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Abstract iv

Abstract

Type-B y-aminobutyric acid receptors (GABAgRs) are important for mediating slow
inhibition in the central nervous system and the kinetics of their internalisation and

lateral mobility will be a major determinant of their signalling efficacy.

Functional GABAgRs require R1 and R2 subunit co-assembly, but how
heterodimerisation affects the trafficking kinetics of GABAgRs is unknown. Here, an a-
bungarotoxin binding site (BBS) was inserted into the N-terminus of R2 to monitor
receptor mobility in live cells. GABAgRs are internalised via clathrin- and dynamin-
dependent pathways and recruited to endosomes. By mutating the BBS, a new
technique was developed to differentially track R1a and R2 simultaneously, revealing
the subunits internalise as heteromers and that R2 dominantly-affects constitutive
internalisation of GABAgRs. Notably, the internalisation profile of R1aR2 heteromers,

ASA

but not Rla homomers devoid of their ER retention motif (R1™"), is similar to R2

ASA \was slowed to that

homomers in heterologous systems. The internalisation of Rla
of R2 by mutating a di-leucine motif in the R1 C-terminus, indicating a new role for

heterodimerisation, whereby R2 subunits slow the internalization of surface GABAgRs.

R1a and R1b are the predominant GABAgR1 isoforms in the brain, differing by the two
Sushi Domains (SDs) in R1a. Introduction of a BBS into the N-terminus of R1b and
comparison with Rla revealed that R1bR2 internalises faster than R1aR2. Introduction
of the SDs into the BBS-tagged metabotropic glutamate receptor-2 also conferred a

decrease in internalisation.

Finally, the lateral surface mobility of GABAgRs was studied by extending the BBS-
tagging method to single-particle tracking using quantum dots. R1aR2 and R1bR2
exhibited different mobility profiles on hippocampal neurons and differentially

responded to baclofen.

In conclusion, this study provides new and important insight into the mobility of cell
surface GABAgRs and the underlying mechanisms that ensure they provide efficacious

slow synaptic inhibition.
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Chapter |

Introduction

Living organisms are composed of cells, which form the basic unit of life. In
multicellular organisms, cells assemble to form higher order structures, with increasing
levels of complexity, in the form of tissues, organs, and organ systems that work in
concert to ensure the sustainability of life. Robert Hooke was the first person to
observe and document the existence of cells in 1665 (Hooke, 1965) and the “cell
theory” was postulated in 1838 by Theodor Schwann (Schwann, 1839) laying the
foundation for cellular biology. With advancements in the field of microscopy, the

study of cellular physiology has now become a major area of biological research.

Of all the organ systems, the nervous system is perhaps the most intriguing given the
important roles played by this system in physiology and disease. The nervous system is
made up of glial cells and electrically excitable cells, or neurons. A typical neuron
contains a soma or the cell body, an axon that arises at the axon hillock and dendrites
that can form a complex branching morphology. Signals are usually sent from the axon
of one neuron to the dendrites of others although there exceptions to this rule. The
central nervous system (CNS) is formed of the brain and the spinal cord both of which
contain a complex array of local and region specific networks of neurons. The neurons

within a local network communicate with each other and in addition, there is signalling
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between networks that originate in different regions of the brain. Such communication
is achieved mostly via chemical release at synapses, which are the closest points of
contact between two neurons (Sherrington, 1906). It is via these synapses that the
nervous system enables sensory perception, motor co-ordination, control over other
organ systems, information processing, judgement, intelligence, and memory.
Neurotransmitters are the chemicals that are released at synapses by neurons and for
rapid transmission, there are two major types of neurotransmitters: excitatory which
increase the excitability of neurons and inhibitory that reduce excitability. Excitatory

neurotransmitters

1.1 GABA

The small molecule y-aminobutyric acid (GABA; Fig. 1.1A) is the main inhibitory
neurotransmitter in the mammalian central nervous system (CNS) (Burt and Kamatchi,
1991; McCormick, 1989; Olsen, 2002) and it has been estimated that around 30-40% of
inhibitory neurotransmission in the adult brain is mediated by this neurotransmitter
(Beleboni et al., 2004; Hendry et al., 1987; Roberts, 1986). The presence of GABA (Fig.
1.1) in the CNS was discovered in 1950 using paper chromatography (Awapara et al.,
1950; Roberts and Frankel, 1950) and in 1956, the first demonstration of the inhibitory
action of GABA on electrical activity in the nervous system was reported (Hayashi,
1956). At inhibitory synapses, GABA-mediated post-synaptic potentials consist of an
early (fast) and a late (slow) component and the fast component of the synaptic
inhibition imparted by GABA is mediated by the ionotropic GABA,/c receptors whereas
the slow and prolonged component is mediated by the metabotropic GABA; receptors

(Bowery and Smart, 2006).
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A B

@) NH,
Cl 0]
H2N \/\)]\
OH {
OH
y -aminobutyric acid (RS)-4-amino-3-(4-chlorophenyl)butanoic acid

Figure 1.1 — Structure of GABA and Baclofen
Molecular structure of y-aminobutyric acid (GABA; A) and the GABAg receptor specific
agonist (RS)-4-amino-3-(4-chlorophenyl)butanoic acid (baclofen; B)

1.2 GABAg receptors

GABA; receptors were first identified in the peripheral nervous system in 1979
(Bowery and Hudson, 1979) and later in the CNS in 1980 (Bowery et al., 1980) as a
bicuculline-, isoguvacine- and picotoxin-insensitive receptor that reduced the evoked
release of radiolabelled noradrenaline in response to GABA. Baclofen ((RS)-4-amino-3-
(4-chlorophenyl)butanoic acid) (Fig. 1.1B) was identified as a selective agonist of this
‘new’ receptor and the receptor was defined as GABAg soon afterwards (Bowery et al.,
1981). Since its discovery, several functional and signalling properties were assigned to
GABA; receptors, but in the absence of a cloned receptor the molecular basis of the
receptor’s function remained unclear. Cloning of the GABAz R1 subunit in 1997
(Kaupmann et al.,, 1997) using a high affinity GABAg receptor antagonist,
[125I]CGP64213, identified two isoforms: R1a and R1b. GABAg R2 was later identified in
a homology-based screen of sequence databases where R1 was used as a probe
(Kaupmann et al., 1998; White et al., 1998). The sequence of the cloned receptor
revealed, as expected, that the GABAg receptor is a G-protein coupled receptor

(GPCR).
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1.3 G-protein coupled receptors

GPCRs make up the largest known family of receptors in mammals and nearly 4% of
the entire protein coding part of the genome encodes for over 800 predicted and
cloned GPCRs (Mirzadegan et al., 2003; Takeda et al., 2002; Fredriksson and Schioth,
2005). The importance of GPCRs is highlighted by more than 40% of clinically-used
drugs exerting their effects on cellular physiology through these receptors (Overington
et al., 2006). GPCRs share a common structural architecture with seven a helices
spanning the cell membrane giving rise to three extracellular and three intracellular
loops of variable sizes and an extracellular N-terminal and an intracellular C-terminal
domain. They form receptors for a diverse range of ligands including photons, ions,
hormones and neurotransmitters and activate numerous downstream signalling
pathways by coupling through heterotrimeric G-proteins (McCudden et al., 2005;

Tuteja, 2009).

GPCRs have been divided into three classes: A, B, and C based on sequence homologies
(Foord et al.,, 2005). Class A GPCRs are characterised by their homology to the
rhodopsin receptor (Palczewski, 2006) and form the largest and probably best
characterised group with the crystal structure of several receptors, including the B,
adrenergic receptor (B,AR) (Cherezov et al., 2007) and the rhodopsin receptor
(Palczewski et al., 2000), resolved. The class B GPCRs are composed of the secretin
family of receptors. Some members of this family bind to peptides hormones. The class
C group contains the metabotropic GPCRs and includes GABAg receptors, metabotropic
glutamate receptors (mGIuRs), calcium sensing receptors, pheromone receptors,

sweet and amino acid taste receptors, and some orphan receptors (Pin et al., 2003). All



Introduction 19

class C GPCRs (Fig. 1.2), with the exception of the orphan receptors, are composed of a
large extracellular domain that contains a venus flytrap domain (VFTD) and the
characteristic GPCR seven transmembrane (7-TM) region (Fig. 1.2). An extracellular
cysteine-rich region separates the VFTD from the 7-TM region in all class C GPCRs
except for GABA; receptors (Pin et al., 2004). The consequences of the absence of the

cysteine-rich domain in GABAg receptor function has not been studied thus far.

Figure 1.2 - Structure of class-C

GPCRs.

¥
Venus fly-trap 2~

domain
Class C GPCRs are composed of

\ "’1 three main structural domains, the
A T,
. . ) Venus fly-trap domain where
Cysteine-rich ) y-Hrep
domain agonists bind, the cysteine-rich
domain and the 7-TM domain.
Figure adapted from Pin et al.,
2005
7-TM
, —
domain

1.4 GABAg receptor structure

GABA; receptors in the CNS are composed of two subunits, R1 and R2, forming a
heterodimer (Fig. 1.3). The two subunits share a common architecture and 35% amino

acid conservation. Like other class C GPCRs, the N-terminus VFTD of GABA; receptors is
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similar in structure to the bacterial periplasmic substrate-binding proteins (PBPs)
(Felder et al., 1999). PBP containing receptors mediate chemotaxis and solute uptake
in Gram-negative bacteria and similar VFTDs are present in ionotropic glutamate
receptors: GIuR2 and NMDAR. A crystal structure of the GABA; receptor N-terminus is
currently unavailable. However, crystal structures of the VFTDs of mGIluR1 (Kunishima
et al., 2000) are available and is likely to be similar to the structure of the GABAg VFTD.
Based on this assumption, the structure of the VFTD of mGIluR1 (Fig. 1.2) has been
used as a template to develop a homology based model of the GABAg R1 and R2 VFTDs
that suggests that the GABAg VFTDs are made up of two lobes (Rondard et al., 2008).
The R1 VFTD contains the GABA binding site (Galvez et al., 2000; Galvez et al., 1999;
Kniazeff et al., 2002; Nomura et al., 2008). To date a naturally occurring ligand that
binds to the R2 and activates the GABA receptor has not been identified although
several allosteric modulators have been identified that bind to R2 subunits and
enhance the efficacy of signalling by the GABA; receptor as discussed below. The
presence of R2 VFTD in vitro has been reported to increase the affinity of GABA for
binding to the R1 VFTD and a mechanism for the increase of affinity has been proposed
in which the closed state of the R1 VFTD is stabilized in the presence of R2 VFTD

(Galvez et al., 2001; Liu et al., 2004).
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GABA binding

cell Rla R1b R2

membrane

D Venus fly-trap domain J Coiled-coil domain Q SushiDomain

Figure 1.3 — GABA; receptor structure.

Schematic diagram showing the overall structure of the GABAg receptor. The receptor
is composed of two subunits (R1 and R2) which form a heterodimer. The venus fly trap
domains in R1 forms the agonist binding domain. The intracellular loops in R2, form
the G-protein coupling domain. The coiled-coil domain of R1 contains an endoplasmic
reticulum (ER) retention motif (-RSR-).

The extracellular domains (ECDs) of the R1 and R2 interact with each other as revealed
by time-resolved Forster resonance energy transfer (TR-FRET) approaches. FRET can be
used to reveal protein-protein interactions and a signal is achieved when a donor
molecule, upon excitation, transfers energy to an acceptor molecule when the two are
in close proximity (Fig. 1.4). In TR-FRET, donor molecules with long emission durations
are used in order to reduce the levels of background fluorescence. The R1 ECD,
anchored on the cell membrane by glycosylphosphatidylinositol (GPI), was found to
interact with R2 subunits truncated in the first intracellular loop, after the first
transmembrane domain, on the cell surface of COS-7 cells using TR-FRET (Fig. 1.4) (Liu
et al., 2004). An HA-tag containing R1 ECD was cloned in the N-terminus of a synthetic

gene fragment encoding the GPI anchor signal peptide of mouse cellular prion protein.
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After translation, the GPI anchor signal peptide is cleaved and a GPl modification is
added to the R1 ECD in the ER. This allowed R1 ECD to express on the cell surface
anchored by GPI. R1 ECD was detected by an anti-HA monoclonal antibody coupled to
europium cryptate-pyridine bipyridine which serves as the donor for TR-FRET and
Myc-tagged R2 subunits were detected by an anti-c-Myc monoclonal antibody coupled
to Alexa Fluor 647 (Fig. 1.4). The excitation of europium cryptate-pyridine bipyridine at
337 nm resulted in the detection of a FRET signal at 665 nm which corresponds to the
emission wavelength of Alexa Fluor 647. Although this sheds light on the interactions
between R1 and R2, the full scale of the implications of this interaction is unclear in the
absence of the 7-TM regions. Other techniques such as co-immunoprecipitation and
sucrose density gradient centrifugation has also been used to demonstrate the
interactions between R1 and R2 ECDs (Nomura et al., 2008). This interaction between
the two ECDs is important for signalling via the GABAg receptor and disrupting the
interaction interface, by the introduction of bulky N-glycan moieties, abolishes the
receptor’s functional activity assessed by inositol monophosphate (IP) accumulation
assays (Rondard et al., 2008). Rla and Rlb form the two major isoforms of the R1
subunit in the CNS and differ due to the presence of two Sushi domains (SDs) present

only in R1a.
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Cell membrane

R1-GPI R2

Figure 1.4 — Time-resolved FRET reveals interaction of R1 and R2 extracellular
domains

R1 extracellular domain (dark gray) anchored on the cell surface of COS-7 cells were
tagged with anti-HA antibodies coupled to a donor molecule (europium cryptate-
pyridine bipyridine) and R2 was tagged with anti-c-Myc antibodies coupled to an
acceptor molecule (Alexa Fluor 647). The FRET signal between the two antibodies was
measured at 665 nm (E665) after excitation at 337 nm. Adapted from Liu et al., 2004

The 7-TM region of R1 and R2 are similar in structure and it is through the loops of R2
GABA; receptors couple to G-proteins. Exchange of the intracellular loops of R1 with
equivalent loops of R2 does not alter the signalling properties of the heteromeric
receptor but exchange of any of the three intracellular loops of R2 with equivalent
loops of R1 abolishes receptor signalling (Margeta-Mitrovic et al., 2001a). Point
mutations in the second and the third intracellular loops can also disrupt or abolish the
receptor signalling (Duthey et al., 2002; Havlickova et al., 2002). Recently, the two 7-
TM domains of R1 and R2 have been hypothesised to interact using TR-FRET assays
suggesting that upon agonist binding, the R1 7-TM domain activates the R2 7-TM
domain leading to G-protein coupling (Monnier et al., 2011). Another study has used a

series of constructs with insertions of fluorescent proteins in the intracellular loops of
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Rla and R2 (Matsushita et al., 2010) and has demonstrated that upon agonist
treatment in HEK cells FRET signals decrease between loop 2 of R1 and loops 1 and 2
of R2 compared to controls providing evidence that the intracellular loops dissociate
upon receptor activation. Together these results suggest that conformational changes
in the 7-TM domain of R1 in response to agonist binding can initiate signalling via R2
subunits. This has been proposed for the class A GPCRs in which a large movement of
the TM6 upon agonist binding leads to G-protein signalling (Gether et al., 2002;

Schwartz et al., 2006; Nygaard et al., 2009).

GABA; R1 and R2 have intracellular C-terminal tails that are over a hundred amino
acids long and are likely to play important roles in trafficking of the receptor. The tails
contain a coiled-coil domain. Coiled-coil domains are structural motifs in which 2-7
alpha helices, distinguished by heptad repeats, form a coil-like structure (Liu et al.,
2006). The coiled-coil domains of R1 and R2 are known to interact (Kuner et al., 1999)
and have been described to form heterodimeric parallel coiled-coils at physiological
temperatures (Kammerer et al.,, 1999). The R1 subunits contain an RSR-type
endoplasmic reticulum (ER) retention signal that prevents it from being targeted to the
cell surface alone. R2 subunits mask this ER retention motif via an interaction through
the coiled-coil domain allowing R1 to reach the cell surface. Several studies have
looked at the importance of the C-terminal tails of R1 and R2 in G-protein coupling.
Deletion of both tails in R1 and R2 have no effect in G-protein coupling of GABA;
receptors assessed using intracellular Ca®* mobilisation assay in response to GABA

stimulation (Calver et al., 2001).
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The C-terminal tails provide an important interface for interaction with receptor-
associated proteins that modulate function and trafficking. 14-3-3n and 14-3-3C were
identified in yeast two hybrid assays to interact with R1 and 14-3-3C was pulled down
from adult rat brain lysates using glutathione S-transferase R1 (GST-R1) and co-
immunoprecipitated with R1 in transfected COS-7 cells (Couve et al., 2001). The area of
interaction overlaps with the coiled-coil domain and 14-3-3 allowed the dimerisation
of the receptors by scavenging R1 subunits. 14-3-3 proteins bind to diverse proteins
and offer a scaffold to kinases, phosphatases and other receptors. They have also been
described to mediate the correct assembly of proteins and release of multimeric
complexes from the ER (Yuan et al.,, 2003). In addition, the coat protein | (COPI)
complex can also interact with the RSR sequence of R1 (Brock et al., 2005). COPI takes
part in retrograde trafficking of proteins form the cis-Golgi back to the ER. The
presence of unassembled R1 in the cis-Golgi supports the notion that R1 subunits exit
the ER and are shuttled back by COPI from the cis-Golgi preventing their expression in

the absence of R2.

Another protein that interacts with the coiled-coil domain of R1 regulating the
expression of these receptors is msec7-1 (Restituito et al., 2005). msec7-1 is a guanine-
nucleotide exchange factor (GEF) (Casanova, 2007) of ADP ribosylation factor 6 (Arf6)
(Ashery et al., 1999) and interacts specifically with a di-leucine motif on the coiled-coil
domain of R1. Di-leucine motifs are involved in the regulation of endocytosis,
exocytosis and the targeting of proteins to specific subcellular compartments
(Marchese et al., 2008; Pandey, 2009). In addition, expression of msec7-1 with an ER
retention motif mutated R1 in COS-7 cells increases the surface expression levels of

the mutant R1 subunit compared to cells expressing only the mutant R1 (Restituito et
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al., 2005). Mutating the di-leucine motif in R1 abolished this effect of msec7-1
suggesting the interaction of the di-leucine motif with msec7-1 is important for cell

surface expression of R1.

Recently, a novel protein, GPCR interacting scaffolding protein (GISP), has been
identified that interacts with the coiled-coil domain of R1 (Kantamneni et al., 2007).
GISP was also able to pull-down GABAg R1 from rat brain lysates, co-
immunoprecipitate with R1 and R2 and co-localise with GABAg receptors as probed
with immunolabelling. Interestingly, GISP interacts with the heterodimeric complex
and the co-expression of GISP with R1 and R2 in human embryonic kidney 293 (HEK-
293) cells enhances the expression of GABAg receptors and decreases the rundown of
baclofen-evoked currents in HEK-293 cells containing a stable transformation with
potassium channels, Kir3.1 and Kir3.2 (GIRK cells) as assessed by whole-cell patch
clamp electrophysiology. These results suggest that GISP is also important in the

trafficking and functioning of the GABAg receptor.

The activating transcription factor 4 (ATF4) (Vernon et al.,, 2001;White et al.,
2000;Nehring et al., 2000) has been reported by several studies to interact with the
GABAg R1 coiled-coil domain. This interaction was only observed in the absence of R2
(Vernon et al., 2001) and suggests that ATF4 takes part in the assembly of GABAg

receptor heterodimers.

The transcription factor CCAAT/enhancer-binding protein (C/EBP) homologous protein
(CHOP) interacts with the coiled-coil domain of GABAg R2 and the N-terminus of Rla
but not R1b receptors (Sauter et al., 2005). More importantly, CHOP interacts with

GABA; heterodimers and co-immunoprecipitates with GABAg receptors from rat brain
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extracts and co-localises with primary hippocampal neurons suggesting that this
protein can interact with heterodimeric GABAg receptors. In addition, co-expression of
CHOP with GABAg receptor subunits in HEK-293 cells reduces the cell surface
expression of R1aR2 receptors in a subtype-selective manner but has no effect in the

expression of R1bR2 receptors.

The GABA, subunit y2S has been reported to achieve cell surface expression of GABAg
R1 subunits in HEK-293 cells in the absence of R2 subunits (Balasubramanian et al.,
2004) . In addition, GABAg heterodimers and y2S have been co-immunoprecipitated
from rat brain lysates demonstrating the existence of such interactions in native
tissues. Multiple interactions between R1 and y2S have been hypothesised and at least
one of these lies in close proximity of the ER retention motif of R1 suggesting a

masking of this motif by y2S for cell surface expression.

