ni fasyhaptk reteptorsSIhtérestingly, the
observed effect on tonic currents wasdirectional, andvas depenédnt on ambient

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

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

G2 OG Fa LINIHAFE FyR Fdzt F32yAaita NBa
receptors(Ebert et al., 1994Hansen et al., 2001; Mortensen et al., 2Q0&hother

orthosteric GABAreceptor ligand, thied-PIOL acts a partial agonist bnpi 0! H X
hni ol | yrRceptors,i ebiciting around 30% of the maximum GABéked

responsgHoestgaarelensen et al., 2013)
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1.3.2 GABAreceptor antagonists

Apart fromagonists, antagonists aedsoused for probing the functionality of GABA
receptors. One of the most prominent competitive antagonists of GAB#eptors

is a phthalide isoquinoline alkalgithicuculline ( Johnston 1996; Johnston 2013;
Masiulis et al. 2019)Single channel recordings from cultured mouse spinal cord

neurons slowed that bicuclline reduced GAB&receptor currents(Krishek et al.,

1996b; Macdonald et al.,, 1989) / K y3IAy 3 (GKS | &dzmdzyAld SE
subunits suggesd that bicuculine affinity was significantly weaker inc i o 4 H

O2 YLJ NBR 02 hci M! H Iy Eberth eti @l HIOF)Y O A YV I {
9f SOGNRLIKEeaA2t23A0Ft FaasSaavySyd 27F Ydzil

subunit suggestethat bicucudline binds to the orthosteric site, but also interacts with
additional sites on the receptor, causing a stabilisation of the receptor in a
closed/resting state(Ueno et al.,, 1997) This was later confirmed with a
GABAR/bicucdline crystal structure (Masiulis et al. 2019) Another GABAR
competitive antagonist¢ SR95531 (gabazine} does not show any selectivity
G261+ NRa RA T T-8aNBiyng GABArécdpfodzy(Ebért et al., 1997)
However, low concentrations (200 nM) of gabazine showed a 71% reduction of phasic

but not the tonic current in CA1 hippocampal granule d8tell and Mody, 2002)

A noncompetitive antagonistic compound picrotoxin (PTX) does not bind
between subunit interfacesather the binding site is located within the channel pore
accessiblenly on theopen stateconformationof receptor(Korshoej et al., 2010)
Early studies involving electrophysiological recordings suggested that PTX inhibition
of GABAevoked currents occurs via stabilisation of theseld/resting state of the
receptor (Krishek et al., 1996b; Newland and €idindy, 192). A latter cryeEM

a0 NHzO G dzNB 2 T ategeptdr with BTXH-[GABR lhas tonfirmed this idea
(Masiulis et al. 2019)

Zre* is another GABAreceptor antagonist. Its effectiveness depends on GABA
receptor subunit composition. Synaptic and extrasynaptic GA8geptors not only
have different sensitivitieso GABA, but also have distinct pharmacological profiles

to Zrt*inhibition (Smart et al., 1991 he ZA*binding site lies within the extracellular
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end of the channel pore between the extracellular domains of the two adjacent
ddzodzy A ld Ry ISKREIMOIYACGK R F 4 RrgCeptdis digdugsh 1 @ D!
one of the two" - binding sites, therefore reducing its sensitivity to*Ztompared

gAGK hi (NSO 42808 BMortensen and Smart, 2006)9 E (i NJ -4 & y' | LJi
containing receptors are less sensitive tczhanh i pentamers (165 1.9 uM) but

are still highly sensitive to Zhinhibition (1Go16 uM), providing a mechanism for

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

and Macdonald, 2001)

1.3.3 Benzodiazepine pharmacology

Benzodiazepines (BDZsgaome of the most widely used drugs, prescribed for a
variety of conditions such as sleep and anxiety disorders. BDZs are positive allosteric
modulators (PAMs) fasome GABA receptors and have a large spectrum of clinical
effects ranging from sedative and hypnotic to anxiolytic and anticonvulsant effects
(Mohler, 2006) Single channel recordings suggested that BDZs potentiate -GABA
evoked currents without directly activating the receptor. Insteadythact via an

increase frequency of channel openings and bur@®ogers et al., 1994)

Subunit composition is crucial in determining GAB#&ceptor sensitivity to

0SYT 2RAIFTT SLIAYS&ad LG KIFra 0SSy axehtmyfor i KI
BDZ modulation: the disruption of tteABRG8ene resulted in the absence of 94%

of BDZ binding siteg&iinther etal., 199%) ¢ KS h adzodzyAdG Aaz27F2Ny
NEtS Ay .5% aSyariadArgaitey SEGNI aeyl LIGAO
pentamer exhibit no diazepam potentiatidiievers and Luddens, 1998herefore,
GABANB OS LJi 2 NB Qi yuintekagemifeme x = ¥, 2,'8, 5 and y-3 form

a high affinity canonical binding site for benzodiazepif&gel and Ernst, 2018; Sigel

and Luscher, 2011) In the most abundant GARAeceptor in mammalian brain,

h mi vt vI lakeBinel@in8iggl packek consists of principall subunit A- C
OAYRAY3 f22LJa | yR-FOhdngfoSoySagiulis el 2019) 5
Multiple studies have evaluated the functional and pharmacological effects of single

LRAYG Ydzill GA2ya Ay GKS h |yR + &adzmdzyAda
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(H101R), the latter corresponding to the amino acid residue present in this position
AY hn IyR hcx gl a AYyAGALfte& ARSYUGAFTASR
later characterised in recombinant systefoflach et al., 1996; Korpi and Seeburg,
1993; Whittemore et al., 1996; Wieland et @992a) It was then shown that this
conserved amino acid substitution in BRS Y & A G A @S  WOIRE d#98zy A U &
h §126R. y RHIBRgesults in diazepam insensitiviBenson et al., 498a; Kleingoor

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

¢g2 20KSNJ NBaARdzZSa Ay (GKS hwm &adzodzyAd
orientation of the benzodiazepine, diazepam, in the binding pocket: S205 and T206.
When these residues are mutated tgsteines they covalently interact with a

cysteine reactivasothiocyanate {NC$ group attached to nitrazepam acting as an

irreversible covalent PANTan et al.,, 20089 ¢ KA a &addzReé AYyRAOI GSa

and T206 play a crucial role in benzodiazepine binding, which was later confirmed via
a crycEM recepor structure (Masiulis et al. 2019)Further interactions beteen
0SYT 2RAFT SLIAYSa YR (GKS 1 v &adzodzyAl Ay
contacts at Y58, N60 and V190 in the benzodiazepine pdbketdendorp et al.,

2014)

Recently, an additional highffinity binding sitefor BDZat thei 2+/' 2- interface has
been identified, in the absence 6fL subunits(Wongsamitkul et al., 2017JThe h i
GABA pentamers have also been shown to contain a low affinity benzodiazepine
binding site, allowing potentiation of GABA&oked currents by diazepam and other
BDZs at uM concentratior(8aur et al., 2008; Rameasfer et al., 2011; Walters et

al., 2000) The TM2 mutations in all subunitstofi 2! 2 receptors abolished the uM
action of diazepam, while the high affinity component remained uncharfgéalters

et al., 2000)

Diazepam is a largely naelective benzodiazepine known to produce a wide range
of effectsin vivo such as sedatignanxiolysis, muscle relaxation and hypnosis.
DSySiAOLtte Y2RAFASR YAOS SELINBaaray3a i
have been studied to assess whether specific behavioural effects of benzodiazepines

can be attributed to modulation of specificsubunitcontaining receptorgRudolph
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et al., 1999; Rudolph and Mdhler, 2004; Sigel and Ernst, 2018; Wieland et al.,.1992a)
Multiple attempts were made to separate the anxiolytic effects from sedation, where
the latter was shown to be mediated specificallydy receptors(McKernan et al.,
2000; Rudlph et al., 1999) The anxiolytic activity of diazepam was shown to be
Y SRA I (i Sdontainiig GAB&Areceptors, and under conditions of highceptor

2 00 dzLJ y O & -Eonthirig #e@eptorgDias epal., 2005;6w et al., 2000; Skolnick,
2012)

1.3.4 Neurosteroids

Neurosteroids are a class of modulators that exhibit potent and selective effects on
GABA receptors (Reddy, 2010; Wang,021) Neurosteroids are synthesised
endogenously in the brain (principal neurons and glial cells) and in peripheral tissues
from cholesterol and neurosteroid precursors (progesterone, deoxycorticosterone
and testosterone)AgisBalboa et al., 2006; Baulieu et al., 2Q0B)osynthesis of
several neurosteroidsg¢ | £ f 2 LINS 3y | y-dihiydRoyy SpregnanZD-ane
(THDOC), and androstanedigloccur as a sequential reduction of the precursor

a i SNP ANB R dxO (plh dhgdrokysteRoid @ehydrogenag®eddy, 2010)Non
sulphated neurosteroids are lipophilic in nature, therefore can readily cross the
blood-brain barrier from the peripheral tissueg¢Schumacher et al., 1996)
Neurosteroids can be classified into three groups: positive allosteric modulatory
pregnanederived steroids that include allopregnanolone and THDOC; androstane
derived neurosteroids that include etiocholanonedsandrostanediol; and sulphated
neurosteroids, which include pregnanolone sulfate (PS) and dehydroepiandrosterone
sulfate (DHEAS). Unlik¢her classes ofieurosteroids, sulphated neurosteroids are
negative allosteric modulators of GABreceptors(Akk et al., 2001; Baker et al.,
2010)