The C-terminal tail of R2 also contains some important motifs that interact with
unidentified protein(s) that regulate the cell surface trafficking of GABAg receptors.
The region of amino acids 841-862 is important as their deletion reduces the cell
surface expression levels of GABAg receptors (Pooler et al.,, 2009). The potassium
channel tetramerisation domain-containing (KCTD) proteins 8, 12, 12b and 16 that
share conserved domains in their amino termini T1 domain with voltage-gated K*
channels, interact with the GABAg R2 C-terminus and increase the targeting of GABAg
receptors on the axonal plasma membrane, increase agonist potency, and alter G-
protein coupling by accelerating onset and promoting desensitization of the receptors
(Schwenk et al., 2010; Bartoi et al.,, 2010). Table 1.1 lists a summary of the GABAg

interaction proteins discussed.
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Table 1.1 - Protein-protein interactions of the GABA; receptor.

Interacting

GABA,

. . Function References
Protein Subunit
1433 GABA R1 Coiled-coil Assembly and Couve et al., 2001
domain trafficking
COPI GABA, R1 Coiled-coil Assembly and Brock et al., 2005
domain trafficking
Coiled-coil Assembly and
msec7-1 GABAg R1 domain; Leu 889 traffichin Restituito et al., 2005
and 890 in R1a &
Coiled-coil Cell surface expression Kantamneni et al.,
GISP GABAs R1 domain and signalling 2007
Coiled-coil Vernon et al., 2001;
ATF4 GABA; R1 domain Assembly White et al., 2000;
Nehring et al., 2000
Coiled-coil
CHOP GABAg R2 domains; Cell surface expression Sauter et al., 2005
GABA; R1la .
N-terminus
Amino acids 934 - Balasubramanian et
GABA, y2S GABA; R1 960 on Rla and Cell surface expression al. 2004
other areas v
KCTD 8, 12, GABA R2 C-terminus Ceéless;:cjiii:txiz;e:?g " | schwenketal, 2010,
12a and 16 8 Bartoi et al., 2010

signalling

1.5 GABAg agonists and antagonists

The most widely used specific GABAg receptor agonist is baclofen (Fig. 1.1B). This was

synthesized in an attempt to increase the lipophilicity of GABA (Cates et al., 1984) to

achieve greater penetration of the blood brain barrier. The main use of baclofen is as a

muscle relaxant to treat spasticity for patients with multiple sclerosis (Brar et al., 1991;

Smith et al., 1991), post-stroke (O'Brien et al., 1996), cerebral palsy (Krach, 2009),

stiffman syndrome (Stayer et al., 1997), and other forms of paralysis (Penn and Kroin,

1985; Penn and Kroin, 1984; Becker et al., 1997; Muller et al., 1987). Baclofen has also

been used successfully for pain relief in trigeminal neuralgia (Fromm, 1994; Baker et

al., 1985), in cluster headache (Hering-Hanit and Gadoth, 2000) and in migraine
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(Hering-Hanit, 1999). More recently, baclofen has been used in the treatment of
cravings during withdrawal from alcohol (Addolorato et al., 2002a; Addolorato et al.,
2002b), cocaine (Haney et al., 2006; Ling et al., 1998; Shoptaw et al., 2003), and

nicotine (Franklin et al., 2009).

There are two enantiomers of baclofen: (R)-(-)-baclofen and (S)-(+)-baclofen. (R)-(-)-
baclofen is more potent than (S)-(+)-baclofen and a racemic mixture is also more
potent than (S)-(+)-baclofen (Froestl et al., 1995a). In addition to baclofen, several
other GABAg receptor agonists have been reported, these include a carbamate
derivative of (R)-(-)-baclofen, Arbaclofen placarbil (XP19986) (Lal et al., 2009), and a
des-chloro analogue of baclofen, Phenibut (Ong et al.,, 1993). In addition, several
phosphonic acid analogues of GABA are potent agonists of the GABAg receptor (Froestl
et al., 1995a; Froestl et al., 1995b). y-hydroxybutyric acid (GHB), commonly referred to
as the “date rape drug” is a weak agonist of the GABAg receptor (Xie and Smart, 1992b;

Xie and Smart, 1992a).

Several GABAg receptor antagonists have been developed over the last few years.
Phaclofen was the first selective antagonist (Kerr et al., 1987) and could block the slow
inhibitory postsynaptic potential (Dutar and Nlicoll, 1988; Nlicoll, 2004), soon followed

by the more potent 2-hydroxy-saclofen (Kerr et al., 1988).

Several potent and selective GABAg receptor antagonists can bind to the receptor with
nanomolar affinities and one of these, CGP55845A has been tested in several in vitro
and in vivo conditions and has an ICsg of 6 nM in antagonising binding of a
radiolabelled agonist to rat cerebral cortex membranes (Bowery et al., 2002). In

addition, CGP55845A inhibits GABAg receptor activation in the CA1 region of the rat
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hippocampus (Pozza et al., 1999) and has been described to reverse age-related
learning impairment (Lasarge et al., 2009), and improve learning in rats (Getova and

Bowery, 1998).

In addition to agonists and antagonists, several positive allosteric modulators have
been identified for GABA; receptors (Pin et al., 2001; Urwyler, 2011). Positive allosteric
modulators bind to a site away from the ligand binding site and positively modulate
the functional efficacy of the receptor in response to agonists. For the GABAg receptor
all binding sites identified to date for the positive allosteric modulators are on the R2
subunit with CGP7930 and GS39783 being two of the most potent (Urwyler et al.,
2001; Urwyler et al., 2003) . These positive allosteric modulators enhance endogenous
GABAg receptors signalling both in terms of potency and efficacy and have therefore
been the focus of several studies (Pin et al., 2001; Pin and Prezeau, 2007). Of note,
GS39783 has been described to have strong anxiolytic activity in both rats and human
(Cryan and Kaupmann, 2005) and both GS39783 and CGP7930 have been described to
reduce cocaine self-administration in rats (Smith et al., 2004) indicative of the

potential therapeutic significance of these compounds.

1.6 GABAg receptor signalling

GPCRs predominantly signal in a guanosine triphosphate (GTP)-dependent manner
through G-proteins, which are trimeric proteins made up of three subunits: Ga, Gj,
and Gy. The G-protein trimer in its inactive state contains guanosine diphosphate

(GDP) bound to the Ga subunit. Activation of a GPCR induces a conformation change
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enabling the receptor to act as a GEF. This leads to the exchange of GDP for a GTP
molecule on the Ga subunit, thereby activating the G-protein trimeric complex. Upon
activation, Ga dissociates from the trimeric complex and activates downstream
signalling cascades. In addition, Gg, can also activate downstream signalling. Ga
subunits have an intrinsic GTPase activity hydrolysing GTP to GDP causing the
reformation of the G-protein timer ready for the next round of signalling via the GPCR.
Some GPCRs have been described to be pre-associated with G-proteins whereas others
have been described to assemble with G-proteins upon activation of the GPCR (Neubig
et al., 1988; Hein et al., 2005). It is currently not known whether in its inactive state
GABA; receptors remain pre-assembled with G-proteins or whether assembly occurs

post activation

GABAg; receptors couple to pertussis toxin sensitive Gaj/, subunit containing G-proteins
(Fig. 1.5) and there is evidence that the coupling to the exact isoform of Gay, is likely to
be region or function specific. Increased GABA binding to N-ethylmaleimide (NEM)
treated brain membrane has been reported in the presence of Ga, and Ga;; but not
Gaj; by one study (Morishita et al., 1990) whereas another study has reported that
GABAg; receptors indeed link to inwardly-rectifying K* (GIRK) channels via Gai, (Leaney
and Tinker, 2000). Alternatively both Ga;; and Goj; in bovine cerebral cortex may

couple GABA; receptors to adenyl cyclase (Nishikawa et al., 1997).
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Figure 1.5 — GABA; receptor signalling.

GABA; receptors couple to Gaj, G-proteins and link to three major pathways:
activating (+) inward rectifying K channels (Kir); inhibiting (-) Ca®* channels; and
regulating adenyl cyclase (AC) activity

One of the first effectors identified of GABAg receptor signalling was voltage-gated
calcium channels (VGCCs). Calcium dependent action potentials were impaired by
GABA (Dunlap and Fischbach, 1981) in dorsal root ganglion (DRG) neurons.
Dissociation of G-proteins upon the activation of GABAg receptors releases Gg,
allowing them to inhibit Ca®* currents. GABAg receptors couple to P-, Q-, and N-type
VGCCs (Guyon and Leresche, 1995; Harayama et al., 1998; Huston et al., 1995; Li and
Stern, 2004; Mintz and Bean, 1993). The receptor can therefore inhibit various
processes that depend on the influx of ca® including the release of neurotransmitters

from presynaptic terminals (Huston et al.,, 1995). GABAg autoreceptors inhibit the



Introduction 33

release of GABA at GABAergic synapses and heteroreceptors inhibit the release of
glutamate in excitatory synapses. In the postsynaptic membrane, GABAg receptors
reduce Ca®* signals generated by VGCCs and NMDA receptors in layer 2/3 cell, and
VGCCs in layer 5 pyramidal neurons in the prefrontal cortex (Chalifoux and Carter,

2011; Chalifoux and Carter, 2010).

GABA; receptor activation also leads to activation GIRK channels that are sensitive to
Ba’* (Inoue et al., 1985a; Inoue et al., 1985b). GABA; receptors couple to and activate
Kir3.1 and Kir3.2 channels (Misgeld et al., 1995) via Gg, causing hyper-polarisation of
the postsynaptic neuron, underlying the late phase of inhibitory postsynaptic currents

(IPSCs).

GABA; receptors also activate or inhibit adenyl cyclases and can activate
phospholipase C (PLC) (Bettler et al., 2004). Adenyl cyclases catalyse the conversion of
ATP to the second messenger cAMP (Nishikawa et al., 1997) and PLC cleaves the
phospholipid, phosphatidylinositol 4,5-bisphosophate to produce diacyl glycerol and
inositol 1,4,5-triphosphate, both second messengers (Rhee and Bae, 1997). GABAg
receptors inhibit adenyl cyclase, reducing cAMP levels in cells, upon activation by
GABA. However, in the presence of activated Gas within in the cell, GABA; receptor
activation can increase cAMP levels. Such elevation of cAMP levels in response to
GABA; activation has been observed in the presence of activated B,AR which couple to

and activate Gas (Robichon et al., 2004).
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1.7 Heterodimerisation of GABA; receptors

GABAg receptors function as dimers of R1 and R2 subunits and it was the first GPCR
identified that required dimerisation in order to be functionally active (Bowery and
Enna, 2000; Marshall et al., 1999). The two subunits interact in at least three different
regions: the C-terminal coiled-coil domain, the N-terminal VFTD, and the 7-TM region
(Fig. 1.6). Dimerisation is required for at least three reasons. First, the ligand binding
site resides in the R1 VFTD where GABA has been described to bind in the cleft
between the VFTD’s two lobes; whereas G-protein coupling domain resides in the
intracellular loops of R2 (Robbins et al., 2001; Duthey et al., 2002; Havlickova et al.,
2002). Second, the interaction between the R1 and R2 N-terminal VFTDs is important
as the apparent affinity of the receptors for GABA increases upon dimerisation (Galvez
et al., 2001) and disruption of the dimerisation interface abolishes G-protein coupling
activity of the receptors (Rondard et al., 2008). Finally, when expressed alone in
heterologous systems, the R1 subunits do not reach the cell surface (Couve et al.,
1998) being retained in the ER, because of the presence of an ER retention motif in the
C-terminal coiled-coil domain (Margeta-Mitrovic et al., 2000). However when co-
expressed with R2 subunits, R1 can traffic to the cell surface and it has been proposed
that an interaction of R2 with the R1 coiled-coil domain masks the ER retention motif
in R1 enabling its exit from the ER. Mutation of the ER retention motif from RSR to ASA

allows R1 to exit the ER in the absence of R2 subunits and reach the cell surface.
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Figure 1.6 — GABA; receptor heterodimerisation interactions.

Interactions between R1 and R2 have been described to occur in at-least three regions:
the N-terminal VFTD (shown as interaction 1), the 7-TM domains and the C-terminal
coiled-coil domains

1.8 Isoforms of GABA; receptor subunits

In humans, the R1 subunits are encoded by a single locus (HGNC: 4070), containing 22
exons (Martin et al., 2001; Goei et al., 1998) (20 exons in rat; (Pfaff et al., 1999)). To
date, 6 different R1 isoforms have been described in human and 7 have been
described in rat (Fig. 1.7). The different isoforms arise because of alternative promoter
usage by RNA polymerase (Vigot et al., 2006) or due to alternative splicing (Pfaff et al.,
1999; Martin et al., 2001). The R1 isoforms that have been tested for pharmacology
are very similar and are expressed in a wide range of tissues, sometimes in a tissue-

specific manner.

In both human and rat, R1a and R1b subunits are the predominant R1 subunit isoforms
expressed in the CNS and arise because of the use of different promoters. A relatively
less well characterised isoform, Rlc is also abundant in human CNS. Rla differs from

R1b because of the presence an additional 143 amino acids that form two SDs, also
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known as Complement Control Protein or Short Consensus Repeats, in the N-terminus
of the mature R1a protein (Fig. 1.3). GABAg was the first GPCR described to contain
SDs, and although several other GPCRs have now been described with SDs (Couvineau
and Laburthe, 2011). SDs form the predominant protein modules found in several
soluble and cell surface proteins of the Complement activation pathway of the
immune system (Kirkitadze and Barlow, 2001). SDs are well known to engage in
specific protein-protein interactions. SD1 (proximal to the N-terminus) of R1a has been
shown to be less compact in structure than SD2 (Blein et al., 2004), and interacts
specifically with the extracellular matrix protein fibulin-2 in vitro.

In human R1c, the second SD is removed (Fig. 1.7) by alternative splicing (Martin et al.,
2001). Two different R1cs have been reported in rats which arise due to alternative
splicing on either the R1la or the R1b template and contain an insertion of 31 amino
acids between the second extracellular loop and the fifth transmembrane region (Pfaff
et al., 1999; Isomoto et al., 1998). The R1d has a shorter C-terminal tail in which part of
the coiled-coil domain containing the ER retention motif has been replaced by 25/26

amino acids (Isomoto et al., 1998).
Rat Human

Rla == 112 eesslinllnllsll——— Rl1a == 112 eeessssslnlislslslslsl—

R1b — s W — R1b e —
Ric =m 112 eesinlslnlslnlsl—— Ric 0] e e e e —
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Rle == 1) se— R1j == g1 pmem

R]_j 0

Figure 1.7 - R1 isoforms in rat (left) and human (right).

Linear structure of GABAg R1 isoforms with extracellular loops and N-terminus (pink),
transmembrane regions (green), intracellular loops and C-terminal tail (blue), coiled-
coil domain (red), Sushi domains (1 and 2, yellow)
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The human Rle isoform arises due to a truncation and is identical to the extracellular
domain of R1a (Schwarz et al., 2000). A secreted isoform of the R1 has been reported
in rat that contains the two SDs of R1a. This isoform has been named R1j and has been
proposed to impair the functioning of GABAg receptors (Tiao et al., 2008). Recently,

the presence of R1j has also been reported in humans (Lee et al., 2010).

By contrast to R1, the GABAg R2 subunit is encoded by a single coding region (HGNC:
4507) of 19 exons humans (Martin et al., 1999) and there is only one known isoform of

this subunit in human and rat.

1.9 GPCR trafficking

Regulation of cell surface receptor numbers by receptor trafficking plays a key role in
cellular homeostasis. Such regulation is not only essential in order to prevent over- or
under-expression of receptors, but also critical for maintaining precise temporal

signalling dynamics imparted by active receptors in response to extracellular cues.

Trafficking of several GPCRs, in particular the B,AR and the protease activated receptor
1 (PAR1), have been studied extensively and broadly two distinct multi-step modes of
trafficking have been described. The first mode of trafficking is initiated by activation
of the receptors by agonist, and in the second mode, the receptors are constitutively
trafficked in the absence of agonist. Upon activation by agonist, B,ARs activate
intracellular G proteins through their intracellular loops and initiate a sequence of
events that lead to their rapid desensitisation mediated by phosphorylation, manifest

by a loss of the ability of active receptors to couple to G proteins. GPCR kinases (GRKs)
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selectively phosphorylate agonist-bound receptors leading to the recruitment of B-
arrestins which in turn recruits clathrin leading to the endocytosis of desensitised

receptors (Bonifacino and Traub, 2003; Marchese et al., 2008).

Trafficking of GPCRs have been described to occur via the recruitment of proteins that
recognise specific amino acid sequences or motifs in the intracellular domains of the
receptors (Bonifacino and Traub, 2003). Among these, di-leucine motifs have been well
characterised. Acidic di-leucine motifs have the sequence [E/D]XXXL[L/I] (where X can
be any amino acid) and bind to the clathrin adapter protein complex-2 (AP2). AP2 is
formed of subunits a, B2, u2, and o2, and the two leucine residues bind to a
hydrophobic pocket on 02 to signal recruitment of cargo to the clathrin-coated pits.
The hydrophilic residue four positions upstream from the first leucine sits on a
positively-charged patch made from residues on the 02 and a subunits (Kelly et al.,
2008). The GABAg R1 subunit contains one such acidic di-leucine motif ***EKSRLL®** (in
R1la) that is positioned in the coiled-coil and the role of this motif in endocytosis has

not been studied and is therefore of interest.

Trafficking of several neuronal receptors have been studied in detail and among these
the ionotropic excitatory AMPA receptors have been studied most extensively using a
wide range of techniques (Malenka, 2003; Malinow and Malenka, 2002) and a
considerable amount of literature details the role of trafficking of these receptors in
long-term potentiation (LTP) and long-term depression (LTD), which form the basis of
synaptic plasticity and in turn memory and learning. Among the inhibitory receptors,
GABA, receptor trafficking remains best characterised (Jacob et al., 2008; Moss and

Smart, 2001) and is a major determinant of inhibitory synaptic efficacy.
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1.10 GABAg receptor trafficking

The cell surface mobility of GABAg receptors is important because it could influence
the efficacy of inhibition caused by GABA and has therefore been the subject of several
studies often with conflicting results. Although initially GABAg receptors were
considered to be being highly stable on the cell surface (Fairfax et al., 2004; Perroy et
al., 2003; Balasubramanian et al., 2004) several studies since have shown that they are
mobile and rapidly constitutively internalised in the absence of agonist in both HEK-
293 cells and neurons (Grampp et al., 2008; Grampp et al., 2007; Hannan et al., 2011;
Wilkins et al., 2008; Vargas et al., 2008). Agonist-induced internalisation of GABAg
receptors has also been reported in three studies (Gonzalez-Maeso et al., 2003; Laffray
et al., 2007; Wilkins et al., 2008), whereas several others found no change in trafficking
in the presence of agonists (Fairfax et al., 2004; Grampp et al.,, 2007; Vargas et al.,
2008). Chronic and prolonged stimulation with agonists has also been described to
accelerate the rate of internalisation of the receptors (Fairfax et al., 2004; Gonzalez-
Maeso et al., 2003), although the physiological relevance of such long-term treatments
are questionable. In addition, changes in allosteric and orthosteric properties of the
GABAg receptors have been observed in cells treated chronically with baclofen (Gjoni

and Urwyler, 2009).

Recently, NMDA has been reported to modulate the rate of trafficking of GABAg
receptors (Terunuma et al.,, 2010; Guetg et al.,, 2010) by decreasing recycling and
increasing lysosomal degradation of the receptors (Maier et al., 2010). NMDA achieves
this by initiating phosphorylation of R1 serine 867 by Ca2+/calmoduIin—dependent
protein kinase Il (CaMKIl) (Guetg et al., 2010). This effect of CaMKIl is more

pronounced in the R1bR2 subtype of the GABAg receptor compared to R1laR2



Introduction | 40

receptors. In addition, dephosphorylating the AMP-activated protein kinase (AMPK)
substrate residue on R2 at serine 783 by the protein phosphatase 2A, (PP2A) redirects
recycling GABA; receptors by recruiting them for lysosomal degradation upon NMDA

activation (Terunuma et al., 2010).

Phosphorylation of many GPCRs after agonist treatment leads to rapid desensitisation
followed by arrestin or dynamin recruitment, which mediates the internalisation of the
desensitised receptors. Arrestins or dynamins form two distinct modes of
internalisation for GPCRs (Zhang et al., 1996). GABAg receptors undergo rapid
desensitisation upon agonist treatment which involves GRK4 in a phosphorylation
independent manner (Perroy et al., 2003) or NEM sensitive fusion protein (NSF)
(Pontier et al., 2006). This process is enhanced by regulators of G-protein signalling
(RGS) (Mutneja et al., 2005). Using biochemical and electrophysiological methods, it
has been shown that phosphorylation of a single serine residue (S892) on R2 by cAMP-
dependent protein kinase A (PKA) stabilises GABAg receptors on the cell surface (Couve
et al., 2002), which is unusual for GPCRs, as phosphorylation is generally regarded to

decrease GPCR stability on the cell surface.

GABA; receptors internalise through the classical clathrin- and dynamin-dependent
pathways (Grampp et al., 2007; Laffray et al., 2007; Wilkins et al., 2008), although two
studies describe internalisation using non-classical mechanisms (Fairfax et al., 2004;
Perroy et al.,, 2003). Internalised receptors are then targeted to endosomes from
where they can either be recycled back to the cell surface (Grampp et al., 2008; Vargas
et al.,, 2008) or degraded in the lysosomes (Grampp et al., 2008). An interaction
involving GISP and the tumour susceptibility gene 101 (TSG101) product, a protein

involved in lysosomal targeting of proteins, reduces lysosomal degradation the of
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GABAg R2 receptors (Kantamneni et al., 2009). With regard to GABAg receptors, the
recruitment of arrestins have not been found to occur (Fairfax et al., 2004; Perroy et
al., 2003). Using a snap-tag technique, GABAg receptors have recently been described
to exist as dimers of R1R2 dimers (Maurel et al., 2008) on the cell surface. Such higher-
order oligomerisation may have implications in signalling efficacy and trafficking of the

receptors.

1.11 The a-bungarotoxin labelling method

Most studies on GABAg receptors so far have used cell surface biotinylation or specific
antibodies to monitor trafficking, both of which require the cells to be fixed. Recently
the cell surface mobility of GABAg R1 receptors have been studied in GIRK cells and live
hippocampal neurons using an oa-bungarotoxin (BTX) binding site (BBS) method

(Wilkins et al., 2008).

Figure 1.8 — a-bungarotoxin (BTX) bound to the bungarotoxin binding site.

Crystal structure of the a-bungarotoxin (green) bound to the 13 amino acid BBS
mimotope (red). The BBS binds to a groove formed on the surface of BTX. The
structure was generated form PDB file 1HC9
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The 8 kDa (74 amino acid) snake venom neurotoxin, BTX was discovered in 1963
(Chang, 1999) and binds to a7, a8, and a9 nicotinic acetylcholine receptors (AChRs)
causing their inhibition (Corringer et al., 2000). There has been considerable effort in
crystallizing nicotinic AChRs bound to BTX, but due to its hydrophobic nature this has
proved difficult to achieve. Several studies have therefore focused on identifying the
residues within the receptor that play a crucial role in binding BTX and based on these
studies, the crystal structure of the mimotope WRYYESSLEPYPD bound to BTX with
high affinity has been resolved (Harel et al., 2001) (Fig. 1.8). This mimotope has been
cloned into several receptors/ ion channels and shown to bind to BTX. These include,
GABA, receptor subunits (Bogdanov et al., 2006), AMPA receptors (Sekine-Aizawa and
Huganir, 2004), GABAg R1 receptors (Wilkins et al., 2008), Ca®* channels (Tran-Van-

Minh and Dolphin, 2010), and voltage-gated K" channel K,4.2 (Moise et al., 2010).

Several biochemical and fluorescent-tagging techniques are available to study receptor
trafficking. One of the most important considerations while studying receptor
trafficking is the specificity of the tags for the receptor of interest. For receptors like
the a7, a8, and a9 nicotinic AChRs, the high affinity binding of BTX coupled to
fluorophores can be used to study the mobility these receptors. For receptors that are
not known to bind to an agonist to which a fluorophore can be conjugated, specificity
can be achieved by creation of fusion proteins between receptors and fluorescent
proteins to provide specificity. However, although fusion proteins have been routinely
genetically engineered to integrate into the genomes of simple model organisms such
as drosophila and C. elegans because of the ease with which their genomes can be
genetically modified, this is more of a challenge in higher model organisms. A vast

majority of fusion protein studies in vertebrates have therefore used transfection
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methods for recombinant fusion protein expression. In addition to this, depending on
the location of the insertion of the fluorescent protein on the receptor, the fusion

proteins can sometimes alter the normal functioning of the receptor.

Figure 1.9 — Structures of commonly used tags.

Shown are the structures of an IgG antibody (magenta; PDB ID — 1IGT), a-bungarotoxin
molecule (cyan; PDB ID — 1HC9), eGFP molecule (green; PDB ID — 1EMA), and a
monomeric streptavidin molecule (yellow; PDB ID — 1STP). The structures are to scale
relative to each other.

Tagging specificity can also be achieved by using specific antibodies to receptors or by
engineering an antibody tag for example the myc-, flag-, or the HA-tag at a suitable
location in the receptor. Antibody labelling strategies have used cell surface
biotinylation followed by detection using antibody based biochemical strategies while

live cell imaging with antibodies is also common. Other tags that do not depend on the
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use of antibodies have also been developed and include a SNAP or CLIP tags (Maurel et
al., 2008) and the alkaline phosphatase (AP) tag (Alcor et al., 2009). Strategies that
couple specific agonists/ antagonists to fluorescent dyes have also been used to study
receptor trafficking. Conjugation of fluorescent dyes to cysteine modification reagents
have also been used although these sometimes have issues with specificity and

functional neutrality.

While most of the tags described above have not reported changes in the
pharmacological profiles of receptors, one has to be mindful of the fact that the size of
the tag and pharmacological treatments used could alter the mobility of the receptors.
The BTX binding strategy has several advantages over other receptor tagging methods.
Firstly, the BBS is small (13 amino acids) compared to the size of other fluorophores,
e.g., GFP, which is the most widely used fluorescent protein for the creation of fusion
proteins, and is comparable in size to myc-(10 amino acids), flag-(8 amino acids), HA-(9
amino acids), AP-(15 amino acids), SNAP-/ CLIP- (around 180 amino acids: NEB UK
pSNAPf/ pCLIPf vectors) tags. In addition, the size of BTX is significantly smaller than
antibodies, f(ab)’ fragments, eGFP molecules and streptavidin molecules that are
commonly used in live cell imaging assays (Fig. 1.9). Live cell imaging using antibodies
to date have used various approaches including primary antibodies coupled to
fluorophores, primary antibodies followed by secondary antibodies or f(ab)’ fragments
coupled to fluorophores. Perhaps the most widely used approach is the primary and
secondary antibody complex, which would be significantly greater in size compared to
the BTX (Fig. 1.9). Another advantage of using the BTX labelling technique compared to
fluorescent protein-receptor fusion proteins is that the BTX method allows

discrimination of cell surface receptors compared to fluorophore protein tagging
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techniques. pH sensitive fluorescent proteins (Ashby et al., 2004) have been developed
that allows the detection of only cell surface proteins provided the fluorescent protein
is exposed in the extracellular environment, but often the signal-noise achieved at the
cell surface is quite low compared to BTX fluorophore conjugates. The advantage of
using BTX technique over AP tags is that for the AP tag, an additional bacterial enzyme,

BirA, has to be co-transfected with the AP tag containing recombinant receptor.

1.12 Dual-labelling with a minimal tag

Dual-labelling of two different surface receptors with two different fluorophores
allows the study of relative mobility of the two receptors simultaneously and has been
achieved using several strategies. A method for discriminating cell surface GABAg
receptors from intracellular receptors using antibodies targeted specifically against the
R1 and R2 subunits has been used (Vargas et al., 2008). The two receptors were
incubated with two different primary antibodies that specifically recognise the R1 and
R2 subunits followed by incubation with secondary antibodies coupled to two different
fluorophores specific to the primary antibodies. Although this method allowed the
detection of the two different cell surface subunits, the size of the antibody complexes
could disrupt the normal functioning and mobility of the receptors. Therefore a
method that uses a minimal reporter method to simultaneously monitor the trafficking

of R1 and R2 subunits would be beneficial.
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1.13 Lateral mobility of receptors

The fluid mosaic model of the plasma membrane postulates that the plasma
membrane is a highly dynamic structure and lipids and proteins are free to move
around within the plane of the cell membrane. For neuronal membranes,
specialisation in terms of pre- and postsynaptic membranes is important for synaptic
transmission and is achieved by compartmentalisation of receptors and proteins. Once
a receptor is inserted into the plasma membrane, it diffuses freely with Brownian
motion and a deviation from random diffusion is observed when the molecule enters
areas of the cell surface with increased apparent viscosity. Factors that increase the
apparent viscosity of membranes include filamentous actin (F-actin), hydrodynamic
friction, and lipid domains. In addition to these factors intracellular scaffolds stabilise
receptors at the postsynaptic membranes. Introduction of such confinements serves as
important means of regulating signalling efficacy at synapses in addition to aiding

receptor internalisation.

Given the important role lateral mobility of receptors plays in signalling efficacy,
several biochemical, electrophysiological, and imaging approaches (Jaskolski and
Henley, 2009) have been employed to study the dynamics of receptors on the plane of
the membrane. Fluorescent recovery after photobleaching (FRAP) (Renner et al., 2008)
of receptors tagged with genetically encoded fluorescent proteins is one of the most
widely used methods to study lateral mobility. This has been used to study the bulk
mobility of a population of the receptors although single receptors and different types

of diffusion cannot be distinguished using this technique.



Introduction 47

Single particle tracking (SPT) methods to study lateral mobility have used latex beads,
fluorophores, and Quantum Dots (QDs) (Groc et al., 2007b) and can be used to study
the mobility of single receptors in specific cell surface compartments. QDs are
semiconductor nanocrystals that fluoresce brightly upon excitation and their
photostability makes them suited to the study of lateral mobility. The size of the nano-
crystals commercially available can vary between 10-30 nm in diameter and the
fluorescence excitation of these crystals is directly related to their sizes. Hence, the
emission spectra of these nanocrystals can vary from below 525 nm to just greater

than 800 nm, even though the range of the diameter varies only by steps of 5 nm.

The lateral mobilities of several ionotropic receptors including GABA, (Bannai et al.,
2009), Glycine (Dahan et al., 2003), AMPA (Groc et al., 2004), NMDA (Groc et al.,
2007a), L-type Ca®* channels (Mercer et al., 2011) along with the GPCR cannabinoid
receptor 1 (CB1) (Mikasova et al., 2008) have been studied using QDs. These studies
have used several strategies based on antibody labelling techniques to couple QDs to
the receptors of interest: primary antibodies to specifically label the receptors in the
N-terminus followed by either secondary antibody coupled to a QD or f(ab)’ fragment
coupled to biotin that reacts to a streptavidin-QD conjugate. An AP tag based method
has also been used to study the lateral mobility of GIuR2 receptors (Howarth et al.,
2008). Recently the lateral mobility of nicotinic a7 AChRs (Burli et al., 2010; Fernandes
et al., 2010) has been studied using a BTX based approach. At present there is no
information on the lateral mobility of GABAg receptors on neuronal membranes and
given the importance of GABAg receptors in cellular physiology this information is of

interest.
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Aims

The efficacy of slow synaptic inhibition in the CNS in response to GABA should depend
on the cell surface stability and synaptic localisation of GABAg receptor hetero-
oligomers. Most studies on the GABAg receptor so far have required the fixation of
cells and therefore the mechanism of internalisation in live cells, in real time is less
well understood. The roles of heterodimerisation on forward trafficking of R1 subunits
from the ER to the cell surface has been relatively well characterised although whether
heterodimerisation influences the internalisation profiles of GABAg receptors is
unknown. In addition to this, it is not known whether there is a difference in
internalisation and lateral mobility profiles of the two predominant subtypes of the
GABA; receptor in the CNS, R1aR2 and R1bR2. Moreover, little is known about the
lateral mobility of single GABAg receptors on neurons. Therefore, the development of
an assay to study the real-time lateral mobility of GABAg receptors is important as it
will enable the study of mechanisms that will could alter the specific synaptic

localisations of cell surface GABAg receptors and therefore influence synaptic efficacy.

The summary of aims of this thesis is as follows:

o To study constitutive internalisation of GABAg in live GIRK cells and neurons in
order to dissect the mechanism of internalisation including clathrin and

dynamin dependence

o To study the role of heterodimerisation of GABAg in modulating trafficking of

the GABAg receptor
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To develop a novel minimal reporter method based on the BBS site for

simultaneously studying the internalisation of GABAg R1 and R2 subunits

To identify motifs that regulate internalisation of GABAg receptors

To study the role of the SDs in trafficking of GABAg receptors

To study single GABAg receptor lateral mobility in hippocampal neurons using

the BBS strategy
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Chapter Il

Materials and Methods

2.1 DNA, cloning and mutagenesis of GABAg receptor subunits

Myc-tagged rat GABAgRla (R1a™°), myc-tagged human GABAgR1b (R1b™*), BBS-
tagged GABAg Rla (R1a®°), and Flag-tagged GABAg R2 (R27%) in pRK5 vector, pEGFP-
C1, pEGFP-N1, pDsRed-Monomer-N1, and Rab7-GFP have all been described previously
(Wilkins et al., 2008; Arancibia-Carcamo et al., 2009). eGFP-Rab5 and eGFP-Rab11
were a generous gift from José A Esteban and synaptophysin-eGFP was a generous gift

from Yukiko Goda.

All oligonucleotides were purchased from Sigma-Genosys (UK) and the sequences have
been provided in Table 2.1. The locations to which the oligonucleotide-pairs were
designed to anneal to on the GABAg receptor subunits have been shown in Figure 2.1.
R2°% containing the BBS site was created from R21%8 by sub-cloning sense and
antisense oligonucleotides encoding the 13 amino acid BBS (WRYYESSLEPYPD) (Harel
et al., 2001) into a Nhel site introduced using polymerase chain reaction (PCR; Table
2.2) into the R2%% subunit such that the BBS was placed 27 amino acids from the start
of the mature protein (Fig. 4.2A). The GABAgR2%® (R2%%°) cDNA was subcloned into
PRK5. R1b®® was created from R1b™¢, using an inverse PCR approach (Table 2.3) in

which the 13 amino acids encoding for the BBS were inserted adjacent to the myc-tag,
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which resides six amino acids from the start of the mature GABAg R1b protein (Fig.

5.1A).

Table 2.1 - List of oligonucleotides. All oligonucleotides are in the 5’ to 3’ direction

Primer
Pair

Template Method | Forward Primer

Reverse Primer

. R2M1%8 (R2FleeNhel) Ry bCR GCTAGCCTGCTGCTG  GGGCAGCAGCAGG
with Nhel site TCGCTGCTGCTGT CGCGCGGGC
CTAGCTGGAGATAC  CTAGCGTCAGGGT
8BS Flag-Nhel L TACGAGAGCTCCCT  AGGGCTCCAGGGA
2 R2 R2 Ligation - \GCCCTACCCTG  GCTCTCGTAGTATC
ACG TCCAG
inverse  CCCTGGAGCCCTACC  AGCTCTCGTAGTAT
3 R1b®5® R1b™* PCR CTGACCCGCGGCCTC  CTCCATAGGTCTTC
ACCCGCGGGTCCCC  TTCTGATATTAG
GCCTCAGCGCGCCA
) Inverse GAGTTGCTGCCGA
4 R1g%854%A R13%% CCCCCCAACACCCCC
PCR AGATC GACTGGAGCTG
Inverse  TAGTTTAGAGTCGG CCTGCGCATCTTGG
BBS BBS
> Rla™ACT Rla PCR CCTGCAGAA GCACAAAGAG
6 R1g%85A%A RS A5 Inverse  GCAGCAGAGAAGGA TCGGGACTTCTCTT
L8BIA,L8S0A PCR AAACCGAGAACTG CCTCGTTGTT
. RIACT RpEES Inverse  TAGAAGCTTGGCCG  GTTTGTCCTCAGAG
PCR CCATGGCCCAA TGATGAGCTTTG
g R EESASA R Inverse  GCCTCCGCGCGCCA  GAGCTGCTGCCGA
PCR CCCACCGACACCCC GACTGGAG
9 R1pBESASA R1 pFESASA Inverse ~ GCGGCGGAGAAGG CCGGGACTTCTCCT
L773ALT74A PCR AGAACCGTGAACTG CCTCGTTG
Inverse  TCCGAATCTGCTCCA CTTCCGAGGTGCTA
BBS BBS
10 R1a™A5D1 Rla PCR AGTCTTA GCGTCAGG
Inverse  GAATCGAACGCCAC  ACACAGCGGCTGG
BBS BBS
1 R1a™A5D2 Rla PCR ACTCAGAACG GTGTGTCCAT
1 R14PE-CC R1a®S Inverse  TGTTGTCTGGAGCCC CTCGTAGTATCTCC
PCR TACCCTGACGCTAGC AGCTAGCTA
inverse  TTTAGAACCATATCC  CTACTTTCATAATA
13 mGluR2°%° mGIuR2 PCR AGATGTGCTGACCCT  TCTCCACTTCTTGG
GGAGGGAGAC CTGGGCCCTCAGC
Insertion of CATCATGCTAGCGTG  CATCATGCTAGCAT
14 Nhel site in mGIuR2°%% PCR CTGACCCTGGAGGG  CTGGATATGGTTCT
mGluR2°%%° AGAC AAAC
SDs PCR out CATCATGCTAGCGG  CATCATGCTAGCAT
15 ith Nhel sit R1a™ PCR CGGGGCGCAGACAC  TCACCTGGCAGTG
wi elsie CAAA GGGCT
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D Venus fly-trap domain Extracellular loop
E] R17-TM domain — Intracellular loop
G R2 7-TM domain C-terminus tail
:) Coiled-coil domain . SushiDomain

Figure 2.1 — Primer annealing sites on GABAg cDNAs.

Schematic diagram showing the annealing locations of the primer pairs on GABAg
receptor subunit cDNA equivalents. The circles depict the primer pair number from
Table 2.1 and the dotted lines are approximate areas where the primers were designed
to anneal to.

The RSR ER retention motifs of GABABRlaBBS and GABABRlbBBS were mutated to ASA by
substituting R922 and R924 in R1a®® and R806 and R808 in R1b®® to alanines, leaving
serine in situ, using an inverse PCR strategy (RlaBBS'ASA; RleBS'ASA). R1a®® with a
complete truncation of the C-terminal tail (starting after R858; R1a®®°ACT), was made
from R1a®®° using an inverse PCR method. Two leucines were substituted for alanines
(L889A, L890A in R1a®® ™" and L773A and L774A in R1b®*™**) by inverse PCR to create
R1PBSAALBBALENA 5y R1pPESASALIALITAA Ry with a truncated C-terminal tail

(truncation starting after T748; R2ACT), was made from R2 e using an inverse PCR

method.
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Table 2.2- PCR protocol.

Reagent Stock concentration Final concentration Volume
Forward Primer 15 uM 0.3 uM 1l
Reverse Primer 15 uM 0.3 uM 1l
Phusion® Buffer HF/ GC
(Thermo Scientific) X5 x1 ou
Template DNA 10-13 pM 0.2-0.26 pM 1l
dNTPs (dCTP, dATP, dGTP, 10 uM each 0.2 uM each 1yl
dTTP; NEB UK) neucleotide neucleotide H
Phusion® (Thermo scientific) 2 units per pl 0.02 units 0.5 ul
H,0 - - 35.5 ul
Total 50 pl

In order to study the role of the SDs on trafficking, they were deleted using inverse PCR
strategies. R1a®®>ASD1 contained a deletion in the first SD of R1a"®, from amino acids
G28 to €95, and R1a®®ASD2 contained a deletion of the second SD in R1a®®, from

amino acids R97 to V185 (both created by inverse PCR).

Two serine residues in the BBS (WRYYESSLEPYPD) were substituted with cysteines in
R1a%"° by an inverse PCR method to create modified BBS for double fluorophore

labelling (WRYYECCLEPYPD; R1a®%>).
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Table 2.3 — Inverse PCR method of mutagenesis.