The binding site for PAM neurosteroids such as allopregnanolone and THDOC is
f20FGSR gAGKAY (GKS (NFYyavYSYoNIySubid YI AY ¢
interface (Hosie et al., 2009; Laverty et al., 201&) conserved glutamine residue

I ONR aa [Afdf Ard 2Fd@ANGAE OvHN M AY sRneulbstekdidl & & |
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AYUSNI OGA2yZ gKSNB || aAy3datS KERNRISY o2yF
hydroxyl ring A of THDOEIlosie et al., 2009, 2007, 2006; Laverty et al., 2017)
Neurosteroids greatly enhandée probability of GABAR channel opening, via an

increase in both frequency and duration of channel bur@t®sie et al., 2007;

Twyman and Macdonald, 1992Additionally, high concentrations (>10 uM) of
neurosteroids have a direct effect on GABécepta activation and this is mediated

08 GKS LINBaSyoOS 2F ,wHoc YR ,Hyn | YAy2

respectively(Hosie et al., 2006)

GABANBOSLIi2NB O2y il AyAy3d (GKS + NI OGKSNI GKI
modulatory response to potentiating neurosteroids, however inhibitory
neurosteroids show no subtype selectiviBelelli et al., 202; Brown et al., 2002)
Potentiating neurosteroid selectivity was suggested to be a consequence of the
Fdzy Ol A2yl -doiNEnindSOnBAeSeptor? Fince the efficacf GABA is

low in these receptors, neurosteroids increase GABA efficaaysirgp a higher
relative enhancement of GABAediated currents(Bianchi and Macdonald, 2003;
Brown et &, 2002) Slice recordings from CA1 region of hippocampus and dentate
gyrus granule cells show that nanomolar concentrations of neurosteroids enhance
both tonic inhibitory conductance and IPSC decay ffHigney et al., 2003; Stell et

al., 2003)

1.4 Heterc-alphaQGABA receptors

As described earlier, the majority of GAB&ceptor subtypes that occur in the brain

I NS O2YLIRASR 2F Gg2 hy Gg2 i3 FyR 2yS 1 2
one YIS 2F GKS&AS & dzakey RO 8-y RV KRKY22YRI S 0SS
characterised in recombinant systenaumann et al., 2002; Olsen and Sieghart,

2008; Sigel and Steinmann, 2012)

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

invivek GKSNB Aad AYONBLI &AY YK SHESBBY @éerdiNgl § R
0SS0l Q0 &dzodzyAda YlLée SEA&G Ay | &aAy3tsS NB
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possible subunit combinations and receptor isoforms, producing receptor types with
unique GABA and allosteric modulator sensitivit@isen and Sieghart, 2008;
Sieghart and Sperk, 2002)here is extensive biochemical evidence supporting the
SEA&GSYOS AWK 3 -a/FNPPE EBeSdNProm several research
groups, which will be described belowable 1.2summarises all the biochemical

evidence on heteresubunit type receptors.

1.4.1Wetercalpha&IGABAreceptors: biochemical evidence

Early immunohistochemistry studiémsed on colocalization analysis proposed that

Y2NB GKIFy 2yS h adzodzy Al isrdckEptorpentaindtic SE A &
O2YLX SE® / 2Y0AYylLGA2y& 2F hmMkhHIE hmkhoX bhy
to exist in different brain regiond@ohlhalter et al., 1996; Christie and de Blas, 2002;

Fritschy et al., 1992; Fritschy and Mohler, 1995; ZeamidbeSieghart, 1991However,

the evidence of the GABAeceptor subunit composition presented in these studies

was not conclusive due to the nature of the colocalization studies

During the 1990s, a variety of selective GAB#ceptor subunit antibodis were

generated, allowing the biochemical assessment of receptor composition.
Immunoaffinity studies based on subtractive purification have been performed to
estimate the relative abundance of receptor types containing hoarad hetero

subunit combinatins (Bencsits et al., 1999; Jechlingaral., 1998; Nusser et al.,

1999) Using this method of purification in rat brain extracts (excluding cerebellum),
hO2ydFAYyAy3a NBOSLII2NB 6SNB ARSYGAFASR G;
YAY 2N L2 LJz F GA2ya 2F h mh nefected (Béncsiks ethalo h n X 6
1999; Benke et al., 1997)mmunoaffinity studies were also performed from calf
OSNBo NIt O2NISE §E-éGaitandg récEptogskndnidpopalatigh 2 F |
2T hwmhu |y Rlentifisch (32+8% &MdIB+1% respectivelPuggan et al.,

1991) Furthermore, results obtained fromratc&@eS f £ dz¥ SEG NI Oda Ay R
Oz2y il AyAy3d NBOSLI HNE d HBX SENDINGTABHER T &l YR
h mhxt i m(@gehlingeretal., 1998) ¢ KS &l YS aitdzRé &adzZ3asadas
O2ydFAYyAy3a NBOSLI 2 NE KécRingér @t2al.1998) EFIBNS y (|
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immunoprecipitation and immunoaffinity studies also from cerebellum have also

identified hetereh  NB

- A

S LJ{ ¢gPollErdettah, 41995 1993)

Table 1.2 Biochemical evidence for heteromeric GAB#&eptors.The table outlines all the
0A20KSYAOIt SdxRKF®S aRI WERIGHHNE Publications are
categorised by the type of hetersubunit type assessed (first column). The third column
outlines the biochemical techniques used (subtraction immunoaffinity chromatography,
immunoprecipitation, or radioligand binding assays)st column summarises the findings of

the reports and the brain area assessed.

hmh H (Duggan et al., 1991 Immunoaffinity Calf cerebral corte»
purification SEGNI OlGas 2
containg recetors: minor
LJ2 Lddzt F G A2y a
OOHBYI2UZ h M
h g h*o
(Benkeet al., 2004a) Immunoprecipitation Mouse brain extracts, ou
Radioligand binding 2 ¥ -zh M H-cantaining
NEOSLIi2N&BY N
MO:X hmho wmp
hHh o H:2Z¥™hogh
(del Rio et al., 2001z Immunoprecipitation Rat  hippocampal ant
Immunoaffinity O2NIAOFt SE{
chromatography O2y il AyAy3 N
Radioligand binding 36.3% 5.2% (hippocampus
and 39.4 + 5.5% (cortex
hmh H LJdzZNR F A
SEOf dza A #S {-BDZ
pharmacology
hmh o (Duggan et al., 1991 Immunoaffinity See* for details
purification
(Araujo et al., 1996) Immunoprecipitation Rat cerebral cdex lysates,
Radioligand binding 2 dzii 2 ¥ -comtdining
NB O S LJi 2 NBA 25%;!
2 dzi 2 F -cdnthifing
NBE OS LJi 2 NB pb m
BDZ pharmacology prevai
20SN) ho .5%
(70% and 30% respectivel
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thp

hmh c

(Dietmar Benke et al Immunoprecipitation See** for details

2004)
(Araujo et al., 1999)

(Ju et al., 2009)

(Pollard et al., 1993)

(Pollard et al., 1995)

(Khan et al., 1996)

(Jechlinger et al.

1998)

(Nusser et al., 1999)

(Poltl et al., 2003)

Radioligand binding
Immunoprecipitation
Radioligand binding

Immunoprecipitation
Biochemical
fractionation

Mass spectroscopy

Immunoprecipitation

Immunoaffinity
Radioligand binding

Immunoprecipitation
Radioligand binding

Immunoaffinity
chromatography

Immunoprecipitation
Radioligand binding

Immunoprecipitation
Radioligand binding

Rat hippocampal extracts
out 2 ¥ | fcdntainihgy
NB OS LJi 2 NIR%, ol
27T I £ fcontainiihg
NBE OS LJG 2 N&E 23%);
h mhp NS
LINBR2YAY Il yiif
BDZ pharmacology

Mouse hippocampa
SEGNF Olasz -
O2yGFAYyAy3a N
I YR hphp
SAFFSNBYy(d LN
hH YR hp A\
extrasynapic receptors
fractions.

Rat cerebral cortex lysate:
hmhc YAY2N L
Rat cerebellum extracts
2 dzi 2 F -comtdining
NEOSLIi2NBY ©h
hmhc NB
LINSR2YAY Il yif
BDZ pharmacology (BC
insensitive)

/| SNBo6Sft f-dzgrzs
22-H y:'2 ¥ h-iBhe

Rat cerebellum extracts
2dzii 2 F -comtdining
NBEOS LI 2MNBMY o
hmhxt H o TIgR X MI
hmhx i ™mpsz

Mouse cerebellar extract:
6hc 3ISYyS RAMa
Ay O2y GNPt

h mh ¢ LINB &3Snjeé
H €32 NB RdzO G A
expression

Mouse or rat cerebellurr
SEGN} OQliad a2
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hyho

hth

h Hyb
where X is
1,3,40r5

(Ogrris et al., 2006)

(Scholze et al., 2020

(Duggan et al., 1991
(Benke et al., 2004a)

(del Rio et al., 2001e

(Poltl et al., 2003)

(Nakamura et
2016)

al.