Step 1

Polymerase chain reaction (as described in table 2.2)

Step 2

Gel purification

PCR product run on 1% agarose gel followed by gel purification using Qiaquick gel extraction kit
(Qiagen)

Step 3

Ligation
- 16 pl of gel extracted DNA heated at 70°C for 2 min to denature the ends
- DNAincubated in ice for 2 min
- 2 ul X 10 DNA ligase buffer (Roche)
-1 ul (10 units) T4 polynucleotide kinase (NEB UK)
- Incubation at 37°C for 30 min
- Incubation on ice for 2 min
- 1l (1 unit) T4 DNA ligase (Roche)
- Incubation at 16°C overnight

Step 4

Transformation

- 25 pl of One Shot TOP10 cells (Invitrogen) was thawed on ice

- 1ulof ligation product at 4°C added to cells and incubated on ice for 30 min

- The cells were heat-shocked at 42°C for 30 s followed by incubation on ice for 1 min

- 100 pl super optimal broth (Invitrogen) added and incubated at 37°C for 30 min with shaking
at 800 rpm

- The mixture was plated on ampicillin (100 ug/ml when liquid) agar plates

Step 5

Extraction of DNA for sequencing

- Colonies were picked and grown up overnight as starter cultures in 2.5 ml lysogeny broth (LB;
20 g/l; Sigma) supplemented with 2.5 pl ampicillin (100 mg/ml) at 37°C and shaking at 350
rpm overnight

- DNA was extracted using either a QlAprep Spin Miniprep Kit (Qiagen) or a GenElute Plasmid
Miniprep Kit (Sigma) according to manufacturer’s instructions

Step 6

Large scale extraction of DNA

- The starter cultures of clones that contained the desired mutations were grown up in 200 ml
LB (supplemented with 100 pug/ml ampicillin) at 37°C and shaking at 350 rpm overnight

- DNA was extracted using either a Qiagen Plasmid Midi/ Maxi-prep Kit or a PureYield Plasmid
Maxiprep kit (Promega) according to manufacturers’ instructions

Human mGIuR2 cDNA in the vector pCDNA3.1+ was purchased from Missouri S&T
cDNA Resource Centre (www.cdna.org) and a BBS with the sequence WRYYESSLEPYPD
was introduced 6 amino acids from the start of mature protein using an inverse PCR

strategy (Fig. 5.7A). The two SDs of Rla from amino acids G16 to N159 was inserted


http://www.cdna.org/
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BBS

into the N-terminus of mGIluR2™™ adjacent to the BBS site by introducing an Nhel site

at the end of the BBS mGIuR2®® (mGIuR2%™"). The two SDs on R1a™° were
amplified by PCR with primers containing Nhel sites at either ends. mGluR2%% ™" was
digested with Nhel (NEB UK) and the PCR products containing the SDs were cleaned
using a Qiagen PCR purification kit according to the manufacturer’s instructions, then
digested using Nhel and gel purified. mGluR2°88Nhe! digested with Nhel was 5

dephosphorylated using shrimp alkaline phosphate (USB) and ligated with the gel

purified, Nhel digested SDs.

Table 2.4 — Method for restriction digestion and 5’ dephosphorylation.

Step 1

Restriction Digestion

- 2 pl X10 Buffer 2 (NEB UK)

- 1 ul Template DNA (1000 pg/ml for mGIuR2
- 2 ul X10 BSA (NEB UK)

- 14 ulH,0

- 1plNhel (NEB UK)

- Incubation at 37°Cfor 1 hr

B8Nl o1 5 ul PCR cleanup product)

Step 2

5’ dephosphorylation

- 1 pl shrimp alkaline phosphatase added to the digestion mixture (Step 1)
- Incubation at 37°Cfor 1 hr
- Heat inactivation at 65°C for 15 min followed by gel purification (Table 2.3 Step 2)

The protocol for Inverse PCR reactions is provided in table 2.2. The details of digestion,
5’-dephosphorylation are provided in table 2.4. The entire cDNA sequences of all

constructs were checked for fidelity.
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2.2 Cell Culture and transfection

HEK cells with a stable transformation with Kir3.1 and Kir3.2 channels (GIRK cells)
(Leaney and Tinker, 2000) were maintained at 37°C and 95% air/ 5% CO, in Dulbecco’s
modified eagle medium (DMEM) supplemented with 10% v/v fetal calf serum (FCS),
penicillin-G/ streptomycin (100U/ 100ug/ml), 2 mM glutamine, and geneticin (0.5
mg/ml) (all from Invitrogen). Cells were seeded onto poly-L-lysine-coated 22 mm glass
coverslips and transfected using a calcium phosphate method (Wilkins et al., 2008)
with 4 ug of total DNA in the following ratios: Rla (or R1a®®*)/R2 (or R2%%) /eGFP
reporter, 1:5:1, or Rla (or R1a®®)/ R2 (or R2%%°) 1:5. The ratio of the subunits used for
transfections was optimised for achieving maximum currents in electrophysiology
experiments (Kuramoto et al., 2007). For radioligand binding experiments cells were
transfected by electroporation using a GenePulser Il electroporator (Bio-Rad) (Donnelly
et al., 1999) using 10 pg DNA with R1a/ R2%® ratio of 1:3 and then plated onto 10 cm

dishes at 70% confluency.

Cultured hippocampal neurons were prepared from E18 Sprague-Dawley rat embryos
as described previously (Thomas et al., 2005). Briefly this involved dissociation of the
dissected hippocampi into single cells followed by plating onto 18 or 22 mm glass
coverslips (Assistence/ VWR) coated with poly-D-lysine (Sigma) in a medium containing
minimum essential media (MEM; Invitrogen), supplemented with 5% v/v heat-
inactivated FCS, 5% v/v heat-inactivated horse serum (Invitrogen), penicillin-G/
streptomycin (10 U/10 pg/ml), 2 mM glutamine, and 20 mM glucose (Sigma). After 2
hours, the media was replaced and the cells were maintained until used for

experiments in a media containing Neurobasal-A (Invitrogen), supplemented with 1%
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v/v B-27, penicillin-G/ streptomycin (50 U/50 pg/ml), 0.5% v/v Glutamax (Invitrogen),
and 35 mM glucose. Neurons were transfected at 8-10 days in vitro (DIV) using
Effectene (Qiagen) or a calcium phosphate method (Xia et al., 1996). Visually, the
efficiency of transfection with three or more constructs was lower than the efficiency
of transfection with eGFP only. However, transfection of three constructs was
routinely achieved to a satisfactory level in order to carry out experiments as only one
neuron per cover-slip was required for imaging. The lab routinely uses transfection of
three GABA, subunits along with eGFP for electrophysiology experiments to

satisfactory levels.

2.3 a-bungarotoxin radioligand binding assay

The apparent affinity of BTX for its binding site on the GABAzR1aR2®® or R1b®*°R2
receptor was determined using **’I-BTX as described previously (Wilkins et al., 2008).
GIRK cells expressing BBS containing GABA; receptors were washed in phosphate
buffered saline (PBS) before re-suspension in PBS containing 0.5% w/v bovine serum
albumin (BSA; Sigma). Cells were incubated in 150 pl of PBS + 0.5% BSA containing 1231
BTX (200 Ci/mmol; PerkinElmer) for 60 min at room temperature (RT). Nonspecific
binding was determined after the addition of a 1000-fold excess higher concentration
of unlabelled BTX (UL-BTX; Molecular Probes). Cells were harvested (Brandel) and
radioligand binding was assessed by filtration onto 0.5% polyethylenimine pre-soaked
Whatman GF/A filters, followed by rapid washing with PBS. The radiolabel retained on

the filters was assayed with a Wallac 1261 gamma counter. Scatchard analysis using a

non-linear regression fitting algorithm was used to obtain Byax and K4 values from:
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y= (Bmaxx)/ (Kd + X)r

where X is the *?°

I-BTX concentration. The same analysis was used for the a7/5HT3,
receptor chimera, expressed in GIRK cells, which exhibits high affinity BTX binding

(Wilkins et al., 2008).

2.4 Whole-cell electrophysiology

Whole-cell potassium currents activated by GABA were recorded from individual
GABA; receptor expressing GIRK cells using patch clamp recording as indicated
previously (Wilkins et al., 2008). Patch pipettes (resistances: 3 — 5 MQ) contained the
following solution (mM): 120 KCI, 2 MgCl,, 11 EGTA, 30 KOH, 10 HEPES, 1 CaCl,, 1 GTP,
2 ATP, 14 creatine phosphate, pH 7.0. The GIRK cells were bathed in a Krebs solution
containing (mM): 140 NacCl, 4.7 KCl, 1.2 MgCl,, 2.5 CaCl,, 11 glucose, and 5 HEPES, pH
7.4. To increase the amplitude of the GABAg receptor-activated K* currents, prior to
the application of GABA, the KCl concentration in the external solution was increased
to 25 mM, with a corresponding reduction in the NaCl concentration to 120 mM. This
shifted Ex from -90 mV to -47 mV. The peak amplitude GABA-activated K* currents
were now inward at a holding potential of -70 mV increasing their amplitude give the
inward-rectifying nature of the channels. Membrane currents were recorded from cells
48-72 h post-transfection and filtered at 5 kHz (-3dB, 6th pole Bessel, 36 dB/octave)
before storage on a Dell Pentium Il computer for analysis with Clampex 8. Changes
>10% in the membrane input conductance or series resistance resulted in the

recording being discarded.
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The GABA concentration-response curves were generated by measuring the potassium
current (l) for each GABA concentration applied at 3-min intervals in the absence or
presence of 3 pg/ml BTX coupled to Alexa Fluor 555 (BTX-AF555; Molecular Probes).
The current amplitudes were normalized to the maximum GABA response (Imax) and

the concentration response relationship fitted with the Hill equation:

I/ Tmax = [(1/ 1+ (ECso/ A)")],

where A represents GABA concentration, ECsg, the GABA concentration activating 50%

of the maximum response, and n, is the Hill slope.

2.5 Double labelling of R1a and R2 with BTX

BBS-CC BBS)

Rla and R2 subunits containing the Cys mutant (R1la ) and wild-type (R2
versions of the BBS in GIRK cells were exposed to 0.2 mM dithiothreitol (DTT) in PBS
for 15 min at room temperature to reduce the di-sulphide bond that forms between
the two cysteines on the modified BBS. After washing (3x) in PBS to remove the DTT,
cells were incubated with 200 uM Sodium (2-Sulphonatoethyl) methanethiosulfonate
(MTSES) in PBS for 5 min at 4°C to selectively block the binding of BTX to R1a®®>“c,
MTSES has the advantage of being cell impermeable compared other small MTS
reagents such as 2-aminoethyl methanethiosulfonate hydrobromide (MTSEA).
Subsequently, after washing in ice-cold PBS (3x) to remove the MTSES, the cells were
incubated in 3 pug/ ml BTX coupled to Alexa Fluor 488 (BTX-AF488; Molecular Probes)

for 10 min at 4°C to label the R2®%° subunits. The cells were then washed with PBS (3x)

to remove the unbound BTX-AF488 and incubated in 2 mM DTT in ice-cold PBS for 5
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min at RT to remove the MTSES bound to R1a®®C subunits. The cells were then
washed with PBS to remove the DTT and incubated in 3 pg/ml BTX-AF555 for 10 min at
4°C to label the R1a®®C subunits. Finally, PBS was used to remove excess BTX-AF555

prior to dual fluorophore confocal imaging.

2.6 Fixed cell confocal imaging

Cells were fixed in 4% w/v paraformaldehyde (PFA) in PBS for 5 min and quenched
with 5% w/v NH4Cl in PBS for 5 min. After washing (3x), cells were mounted on glass
microscope slides using glycerol. A Zeiss Axioskop LSM510 confocal microscope with 3
laser lines (A = 488, 543 and 643 nm) and a Meta head was used with a Plan Neofluor
40x oil differential interference contrast (DIC) objective (NA 1.3; Zeiss) for confocal
imaging. The top and bottom of the imaged cell was determined using a rapid z-stack
scan and a mid-stack slice was optimised and acquired as a mean of 4 scans in 8 bits

and stored for analysis.

2.7 Live cell confocal imaging

Live transfected GIRK cells and hippocampal neurons at 14-21 days in vitro (DIV) were
imaged using the confocal microscope with an Achroplan 40x water immersion DIC
objective (NA 0.8; Zeiss). To label R1a®® or R2%% with BTX, transfected GIRK cells were
washed in (3x) Krebs and incubated in 3 pg/ml BTX-AF555. Transfected hippocampal

neurons were similarly washed and incubated in 1 mM d-tubocurarine (d-TC) for 5
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min, to prevent BTX binding to native nicotinic AChRs (Wilkins et al., 2008; Sekine-
Aizawa and Huganir, 2004), followed by incubation with 3 pug/ml BTX-AF555 in Krebs

for 10 min. Labelled cells were superfused with Krebs at 16-18°C, 22- 24°C, or 30-32°C.

To start imaging at t = 0, the mid-optical slice was optimised as described above and
imaged as a mean of 4 scans in 8 bits using the 543 nm Helium-Neon laser (560 nm
long-pass filter) for BTX-AF555, or the 488 Argon laser (505-530 nm band-pass filter)
for imaging eGFP or BTX-AF488. For later time points all the confocal settings (detector
gain, amplifier offset, optical slice thickness, laser intensity) were unaltered from those
used at t = 0. For fixed and live cell imaging at low temperatures, cells were co-
transfected with eGFP and GABAg receptor subunit constructs. For single fluorophore
live cell confocal imaging at room and near physiological temperatures, the cells were
only transfected with the receptor subunits. Thus the only fluorophore excited during
live cell imaging was AF555, conjugated to BTX. This minimised the exposure time of
the cells to the laser. During live imaging, transmitted light or eGFP images were
captured simultaneously with BTX-AF555 images to check for change to cell
morphology. The majority of cells showed no sign of phototoxicity, such as surface

blebbing, over 1 hr periods of imaging and those that did, were excluded from analysis.

2.8 Photobleaching profile

To ensure the rate and extent of R1a%%°

R2 receptor internalisation could be accurately
measured using the BTX-linked fluorophores required that the fluorophore emissions

are not significantly affected by photobleaching. To determine the extent of any
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photobleaching for BTX-AF555, live GIRK cells, transfected with R1a®®*R2 were tagged
with BTX-AF555 and then exposed to 8 scans (pixel time = 1.6 ps) performed
consecutively every 8 s up to a total of 120 (total laser exposure time per pixel =
192uS) at 7-9°C and 30-32°C. A loss of approximately 10% fluorescence intensity was
evident over 120 scans, which was unaffected by temperature. However, this rate of
scanning far exceeds that used in all the live cell experiments which required 4 scans at
5 time points over 1 hr, giving a total of just 20 scans. Therefore, photobleaching was

negligible and did not affect the surface fluorescence measurements.

2.9 Confocal image analysis

Confocal images were analysed using Imagel (Ver 1.40g). The mean fluorescence was
determined for 3 regions of interest (ROls), selected for each cell - surface membrane,
intracellular compartment, and total cell fluorescence. Background fluorescence was
set by imaging a region of the coverslip devoid of cells. This was subtracted from the
ROI fluorescence vyielding a mean background-corrected fluorescence. For live cells,
the mean background-corrected fluorescence per unit area (umz) at each time point
was then normalised to the mean background-corrected fluorescence per um2 att=0.
These values were then fitted with an monoexponential decay function using Origin

(ver 6).
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2.10 Labelling BBS containing receptors with QDs

Hippocampal neurons expressing BBS tagged receptors were incubated in 1 mM d-TC
for 5 min and incubated in 2 pug/ml biotinylated BTX (BTX-B; Molecular Probes) for 2
min at 37°C. The cells were washed with Krebs (3x) and incubated in 10 pM Quantum
Dot 655 conjugated to streptavidin (QD655; Molecular Probes) for 1 min at 37°C in QD
binding buffer, essentially as described previously (Levi et al., 2011). This contained
BSA (2% w/v), sodium azide (1 mM; Sigma), sucrose (215 mM; Sigma), and sodium
borate (2.5 mM; Sigma). The cells were washed thoroughly in Krebs and either fixed, in
4% w/v PFA in PBS for 5 min followed 5% w/v NH4Cl in PBS and mounted on glass
microscope slides, for fixed cell imaging or mounted in a recording chamber at 37°C

(Solent Scientific) for live cell imaging in Krebs.

2.11 Fixed cell wide-field imaging

A wide-field imaging setup was used to image specificity of QD655 labelling in fixed
neurons using a Olympus IX71 inverted microscope, with a 60X objective (NA — 1.35;
Olympus) and halogen lamp illumination (PhotoFluor-Il Metal Halide illumination
system. Images were acquired using a back-illuminated cooled electron-multiplying
charge coupled device (EMCCD) camera (iXon3 885; Andor Technology). eGFP was
imaged with a 457-487 nm (Semrock) band-pass excitation filter, a 496 nm long-pass
emission filter, and 495 nm dichoric beamsplitter. QD655 was imaged with a 415-455
nm band-pass excitation filter, a 647.5 - 662.5 nm band-pass emission filter, and a 510

nm dichoric beamsplitter. Images were acquired with minimum exposure (typically 30-
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100 ms) in 16 bits using Cairn-Metamorph Meta Imaging software (Molecular Devices;

version 7.7.10) and stored for analysis.

2.12 Real-time imaging of single GABA; receptors

Real-time imaging of single GABAg receptors tagged with QD655 was carried out using
the wide-field setup described in the previous section. To start imaging, a suitable area
was selected and at first, an image of the eGFP marker would be captured with a
suitable exposure time (typically around 30-150 ms based on the levels of expression).
Next the filters were changed to image QD655 without changing the field of view and
an image sequence of 300 frames captured at 33 Hz would be taken and stored for

later analysis.

2.13 Single particle tracking

SPT of GABAg receptors was carried out as described previously for other receptors
(Levi et al., 2011; Dahan et al., 2003; Renner et al., 2009; Groc et al., 2007a; Bannai et
al., 2009). Single GABAg receptors coupled to QD655 via the BBS site were identified by
their characteristic blinking (Dahan et al., 2003). Matlab (MathWorks) based software,
SPTrack (Ver 5), was a gift from Antoine Triller (Paris) and was used to track the QDs.
For every image in sequence, the centre of the QD spot fluorescence was determined
by a two-dimensional Gaussian fit with a spatial resolution of ~10 — 20 nm. This was
undertaken for all QDs. The Gaussian peaks in a given frame were next associated with

the Gaussian peaks from the previous frame based on estimated diffusion co-efficients
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and the likelihood of the two Gaussian peaks in consecutive frames belonging to the
same QD. QDs which appear in at least 15 consecutive frames were used for tracking
analysis and the shorter ones discarded. The mean square displacement (MSD) of each

QD was calculated using the following equation:

MSD (ndt) = (N =n) o1V " ((Xiwn =% )2+ ((Vien—vi))

where x; and y; are the spatial co-ordinates of a QD on any image frame i, N is the total
number of points in the trajectory, dt is the time interval between two successive
frames (33 ms), and ndt is the time interval over which the displacement is averaged.
From the MSD plot, the diffusion coefficient, D, for a QD was calculated by fitting the

first two to five points of the MSD plot against time with the following equation:

MSD(t) = 4D 55 t + 40 ,, 2

where o  is the QD localization accuracy in one direction. D was determined from the
slope of the relationship. Given the inherent noise in CCD imaging systems and the
errors in precise pointing accuracy that results to, trajectories with D < 10" umz/ S

were considered immobile.

Synaptic terminals were identified and thresholded using a multidimensional image
analysis plug-in based on MetaMorph (Molecular Devices) software in Paris (Professor
Antoine Triller; (Racine et al., 2007)). QD trajectories that co-localised with synaptic

markers were defined as synaptic.

QD data was analysed using Origin (Ver 6) and built-in functions in Matlab.
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Chapter Il

Constitutive internalisation of GABA; receptors in live cells

3.1 Introduction

Molecular cloning of the two GABAg receptor subunits in 1997 and 1998 (Kaupmann et
al., 1998; Kaupmann et al., 1997; White et al., 1998) heralded a new era in the study of
the molecular properties of GABAg receptors including trafficking of these receptors.
Soon after the first report on the cloning of the R1 subunit was published (Kaupmann
et al., 1997), a study reported the failure of this subunit to reach the cell surface due to
retention within the ER in heterologous expression systems (Couve et al., 1998). Thus,
the earliest trafficking studies of the GABAg receptor were focused on anterograde
trafficking of R1 subunits. After the R2 subunit was cloned, it became clear that
heterodimerisation of the two subunits was required for cell surface expression of a
functional GABAg receptor because of the presence of a RXR-type ER retention motif in
the C-terminal coiled-coil domain of R1 (Margeta-Mitrovic et al., 2000; Restituito et al.,
2005; Margeta-Mitrovic et al., 2000). Interaction of the C-terminal coiled-coil domain
of R2 masks this retention motif, RSR, thereby enabling R1 subunits to exit the ER and
travel to the cell surface to form functional receptors (Margeta-Mitrovic et al., 2000;

Villemure et al., 2005; Calver et al., 2001; Vargas et al., 2008).

Several studies so far have focused on the internalisation of GABAg receptors. Three of

the earliest studies on internalisation of GABAg receptors reported these receptors as
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highly resistant to internalisation on the cell surface in COS-7 cells (Perroy et al., 2003),
HEK-293 cells (Balasubramanian et al., 2004) and cortical and hippocampal neurons in
primary culture (Fairfax et al., 2004) with very little basal (constitutive) internalisation
determined using cell surface biotinylation and fixed-cell antibody-labelling
techniques. These studies neither observed a change in the internalisation profile of
GABAg receptors in the presence of the GABAg receptor specific agonist baclofen nor a
recruitment of B-arrestins to the cell surface in response to the agonist. Since these
reports, several studies (Vargas et al., 2008; Wilkins et al., 2008; Grampp et al., 2008;
Grampp et al.,, 2007; Guetg et al., 2010; Terunuma et al., 2010; Laffray et al., 2007;
Gonzalez-Maeso et al., 2003) have described GABAg receptors as being highly mobile
on the cell surface with rapid constitutive internalisation properties using a range of
fixed cell antibody labelling techniques in combination with confocal imaging, or cell
surface biotinylation. Some studies have observed agonist induced internalisation
(Wilkins et al., 2008; Laffray et al., 2007) whereas others have observed no baclofen/
GABA induced changes to internalisation kinetics suggesting that the GABAg receptors
have only one mode of internalisation unlike several other GPCRs including the B,AR
that undergo rapid agonist-mediated internalisation in response to the specific agonist
isoprenaline (Scarselli and Donaldson, 2009). However, one study has reported
increased internalisation of GABAg receptors in response to chronic agonist stimulation
(Gonzalez-Maeso et al.,, 2003) where the difference between levels of constitutive
internalisation and agonist-induced internalisation becomes statistically significant

after two hours.

GABAg receptors have been reported to constitutively internalise via clathrin- (Grampp

et al.,, 2007; Vargas et al., 2008; Grampp et al., 2008) and dynamin-dependent
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(Grampp et al., 2007; Vargas et al., 2008; Guetg et al., 2010) pathways in fixed cells. In
addition, the presence of GABAg receptors in lipid rafts has been reported by two
studies (Becher et al., 2001; Becher et al., 2004) although no effect in GABAg receptor
internalisation has been observed in the presence of blockers of caveolin-mediated

endocytosis (Grampp et al., 2007; Laffray et al., 2007).

GABAg receptors are recruited to early endosomes (Grampp et al., 2008) after
internalisation from where a proportion of the receptors move to recycling endosomes
(Grampp et al., 2008; Laffray et al., 2007; Vargas et al., 2008) and are subsequently re-
inserted into the plasma membrane to form cell-surface receptors (Laffray et al., 2007;
Vargas et al., 2008) and the rest are targeted to lysosomes for degradation (Grampp et
al., 2008; Grampp et al., 2007; Kantamneni et al., 2008; Kantamneni et al., 2009) via
late-endosomes (Grampp et al., 2008). Baclofen has been reported to speed up the
rate of recycling of GABAg receptors (Grampp et al.,, 2008). Inhibition of lysosomal
degradation by the protease inhibitor leupeptin causes accumulation of GABAg
receptors in the cytosol (Grampp et al.,, 2008) further supporting the lysosomal

degradation hypothesis of these receptors.

Most studies on GABAg receptor trafficking, so far, have used cell surface biotinylation
or antibody labelling techniques both of which require the cells to be fixed. Recently
the internalisation of GABA; R1 receptors have been studied in fixed GIRK cells and live
hippocampal neurons using a BBS inserted at the N-terminus of the receptor (Wilkins
et al., 2008). Here the same strategy has been applied to monitor the trafficking of
GABA; receptors using optimised live cell imaging strategies to report the kinetics of

constitutive internalisation of GABA; receptors.



Constitutive internalisation of GABAg receptors in live cells 69

3.2 Results

3.2.1 Constitutive internalisation of bungarotoxin tagged GABAg; R1a°®® R2

receptors in live GIRK cells

BBS

A clear staining of cell surface GABAz R1a™° receptors was observed in live GIRK cells

BBS, R2 and eGFP were incubated in

when cells transfected with cDNAs encoding for R1a
3 ug/ml BTX-AF555 for 10 min at RT and imaged using a water immersion objective (Fig
3.1A; upper panel). Fluorescence staining was specific as it was not observed when the
transfected cells were incubated either in UL-BTX (Fig 3.1A; middle panel) or when

cells transfected with cDNA encoding for eGFP only were incubated in BTX-AF555 (Fig.

3.1A; lower panel) prior to imaging.

Having established the fluorescence staining specificity of BBS containing receptors,

®85R2 receptors was studied in live GIRK cells in order

constitutive internalisation of R1a
to understand the kinetics of GABAg receptor internalisation and to identify factors
that influenced them. Selectively labelled GABAg R1a®R2 receptors were imaged in
Krebs solution at specific time points for an hour at low (16-18°C; LT), room (22-24°C;
RT), or near physiological (30-32°C; PT) temperatures. During live cell imaging,
transmitted light or eGFP images were captured simultaneously along with BTX-AF555
images and the cell surface membrane was identified by drawing a region of interest
around the eGFP/ transmitted light images. This region of interest was then
transferred to BTX-AF555 image and checked for overlap with the surface staining
observed in the BTX-AF555 channel. The mean cell surface fluorescence per unit area

at each time point was calculated and normalised to the cell surface fluorescence at

t=0 and these were fitted to a mono-exponential decay to determine the rates of
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internalisation of R1a%%

R2 receptors. The percentage of receptors at t = 0 remaining
on the cell surface at t = 60 was used as an indicator of the extent of internalisation.

The decrease in cell surface fluorescence observed (Fig. 3.1B) at RT and PT is due to

internalisation of BBS-AF555 tagged GABAg R1a®®R2 receptors.

At LT, which are non permissive for internalisation (Connolly et al., 1999), very little

B55R2 receptors was observed in GIRK cells (Fig 3.1B;

constitutive internalisation of R1la
upper panels). After 1 hr, a large proportion of the original cell surface fluorescence at

t = 0 remained on the cell surface (85.7%, n= 6) (Fig 3.1B; 3.1C; 3.1D), indicating that

GABA; receptor internalisation is an active process.

At RT and PT, R1a®®*R2 receptors rapidly constitutively internalised in GIRK cells (t =
13.4 + 1.4, n=12 at RT; T = 12.4 + 1.1, n=15 at PT; Fig. 3.1B; middle and lower panels)
and in 5 min, intracellular compartments were filled with internalised BBS tagged
receptors (Fig 3.1B; arrows). There was no statistical difference between the
membrane fluorescence decay constants, according to a single exponential process, at
RT and PT (P>0.05; Fig. 3.1C) but the receptors have a tendency to internalise at a
faster rate as the temperature increases. The extent of internalisation was greater at
the higher temperature (35.2 + 1.9, n=15; P<0.001; Fig 3.1C; 3.1D) compared to RT
(50.5 + 2, n=12; Fig 3.1C; 3.1D) and the extents of internalisation at both RT and PT

were greater than the extent of internalisation at LT (P<0.001; Fig 3.1D).
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Figure 3.1 - Constitutive internalisation of R1a”"R2 receptors in live GIRK cells.

A GIRK cells expressing eGPF with (upper and middle panels) or without R1a®® and R2
(bottom panel) cDNAs were incubated either in 3 pug/ml BTX-AF555 or 3ug/ ml
unlabelled BTX. Scale bar 5 um. B GIRK cells expressing R1a®®R2 receptors were
incubated in 3 pg/ml BTX-AF555 for 10 min at RT and then imaged over 0 — 60 min at
16-18°C, 22-24°C, and 30-32°C. Arrowheads locate internalised R1a subunits. Scale bar
=5 um. C and D, Rate (C) and extent (D) of internalisation of BTX-AF555 tagged
R1a®®R2 at 16-18°C (red), 22-24°C (blue), and 30-32°C (black), n = 6 - 15, *** P<0.001.
In this and proceeding figures, all points and bars represent means + s.e.m. n=6- 12
***¥p<0.001.
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The transmitted light or eGFP images captured simultaneously along with BTX-AF555
images allowed identification of changes in cellular morphology due to phototoxicity
or poor cellular physiology that was introduced during live cell imaging. A vast majority
of cells showed very little change in morphology in the presence of a correct
osmolarity of the Krebs media and slow rate of perfusion (Fig 3.1B). In cases where the
morphology changed significantly, the images were discarded and not used for
analysis. Additionally, classical signs of photo-toxicity such as blebbing were not
observed over the one hour period of imaging. The differences in morphology
observed between cells at different temperatures (Fig. 3.1B) is possibly due to
properties of the cell membrane which causes them to be more fluid at higher

temperatures compared to lower temperatures.

3.2.2 Constitutive internalisation of bungarotoxin tagged GABA; R1a®**R2

receptors in live primary hippocampal neurons

Having studied constitutive internalisation of GABAy receptors in GIRK cells,

BBS

constitutive internalisation of R1a™ "R2 receptors was studied in primary hippocampal

neurons in culture. Similar to GIRK cells, a clear and selective staining of R1a%%
subunits was achieved in neurons, pre-incubated in 1 mM d-TC for 5 min, when cells

B85 R2 and eGFP were incubated in 3 ug/mil

transfected with cDNAs encoding for Rla
BTX-AF555 for 10 min at RT and imaged (Fig 3.2A; upper panel). Such staining was not
observed when the transfected cells were incubated either in UL-BTX (Fig 3.2A; middle

panel) or when cells transfected with cDNA encoding for eGFP only were incubated in

BTX-AF555 (Fig 3.2A; lower panel).
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Figure 3.2 - Constitutive internalisation of R1la” R2 receptors in live hippocampal

neurons.

A. Hippocampal neurons in culture (14-21 DIV) expressing eGPF with (upper and
middle panels) or without R1a®® and R2 (bottom panel) cDNAs were incubated in 1
mM d-TC for 5 min and then either in 3 pg/ml BTX-AF555 or 3 pg/ml UL- BTX. B.
Hippocampal neurons (14-21 DIV) expressing R1a®®R2 and eGFP were incubated in 1
mM d-TC for 5 min followed by 3 pg/ml BTX-AF555 for 10 min at RT and imaged at
different time points at 16-18°C or 30-32°C. Arrowheads indicate internalised R1aR2
receptors. C and D, Rate (C) and extent (D) of internalisation of BTX-AF555 tagged
R1a®®°R2 receptors at 16-18°C (red), and 30-32°C (black) in live hippocampal neurons,

n=6-12 ***P<0.001. Scale bars =10 um.
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At LT, very little constitutive internalisation of BTX-AF555 labelled R1a®®

R2 receptors
was observed in hippocampal neurons (Fig 3.2B; upper panel) with a large proportion
of the original cell surface fluorescence at t = 0 remaining on the cell surface after 1 hr
(85.7%, n= 6; Fig 3.2C; 3.2D). However, at PT constitutive internalisation R1a®*°R2
receptors preceded at a rapid rate and intracellular structures filled with BTX-AF555
tagged receptors could be detected within 5 min (Fig 3.2B; lower panel; arrows). The
time constant for the rate of decay of membrane fluorescence according to a single
exponential process was 13.1 + 1.7 (n=12; Fig 3.2C) and after 1 hr the extent of
receptor internalisation was greater (33.2 + 2.6, n=12, P<0.001) than that was
observed at LT (Fig 3.2D). Transmitted light or eGFP images revealed no change in

cellular morphology due to phototoxicity during live cell imaging of hippocampal

neurons (Fig. 3.2B).

3.2.3 Photobleaching of BTX-AF555

To accurately reflect the rate and extent of receptor internalisation by using a
fluorophore reporter requires that the fluorophore is stable and not subject to
significant photo-bleaching. Thus, photo-bleaching can become a limiting factor in all
live cell imaging studies the rate of photo-bleaching of BTX-AF555 was determined

BBSR2 were

under the experimental conditions used. GIRK cells, transfected with R1la
tagged with BTX-AF555 and superfused in Krebs and imaged. An average of 8 (pixel
time 1.6 uS) scans were performed consecutively every 8 seconds to give a total of 120

scans in order to construct the bleaching profile of BTX-AF555 under the live cell

imaging conditions at two different temperatures, 7-9°C (Fig 3.3A; 3.3B) and 30-32°C
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(Fig. 3.3B). No discrimination was made in choosing the cells for imaging and cells with
a wide range of starting levels of fluorescence were selected. Most cells irrespective of
the initial levels of fluorescence behaved in similar ways. There was a loss of about
10% fluorescence intensity over 120 scans and the bleaching profile did not appear to
be influenced by temperature. For live cell experiments, an average of 4 scans at 5
time points were acquired over an hour giving a total of 20 scans and therefore
photobleaching should play a negligible role in the differences of membrane
fluorescence that was observed in the internalisation profiles. The approximately 10-
14% loss of fluorescence that was observed for experiments at LT can be attributed in

part to photobleaching and the rest to non-regulated forms of internalisation.
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Figure 3.3 — Photobleaching time profile of BTX-AF555 in Krebs.

A, B. Images (A) and time profiles (B) of membrane fluorescence taken from GIRK cells
expressing R1a®®R2 and labelled with BTX-AF555. Cells were superfused in Krebs and
imaged using an average of 8 consecutive scans every 8 s to a total of 120 scans at 7-
9°C and 30-32°C. Scale bar 5 um.
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3.2.4 Agonist induced internalisation of GABA; receptors

GPCRs undergo agonist mediated internalisation where the application of an agonist
specific for the receptor accelerates the internalisation kinetics of the receptor. The
effect of the GABAg receptor specific agonist baclofen on internalisation was studied in
primary hippocampal neurons at PT. Cells transfected with cDNAs encoding for R1a®%,
R2 and eGFP were tagged with BTX-AF555 in the presence of 100 uM baclofen.
Additionally cells were imaged in the presence of 100 uM baclofen in perfusion (Fig.
3.4A; upper panel). The time constant for the rate of internalisation of GABAg
receptors in the presence of baclofen was 13.4 + 1.3 (n=6; Fig. 3.4B) and there was no
significant difference in the rate of internalisation in the presence of baclofen
compared to controls in Krebs (P>0.05; Fig. 3.4C). In addition to this, the extent of

internalisation in the presence of baclofen (27.6 + 2.2) was not statistically different to

untreated controls in Krebs (P>0.05; Fig. 3.4D).

The effect of a selective antagonist CGP55845 on the internalisation of GABAg
receptors was also studied in live hippocampal neurons. Cells transfected with cDNAs
encoding for R1a®®, R2 and eGFP were tagged with BTX-AF555 in the presence of 1 uM
CGP55845 and the cells were imaged during the perfusion of 1 uM CGP55845 (Fig.
3.4A; lower panel). The time constant for the rate of internalisation of GABAg
receptors in the presence of CGP55845 was 12.9 + 3.1 (n=5; Fig. 3.4B) and there was
no significant difference in the rate of internalisation in the presence of CGP55845
compared to controls in Krebs (P>0.05; Fig. 3.4C). In addition to this, the extent of
internalisation in the presence of CGP55845 (35.3 + 3.1) was not statistically different

to untreated controls in Krebs (P>0.05; Fig. 3.4D). This data is in contrast to studies of
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BBS tagged GABAgs R1a®®R2 receptors (Wilkins et al., 2008) where an increase of
internalisation rates has been observed in fixed GIRK cells in the presence of GABA at
37°C and a decrease of internalization extent has been observed in live primary
hippocampal neurons in the presence of CGP55845 at RT. These differences could be
due to experimental variations such as the use of different BTX fluorophores, use of

fixed cells, and temperatures at which the experiments were carried out.
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Figure 3.4 — Agonist induced internalisation of GABA; receptors.

A. Hippocampal neurons (14-21 DIV) expressing R1a®®R2 and eGFP were incubated in
1 mM d-TC for 5 min followed by 3 pg/ml BTX-AF555 or 3 pg/ml BTX-AF555 in the
presence of 100 uM baclofen or 1 uM CGP55845 for 10 min at RT and imaged at
different time points at 30-32°C with Krebs or 100 uM baclofen or 1 uM CGP55845. B,
C and D, Rate (B, C) and extent (B, D) of internalisation of BTX-AF555 tagged R1a®®°R2
receptors in the presence of Krebs (Ctrl; black), 100 uM baclofen (Bac; red) or 1 uM
CGP55845 (CGP; blue) in live hippocampal neurons, n = 5 — 12, NS - not significant.
Scale bar =10 um.
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3.2.5 GABA; receptors are constitutively internalised via clathrin- and

dynamin-dependent mechanisms

GABA; receptors have been reported to internalise through clathrin- and dynamin-
dependent mechanisms in fixed cells. The BBS method was therefore used to study the
clathrin- and dynamin-dependence of internalisation in real-time in live cells. A clathrin
pit formation blocker, chlorpromazine (Wang et al., 1993), previously used to block
internalisation of GABAg receptors (Grampp et al., 2007), was used to study the effect
of blocking clathrin on GABAg receptor internalisation in live GIRK cells. Similarly, the
cell permeable inhibitor of dynamin, dynasore (Macia et al., 2006), was used to study
the effect of blocking dynamin on GABAg receptor internalisation in live GIRK cells.

GIRK cells transfected with R1a®®°

R2 were tagged with BTX-AF555 and the cells were
superfused with Krebs containing either 50 pg/ml chlorpromazine (Grampp et al.,,

2007) or 80 uM dynasore (Macia et al., 2006) in perfusion and imaged for an hour at

PT (Fig. 3.5A).

B85R2 receptors was not altered in the

The rate of constitutive internalisation of Rla
presence of either chlorpromazine or dynasore in perfusion compared to controls in
Krebs media (Fig. 3.5B; Tchiorpromazine = 10.4 * 1.9 (n=5), Taynasore = 13.7 £ 2.7, (n=11),
P>0.05). However, the extent of internalisation in presence of chlorpromazine (52.4 +
4.1, n=5, P<0.01) or dynasore (49.3 + 3.6, n=11, P<0.01) was significantly lower

B8SR2 controls (Fig. 3.5C). This difference could be due to the slow

compared to Rla
onset of the drugs used as the rate of internalisation is calculated from a

monexponential decay function and value of the time constant achieved is influenced

by the initial time points. Therefore, for slower-acting drugs an change of rates of
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internalisation may not be observed. The fact that, the extents are different in the
presence of chlorpromazine and dynasore at the end of an hour suggests that the

internalization of GABAg receptors is clathrin- and dynamin-dependent.
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Figure 3.5 - GABA; receptors are internalised via clathrin- and dynamin-dependent
mechanisms.

A, GIRK cells expressing R1a®®R2 receptors were incubated with 3 pg/ml BTX-AF555
for 10 min at RT and imaged over 0 — 60 min at 30-32°C in Krebs or in the presence of
either 50 pg/ml chlorpromazine (CPZ) or 80 uM dynasore (DYN) or vehicle control.
Scale bars = 5 um. B and C, Rate (B) and extent (C) of constitutive internalisation of
BTX-AF555 tagged R1a®®°R2 receptors in the absence (®) and presence of dynasore
(A) or chlorpromazine (O0), n =5 - 11, **P<0.01 (one-way ANOVA).
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3.2.6 Constitutively internalised GABA; receptors are sorted in endosomes and

degraded in lysosomes

BBS

In order to study the fate of the internalised R1a""R2 receptors, GIRK cells and

hippocampal neurons were co-transfected with cDNAs encoding for R1a®® R2 and

R1aBBSR2 Rabs Merged
eGFP-Rab5

Soma
Dendrite
Soma
Dendrite
« Rab7-GFP
* iy
o
Soma . 3,‘:'
. '0‘-“.
1] ' 7 )
Dendrite

Figure 3.6 - GABAg receptors are recruited to endosomes and lysosomes in

hippocampal neurons.
Hippocampal neurons (14-21 DIV) expressing R1a®*°>R2 and eGFP-Rab5, or eGFP-Rab11,

or Rab7-eGFP were incubated in 1 mM d-TC for 5 min followed by 3 pug/ml BTX-AF555
for 10 min at RT. Cells were incubated at 37°C for 30 — 60 min, then fixed and imaged.
Arrowheads depict co-localisation in the soma (upper panel) and a dendrite (lower
panel). Scale bar =5 pm.
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eGFP-Rab5, a marker for early endosomal compartments (de Hoop et al,
1994;Mohrmann and van der, 1999), or eGFP-Rabll, a marker for recycling
endosomes (Zerial and McBride, 2001;Stenmark and Olkkonen, 2001) , or Rab7-GFP, a
marker for late endocytic/ lysosomal compartments (Bucci et al., 2000;Meresse et al.,
1995). The cells were incubated in 3 pg/ml BTX-AF555 for 10 min at RT to label the
surface receptors and washed three times in PBS to remove the unbound BTX-AF555
and incubated at 37°C/ 5% CO, in PBS for 60 min for Rab7-GFP and 30 min for eGFP-
Rab5 or eGFP-Rabll to allow the BTX tagged receptors to internalise. After the

BBSR2 were

incubation, the cells were fixed and imaged and BTX-AF555 tagged Rla
found to co-localise with eGFP-Rab5, eGFP-Rabll, and Rab7-eGFP containing

intracellular compartments in the soma (Fig. 3.6, upper panels) and dendrites (Fig.3.6,

lower panels) of hippocampal neurons in culture and in GIRK cells (Fig. 3.7).