Immunoaffinity
purification
Radioligand binding
RFPCR

Immunoprecipitation
Radioligand binding

Immunoaffinity
purification
Immunoprecipitation
Radioligand binding
Immunoprecipitation
Immunoaffinity
chromatography
Radioligand binding

Immunoprecipitation
Immunoaffinity
chromatography

Immunoprecipitation
Proteomic analysis

-cdntaining
SLIW2NRZ
HPm2E hci EJ H
hmhci E4 H HH
hmi EX  noy 5
17.7 +1.0%,h mh c i E
+ 1.2%56% of all receptor
O2y il Ay hec
pdz O2y Gl Ay
subunits.

Mouse cerebellar extract:
6hm 3ISYyS RMa
Ay O2yiNRf 13
h Mm+/- YAOSZ h ¢
expression is increased t

pn 0 NB LJt
subunits)

Rat cerebellum extracts
2 dzi 2T £ f

NEOSLIi 2 N&Y

p T2 T hectiniE
hm! ui Ehci E
c!/ Hi Ehmi E mp
See* for details

See** for details

Rat hippocampal extracts

2 dzi 2 Fcontairing
NBEOSLJi 2 N& =
HOM:? Z hpurifigol

receptors exclusively shoy
h - BBDZ pharmacology
Mouse or rat cerebellurr
extracts. Mouse: out of al
GABA NXB OS LJi 2 N.
hHhOoZX hwhnz
identified (between 1.3 anc
7.3 % each)

Mouse brain extracts
(pHIuoring F 33 SR h
Y2RStft0O®d hmhy
huhp sSNB AR
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h ny (Benke et al., 1997) Immunoprecipitation Rat brain lysates (differen
where X is Immunoaffinity NEIA2YyaoyY 2
1,20r3 chromatography cont AYAy3 NBO
Radioligand binding h Hhn  hohnZX

was detected
(Bencsits et al., 199¢ Immunoaffinity Rat brain extracts (nc
OSNBG St f dzwonx
hohn ARSYGAT

~

h px (Mertens et al., 1993 Immunoprecipitation Rat brain extracts (variou
where X is Radioligand binding NBE3IA 2y a0 x h
1,20r3 hohp 6SNBE AR

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

h pcontaining  receptors
h mhhpyh p | yfq |
identified

i Mi H (Li and De Blas, 199 Immunoprecipitation Rat brain extracts, out of a
i -containing receptors.
Ml H O yR:

i mi o (Li and De Blas, 199 Immunoprecipitaton Rat brain extracts, out of a
i -containing receptors.
i mi o mMdi:

i Hi o (Li and De Blas, 199 Immunoprecipitation Rat brain extracts, out of a
i -containing receptors.
i Hi o o0 &:

2 different (Jechihger et al., Immunoaffinity Rat cerebellum extracts, 1

i 1998) chromatography 2 2F hc¢c NBOS
RAFFSNByYy (i |

¢ KS &dzodzy Al OodndiddgGABSeReytor2has been widely studied.
Cerebellar granule cells almostexdi§ f @8 SELINB@AR hmX Iy R 4 mad
making it an obvious target for studying hetero NJ O & titictsy Mdd Mohler,

1995; Laurie et al., 1992; Pirker et al., 26D0) L Y Ydzy 2 32f R f 0 St t Ay
GABA receptors showed colocalization of these subunits in cerebellar granule cells,
adzaasSadAay3a GKS LI aaiexistinkhe samegiitamer(Zolan | Yy R h
Nusseretal.,1998) [ I § SNE (G KS &l YS -aBuN®Riaztasudgief A a SR
S T ¥ S-Cointairfing receptor populations. The results showed a 26% reduction of

h Midzodzy Ali SELMWNBAXADE OFYhlc N®BR(Nusgretadl.,.c O0bk
19990 ! & A YA f I/NinidelcateRalar exfFacts8 suggedta 54% increase in
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h ¢ & dzo dzddffitiént mMicg comparedtothewidd @ LIS 2y Sa> adzaasSai
Ad NBLIX I OSR 0@ h grecéplats@yfis ét al.A2006Fhese findiriy! . !

are in agreement with the previous reports (59% of all cerebellar receptors contain
020K hwm I yR (PSlttet ak, d2008)yyQhaintidative immunoprecipitation

assays further identified hetertd DWNB OSLII2NB O2y Gl AyAy3 o2
as well as proposed their subunit arrangement. One study estimated that out of all
heO2y Gl Ay3a NBOSLIWIi2NEEX nm 5 MH: NB hmhc |
pharmacology (BDZ insensitive, ited -h m-  &nfient around the central

pore, top view) (Pollard et al., 1995)n accordance with these finding$}Ro 15

npmo O0AYRAY3 SpruidRdNBABA yedeptors2cdncluded that the
YI22NRGE 2F hwmhci Efn OSNBOGSE fdenditiveNS OS LI
6hci ui Ehmi E mp: KSEhoizeemal.,202Bh ci E iz 0

Numerous reports provide evidence for heteto DANB OSLII 2 NE O2y il Ay
subunit. Immunoprecipitation from whole mouse bmagéxtracts suggested that out

2F |-X &8 Wsubunit containing GABANB OS LI 2 NE GKS Yl 22NA (@
GKSNBlI A hmhu YR hmho O2yidlAyAy3a NBOSLI 2N
(Dietmar Benke et al. 2004)mY dzy 2 RS L) Si A2y SELISNAYSyY (&
GABANB OSLIi2NE O2yadAddzi S but notfof-h Ndgdhtairidy 2 LI2 NI |
receptors (54% and 24% respectively) in rat cerebral cqAeaujo et al., 1996)

CdzNI KSNXY2NBs hmhp O2yiiky Ay BcorktbdSGABK 2 NBE N
receptor population in rat hippocampal neuroné&raujo et al., 199%) ¢ KS&aS h wm
WKSGHESINIKF Q NBOSLII2NR O2yaidAidzi$ mébhuridy A TAOL
OADPSD hoX hpo o0dzi NI LINEap®rs, prodablydieltofitiieiS NJ LINE
high expession levelgDatta et al., 2015; Hutcheon et al., 2004; Pirker et al., 2000)
¢tKSNB Aa&a a2YS SOARSyOS & doasaiSaqivepBmorsii KS SE
however it is limited. Mixtures of two ifSNBy G | & dzodzy Al a 6SNB )
I f €Oyl AYyAy3a NBOSLIi2ZNB o6hci E!HXE hmhci E
cerebellum(Jechlinger et al., 1998) LYy | RRAUGA2Y X @I NA2dza O2
0 S i I Qardddptors were found from total rat brain #acts, comprising around

c /&2 2-3ubdnif cbntaining receptord.i and De Blas, 1997)
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Insight into subunit arrangement in heteto NB OSLIJi2NJ O2YMASE 4|
benzodiazepine bindingroperties of immunoprecipitated GARPeceptors(Araujo

et al., 1996, 1999; del Rio et al., 2001a; Pollard et a@5;18cholze et al., 2020)
LYGdSNBalGAyItes NBadzZ G4 F NP Yona®GABAA K2 G |
NEOSLIIi2NE 066 KSNBSYE 2ARA [ H S LA yBNILIKG N 02t 2 -
(Araujo et al., 1999; ddRio et al., 2001a; Pollard et al., 1995; Scholze et al., 2020)

| SyO0Ss GKS YI-82 NKiG & re@far s8UBuSiticBuliPpresent an

hg WM  &dzodzyAld | NNIF y3ISYSYy (o hy Sconfili®S LIG A 2y
NEOSLIi2NAZ ¢6KSNBE hm 0SYT 2RAFTSLIAYS LIKIF NYI
30% respectivelyjAraujo et al., 1996)The proposed subunit arrangements from

these data are outlined ifrigure 1.3

Prevalent BDZ Less prevalent BDZ
pharmacology pharmacology

: fi;él,ug,"&'r"g""g
B. I ‘A BDZ |

4
a;oo

CA 3 dzNBE  wmidfo LIRMI GréadiaR subunit arrangemenand their benzodiazepine
pharmacology.A. and B. Schematic representation of GABRAsubunit arrangement around

the central pore (top view). ThehighT FAy A (& o6SyT 2RAFT SLIAYS aArAidsSz:
shown as a dark red trapezoid. ¢ K S (where x is 2, 5 or 6) BDZ pharmacology prevails
2PSN) GKS hwm . 5% [glkonthihg GARBAracamiors >$0%ofwréceptors

O2 y I Aby «intgiface)(Araujo et al., 1999; del Rio et al., 2001a; Pollard et al., 1995;

Scholze et al., 20208.L y hcentaingreS LJG 2 NBE X hm . 5% LIKIF NXYI O2f 2
O0BFpE:r 2F NBOSLI 2iN&Efac®)@saujdefay, 1996) h mb k !
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The evidence described above suggests that a significant part of theaG&Bptors

inthe braincomprise2 ¥ (62 RAAGAYOG h (SiggRartend Sgerk, & dzo d:
2002) Nevertheless, to establish the existence of these receptors in the brain,
functional electrophysiological and pharmacologicalivostudies are required. It is,

however, difficult to study the receptor composition, arrangement and
pharmacology of a receptor type that is composed of a mixture of three or more

distinct subunit isoforms. This is because various receptor subtypes with different
subunit combinations and arrangements cha formed. Therefore, to study the
pharmacological fingerprints of GABNB OSLJi 2 NB 6AGK (62 RATFTFSI
i adzmdzyAta A0 A& SaaSyidiart G2 1y2s 0(0KS Lk
This can be achieved by forced assembly of remapknown as concatenation. The

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

YR K2¢ GKSasS O2yiNRo0dziS G2 GKSAR dzy RSN

pharmacological profiles.

1.4.2 Concatenated receptor studies

Theprinciple behind the concatenation of subunits was firstly applied to successfully
study nicotinic acetylcholine receptors, nAChRs, and subsequently has been widely
used to link Cyoop receptor architecture with functiofim et al., 1995; Liao et al.,
2020) Receptor concatenation is a technique in which multiple subunits are
expressed as a covalently linked fusion protein. THerhinus of a subunit inked

to a Gterminus of a preceding subunit via a glutamine linker sequence of an optimal
length(E. Sigel et al.aB6; Minier and Sigel 2004, 200; S. W. Baumann, Baur, and Sigel
2001) Various combinations of concatenated oligomers (monomer/tetramer,
dimer/trimer and pentamer) have been used to study the impact of subunit position
and number on the function of repéors as well as positional effects of mutations in
specific subunits that occur multiple times in a recepf®aumann, Baumland Sigel
2003; Gallagher et al. 2004; Absalom et al. 2019; Baumann, Baur, and Sigel 2002;

Boileau, Pearce, and Czajkowski 2005; Minier and Sigel .2004)e is a clear
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advantage for the use of concatenated receptors to study multi subunit @GABA

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

S5AYSNKGNRYSNI O2y Ol 6SyIiSR &dzodzy Al O2yail N
hco GSNBE RSaAaAIYSR! a2 K dizy Owheh R/ | fhemBhugl 34 Saa
I YR M & MGABA receptors(Minier and Sigel, 2004aJhe GABA apparent

I FFAYAO®E Al & n¥ Hdzy R (G2 0SS Go2h nhEdLE KA ITKS
mMmn >a YR dn B oy >a NBaLISOGADSt &ad CdzNI
GABAW h ¢ & dzo dzy A -GompefitiveSrBibithr@ompsanét al., 1999nd

diazepam potentiaB Y ¢SNBE | f a2 | daSaaSRo !y hc adzo
NBadzZ 6§SR Ay KAIK aSyarildAagaide G2 FdzNRPaSYA
O2y Ol 4Sy I 4G4SR 'O i &dyNRIzO @& i yoresulteddin diazepam
sensitivity(Minier and Sigel, 2004aThis study pioneered the use of concatenated
receptors as a diagnostictbo 2 aiddzRe LIKIFNYI O2t-RANOI © & .
GABA receptors. Indeed, a recent study used a forced receptor assembly approach

G2 &addzRé LIENIT2ft2ljdZAy2f Ay 2y SontaingGABAI f £ 2 &
receptors (Simeone et al.,, 201® / 2y OF GSylF 4GSR NBOSLII2NA
subunit isoforms were also used to assess the functimighatures of these

NB O S LJi 2-9¢lctivé @ompounds: etomidate and loreclez¢Boulineau et al.,

2005) The results from this study showed that the response to these compounds is
AYRSLISYRSY(l 2F i n LRarAGA2yAy3d Ay (KS NBO!

Whilst receptor concatenation is gowerful technique, there are precautions that
need to be taken in the experimental design. Firstly, structural artefacts could result
during concatenated receptor assemi{fgigel et al., 2006 Examples include: one
subunit of a dimeric concatenated construct lining the channekpamd the other
sticking out, concatenated subunit constructs connecting two pentameric receptors,
incorrect arrangement or subunits within the pentamer or linker proteolysis (see
Figure 1.4for details)(Minier and Sigel 20045ome concatenated constructs of €ys
loop receptors were also found to assemble in both clockwise and anticlockwise
directions (Ahring et al., 2018; Liao et al., 202lowever, thesertéefacts can be
avoided by optimising the cDNA concatenated constructs (omitting signal peptides

and adjusting the length of the linker between concatenated subunits) and adjusting
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the ratios of cDNAs use(Ericksen and Boileau, 2007; Sigel et al., 2088pther
major pitfall of forced arrangement receptor studies is small ageevusked current
amplitude (Boileau et al., 2005)increasing the cDNA amount and usiXgnopus
oocytes as an expression systezan, to some extentpvercome thisproblem

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

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

to the understanding of GABMNB OSLIi 2 NBE 6AGK (62 RATTFSNB

Nevertheless, the results obtained from such studies needdoassessed with

caution.

A. B.

Figure 1.4 Examples of undesired structural artefacts that could form during the assembly
of dimeric subunit concatenated receptorBimeric subunit constructs are shown as green
and blue circles (corresponding to each subunit) joined by a linker chain (darkAl@)e
subunit of a dimeric construct lines the channel pore of the receptor, whereas the other
subunit is sticking ouB. Proteolysis in the linker region between two concatenated subunits
can result in its false inclusion into the receptor pentan@bDimeric subunit constructs can
incorporate into two different receptor pentamer®. If the linker chain between two
concaknated subunits is toamhg, another subunit can get incorporated in betwe@inier

and Sigel 2004)
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1.5Thesis aims

g2 RAT

[exN

1.5.1 Electrophysiological assessment of GNBAOS LJi 2 NE 6 A ( K

isoforms

Despite a multitude of biochemicall®A RSy OS LR Ay dAy3a (2 GKS
I £ LIK | QrecBgdtors) functional assessment of these in a recombinant system is
lacking. Our first aim, therefore, was to electrophysiologically identify and study
GABANB OSLIi 2 NRBE ¢ A (K (502F 2RWAEaIM yeOKiS hh va deoydR/ Ah(H
chosen, due to their abundance in the brain (both expression levels and localisation)
(Pirkeretal., 20000 { Ay3IfS hm YR hu &dzodzyAida 2N GK
i HKo Y H (02 T2 Ndteceptory i0 iHEKR9BIcélls. This .allowed for a

F € LKFEQ LR2LIzE FdA2yad ! aSt SOtAz2y 2F NBLR
RAAUGAYIdA &4 K -0 YR SUSEBhaBeep2papulations as well as

estimate their relative abundances.

Subunit arrangement is key in determining GAB#eceptor sensitivity to

O0SYT 2RAIFIT SLIAYSad ¢KS OFy2yAO0lrt oSyl 2RAFT .
AYOSNFI OS:E o KNIOEE hthwm {lvwmows hywR + v bcecn LI |
binding (Masiuliset al. 20199 ¢ KS hwm FyR huy adzmdzyAid . 5%
distinct effects in the brain: sedative and anxiolytic affects respectiiizigs et al.,

2005; McKernan et al., 2000; Skolnick, 2012ABA receptor populations with two
RA&GGAYOG b ddzodzy Al Aaz2F¥2Nyxya O2dzZ R GKSN
pharmacology or a mix of both. Here, a well characterised reporter mutagionv

H10lR¢ 6 & dzaSR (2 &adGdzRe GKS a-tz d3Ah @ DNNI )
receptors (Benson et al. 1998; Dietmar Benké al. 2004) We aimed, through
mutagenesis and pharmacological studies, to determine whether the presence of a
ALISOATAO h adzodzy Al A dinte¥fadds indeddl deyeRclugivaly | G

expressed at this interface.
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From these data, we hyploesised that GABMNB OS LJG 2 NB O2y dF Ay Ay 3
isoforms assemble in a recombinant system and present distinct pharmacological

fingerprints.