Constitutive internalisation of GABAg receptors in live cells | 82

R1aBBSR2 Rabs Merged
eGFP-Rab5

3
“

eGFP-Rab11

Rab7-GFP

Figure 3.7 - GABAg receptors are recruited to endosomes and lysosomes in GIRK cells.

GIRK cells expressing R1a®®R2 and eGFP-Rab5, or eGFP-Rabll, or Rab7-eGFP were
incubated in 3 pg/ml BTX-AF555 for 10 min at RT. Cells were incubated at 37°C for 30 —

60 min, then fixed and imaged. Arrowheads depict co-localisation. Scale bar =5 pum.

3.3 Discussion

GABA; receptors mediate slow and prolonged synaptic inhibition in the nervous
system in response to GABA and given the importance of receptor trafficking for
maintaining signalling efficacy, several studies so far have focused on the trafficking of

these receptors using methods that require fixation of cells. However, these studies
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can not reveal real-time dynamics of internalisation of these receptors and therefore
the BBS tagging approach was extended to study the internalisation of GABA;
receptors in live GIRK cells and hippocampal neurons. Moreover, fixed cell imaging
techniques are subjective because of the variability associated with the levels of
fluorescence staining observed between cells due to differences in expression levels
and other factors. Thus, a live cell imaging strategy that monitors changes in

fluorescence levels at different time points in the same cell was developed.

The BBS site on the GABAg R1a®® has been previously reported to be functionally
silent using whole cell patch-clamp techniques in which no change was observed in the
GABA binding affinity between the recombinant BBS containing receptors (R1a®*°R2)
and wild-type receptors (R1aR2) both in the presence and absence of BTX bound to
R1a®® (Wilkins et al., 2008). In addition to this, BTX was found to bind to R1a®®* with a
high affinity of 9.8 + 2.6 nM (Wilkins et al., 2008) which meant that the BBS could be
efficiently used to monitor the mobility of GABAg receptors in live cells over a

prolonged period of time.

The use of near-physiological temperatures (30-32°C) instead of physiological
temperatures (37°C) for studying internalisation meant that the real-time kinetics
described here is more accurate as the internalisation of GABA; receptors at
physiological temperatures proceeds at a fast rate and imaging the first time point, to
which all successive time points are normalised, accurately is challenging because of
the time it takes to configure confocal imaging settings for acquiring an optimal image.
However, although 30-32°C is closer to physiological temperature compared to room

temperature one cannot fully rule out the possibility that the receptors would behave
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differently at physiological temperatures without direct verification. The use of a water
immersion NA 0.8 objective compared to the oil immersion NA 1.3 objective that has
been used previously for fixed cell imaging (Wilkins et al.,, 2008) also meant a

significant reduction of background fluorescence was achieved.

3.3.1 Constitutive internalisation of GABA; receptors in live cells

A clear and selective staining of R1a%%

R2 receptors was achieved in live GIRK cells and
hippocampal neurons with BTX-AF555 and this allowed the study of constitutive
internalisation kinetics of these receptors in both these cell types. The rates of
internalisation, as measured by fluorophore-conjugated a-BTX labelling of GABAg
receptors, is likely to accurately reflect receptor trafficking in GIRK and neuronal cells
for three reasons. Firstly, BTX binds with relatively high affinity to the BBS inserted in
the R1a subunit. The dissociation constant compares well (11-fold lower; (Wilkins et
al., 2008)) with that measured for the native BTX binding site located on the nicotinic
ACh a7/5HT3a chimeric receptor. This suggests that significant dissociation of the
fluorophore from the GABAg receptor is unlikely. Secondly, there is very little
constitutive internalisation of GABAg receptors at low temperatures, which are
conditions that are considered to be non-permissive for internalisation. At RT and PT,
GABA; receptor internalised rapidly, and the extent of internalisation was dependent
on temperature although the lack of significance to the rates could be due to the small
difference between the two temperatures. Thirdly, the reduction in cell surface

fluorescence at RT and PT is not a consequence of photobleaching of BTX-AF555 at

either low or near physiological temperatures, as the photobleaching profile of BTX-
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AF555 shows negligible (<10%) reductions of surface fluorescence with the scanning

protocols used to follow receptor movement.

Although constitutive internalisation of GPCRs has been described for several
receptors to date including PAR1; (Paing et al., 2006), melanocortin-4 receptor (MC4)
(Mohammad et al., 2007), CB1 (McDonald et al., 2007a), alphalb-adrenergic receptors
(Stanasila et al., 2008), the role of constitutive internalisation in cellular physiology is
not clear. One possibility is that constitutive internalisation could be a result of basal
activity of the receptor. For the GABAg receptor, the absence of an inverse agonist
makes this possibility difficult to probe. GABAg heteroreceptors have been
hypothesised to be activated by ambient GABA that is found in some areas of the brain
where the levels of endogenous GABA has been estimated between 65-120 nM
(Bohlen et al., 1979; Bist and Bhatt, 2009; Paredes et al., 2009). Therefore the GABAg
receptors could have evolved to constitutively internalise at rapid rates in order to
remove activated receptors from the cell surface to prevent over-signalling. Another
reason for the requirement of constitutive internalisation and recycling could be to
introduce polarity in the cell membrane and to recruit receptors to specific locations
on the membrane. For the CB1, one study has reported constitutive internalisation of
these receptors in somatodendritic compartments but not in the axons (McDonald et
al., 2007a) allowing accumulation of CB1 in the axons. Similarly, GABAg receptors have
been reported to constitutively internalise in somatodendritic compartments but not
in the axons (Vargas et al., 2008) but the physiological consequences of this difference

has not been investigated.



Constitutive internalisation of GABAg receptors in live cells 86

3.3.2 GABA; receptors do not undergo agonist induced internalisation

Simulation of GPCR endocytosis upon agonist stimulation has been observed for
several receptors. In this activity dependent internalisation mechanism, GPCRs are
internalised with faster internalisation kinetics compared to basal internalisation levels
in order to remove activated cell surface receptors and prevent over-signalling. The
GABAg receptor specific agonist baclofen does not affect the internalisation profile of
the receptor in hippocampal neurons as addition of the agonist had no effect on either
the rate or the extent of internalisation compared to controls in Krebs. The fact that
baclofen failed to effect the internalisation of GABAg receptors could mean that these
receptors are constitutively active or are activated by GABA released by neurons and
are therefore being internalised in response to paracrine activation. The use of the
antagonist CGP55845 had no effect on the rate or the extent of internalisation
suggesting that for the GABAg receptor, activation is not required for endocytosis as
observed for the internalisation of the B,AR (Scarselli and Donaldson, 2009). In
addition to this, similar experiments conducted in GIRK cells (data not shown as the
data in neurons is more physiologically relevant) where the cells are known not to
produce GABA revealed that there was no change in internalisation in the presence or
absence of baclofen verifying that the GABAg receptor does not undergo agonist
induced internalisation. One study has described high concentrations of GABA (100
UM; saturating concentration for GABAg receptors) having an effect on the
internalisation of GABAg receptors (Gonzalez-Maeso et al., 2003) where prolonged/
chronic incubation in GABA accelerated the rate of internalisation of these receptors
with statistical significance in rates appearing after 2 hours of treatment with GABA.

Physiologically, GABAg receptors have been described to be activated by high
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concentrations of GABA when GABA spills-over into the perisynaptic regions upon
GABA release at the synapses. However, in order for GABAg receptors to be active,
strong stimulation is required to release GABA and often in addition to this, the
vesicular GABA transporters GAT1 have to be blocked to prevent the reuptake of GABA
from the synapses so that can spill-over to activate GABAg receptors, but this will only
occur briefly. These studies suggest that GABAg receptors are not exposed to high
concentrations of GABA for a prolonged period of time and therefore the modulation
of rate of internalisation in response to incubation of cells in baclofen for more 2 hr is
of questionable physiological relevance. In addition to this, incubation of GABAg
receptors in GABA for two hours causes pharmacological changes in the orthosteric
and allosteric ligand binding properties of the receptor (Gjoni and Urwyler, 2009). The
assay used here determines the rate of internalisation over a period of one hour at five
different time-points and therefore the possibility of very fast agonist induced-

internalisation coupled with recycling (less than 5 min) cannot be ruled out.

The GABAg receptor is different from the prototypical GPCR the B,AR which has a low
rate of constitutive internalisation (20% at 37 in 30 min) and undergoes faster
internalisation in response to the specific agonist 1 mM isoprenaline (75% at 37 in 30
min) (Scarselli and Donaldson, 2009). The finding that the GABAg receptor has a higher
rate of constitutive internalisation and does not undergo agonist induced
internalisation suggests that different mechanisms of trafficking have evolved within

the GPCR super-family.
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3.3.3 GABA; receptors internalise via clathrin- and dynamin-dependent

mechanisms

Chlorpromazine was found to reduce the extent of internalisation suggesting that
GABA; receptors are internalised via the clathrin-dependent pathways. This data is
consistent with studies where GABAg receptors have previously been reported to co-
localise with B-adaptin (Grampp et al., 2008) and clathrin (Ramoino et al., 2006) and
internalisation has been blocked by 450 mM sucrose (Vargas et al., 2008; Grampp et
al., 2007), 100 pg/ml chlorpromazine (Grampp et al., 2007), and K" depletion (Laffray
et al., 2007; Vargas et al., 2008) all of which prevent the formation of clathrin-coated
pits (Ivanov, 2008). At the end of an hour in the presence of chlorpromazine, 50% of
the receptors remained on the cell surface compared to 85% of receptors that remain
at LT at the same time point. This raises the possibility that perhaps a portion of the
difference of 35% receptors undergo clathrin-independent endocytosis as previously
reported (Ramoino et al., 2006). The BBS binding site strategy and live cell imaging can
be used in future to study the effect of blocking these clathrin-independent pathways
using chemical blockers or by co-expressing dominant negative proteins that would

block these pathways.

Clathrin-dependent pathways are one of the major forms of regulated endocytosis
pathways in living cells. Several GPCRs have been described to internalise via this
pathway in response to agonists (Wolfe and Trejo, 2007) including the B,AR (Scarselli
and Donaldson, 2009), M3 muscarinic receptor (Scarselli and Donaldson, 2009), CB1
(McDonald et al., 2007b), and in the absence of agonist, including PAR1 (Paing et al.,

2006) and MC4 (Mohammad et al., 2007). One systematic study (Scarselli and
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Donaldson, 2009) on internalisation of two Class | GPCRs, B,AR and M3 muscarinic
receptors, found they were internalised via clathrin-independent pathways in the
absence of agonists. Addition of agonists switched endocytosis from a clathrin-
independent pathway to one dependent on clathrin. Other studies have found
clathrin-independent endocytosis of several GPCRs including the M2 receptor (Delaney
et al., 2002) in the presence of agonists. Whether the clathrin-dependent constitutive
internalisation property of GABAg receptors is unique to GABAg receptors or a feature
of Class Ill GPCRs remains to be studied, but it is clear that GPCRs constitutively

internalise via diverse mechanisms.

The cell permeable inhibitor of dynamin, dynasore was also observed to block the
internalisation of GABAg receptors. Similar to extents of internalisation in the presence
of clathrin inhibition, about 50% of receptors remained on the cell surface at the end
of an hour. This is not unexpected as dynamin functions as a scission protein for
clathrin-coated pits enabling them to pinch-off from the cell surface (Conner and
Schmid, 2003). A dominant negative form of the GTP-ase dynamin, dyn-1-K44A, has
been described to also block internalisation of GABAg receptors (Grampp et al.,

2007;Vargas et al., 2008) consistent with data presented here.

3.3.4 GABA; receptors are sorted in endosomes

Sorting of GPCRs into the endosomal compartments and their degradation in
lysosomes provides an important means of receptor signalling modulation (Marchese

et al., 2008). After internalisation, GABAg receptors were observed to co-localise with
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eGFP-Rab5, eGFP-Rab11, and Rab7-GFP. Therefore it is likely that the GABAg receptors
are recruited to early endosomes immediately after internalisation as observed for the
transferrin receptor (Naslavsky et al., 2003) from where they are either recycled back
to the plasma membrane via Rab11 containing recycling endosomes or are recruited to
Rab7 containing late endosomes and lysosomes for degradation. In addition to this,
the presence of the endocytic markers in dendrites raises the possibility of local
processing of dendritic GABAg receptors. These results are consistent with studies that
have reported co-localisation of GABAg subunits with markers for early endosomes
(EEA1, Rab5; (Grampp et al., 2008)), late endosomes (Lamp1; (Grampp et al., 2008)),
re-cycling endosomes (Rab4, Rab11, TGN38-IR; (Laffray et al., 2007; Vargas et al., 2008;
Grampp et al., 2008; Ramoino et al., 2005)), and lysosomes (Lamp1; (Grampp et al.,

2008; Ramoino et al., 2005)) using antibody labelling and imaging in dendrites.

Thus, in conclusion cell surface GABAg receptors are constitutively-internalised in live
GIRK cells and hippocampal neurons in clathrin- and dynamin-dependent pathways
and the addition of the specific agonist baclofen does not alter the rates or the extents
of internalisation (Fig. 3.8). After being internalised, they are recruited to Rab5
containing early endosomes from where they are recycled back via Rab11 containing
recycling endosomes to the plasma membrane or are degraded in lysosomes via Rab7

containing late endosomes (Fig. 3.8).



Constitutive internalisation of GABAg receptors in live cells 91

GABA; chloropromazine |' Clathrin
%ﬁ =— l @ Dynamin
5 Fo g Ny —> . @ @} dynasore
'4 Iﬁ“\ 3 ~ -
Clathrin-goated pit - — Qnstitutive internalisation
Insertion into cell surface 2 . R | - |
T } ’
5 “Clathrin-coated”
5 - vesicle
Recyclin s L N
2 2 Q’E T
ﬁ'ﬁ ﬁ'ﬁ A
. o
Recycling endosome ™4
Rabll
Vi = 3 N e
i Wi 5
I § Early endosome
Golgi apparatus & 2L Rab5
hVaS ﬁ‘ﬁ
il Late endosome
§ Rab7 i

ﬂ“ Degradation
4§

pVa
MW@ Lysosome
i 4 Rab7

Figure 3.8 — Constitutive internalisation of GABA; receptors.

Cell surface GABAg receptors are constitutively-internalised at permissive
temperatures in a temperature dependent manner in clathrin-coated pits, a process
that requires dynamin. The clathrin inhibitor chloropromazine and the dynamin
inhibitor dynasore reduce the extent of internalisation. Internalised clathrin coated
vesicles fuse with early endosomes and from here the GABAg receptors can be routed
to recycling endosomes from where they can recycle back to the cell surface to form
cell surface receptors or sent to lysosomes for degradation.
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3.4 Summary

o GABAg; receptors are constitutively-internalised at a rapid rate in GIRK cells and

hippocampal neurons in culture at permissive temperatures

o GABAg receptors do not undergo agonist-induced internalisation

o GABAg receptors constitutively internalise via clathrin- and dynamin-

dependent mechanisms

o After internalisation GABAg receptors enter early endosomes from where they
can either enter recycling endosomes from where they can be recycled back to

the plasma membrane or are degraded in lysosomes via late endosomes
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Chapter IV

R2 subunit stabilises GABA; receptors on the cell surface

4.1 Introduction

The GABAg receptor was the first GPCR described to require heterodimerisation
between R1 and R2 subunits in order to be functionally active (Kaupmann et al., 1998;
White et al., 1998). Heterodimerisation is not only important for the cell surface
expression of a functional GABA; receptor, but also for coupling of the receptor to G-
proteins and signalling to related downstream effectors. Therefore it is of no surprise
that several studies to date have focused on the effect of heterodimerisation on the
signalling of GABAg receptors (Duthey et al., 2002; Galvez et al., 2001; Havlickova et al.,
2002; Rondard et al., 2008; Margeta-Mitrovic et al., 2001a; Margeta-Mitrovic et al.,
2001b; Filippov et al., 2000; Robbins et al., 2001; Thuault et al., 2004). GABA; receptors
have been reported to form higher order oligomers using biochemical and
bioluminescence resonance energy transfer (BRET) approaches (Rondard et al., 2008;
Villemure et al., 2005; Comps-Agrar et al., 2011; Maurel et al., 2004). More recently,
TR-FRET techniques have also demonstrated the formation of ‘dimers of dimers’
(Maurel et al., 2004). The formation of such a tetrameric configuration causes a
reduction in receptor signalling efficacy compared to heterodimers (Comps-Agrar et

al., 2011) creating a mechanism to modulate signalling by heterodimerisation.
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GABA; receptors have been described as “obligate” heteromers for coupling to GIRK
channels, VGCCs, and adenyl cyclase, although other forms of signalling and trafficking
that do not involve the formation of the heterodimer have been described. R1 can
activate the ERK 1/2 MAP kinase pathway directly in the absence of R2 (Richer et al.,
2009) and regulate Leptin mRNA and blood leptin levels also in the absence of R2
(Nakamura et al., 2011). In addition, the localization of GABAgR1 and R2 in the brain
does not universally overlap. For example, in the caudate-putamen R2 is undetectable
whereas R1 is highly expressed and yet a functional GABAg response is still discernable
(Durkin et al., 1999). In terms of trafficking, R1 subunits have has been described to
reach the cell surface in the absence of R2 chaperoned by GABA, y2S subunits
(Balasubramanian et al., 2004). Together, these results suggest the GABAg receptor is
as obligate heteromer may not be universal and other forms of atypical signalling by

this receptor may exist.

Oligomerisation of GPCRs is important for receptor signalling and the properties of the
monomeric subunits are often modified as a result of the formation of the oligomers.
For the GABA; receptor, although the role of heterodimerisation in determining the
forward trafficking (from ER to cell membrane) properties of the monomeric subunits
have been studied, the role of heterodimerisation in determining the internalisation
properties has received little attention and therefore the BBS approach was used for

this purpose.
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4.2 Results

4.2.1 Rla homomers constitutively internalise at a faster rate and greater

extent than R1aR2 heteromers

R1la subunits contain an RSR ER retention motif in the C-terminal tail which prevents
their trafficking to the cell membrane in the absence of R2 subunits. To investigate the
role of heterodimerisation on GABAg receptor constitutive internalisation, the
trafficking of the R1la subunit was studied in isolation. In order to enable the Rla
subunit to internalise in the absence of R2 and be tracked by BTX labelling requires the
removal of the ER retention motif and therefore the RSR motif was substituted for

ASA, forming R1a®®"** by site-directed mutagenesis.

R1g%E5A receptors were targeted to the cell surface in the absence of R2 subunits in

GIRK cells and bound to BTX-AF555 when the cells expressing R1a%®™* were

incubated in 3 pg/ml BTX-AF555 for 10 min at RT (Fig. 4.1A; upper panel). At RT, R1a®®

ASA constitutively internalised in the absence of R2 subunits (Fig. 4.1A). Notably,

intracellular structures were decorated with BTX-AF555 even at t = 0, indicating active

receptor internalisation during BTX-AF555 binding. The loss of surface fluorescence for

R1a°®** was significantly faster (t = 7.2 + 1.5 min; n = 10; Fig. 4.1B, C; P<0.05) and

also more extensive after 60 min (30 + 3 %, n = 10; Fig. 4.1D; P<0.001) compared to

BBS

that for R1a "R2 heterodimers.

BBS BBS-ASA

As constitutive internalisation of R1a”~R2 proceeds more slowly than R1a , this
could be due to a dominant-internalisation signal on Rla and, following

heterodimerisation, the R2 subunit could mask this signal slowing the rate of R1aR2
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internalisation. R2 subunits interact with R1a in the C-terminal coiled-coil domain, 7-

TM region, and the VFTD.
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Figure 4.1 - Faster and more extensive internalisation of Rla compared to

R1a®ESR2.

A, GIRK cells expressing either R1a®B5A%A (upper panel) or R1a®®°ACT (lower panel) were

incubated in 3 pg/ml BTX-AF555 for 10 min at RT to label surface GABAg receptors and
imaged over 0 — 60 min at RT. B, The rate of internalisation of BTX-AF555 tagged
R1a®®R2 heteromers, and R1a®®*™* and R1a®®*ACT homomers at RT (n = 6 - 10). The
inset shows the relative positions of the ASA motif (blue) and C-terminal truncation
(ACT). C, Exponential decay time constants for the rate of decay of membrane
fluorescence for RlaBBSRZ, R1a®5"* and R1a®®ACT. D, Extent of internalisation for
R1a%®°R2 receptors, and R1a®#"* or R1a®®*ACT homomers. One-way ANOVA *P<0.05,
**P<0.01, ***P<0.001 Scale bar =5 pum.
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To determine if the R1la C-terminal tail contains a dominant-internalisation signal, a

tailless R1a®®

receptor was generated in which the C-terminus was truncated from and
including L859 (R1a®®°ACT). This subunit was expressed on the GIRK cell surface
without R2, since the C-terminal truncation included the ER retention motif. After
labelling with BTX-AF555, R1a®®>ACT constitutively internalised in the absence of R2
(Fig. 4.1A, B). Both the rate of internalisation (t = 15.0 £ 1.4 min, n = 6, P>0.05) and the
extent (41 + 2 %, n = 6, P>0.05) were not significantly different compared to R1a®*°R2
(Fig. 4.1C, D) but the internalisation rate (P<0.01; Fig. 4.1C) was slower and less

extensive (P<0.05; Fig. 4.1D) compared to R1a®*"**

. The levels of expression of the
constructs varied but this should not alter the predictions of rates or extents of
internalisation as studies were carried out in live cells and the membrane fluorescence
of individual cells was measured at specific time-points for an hour and normalised to
the membrane fluorescence at t = 0. A cell expressing a smaller number of receptors
should therefore give the same rates and extents of internalisation compared to cells

where expression is higher provided that the endocytosis machinery of the cells is not

being saturated.

Taken together, these data suggest that R2 subunits are a major determinant of the
rate of trafficking for R1la when these subunits co-assemble as a heterodimer, and that
the R1la C-terminal tail contains an endocytic signal that in the absence of R2, causes
R1a subunits to constitutively internalise at a faster rate and to a greater extent than

the heteromer.
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4.2.2 Inserting a BBS on GABA; R2

To directly establish that R2 subunits are determining the rate of internalisation of
R1aR2 heterodimers required a separate BBS to be inserted into the R2 subunit. This
was placed in the N-terminus, 27 residues from the start of the mature R2 protein (Fig.
4.2A). Clear and specific labelling with BTX-AF555 (3 pg/ml) was observed in GIRK cells
co-transfected with cDNAs encoding for R1aR2%® or R2%®° and eGFP (Fig. 4.2B, C). Such
labelling was absent for cells incubated in UL-BTX or for cells transfected with just

eGFP alone (data not shown).

Whole-cell patch clamp recording was used to ascertain whether including the BBS in
GABA; R2 had any functional consequences. GIRK cells stably expressing inwardly-
rectifying Kir3.1 and Kir3.2 channels were transiently transfected to also express eGFP
and either R1aR2®® or R1aR2. Concentration response curves for GABA activation of
Kir3.1 and 3.2 via the GABAg receptor were similar for R1aR2 and R1aR2®® receptors
reflecting similar potencies for GABA with ECsos of 0.5 + 0.1 pM (R1aR2%**; n = 6 - 7)

and 0.4 + 0.04 uM (R1aR2; n = 7 - 13, P>0.05; Fig. 4.2D).

GIRK cells expressing either R1a®®R2 or R1aR2"® were next exposed to BTX-AF555 for
10 min before whole-cell recording. Occupation of the BBS by BTX did not affect the
GABA concentration response curves or the GABA ECsgs (RlaBBSRZ: 0.53+0.01 uM, n =
5; R1aR2%%*: 0.8 + 0.1 UM, n = 5), which were also similar to those for wild-type R1aR2
GABA; receptors. Therefore, the insertion of the BBS in the R2 subunit had no

BBS

significant effect on the functional properties of R1la R2™"" receptors.
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The apparent affinity of BTX for the BBS site on Rla was determined previously
(Wilkins et al., 2008) and a similar radioligand binding approach with **°I-BTX was used
to determine the apparent affinity of BTX for the BBS on R2. The binding curve for **I-
BTX to GIRK cells, expressing R1aR2%% saturated at approximately 100 nM (Fig. 4.2E)
and the Scatchard analysis revealed a K4 for BTX binding of 45.5 + 4.8 nM (n = 6). This
was 4-fold lower than the Kq for BTX binding to the R1a®®R2 receptor (9.8 + 2.6 nM; n
= 6) (Wilkins et al.,, 2008). As a control, 125 BTX binding to the nicotinic a7/5HTs,
chimeric receptor was determined. This chimera possesses an innate high affinity BTX

binding site (Eisele et al., 1993), and the determined K4 was 3.92 + 2.4 nM (n = 3)

agreeing closely with that previously published (Wilkins et al., 2008).
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Figure 4.2 - Silent incorporation of the BBS into R2 subunits.

A, Schematic diagram showing the relative locations for the BBS and the Myc and Flag
epitopes in GABAgR1a and R2 subunits. For the R2 subunit, the BBS was inserted
between Val67 and Thr68 as shown in the segment of the primary sequence. B, Images
of GIRK cells expressing R1aR2%% and eGFP were incubated with 3 ug/ml BTX-AF555 or
3 pg/ml UL-BTX for 10 min at RT. C, Images of GIRK cells expressing R2°® and eGFP,
incubated with 3 pg/ml BTX-AF555 or 3 ug/ml UL-BTX for 10 min at RT. Scale bars =5
pum. D, GABA concentration response curves for R1aR2, RlaRZBBS, R1a®®R2 receptors
and BTX bound R1aR2%° and R1a®*°R2 receptors all expressed in GIRK cells (n =5 - 13).

E, Whole-cell radioligand binding experiments with 12|_BTX for the R1aR2%% receptor
(n = 6). Data presented in (D) was acquired by Dr. M.E. Wilkins
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4.2.3 R2 homomers internalise at the same rate as R1aR2 heteromers

As R2 subunits can form homomeric surface receptors (Villemure et al., 2005), GIRK
cells expressing R2%®° were used to determine the rate and extent of constitutive R2
internalisation and to establish its regulatory role in heterodimer internalisation.
Although the formation of homomers was not directly tested using the BBS strategy,
one possible line of investigation for the existence of homomers could involve the
cross-linking of two monomers and then studying the kinetics of internalisation to

check how it compares to non-cross-linked receptors.

R2 subunits, labelled with 3 pug/ml BTX-AF555 at RT, showed a clear expression pattern
on the cell surface. At LT, internalisation of R2%° was minimal (85+2%,n=05, Fig. 4.3A,
C) and comparable to R1a®®R2 (P>0.05). At RT and PT, R2°® homomers rapidly
internalised (Fig. 4.3A) with rates (tgr = 18 £ 3 min, n = 8; Tpr = 12.4 £ 1.1 min, n = 10)
and extents (RT: 47 £+ 2 %, n = 8; PT: 31 + 1 %; n = 10; Fig. 4.3C) of constitutive
internalisation which were again comparable to those for R1a®®R2 (P>0.05). By

BBS

contrast, the rate of internalisation for R2°™ was slower (P<0.01) and its extent

reduced (Fig. 4.3D; P<0.001) compared to that for R1a®®>"** at RT.

To ensure that there was no contamination from unforeseen innate expression of R1la
in GIRK cells, GABA was applied during whole-cell patch clamp recording of cells
expressing R2°%° and identified by BTX-AF555. Even at 1 mM GABA no K* currents were
activated (n = 6; data not shown) indicating the absence of endogenous R1 subunits.

BBS

Therefore the rates of internalisation of R2" subunits in these cells are unaffected by

the presence of R1 subunits.
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BBS

To determine the influence of R2™ on the internalisation of the R1aR2 heterodimer,

the rate of internalisation of R1aR2%®° heterodimers was established (Fig. 4.3B, C). This

B85R2 heterodimers, and R2%%°> homomers. Low

rate was very similar to that for Rla
temperatures slowed the internalisation of R1aR2®%, similar to R1a®*°R2 and R2%%° (90
+ 2 %; n = 7; P>0.05; Fig. 4.3C), whilst at RT and PT, R1aR2®® rapidly internalised (Fig.

4.3C) at rates similar to those for R1a®%R2 and for R2%% (trr = 18.8 £ 2.2 min; n = 13;

P>0.05; tpr = 16.4 £ 2.2 min; n = 6; P>0.05; Fig. 4.3D).
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Figure 4.3 - R2 subunits determine the rate of internalisation of GABAg heteromers.

A and B, GIRK cells expressing R2°%°> homomers (A) or R1aR2%® heteromers (B) were
incubated in 3 pg/ml BTX-AF555 for 10 min at RT prior to imaging over 0 — 60 min at
16-18°C, 22-24°C, and 30-32°C. C, Rate and extent of internalisation of BTX-AF555
tagged R2%® (red) or R1aR2°% (black) at 16-18°C (A ), 22-24°C (m), and 30-32°C (e) (n =
5 —13). D, Comparison of rates and extents of internalisation for: R1a®®R2 (data taken
from Fig 3.1C), R1aR2®® and R2°% (data from panel C), and R1a®®**"** receptors (data
taken from Fig 4.1B) at 22-24°C.
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BBS

The extent of internalisation for R1aR2%%° was similar to that for R1a®%R2 and R2%% at

both RT (48 + 2 %, n = 13) and PT (30 £ 1 %; n = 6; P>0.05). However, the rate of

BBS

internalisation for R1aR2""™ was slower (P<0.001) and the extent reduced (P<0.001)

compared to R1a®"%

. These data suggest R2 subunits play a dominant role in
determining the rate and extent of constitutive internalisation of R1a subunits when

co-assembled in a heterodimer.
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Figure 4.4 — Constitutive internalisation of R1aR2°
neurons.
A, Images of rat hippocampal neurons in culture expressing R1aR2°® and eGFP,

receptors in hippocampal

incubated with 1 mM d-TC for 5 min followed by incubation with or without 3 pg/ml
BTX-AF555 for 10 min at RT. Scale bars = 5 um. B, Hippocampal neurons (14-21 DIV)
expressing R1aR2%® and eGFP were incubated in 1 mM d-TC for 5 min followed by 3
pug/ml BTX-AF555 for 10 min at RT before imaging at 16-18°C or 30-32°C. C, Rate of
internalisation of BTX-AF555 tagged R1a®®R2 (o) and R1aR2% (o) receptors at 16-
18°C (red), and 30-32°C (black) in live hippocampal neurons (n = 6 — 14).
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R1aR2%% expressed well in the soma of hippocampal neurons in culture and bound

B85 eGFP were incubated in 1

BTX-AF555 specifically when neurons expressing R1a, R2
mM d-TC for 5 min at RT followed by incubation in BTX-AF555 (3 ug/ml) for 10 min at
RT (Fig. 4.4A; upper panel). Such staining was not observed for cells incubated in UL-
BTX (3 pg/ml; Fig. 4.4A; lower panel) or cells transfected with eGFP only and, incubated
in 3 pg/ml BTX-AF555 (data not shown). Constitutive internalisation of R1aR2°%%
receptors was also evident in the soma of 14-21 DIV cultured hippocampal neurons. As

B85 rapidly increased from LT (89

expected from GIRK cell data, internalisation of R1aR2
1 2 % surface fluorescence after 1hr, n = 7) to PT, where t=17.1 £ 3.2 min, leaving only
33+ 2 % (n = 14, Fig. 4.4B, C) on the cell surface. These profiles are very similar to

BBS

those of R1a™ ~R2 receptors indicating that the receptors are probably internalised as

heterodimers (Fig. 4.4C).

4.2.4 Di-leucine motif on R1a is a dominant-positive signal for internalisation

A mechanism by which R2 subunits could regulate the rate of internalisation of the
R1aR2 receptor on the cell surface may involve an interaction of R2 with a dominant
endocytic sorting signal on the R1a C-terminus. As a di-leucine motif in the R1a coiled-
coil domain (L889, L890) can affect the surface availability of GABA; receptors
(Margeta-Mitrovic et al.,, 2000; Restituito et al., 2005), the consequences of their

replacement by alanines was investigated on the background of R1a®85A%A by forming

BBS-ASA, L889A, L8S0A
R1la .
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GIRK cells expressing R1B85ASA, L889A, LBI0A

exhibited surface labelling with BTX and
constitutive internalisation at RT (Fig. 4.5A, B) with a rate (t = 11.4 £ 2.6 min; n = 6; Fig.
4.5B) and extent of internalisation (47 + 4 %; n = 6; Fig. 4.5B) similar to that for
R1a®®R2, R1aR2%® and R2®® (Fig. 4.5C, D; P>0.05). However, the extent but not the

rate of internalisation for R1a885A% L8894, L8I0A

was significantly less when compared to
R1a®®™*" (Fig. 4.5D; P<0.001). Thus, conceivably, the di-leucine motif may act as a
dominant endocytic signal in the absence of R2 and upon heterodimerisation, this

motif is inactivated via an interaction with the R2 coiled-coil domain increasing the

stability of the R1aR2 heterodimer on the cell surface.
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Figure 4.5 - Di-leucine motif on R1a determines the extent of internalisation.
A, GIRK cells expressing R1a®B>ASALBBIALEI0A | (pq oBBSASAAA. - oper panel) or Rla

ASAR2ACT (lower panel) were incubated in 3 pg/ml BTX-AF555 for 10 min at RT and

BBS-
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imaged over 0 — 60 min at RT. Scale bar = 3 um. B, Rates of constitutive internalisation
for RZBBS, RlaBBSRZ, RlaBBS—ASA,LSSQA,L89OA (RlaBBS—ASA—AA)’ RlaBBS—ASA’ and RlaBBS—ASARZACT
receptors (n = 6). C, Decay time constants for the surface membrane fluorescence for
the subunits indicated, where R1gBBS/ASA-LEBIALBI0A R1aBBSASAAA D, Extent of
internalisation for the subunits indicated. *P<0.05, **P<0.01 ***P<0.001 one way
ANOVA.

4.2.5 R2 tail and R1aR2 internalisation

To examine the potential role of the R2 C-terminal tail in determining the rate of
internalisation of R1a subunits, the C-terminal tail was truncated (R2ACT) starting from
and including N749. The R1a®®R2ACT receptors should still interact via their N-
terminal VFTDs and the 7-TM regions, but the di-leucine motif on R1 will be free,

BBS-ASA and

unable to interact with a missing R2 C-terminal tail. Co-expression of Rla
R2ACT in GIRK cells revealed co-localisation of the subunits on the cell surface by
immunostaining for the myc-tag on R1a and the flag-tag on R2 (data not shown). The
R1a®®* R2ACT receptors constitutively internalised at RT at a rate (9.0 + 2.0 min; Fig.
4.5A-C) and to an extent (32 + 2 %; n = 6; Fig. 4.5D) that was indistinguishable from
R1a®®* (P>0.05). This rate was significantly faster than that for R1aR2®* (P<0.01)
and R2%® (Fig. 4.5C; P<0.05), and the extent of internalisation for R1a®®*****R2ACT was

significantly greater compared with R1a®®*R2 (P<0.001), R1aR2®®® (P<0.001), R2°%

(P<0.01), and R1a®8>">A 18894 18830A b 01 Fig. 4.5D).

Therefore these results strongly suggest that R2 subunits determine the rate of
constitutive internalisation of the heterodimer most likely by masking a dominant di-
leucine motif internalisation signal on the Rla coiled-coil domain by interaction

between the C-terminal tails of R1a and R2.
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4.2.6 Tracking Rla and R2 using dual labelling and different BTX-linked

fluorophores

The rates and extents of internalisation for GABAg receptor heterodimers monitored
with a BBS tag on either R1a (R1a®°R2) or R2 (R1aR2°®) are very similar, suggesting
the majority of GABAg receptors are internalised as heteromers. To unequivocally
demonstrate this required the simultaneous labelling of R1a and R2 with BTX linked to
different fluorophores. However, to enable dual labelling, the BBS on one of the
subunits must be protected from labelling by BTX whilst the BBS on the other subunit
remains accessible. The advantage of the BBS over an epitope tagging method using
antibodies is that an antibody molecule is six times the size of BTX. A primary antibody

F(ab)’ complex will be smaller but still about four times the size of BTX.

Differential binding of BTX was achieved by protecting the BBS on one of the GABA;
receptor subunits. Such approaches have been used extensively in structure-function
relationship studies of ion channels and in studies for assessment of ion channel
membrane topology (Karlin and Akabas, 1998). Chemical protection was achieved by
substituting two serine residues in the centre of the BBS on R1a®® (WRYYESSLEPYPD)
for cysteines (WRYYECCLEPYPD; Fig. 4.6) forming R1a%*C. The two cysteines were
chosen for replacement because these two residues replace the serines in a mimotope
of the BBS that has been described to block the association of BTX to the torpedo AchR
(Kasher et al., 2001). By prior covalent labelling of these cysteine residues using a
sulphydryl reagent, the binding of BTX to Rla was prevented whilst binding to the
unmodified BBS on R2 could proceed unhindered. BTX binding to Rla was

subsequently restored by removing the protective sulphydryl reagent using DTT.



R2 subunit stabilises GABA; receptors on the cell surface 108

The structural integrity of the BBS on R1a%®*“ was confirmed by BTX-AF555 binding to
R1a®®>““R2 expressed in GIRK cells. The binding was selective and the fluorescence
intensity lower compared to that observed with BTX-AF555 bound to R1a®®R2

BBS'CC, the two vicinal

receptors (data not shown). To prevent BTX-AF555 binding to Rla
cysteine residues must be prevented from oxidising and forming a disulphide bond
(Fig. 4.6). For R1a®®“R2, Cys bridge formation was prevented using 200 uM DTT for
30 min at RT before the application of 200 uM MTSES for 5 min at 4°C. Under these
conditions, the surface labelling by BTX-AF555 was minimal (18 + 2 % of control;
P<0.001; n =9, Fig. 4.7A, B).

Having established that BTX binding to R1a®®

was prevented by MTSES, the
protecting group was then removed with 5 mM DTT for 5 min at RT. Subsequent
incubation with 3 pg/ml BTX-AF555 for 10 min at 4°C significantly recovered the

BBS-CCR2 receptors had recovered their

surface fluorescence indicating that surface Rla
ability to bind BTX-AF555 via the BBS on Rla (68 + 6 % of control; n=9; Fig. 4.7A, B;
P<0.001). Although there is a difference between the fluorescence intensity of the
MTSES block and control, around 20% fluorescence that cannot be blocked means that
a small proportion of the receptors will not be labelled specifically. For this reason,

high resolution intracellular co-localisation studies will not be possible using this

method.

Whole-cell patch clamp recording was used to determine the impact of the cysteine

BBS-CCR2PES, Following serine substitution

residues in the BBS on the function of R1la
there is a small reduction in GABA potency for activating inwardly-rectifying potassium

currents with an 8-fold shift in the ECso to 3.2 + 0.37 uM (n = 6; Fig. 4.7C) compared to
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R1a®®°R2. This small change in sensitivity was insufficient to affect its use as a tag for

monitoring the movement of GABAg receptors.

/ R2°BS R1a°#5¢¢ \

HQ OH S-S
HQ OH MTSES
pinding to R1a | WRYYEC CLEPYPD
binding to Rla WRYYES SLEPYPD
& T
BTX-AF488 labels R2 WRYYES SLEPYPD “
<&
MTSES removed WRYYES SLEPYPD

BTX-AF555 labels R1a WRYYES SLEPYPD
-

Figure 4.6 - Dual BBS-based fluorophore labeling of R1a and R2 subunits.
Diagram of the steps used for the dual labelling strategy for R2 (normal BBS, left) and
R1a (mutant BBS, right) subunits.