1.5.2 Evidence of existence in vivo

After theinvitrol 8 3 S& 4 Y Sy i f 2XK | Rie@yitdsNaimext aim was to

establish the existence of these receptdrs viva Even though, immunoaffinity
purification and coimmunoprecipitation studies have been widely used to study
NBEOSLIi2NJ O2Y L2 aAlA 2y >conamgirécepdiE. Firtkegoe, I 4a S
biochemical conditions vastly determine coimmunoprecipitation outcomes
(Nakamura et al., 2016klere, we use proximity ligation assay (PLA) to visualise native

h M Rcantaing GABAreceptors in cultured hippocampal neurons and to assess their
subcellular localisations. The PLA technique fluorescentlgldaproteins in close
LINBEAYAGE o6o0on yYO FYR GKSNBT2NB | ff26a d
same receptor. We also validated the reliability of the technique by using the
YAONRUGdzodzf S Ay KA O A G 2 NBcepyorindezaltibns.2f S | yR 1 |

hdzZNJ ySEG FAY ¢Fa G2 St dzOARI G S-coitéiring RS G SN
GABANBOSLIi2NBR® ¢KAa gl a GGSYLWGSR o6& GNIy
hippocampal neurons and investigating the changes in PLA signals. Additionally,
electrophysiologcal recording and IPSC kinetic analysis was used to explore
Fdzy QUA2y Lt FAy-RSINKINR¢dEHor aulativhs Snile3piBing

inhibitory synaptic transmission.

153t K& A A2f 23 A Gbntaing\G\B:ceptds M mh H
To date, there is10 evidence regarding the physiological role of GAE&eptors

O2y UGl AYyAy3d o062G4K htm YR hu &dzodzyAld A&27F:

A oA oA
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longterm potentiation (LTP). Thigas achieved through PLA and imaging techniques

in hippocampal cultured neurons.

1.54 Summary of aims

. To determine the existence, abundance and subunit composition of &&Béptors
gAGK G662 RAAGAYOG M &dzo dzy AChapter®2 F2NXY & Ay |

L¢2 AyOSAaGAIFGS G662 LIRGSY i ionfaingiempungA G F N,
I A BEH YR NinE Whapter 3.

.¢t2 SadGlroftAaak G(KS SEA&AGSYyOS YR RSUGSN¥YAY

containg GABAreceptors in cultured hippocampal neans Chapter 4.

. To investigate functional fingerprints of these receptors using iPSC kinetic analysis
(Chapter 3.

.¢2 SEFYAYS G(GKS LK@ a2 AR DdcBptors ukiyigiforgz y 2 F

term potentiation protocol Chapter 5.
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Chapter 2: Materials and Methods

2.1 Molecular biology
2.1.1 GABAreceptor subunit constructs

All point mutant and affinittagged subunits were made using our stocks of wild type
subunit constructs. The wild type constructs were cloned into pRK5 vedtioithe
Kozak sequence upstream of the signalling peptide for optimal mammalian
expression. The murine GABAeceptor DNA ofh 1 (UniProtkKB: P62812),2
(UniProtKB: P26048),2 (UniProtkB: P63137)3 (UniProtkB: P63080), and@L
(UniProtKB: P22723) wereads as templates for mutagenesis. Point mutations and
affinity-tag insertions were introduced by inverse PCR method using Phusion Hot
Start DNA polymerase kit (Thermo Fisher Scientific, F549),addle 2.1for details.

Primers used in DNA mutagenesis as&et below §ee Table 2.2

Table 2.1 PCR reaction concentration and volumes used per read®eagents are listed in
the left column, for more detail about the primers and DNA template used for each PCR see
Table 2.2

Template cDNA 2.5pug/ml (125 50 ng/ml (2.5 nQ) 1pl
ng)

Forward primer 15uM 0.3uM 1l

Reverse primer 15uM 0.3uM 1l

dNTP mixture 10 MM each nt  0.2puM each nt 1p

(concentration per each
nucleotide (nt))

Phusion Buffer HF/GC 5X 1X 10ul
Phusion DNA Polymerase 2 Ul 0.02 up 0.5ul
MgCb (where required) 50 mM Between 1 and 1 to 2.5yl
2.5mM
ddHO T T To 50ul
Total volume: 50 pl
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PCR products were separated on the 0.8% agarose gel (100 V for 45 minutes).
Ethidium bromide was used as a fluorescent probe to label the DNA. All PCR products
were mixed with 6X loading dye (New England BioLabs, B7024) to visualise the gel
front and runalongside 1 kb DNA ladder (New England BioLabs, B7025). The DNA
band of the correct molecular weight was cut out of the agarose gel and subsequently

purified using a DNA Gel Extraction kit (New England BioLabs, Monarch, T1020).

The linear cDNA was themgdited using T4 Polynucleotide kinase (PNK) and T4 DNA

ligase (New England Biolabs, M0201, M0202). Brieflyul16f linear DNA gel

extraction product was incubated at 22/ F2NJ p YAydziSa G2 astL
dsDNA and cooled down on ice for 1 minute.lifdse buffer and PNK (2 andull
respectively) were added to the gel extraction product and incubated for 40 minutes

at37¢ / ® C2f f 2 ¢ M\6iT4 DNA Nigase was Sddidl tonhe mixture to ligate

the linear DNA at 4 bvernight.

59



Table 2.2 PCR primers used to introduce affinity tags or point mutations into GABA
receptor DNAt NAYSNE |INB aKz2gy Ay GKS pQ G2 o0Q
the template sequence are shown as upasse letters, nucleotides that have beadded

or changed are shown as lowease letters. The template used to produce each construct
(left column) is stated in the right column and corresponds to the wild type @ABAptor
subunit.

GABAA M ATGTGTTTTTaCGTCAAA CTATTGTATACTCCATATC GABAA m

F65L GGAAGG GTCTG
GABAA" m CAATGGAAAGAAGTCTG caGAAAAATGTATCTGGAC GABAA m
H101C  GCCCACAA CAGATT
GABAA M CgCAATGGAAAGAAGTC GAAAAATGTATCTGGAGT GABAA m
H101R  GGCCCAC GATTTT
GABAAd m ttccagattacgctGATGAACT catcgtatgggtaTTGGGAGGC GABAA m
HA AAAGACAACACCACT GTCCATAGCTTCT

GABAAd m tcagaagaggatctgGATGAA( gatgagtttttgitcTTGGGAGGC GABAA M
myc TAAAGACAACACCACT TGTCCATAGCTTCT
GABAA' H ATGTTTTaTTTCGGCAAA CTATTGTATACTCCATATC GABAA H

F65L TGGAAAGG ATCTGG

GABAA H CAATGGGAAAAAGTCAC caAAAGAAGGTATCAGGA( GABAA H
H101C  GCCCATAA CAGATT

GABAA' H CgCAATGGGAAAAAGTC AAAGAAGGTATCAGGAGT GABAA H
H101R  TGGCCCATAAC AGATTTTGCT

GABAAd H tcagaagaggatctgGATGAG gatgagtttttgttc TTCTTGGAT( GABAA H
myc CTAAAAATAACATCACC TAGCCAGCACCAA

RA N

[ A3FGSR O5b! gl & GKSy (iB¢thgriahi2oNES@Yek y 12 p!

England Biolabs, C2987). Ligated DNA produgt (1> f 0 ¢ & 3 S yhided &
gAUK Hp >f Ezdanddtrlids toiSSY minutes. The bacteria were then

%

heatshocked42¢ / 0 F¥2NJ nn aSO2yRa G2 Gl 1S 4dzLJ

LIA LJS

idKS

YAYydziS AyOdzml G§A2y 2y AOSS { h/E. dkRdA dzY owm

incubated with robust shaking for 25 minutes. This mixture was thkted onto

Luria Broth (LB) agar plates with a suitable antibiotic: ampicillin or kanamycin (100

ug/ml and 50 pug/ml respectively). The plates with the transforrpel 02 YEISG Sy i
colibactert @6 SNXB LI I OSR Ay (0 KS fohcylddygziowin.ZTNg 0 o T X
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colonies were picked the next day and incubated in 2.5 ml of LB broth supplemented
GAGK +y YydAoA20A0 gAGK aAKF{AYy3a 208SNYyAIK
Plasmid Miniprep Kit (New England BioLabs, Monarch, NEB T1010). DNA
concentration was measured using a Nanodrop (Thermo Fisher) at 260 nm
wavelength. DNA plasmids were subjected to sequencing to identify successful
constructs (SP6 was used as a forward primer and P5 vealsassa reverse primer).

The bacterial culture of a successful colony was grown ir2680ml of LB broth
under the same conditions. The DNA was then subjected to purification using either
a Midi or a Maxi HiSpeed Plasmid DNA Kit (Qiagen, 12643/12662¢dDbkxtration

was measured and adjusted to 1 mg/ml for ease of use for HEK293 or neuronal
transfections. Prior to use all constructs were sequenced one more time to confirm

the correct sequence of the plasmid.

2.2 HEK293 cell culture and transfection
2.21 HEK?293 cell culture

| dzYl'y SYONEB2YAO {1 ARYySeé 01 9YHpoO OStta ¢St
modified Eagle medium (DMEM) (Gibco, Thermo Fisher Scientific) supplemented
with 10% foetal calf serum (FCS) (Gibco, Thermo Fisher Scientifiangdil
penicillin and 0.1 mg/ml streptomycin (Gibco, Thermo Fisher Scientific) kept in 37°C/5
% CQ@ humidified incubator. Cells were passaged when they reached around 80%
confluency, which was monitored regularly to prevent overgrowth. To passage, the
DMEM media was aspirated and cells were carefully washed withiMZg* free

I Fy1aQ . It lighCHBES) (Gibdo,irhefn®d Fistzér Scientific) and lifted using
0.05% trypsirethylenediaminetetra-acetic acid (trypstEDTA) (Gibco, Thermo
Fisher Scientific). EDTA is a divalent cation chelator that inhibits adhering proteins
and trypsin is a proteolytienzyme that breaks them down, therefore lifting the cells

off the dish. To inactivate trypsiBDTA, 10 ml of DMEM media was added and cells
were collected and centrifuged at 168 x g for 2 minutes. Supernatant was then

aspirated, and cells were resuspendeadl-5 ml of DMEM culture media. Cells were
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subsequently plated at a lower confluence (20 or 50%) on 10 cm dishes for cell line
maintenance or pull downs; or on 22 mm coverslips coated in-pbfgine (Sigma,

P7280) for subsequent transfection.

2.2.2HEK293 cell transfection

HEK293 cells plated on 22 mm coverslips were used for electrophysiological and
imaging experiments, whereas 10 cm dishes were used fordpulh assays of
specific GABAreceptor subunits. HEK293 cells were transfected using @uoal
phosphate transfection method. Specifically, 1 pug or 6 pg (for 22 mm coverslips or 10
cm dishes, respectively) of cDNA for each GABAeptor subunit was used per
transfection. A transfection ratio of 1:1:% (Y i Was ised for the GARAeceptor
subunits unless otherwise stated. In addition, 1 pug of eGFP cDNA was added to the
DNA mixture used for 22 mm coverslips for identification of transfected cells. In brief,
cDNA was added to 20 pl or 120 pl (coverslips or dishes respectively) 340 mM CacCl
andvigorously shaken with 24 pl or 144 pl (coverslips or dishes respectively) HEPES
buffered saline (HBS: 50 mM HEPES, 280 mM NaCl, 1.1 pti®QigpH 7.12). After
transfection, cells were incubated for 24 to 48 h at 37°C, to allow the expression of
receptors. The details of concentrations and volumes of reagents used can be found

in Table 2.3
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Table 2.3 Reagents and their volumes used in calcium phosphate HEK293 cell transfection.
Transfection ratio of GABAeceptor subunits was 1:1:1 (Y | uviles)otherwise stated. The

total volume of the transfection reaction was pipetted onto 22 mm coverslips or 10 cm dishes
as appropriate.

GABA receptor 1 mg/ml 1 pl/subunit 6 ul/subunit
cDNA
eGFP cDNA 1 mg/ml 1p T
Cadl 340 mM 20 pl 120 pl
HBS 24 ul 144 pl
Total volume: 48 U 282 ul

2.3 Neuronal cell culture and transfection

2.3.1 Hippocampal cell culture

Hippocampal neurons were prepared from E18 Spragawley rat embryos. Briefly,

the brains were removed and placed in a 35 mm dish containingpileed Ca/Mg?*

HBSS (Gibco, Thermo Fisher Scientific). The brains were separated into two
hemispheres using a sharp blade. Working under the dissecting microscope, each
hemisphere was treatedh the following way to isolate the hippocampi: first, the
cerebellum was cleaved off and then meninges were cautiously removed with a pair
of fine forceps. This step is crucial, since meninges contain fibroblasts and can
overgrow hippocampal neuronal d¢utes if not removed correctly. Lastly,
hippocampi were extracted by carefully cutting around their outline. Dissected
hippocampi were collected and transferred into a 35 mm dish containingvarened
(37°C) 0.1% wl/v trypsin (Gibco, Thermo Fisher ScinitifiC&/Mg?* HBSS for 10
minutes. Working in a sterile tissue culture hood, hippocampi were washed two times
in 5 ml of fresh C&/Mg?*HBSS to remove any residual trypsin. The tissue was then
triturated using firepolished Pasteur pipettes with progiggely smaller apertures in

2 ml plating media [Minimum essential medium (Gibco, Thermo Fisher Scientific,
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11095080) containing 2 mMdlutamine, 20 mM glucose, 10 pg/mL penicillin, 10
pg/mL streptomycin, 5% (v/v) horse serum and 5% foetal bovine seru®)](FEhce

the mixture was homogeneous, plating media was added to the desired final volume
(1 ml plating media per two hippocampi). Cells were then plated onto 18 mm
coverslips coated with poli~ornithine (Sigma, P4957) (250 pl/coverslip). Cells were
placed into the 37°C/5 % G@umidified incubator for three hours to allow for cell
attachment to the coverslips. Plating media was then aspirated and replaced with 2
ml maintenance media [Neurobasal Medium (Gibco, Thermo Fisher Scientific,
10888022) suppleented with 0.5% (v/v) GlutaMAX supplement (Gibco, 35050061),
1 % (v/v) B7 supplement (Gibco, 17504044), 35 mM glucose, 50 pg/mL penicillin
and 10 pg/mL streptomycin]. The maintenance media was changed weekly to

replenish the nutrients necessary for neaad growth.

2.3.2 Neuronal Effectene transfection

Neurons were transfected with a GABRAsubunit of interest on day 7 after plating
using Effectene as per manufacturers protocol (Qiagen, 301425). EGFP cDNA was
used alongside GARAeceptor subunit cDNA as an identification method for
successfully transfected neurons. In brief, a total of /0.8 1 mg/ml cDNA was mixed
with 6.4 pl Enhancer and 100 pl Effectene buffer. The mixture was left for 5 minutes
before the addition of 10 pEffectene. The solution was left for further 10 minutes.
During this incubation, neureplated coverslips were briefly washed with room
temperature HBSS (€8Mg?*, +/+) and replenished with 1.5 ml maintenance media.
The effectene transfection mix was theadded directly onto the coverslips and
incubated for 2 hours before replacing the mixture with fresh media. Neurons were
then left to express the proteins of interest and used for electrophysiological and

imaging experiments-20 days later.
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2.4 Eletrophysiology
2.4.1 Voltageclamp electrophysiology (HEK293 cells)

Electrophysiological recordings were undertaken-434 h after HEK293 cell
transfection. Coverslips carrying HEK cells were transferred to a recording chamber
and transfected cells wereléntified by their EGFP fluorescence (excitation at-465
495 nm wavelength) using a Nikon Eclipse E600FN microscope (Nikon Instruments).
/| Stfta 6SNBE O2yailydGfe LISNFdzASR 6A0K YNBO!
mM KClI, 1.2 mM Mg&I12.5 mM Cagl11l mM glucose, pH 7.4 with NaCl,). Whotdl
patch-clamp electrophysiology was performed using thin wall borosilicate glass
electrodes (World Precision Instruments, TW450with a tip resistance between 2
and 4 Mm filled with internal solution (10 mM HEBE140 mM KCI, 1 mM MgC4A

mM MgATP, 10 mM ethylene glyduis(2aminoethylethenb = b Z teaadetie

acid (EGTA), pH7.2). Osmolarity of the internal solution Q0@ MmOsm/l) was
measured with a vapour pressure osmometer (Wecsor Inc, Model 55201 t@any
measurements the osmometer was calibratedh a standard osmolarity solution of

290 mOsm/I (Reagecon Osmolarity standard, Fisher Scientific).

Membrane currents were recorded using an Axopatch 200B amplifier (Axon
Instruments Molecular Devicgsvoltageclamp configuration was used for recording
from HEK293 cells with a holding potential-80 mV+ 10 mV (unless otherwise
stated). Membrane currents were filtered at 4 kHz and digitised at 50 kHz (Digidata
1320A, Molecular Devices). Data was acquired using Clampex software (version 10.2,

Molecular Devices).

Responses to brief applications§3%) of GQBA +/ drugs of interest (se€able 2.4for

full list of drugs used) were recorded. Local drug application onto the recorded cell

was achieved using atube (made by Prof. Trevor Smart), with 2 minutes in between

the doses to achieve optimum recovery fmodesensitisation. 4ube has an
approximate solution exchangdime between 100 and 200ns (Mortensen and

Smart, 2006)Figure 2.1a K2 ga | NBLINBaSyidlraazy 2F | WYL
U-tube setup.
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Vacuum
pump

Drug/GABA

Solenoid 2

Solenoid 1

<—— U-tube

S

<—— Electrode
holder

Auxiliary

tube >

<—— Patch pipette

& = «——— HEK293 cell

Figure 2.1A schematic representation of tlibe drug application onto a patckelamped
HEK93 cell. eGFP transfectedHEK293 cell (shown in green) patched with electrode
fabricated as described in text. The electrode is connected to the head stage, amplifier and
digitiser (not shown) to record changes of membrane currents upon GABAlrug
application. The Hube (represented in grey) delivers GABA ¢iugs to the cell, whereas

the auxiliary tube (shown in blue) carries Krebs solution to the cell. Flow in each tube is
controlled by a separate solenoid, which allows for rapid precise drug applicWhen both
solenoids are open, drug passes around thauke small hole directly to the waste (not
shown) under suction from the vacuum pump whilst the auxiliary tube successfully carries
Krebs into the bath chamber (not shown). When the solenoidsksed, Krebs delivery onto

the cell stops, and GABA-drug no longer circulates around thetube but instead flows

onto to the HEK293 cell via a small hole in the tip.
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Table 2.4 List of pharmacological compounds used throughout this projBetig stock
concentrations were prepared in an appropriate solvent. Where DMSO was used, its final

concentration wadelow 0.1% (v/v).

(+)Bicuculline
methiodide
D-AP5
Diazepam
Flurazepam
GABA
Glycine
Kynurenic acid
Nocodazole
Picrotoxin
PF06372865
ZnC}

Sigma

Sigma
Roche

Sigma
Sigma
Sigma
Sigma
Sigma
Pfizer
Sigma

DMSO

ddH:0
DMSO
DMSO
ddH:0
ddH:0
YNBE o6 Qa
DMSO
DMSO
DMSO
ddH:0

50 mM

50 mM
1mM
1mM
1-3 M
200 mM
Powder
10 mM
100mM
1mM
10 mM

2.4.2 Electrophysiology data analysis (HEK293 cells)

50>M

50>M
KL>M
KL>M
A30 mM
200>M
1 mM
10>M
100>M
KL>M
10>M

All HEK293 cell recordings were processed and analysed using Clampfit software

(version 11.2, Molecular devices).

At the start of all recordings, a high dose of GABA{EGo) was applied at least

three times at regular intervals (2 minutes) to ens@eatable current response.

Throughout the experiment, the series resistancg (s monitored closely for any

changes. fl Rs changed of more than 20%, the experiment was terminated. To

produce a robust concentratieresponse curve, the order of GABA -(dfug)

concentrations applied was randomised to avoid any systematic error (e.g.

desensitisation between consecutive dosmplications). Every third dose, a

reference concentration of GABA was applied (usually the maximum concentration),

to which the responses werenormalised to. Current responses for each

concentration were normalised to the current evoked by this maximursedof

GABA, and expressed as a percentage, using a formula:
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Equation 1:

w — pnumnp
W

Where Xorm IS the normalisedcurrent evoked by the concentratioof interest, X is
the observedcurrentat a concentrationof interest andxnaxis the current evoked by
the maximum dosdo which thecurrent is normalised to. Concentratiar@sponse

profiles were then plotted by fitting the normalised current response data using the

Hill equation:
Equation 2:
O 0

Where ljp is the peak current amplitude evoked by a defined concentrafidhof

agonist (here i.e. GABAhatis the maximal currentEGo is the concentration
required to elicit a half maximal response andis the Hill coefficient. Single
component concentration response curves were plotted and fitted uSrgphPad

Prism software (version 8.4.2).

For multicomponent concentratieresponse curves fitting, a modified Hill equation

was used:

Equation 3:

‘00
P 5

0]

Wherex is the number of fitted componentAllh MY P concentration response
profiles were fitted with two and three Hill componentsits were ranked according
to .2 valuewhere a better fitcorresponded tdhe smallest ? value of the two EC50
and Imax were allowed to differ for each component, while Itk coefficient was

assumed to be the same for all components to reduce the degrees of freedom during
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the fitting procedure. This Hill coefficient isfeered to a cumulative Hill coefficient

in Chapter 3.

Experiments where the optimumconcentration of benzodiazepine (BDZ)
potentiation was determined, were set up in the following way: first, GABA
concentration-response profiles for a construct of infe/ (1 2@k orh2i 2:12L)
were obtained and E€ (EGo20) was estimated. This dose was then selected to
determine BDZ potentiation profiles. The following equation was used to estimate

the percentage potentiation of E&GABAconcentrationwith BDZ:

Equation 4:

O
PnéoQe o @t O G o) pmmbp

Wherelis the peak current amplitud& Gs{GABA+BDZ3 the concentration of GABA
producing 15% maximal response witbhancentrationof BDZ, andEGs[GABA]Js the
GABA concentration E€alone. BDZ potentiation curve was fit usthg Hill equation

described aboveHguation 3.

Once the BDZ concentratiaesponse curve was plotted, a sub maximum dose of
BDZ (usually 300 nM) was noted and used for further experiments. To determine the
degree of BDZ potentiation on the whole GABA response profiles, a fixed dose (300
nM) of BDZ wasised. Firstly, range of GABA concentrations were applied as
described above to obtain the dosesponse relationship. Then, a maximum dose of
GABA (1 mM) with 300 nM BDZ was applied to make sure that the maximum GABA
response with or without BDZ is the sansubsequently, the concentratioesponse
relationship was obtained for the same GABA doses with 300 nM BDZ. Experiments
were performed with BDZ prmcubation prior to GABA+BDZ application, unless
otherwise stated. BDZ in Krebs was delivered throughatlnaliary tube (se&igure

2.1) for 20 seconds 2 minutes (depending on the BDZ used) prior to a rapid GABA
(+BDZ) application through thetube. Peak currents were normalised, plotted and
fitted usingEquation 1 and 2The GABA E&alues in the pregsece of drug (GABA +

BDZ) were obtained in the same way as)E3ABA values alone.
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Zr¢* inhibition experiments were also performed to check for the incorporation of

GKS +  &dzo dgyN®BBIOSANi 2 DA . B h | 2NJ hiju LISy il YS
concentration oZr**was used (10 uMHosie et al., 2003)his concentration blocks

h i-containing GABANJ O S LJii 2 NA Z-cordaiiming rgt&ptors. 'Fiom the GABA
concentrationresponse profiles, an k€vas estimated for each transfection (~30

xa FTBN2LM2 32L,h1h 3 2L andh M2 3) and used to determine 2h

inhibition. This was achieved by preincubating transfected HEK293 cells widd 10
Zrt*through the auxiliary tube (seBigure 2.} and subsequently applying angsC

GABA + 1AM Zr?*. To calculate the Zhinhibition percentage, the following formula

was used:
Equation 5:
N O A 0
P 'O6 "00 6 REQW QO Qé—+¢ o) pmimtb

Where EGo[GABA]Jis the wirrent of GABAconcentrationproducing 80% maximal
response, andGABA+Zi] is GABA applied with piacubated Z#*. The data was
plotted as a bar chart with the mean percentage inhibitiosdEZABAE s.€.

In some experiments, transfected receptors showed a high level of spontaneous
activity in the absence of GABA. To quantifig thpontaneous current, a saturating
dose of GABA was applied to determine maximal whole cell current. Subsequently,
when the current baseline was reached a hogimcentrationof picrotoxin (PTX), 100

MM, was applied to block the spontaneous GAB#ceptor activation (seeFigure

2.2). Spontaneous currents were then calculated as a percentage of the total\GABA

receptor current using the following equation:

Equation 6:
PO o p
D 0 p T

Wherelptxis the currentinhibited by PTX
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GABA PTX
1mM 100 puM
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m |
-- Baseline
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Figure 2.2 Calculating spontaneous activity of recombinant GABXeptors.A saturating
GABA concentration (1 mM GABA) was applied to HEK293 cells transfected with GABA
receptor subunit combinations. GABWtivated current amplitude was noted as

O . Once the current returned to baseline, a high dose of PTX(#i0@vas applied,
revealing the spontaneous activity of the construlgty). These two vales were used to
calculate the percentage spontaneous activity, as describ&djiration 6

2.4.3 Voltageclamp electrophysiology (neurones)

Neuronal electrophysiological recordings were undertaken using the same
experimental seup as described irSection 2.4.1 Generally, a slightly higher
resistance of the electrode tip was used (between 3amdw 0 O2 YLIJ NBR (2
HEK?293 cells. Electrode tips were filled with internal solution (10 mM HEPES, 2 mM
NaCl, 2 mM Mggl0.5 mM Cagl140 mM CsClI,aM ethylene glycebisb Z b b QZ b Q
tetraacetic acid (EGTA), 2 mMAAP, 0.5 mM N&TP, 2 mM QX14,pH7.3 with

osmolarity of 30Gt 10 mOsm/I.

/] Stta ¢gSNBE O2yallydfe LISNFdzAaSR AGK | Y2
Section 2.4.}, to which 2mM kynurenic acid was added to block excitatory post
synaptic currents (EPSCs). Neuronal recordings were performed at a holding potential

of -60 mV. Drugs (if used) were bathLIJLX A SR 06& [ RRAGAZ2Y (2

solution.
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Recording were briefly terrupted at =minute intervals, where the series resistance
(R) was calculated, to monitor any changes. JtRanged by more than 20%, the
voltageclamp experiment was terminated, and all data gathered for this neurone

was discarded.

2.4.4 Electrophyaiogy data analysis (neurons)

The analysis of GABAediated spontaneous inhibitory postsynaptic currents
(sIPSCs) was performed using programmes: WIinEDR (version3.9.4, John Dempster)

for event detection and WinWCP (version 5.5.5, John Dempster) for fuatiadysis.

Recordings were firstl imported to WinEDR, where parameters were set for optimal
synaptic event detection. Depending on the recording baseline stability and noise,
the following threshold parameters were used: amplitude 6 A deviation fom

the baseline (negative), with a duration oRIms. The events were then detected by

the programme and all events were manually checked before exporting to WinWCP.
Here, all validated events were used to calculate the average sIPSC amplitude and
frequerO@ ® C2NJ FdzNLKSNJ ylfeara 2F aLt {/
(uncontaminated rise and decay phases) were selected. These selected events were
aligned at the start of their rise phases before averaging to create mean sIPSC
waveforns. The averagedvaveforms were then used for fitting monr bi
exponential curves to the sIPSC decay phase. A better fit (usuakpdinential) was

used for comparison afterwards. From aeliponential fitting, a weighted tau )

value was calculated using the fallmg formula:

Equation 8:

0 z 0 z
4 5

5

Where_; and _; are the time constants of each exponential component, andml

A are the relative amplitude contributions to the overaltldtponential fit.
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2.5 Neuronal and HEK293 cell immunostainexgd confocal imaging

2.5.1 Antibody labelling

HEK293 cells were stained 48 hours after transfection. Hippocampal E18 neuronal
cultures were fixed and stained on day 14 (D14) after the culture. Neurons were
immuno-labelled for either endogenouslgxpressed GABRS, or for exogenously
transfected receptor subunits. For the latter, hippocampal cultured neurons were

transfected on day 7 (D7) after plating.

The same protocol of immunostaining was used for neurons and HEK293 cells. Cells
were cultured on 22 mm coverslips (HEK293 cells) and 18 mm coverslips
(hippocampal neurons). Cells were thoroughly washed with phosphate buffered
saline (PBS) (Sigma, P4417) before they were fixed in 4% paraformaldehyde (PFA) /
4% sucrose (w/v) in PBS for 5 minutes @aim temperature (RT). After extensive
washing, cells were incubated with 10% normal goat serum (NGS) in PBS for 20 min
to block any norspecific binding of primary antibodies and subsequently washed
with 1% bovine serum albumin (BSA) in PBS. Extracqtiilaary antibodies were
added to coverslips to label surface protein of interest for 1 hour. All antibodies
(primary and secondary) were diluted in 3% NGS in PBS to a desired concentration. A
complete list of antibodies used in this project can be foumBable 2.5 To minimise

the amount of antibodies used, 50 pl of diluted antibody mixture was pipetted onto
parafilm to give a droplet. Coverslips were taken out of 35 mm dishes, excess liquid
removed carefully with a tissue, before being inverted onte #imtibody mixture
droplet. To prevent evaporation of the antibody solution, the coverslips were
covered with the cap from the dishes. At the end of the incubation, coverslips were
gently lifted and placed back into the dishes, where they were washed WitfBSA

in PBS before permeabilization (where necessary to label intracellular proteins). To
permeabilise the cells, coverslips were incubated in PBS with 0.1% Ti@® f&r 5
minutes and then extensively washed. Before adding antibodies to label ititriace
proteins, cells were incubated with the same blocking mixture as before (10% NGS in
PBS, 20 minutes). After extensive washing with 1% BSA in PBS to remove unbound

antibodies, cells were subjected to secondary antibody labelling. Secondary
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antibodieswere Alexa Fluor® labelled (skable 2.5or details), therefore coverslips

were protected from light during subsequent incubations to prevent fluorophore
bleaching. Coverslips were then washed 4 times with 1% BSA in PBS for 5 minutes to
wash off all theunbound secondary antibodies, before being mounted onto the glass
slides using the Prolong Gold mounting reagent (Thermo Fisher Scientific, P36930)

and left at RT to cure overnight. For storage, slides were kept in the dafK.at 4
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Table 2.5 List of antibodies used throughout this projeRtimary antibodies were used for immunocytochemistry (BZ@)or proximity ligation assay (PLA)
at a concentration stated in column 5 thie table. Secondary antibodies were conjugated to Alexa Fluor®.

Polyclonal antiGABAh 1 Rabbit Amino acids 415 from rat GABA'1  1:500 Ab33299 Abcam
Polyclonal antGABAN 1 Rabbit Cytoplasmic loop from rat GABAL  1:500 06-868 Upstate
Polyclonal antiGABANM H Rabbit Amino acids 287 from rat GABA 1:500 224-103 Synaptic Systems
h H
Monoclonal aniGABAN p Mouse Amino acids 36819 from human 1:500 N415/24 NeuroMab
GABAM p
Monoclonal anti GABAI 2,3 (Clone Mouse Extracellular domairi (chain) from  1:500 MAB341 SigmaAldrich
BD17) bovine GABA 2,3
Polyclonal antiGABA' H Rabbit Amino acids 3%3 from rat GABA  1:100 AGAO005 Alomone labs
I H
Polyclonabnti-GABA' H Rabbit Cytoplasmic loop from rat GABA H 1:300 832AGG2C PhosphoSolutions
Monoclonal aniGABA1 Mouse Internal region from rat GABA 1:500 200-301-F33 Rockland
Monoclonal antigephyrin Mouse Amino acids 32650 from rat 1:500 147-111 Synaptic Systems
gephyrin
Polyclonal antMAP2 Chicken Full length protein of cow MAP2  1:100 Ab92434 Abcam
Polyclonal antVesicular inhibitory aminc Guinea Pig Amino acids 10420 from rat VIAAT 1:200 AGR129 Alomone labs
acid transporter (VIAAT)
Alexa Fluor® 488 arthicken IgY (H+L) Goat n/a 1:750 A32931 Invitrogen
Alexa Fluor® 488 antbbit IgG (H+L) Goat n/a 1:750 A32731 Invitrogen
Alexa Fluor® 555 arguinea pig 1gG (H+I Goat n/a 1:750 A21435 Invitrogen
AlexaFluor® 555 amtinouse 1gG (H+L) Goat n/a 1:750 A31570 Invitrogen
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Alexa Fluor® 555 rabbit IgG (H+L)
Alexa Fluor® 647 arthicken IgY (H+L)
Alexa Fluor® 647 arguinea pig 1gG (H+l

Goat
Goat
Goat

n/a
n/a
n/a

1:750
1:750
1:750

A21428
A21449
A21450

Invitrogen
Invitrogen
Invitrogen
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2.5.2 Proximity Ligation Assay (PLA) method

Proximity ligation assay (PLA) is a powerful method that allows sensitive and highly
specific detection of protein interactions at a singh®lecule resolution. It employs

the basis of immunofluorescent labelling and, therefore, can be visualised using
conventional confocal microscopy. The prineipf the PLA methodology is briefly
outlined in Figure 2.3 Normally, two primary antibodies (s®d against different
species) are used to detect the epitopes of interest. Then, two secondary antibodies
coupled to a specific oligonucleotide sequences (known as PLA PLUS and MINUS
probes) bind to the primary antibodies. If the PLA probes are in clasenpity (80

nm), the oligonucleotides from theomplimentaryPLA probes hybridise and are
subsequently ligated to form a closed circular DNA template. At this point, DNA
polymerase and fluorescently labelled oligonucleotides are added, and the circular
DNA loop acts as a template for rolling circle amplification. &hawvs ~10006fold
amplification of the PLA signal that can then be directly visualised with confocal
microscopy. The signals are discrete PLA dots, each representing a single interaction
(Gomes et al., 2016b)

2.5.3 PLA fluorescence protocol

This protocol was performed on HEK293 cells and cultured hippocampal neurons.
Neurones were either transfected (s&ections 2.2.2 and 2.3r details) or used

to identify native protein interactions. PLA was performed on its own in HEK293 cells

or alongside immunostaining in neurones. Cells were washed, fixed and blocked as
described irSection 2.5.1PLA was performed betweénm | YR hHX hwm | yR
and { GABAR subunits. If the antibodies used for PLA recognised intracellular

epitopes, the cells are permeabilised prior to PLA. Details can be fourihinle 2.6

All incubations were performed on parafilm with coverslips inverted and in a heated
humidity chamber aB7¢ / ® . S0 6SSy Ay Odzo | Gwice with IX OSf f &
wash buffer A (Duolink®U082049) for 5 minutes, unless otherwise stated. The final

volumes of reagents added to each coverslip were 40 pul per incubation.
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Figure 2.3 Proximity ligation assay (PLA) principde Two proteins that are in close spatial
proximity. B. Primary antibodies raised in different species bind to target protein epitopes.
C. Secondary antibodies coupled to oligonucleotides (PLA probes) recognise primary
antibodies.D. The oligonucleotides are in close proximity, hybridise and form a closdatircu
DNA template following ligationE. DNA template is amplified with addition of DNA
polymerase and fluorescently labelled oligonucleotides?LA signal can be detected with
confocal microscopy, where each PLA dot represents a discrete protein imberact

After blocking, primary antibodies were diluted Duolink® antibody diluent at a

concentration used for ICC and coverslips incubated for 1 hour. After washes, PLA
probes (PLUS and MINUS) were diluted in antibody diluent, applied to the coverslips
and subsequently incubated for 1 hour. Following PLA probe incubation, 5X Duolink

ligation buffer was diluted in ddi® and ligase (Duolink®, DUO92008) was added to
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