Once the binding of BTX to BBS-CC could be blocked by MTSES and reversed with DTT,

we used dual BTX labelling to study whether the two GABAjg receptor subunits were

internalised as heteromers in hippocampal neurons. Neurons expressing R1aB8CCR2%%

were pre-incubated with 1 mM d-TC for 5 min and RT and incubated with 200 uM DTT
for 30 min at RT followed by washes in PBS prior to the addition of 200 uM MTSES for
5 min at 4°C to block the binding of BTX to R1a®®>C. After PBS washes, 3 ug/ml BTX-

BBS

AF488 was applied for 10 min at 4°C to label the surface R2°"" receptors. The excess

was removed by PBS washing and the cells re-incubated in 2 mM DTT for 5 min at RT
to remove the MTSES. Finally, after further washing, 3 pg/ml BTX-AF555 was applied

for 10 min at 4°C to label surface R1a®®>C,
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Figure 4.7 - Dual BBS-based fluorophore labeling of R1a and R2 subunits.

A, GIRK cells expressing R1a®%“R2 receptors were incubated in: 3 pug/ml BTX-AF555
for 10 min at RT alone (left); with BTX-AF555 after incubation in 200 uM DTT for 30
min at RT and 200 uM MTSES for 5 min at 4°C (middle); or with BTX-AF555 after 200
UM DTT for 30 min at RT and 200 uM MTSES for 5 min at 4°C followed by 5 mM DTT
for 5 min at RT. Cells were imaged after fixation. Scale bar = 5um. B, Inhibition of BTX-
AF555 binding by MTSES and recovery of fluorescence following removal of MTSES by
DTT compared to R1a®®**““R2 controls (n = 9). C, GABA concentration response curves
for R1aR2, R1aR2%®, R1a®®R2 and R1a®*““R2%% expressed in GIRK cells (n = 7 — 13). D,
Hippocampal neurons (14-21 DIV) expressing R1a®® ““R2%%> were incubated in 1 mM d-
TC for 5 min followed by 200 uM DTT for 30 min at RT, 200 uM MTSES for 5 min, 3
ug/ml BTX-AF488 for 10 min at 4°C, 2 mM DTT for 5 min at RT, and 3 pg/ml BTX-AF555
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for 10 min at 4°C and imaged at different times at 30-32°C. Arrowheads indicate some
examples of co-localised and internalised R1a and R2 subunits. E, Rate of constitutive
internalisation of BTX-AF488 tagged R2°® and BTX-AF555 tagged R1a®*“receptors (n
= 6). ***P<0.001 one way ANOVA. Data presented in (C) was acquired by Dr. M.E.
Wilkins

Live cell imaging of cells was carried out at 30-32°C in Krebs. Notably, R2 (+BTX-AF488)
and Rla (+BTX-AF555) were co-localised over the same period to intracellular
compartments at 15 - 60 min (Fig. 4.7D). No intracellular compartments were
decorated with only one or other of the fluorophores. The rates and extents of
internalisation for the labelled Rla (t = 11 + 1 min; extent = 32 + 3; n = 5) and R2
subunits (t = 8 + 1 min; extent = 35 + 3; n = 5, P>0.05; Fig. 4.7E) were also similar.
Taken together, these data strongly suggest that the majority of R1a and R2 subunits
are internalised as heterodimers and rules out the possibility that the subunits
disassemble from the heteromeric complex prior to recruitment into the endocytic
pathway. NSF (discussed previously) which has been described to play a role in the
desensitisation process of GABAg receptors has been reported to disassemble other
receptor complexes such as the AMPA receptor GIuR2 subunits and effect synaptic

availability and therefore signalling of AMPA receptors (Hanley et al., 2002).
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4.3 Discussion

Since the discovery of heterodimerisation of GABAg receptors, oligomerisation of GPCR
subunits is now considered an important mechanism for the modulation of signalling
and trafficking properties of GPCRs. Such modulation has been best described for the
opioid receptor (Rozenfeld and Devi, 2010) for which dimerisation and higher order
oligomerisation of the u and 6 receptors causes the opiod receptor to exhibit different
pharmacological profiles and signalling properties to the receptors expressed
individually (George et al., 2000). For example, u and 6 receptors complex has a 10-
fold lower affinity for the p- and 6- selective agonists DAMGO ([D-Alaz, N-MePhe*, Gly-
ol]- enkephalin) and ([d-Pen®, d-Pen’]-enkephalin) DPDPE, respectively compared to
individual receptors and the heteromers are more stable on the cell surface compared
to individual monomers. In addition, the dopamine D1 and D2 receptors are unable to
couple to Gg as monomers but can do so in their heteromeric forms (Lee et al., 2004)

resulting in the activation of PLC.

Similar to these GPCRs, slow synaptic inhibition in the CNS relies on the hetero-
oligomerisation of R1 and R2 GABAg receptor subunits. This links the transmitter
binding site on R1 with the G-protein signalling properties possessed by R2. Although it
is well established that heterodimerisation enables the trafficking of R1 subunits to the
cell surface, what controls GABAg receptor surface stability thereafter is less well
understood. GABAg receptors have been described to form dimers of dimers (Maurel
et al., 2008) with the interaction interface between heterodimers being formed by two
R1 subunits. In addition to heterodimerisation, such oligomeric assembly could also

affect the internalisation profiles of the GABAgz heteromers. The ability to track the
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real-time movement of R1 and R2 subunits in live cells using the BBS and the
fluorophore-conjugated BTX provides opportunities for investigating the role of R2 in
the molecular mechanisms underlying cell surface receptor stability for GABAg

receptors.

4.3.1 R2 is a regulator of GABAg receptor internalisation

The fast rate of internalisation of R1a®®**”** homomers became evident once the ER
retention motif had been substituted allowing R1a access to the surface membrane.
The modulatory influence of R2 was apparent by extending the use of the BBS tagging
strategy to insert a functionally silent, high affinity BBS into the N-terminal domain of
R2 subunits. Tracking the real-time movement of R2 subunits, for the first time
independently from R1a, revealed its internalisation rate was notably slower. Indeed,
the rates of internalisation for RlaBBSRZ, R1aR2%% and RZBBS, were comparable and

significantly slower than for R1a*****

. Independent of which subunit was tagged with
the BBS, the R2 subunit slowed the rate and reduced the extent of internalisation.
Thus heterodimerisation will slow down the rate of internalisation and if the rate of
recycling and rates of insertion of newly synthesised receptors remain the same, this
will impart greater stability to cell surface GABA; receptors thereby enhancing
inhibition. Attempts made to study constitutive internalisation of R1a®*®*"** homomers
at near physiological temperatures demonstrated clearly that these homomers

internalised at a quicker rate and to a greater extent compared to R2®®® homomers,

and R1a®®°R2 or R1aR2®® heteromers at the higher temperature. However, the rapid
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rate of internalisation for R1a55"%*

receptors at near physiological temperatures made
it difficult to accurately measure kinetic parameters. In addition, given that the rate
and extent of internalisation of R2°®® homomers is similar to those of the R1a®*R2 or
R1aR2%® heteromers, the possibility that the rates and extents of constitutive
internalisation of the heteromers is a weighted mean of the monomers can be
discounted.

Whether the ASA serves as a dominant endocytic signal was investigated by creating a

BBS

C-terminal tail truncation of R1a"" starting at R922 and this mutant had similar rates

BBS-ASA

and extents of constitutive internalisation as the Rla receptors discounting the

possibility that ASA serves as an endocytic signal.

4.3.2 Structural motif promoting rapid GABA; receptor internalisation

BBS-ASA BBS

The rapid internalisation of Rla compared to R2°" was likely to be caused by one
or more intracellular motifs specifically located on the R1a subunit. The C-terminal tail
was designated as the prime location for controlling receptor internalisation because
of its length and its engagement with the equivalent tail in the R2 subunit, which also

influences the rate of internalisation of the heteromer.

BBS-ASA

By truncating the C-terminal tail of Rla after the seventh transmembrane

domain, the rate of internalisation was reduced towards that of R1%%°R2, identifying

the location of an endocytic motif that increased the rate of constitutive

BBS-ASA

internalisation of Rla compared to R1laR2. By replacing the di-leucine motif
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(L889, L890) in RlaBBS'ASA'LSSQA’LSQOA, the rate and extent of constitutive internalisation

BBS BBS

became comparable to that for R2™° and R1aR2. By contrast, co-assembly of Rla

with R2ACT produced receptors exhibiting similar rates and extents of internalisation

to RlaBBS—ASA

again discounting the possibility that the ASA motif was serving as an
endocytic signal. For the R1aR2 heteromer, the di-leucine motif did not increase the
rate of internalisation. This may be a consequence of the R2 subunit C-terminal tail. Its

truncation in R2ACT and co-expression with R1a%##*

, ho longer slowed the rate and
extent of internalisation to that of the R2 homomer, but proceeded at the same rate
and to the same extent as that of R1a®***** homomers. The most plausible explanation
is that the R2 subunit determines the rate and extent of internalisation of
heterodimers by masking the di-leucine motif upon coassembly with residues from its

C-tail. The di-leucine motif is suitably positioned in the coiled-coil domain, a major site

of interaction between R1 and R2 (White et al., 1998; Kuner et al., 1999).

The importance of the di-leucine motif on R1a trafficking is exemplified by its previous
description as an interaction motif for msec7-1 (Restituito et al., 2005), which is a GEF
of the ADP-ribosylation factor (ARF) proteins. These proteins are known to play an
important role in vesicular trafficking in all eukaryotic cells (Jackson et al., 2000).

ASA
A on the cell

Indeed, the overexpression of msec7-1 upregulates the levels of R1
surface of COS-7 cells via an interaction with the di-leucine motif. It is conceivable that
msec7-1 could serve as an adapter for GABA; receptor internalisation by interacting
with the di-leucine motif causing R1a™* receptors to be internalised faster and to a
greater extent than R1aR2. An isoleucine-leucine pair is also present on the R2 subunit

(1853, L854), but this motif appears to play no role in GABAg receptor trafficking

despite the R2 subunit C-terminal tail influencing the destination of assembled
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receptors to specific neuronal compartments (Pooler et al.,, 2009). Therefore in the
absence of R2, R1a subunits internalise at a faster rate and greater extent than they do
in the presence of R2 as the dominant positive di-leucine motif internalisation signal in
the coiled-coil domain of R1la remains exposed to the cytosol where a yet unknown
interaction partner could recruit R1a for internalisation. As part of the heteromer, R2
slows down the internalisation kinetics of R1a by masking the di-leucine motif on Rla
and overriding this signal. The finding that internalisation profiles of R2 homomers and
R1aR2 heteromers are similar implies that once a part of the heteromeric complex an
internalisation signal on R2 subunits could determine the internalisation profiles of the
heteromers. A direct evidence of this hypothesis is yet to be established and further
work is required to validate this hypothesis including the identification of a motif on R2
that would recruit the heteromers for clathrin- and dynamin-dependent

internalisation.

4.3.3 Cycling of GABAg receptors

The rate and extent of internalisation was notably increased for R1a homomers when
the RSR retention motif was removed. Co-expression with R2 nullified this effect unless
the C-terminal tail for R2 was truncated. By combining the rates of receptor movement
measured in this study with others, it is possible to construct a kinetic model for the
trafficking life cycle of GABAg receptors (Fig. 4.8A). The main elements of the model
include, rates for GABAg receptor endocytosis from the surface membrane (Kengo, this

study), synthesis and insertion of new receptors from the Golgi stack/ER (ki,, taken
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from (Wilkins et al., 2008)), degradation of endocytosed receptors (kgegrad), recycling of
receptors back to the surface membrane (k) and photobleaching of the BTX
attached fluorophore (kg this study; Fig. 4.8A). The removal of GABAg receptors from
the surface membrane (as measured by the loss of surface fluorescence) was a
function of the rate of insertion (t = 7.8 min (Wilkins et al., 2008)) and the rate of
endocytosis (t = 15 min for R1aR2 heteromers) with photobleaching (t = 98 min)
having a negligible contribution. To ensure a plateau phase develops requires that a
proportion of receptors must recycle back to the cell surface. This rate was empirically
determined to reproduce the experimental data, being set to T = 25 min with up to 40
% of internalised receptors being returned to the surface. A proportion are considered
to be degraded from the internalised pool and this was set empirically at 20% with a 1
= 120 min. Given these boundary conditions, and apart from changing the rate of
endocytosis, the plateau steady-state phases of the decay curves involving, R1a®85AA
R1a®®"*R2ACT, compared to R1aR2 and R2°% (Fig. 4.5B) are most easily accounted
for by changes in receptor recycling (Fig. 4.8B). Although increased receptor insertion
will also affect the steady-state, when the rates are increased, this slows the rate of
internalisation often causing an inflection on the decay phase that is not observed
experimentally. Changes to the rate of degradation can also affect the steady-state,
but under the conditions of the model, large excursions in the extent of degradation
have minimal effect on the steady-state. Overall, receptor recycling appears the

likeliest cause for the plateau phase observed in the internalisation profiles.



R2 subunit stabilises GABA; receptors on the cell surface 118

Rlamyc-BBS Rzﬂag-BBS
A o o . B
> Photobleaching P
o Kob 100 © R1a%55R2
\ (] * O R1aBBS-ASA,L889A. LBIOA
8 6\ 80 \8\ A& R1aBBS-ASA
8 n AN  R1a885-ASAR2ACT
g5 60
. 55
Recycling Endocytosis E § 40
K Kendo SIS
recyc o o o~ 20
D =
Synthesis E o——
arly/Late
i 0 10 20 30 40 50 60
/Insertion Endosomes . .
Time (min)
S
l kdegrad = Myc
= Flag
[ S
: : BBS
CR/Goldi & & Lysosome © o
o|g| BTX-AF555
© BTX-AF555 (bleached)

Figure 4.8 - Trafficking model for GABAg receptors.

A, Schematic diagram that illustrates the trafficking of GABAg receptors from the cell
surface to early/late endosomes and onto lysosomes. The surface replenishment
pathway involves the recycling of receptors and the synthetic pathway from the Golgi
stack. The respective rate constants and key for the GABAg receptors are indicated. B,
Rates of constitutive internalisation for R2%%°, R1a®%°R2, R1gBBS/ASALBBIALE00A o 4BBS-ASA
and R1a®®"*R2ACT receptors, taken from Fig. 4.5B. The curve fits are generated
using the model in A with kendo = 0.067 min™, ki, = 0.128 min™, kpp = 0.01 min™, krecyc =
0.04 min™, Kgegrag = 0.0083 min™* (for R1aR2, blue), with 45% of receptors recycling, and
Kendo = 0.11 min™", ki, = 0.128 min™, ko, = 0.01 min™, Krecye = 0.04 min™, Kgegrag = 0.0083
min* (for R1a®®™*, red) with 30% of receptors recycling.

4.3.4 Multiple roles for GABAg receptor heterodimerisation

The GABAg receptor was the first example of a GPCR that required heterodimerisation
to support ligand binding and G protein coupling (Kaupmann et al., 1998; White et al.,
1998). Although the precise subunit stoichiometry(ies) for GABAg receptors has not
been resolved, primarily heterodimerisation between R1 and R2 performs at least
three distinct roles. Firstly, to link ligand binding to downstream signalling, the ligand
binding site located in the VFTD of R1, needs to be co-assembled with the G-protein

coupling domain located in the intracellular loops of R2 (Margeta-Mitrovic et al.,
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2001a; Duthey et al., 2002; Havlickova et al., 2002; Robbins et al., 2001). Secondly, an
interaction between the VFTDs of R1 and R2 is important to create a high affinity
GABA binding site (Galvez et al.,, 2001), and any disruption to this extracellular
interaction abolishes subsequent G-protein coupling (Rondard et al., 2008). Thirdly, R1
requires R2 to act as a chaperone to reach the cell surface (Couve et al., 1998) because
of the ER retention motif in R1 (Margeta-Mitrovic et al., 2000). Here, a fourth
important role for heterodimerisation has been added in which R2 determines the rate
and extent of internalisation of heterodimers by masking the di-leucine motif in the C-

terminal tail coiled-coil domain of R1a.

The coupling between Rla and R2 is sufficiently tight such that both subunits are
internalised together dispensing with the need to dissociate beforehand in the plane of
the cell surface (Kammerer et al., 1999). This aspect was demonstrated by extending
the versatility of the BBS tagging method to enable dual labelling of the R1a and R2

subunits with BTX conjugated to discrete fluorophores.

Thus, in conclusion, the new role for R2 subunits in determining the rate of
internalisation of R1aR2 denotes R2 as a major determinant of cell surface GABAg
receptor stability. This will influence the efficacy of slow synaptic inhibition in the CNS
by slowing the removal of receptors from the cell surface. This is a desirable property
for G-protein coupled receptors that are generally considered to perform a
housekeeping role in providing background, low efficacy inhibition following GABA

spillover from inhibitory synapses.
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4.4 Summary

o BBS technique can be applied to study the trafficking of GABAg R2 subunits

o R2 subunits stabilise R1a subunits at the cell surface

o R2 subunits achieve this by occluding a di-leucine motif in the C-terminal tail of
R1, which in the absence of R2, acts as a dominant endocytic signal

o Dual labelling is possible using the BBS approach

o GABAg receptors are internalised as heteromers
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Chapter V

Sushi Domains confer distinct trafficking profiles on GABAg

receptors

5.1 Introduction

Functional GABAg receptors in the CNS require heterodimerisation (Jones et al., 1998;
White et al., 1998; Kaupmann et al., 1998) between R1 subunits that contain the
agonist binding domain (Malitschek et al., 1999) and R2 subunits that provide the link
to G-protein signalling (Galvez et al., 2001; Margeta-Mitrovic et al., 2001a) in order to
couple to GIRK channels and VGCCs. To date, only one isoform of R2 has been
reported. By contrast several isoforms of the R1 subunit have been described (R1a,
R1lb, Rlc, Rle, R1j) (Bettler et al., 2004). Amongst these, R1la and R1lb are the
predominant isoforms found in the CNS and arise because of different promoters
(Kaupmann et al., 1998; Kaupmann et al., 1997) of the GABBR1 gene. These isoforms
differ in the N-terminus due to the presence in R1a of an additional 143 amino acids

forming two SDs which are replaced by 18 unique amino acids in R1b.

Heteromers formed from the R1 spice variants, R1aR2 and R1bR2, are thought to play
distinct roles in neurotransmission following studies with R1a and R1b knock-out mice
(Perez-Garci et al., 2006; Gassmann et al., 2004; Shaban et al., 2006; Vigot et al., 2006;
Ulrich and Bettler, 2007; Guetg et al., 2009). These studies revealed that R1aR2

contributes to presynaptic heteroreceptors, which inhibit glutamate release, whilst
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both R1aR2 and R1bR2 are found postsynaptically in dendrites. Here, R1bR2 receptors
are more abundant in spines where they couple to K* channels. Knocking out R1b,
unlike Rla, subunits reduced postsynaptic K* currents, suggesting they form the
majority of postsynaptic heteroreceptors. Rlb is also responsible for inhibiting
dendritic Ca®* spikes, possibly via direct inhibition of VGCCs (Chalifoux and Carter,
2011). The two heteromeric subtypes also show different subcellular
compartmentalisation with the SDs acting as an axonal targeting sequence to deliver

R1aR2 more efficiently to axons compared to R1bR2 receptors (Biermann et al., 2010).

Although GABAg receptor function can be regulated by the differential targeting of
R1aR2 and R1bR2 receptors, it remains unknown how the SDs affect the lateral
mobility and internalisation kinetics of R1aR2 receptors - aspects that will play a critical
role in determining the efficacy of GABAg receptor signalling. Here, the role of the SDs
on trafficking has been studied by inserting the BBS into the GABAg receptor R1b splice

variant.
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5.2 Results

5.2.1 Bungarotoxin tagging of GABA; R1b®® is functionally silent

Constitutive internalisation of the R1bR2 receptor, was followed by inserting a BBS site
into the N-terminus of R1b subunits. This was inserted adjacent to a myc tag, six amino
acids from the start of the mature protein (Fig 5.1A). The ability of R1b®®® to bind
specifically to BTX-AF555 was demonstrated in GIRK cells and cultured hippocampal
neurons (14-21 DIV), transfected with cDNAs encoding for either RleBS, R2 and eGFP,

or just eGFP (Fig. 5.1B).

Radioligand binding studies with **’I-BTX was used to assess the apparent affinity of
BTX for R1b®®. Increasing concentrations of '?’I-BTX were applied to GIRK cells,
expressing R1b®%°R2 receptors, for 1 hr at RT, with 1231.8TX binding in a concentration-
dependent saturable manner (Fig. 5.1C). Scatchard analysis was used to determine a Kq4
of 32.6 + 5.1 nM (n = 6) for BTX binding, which is 8-fold lower than the Ky for BTX
binding to the a7/5HTs, 3.92 + 2.4 nM (n = 3). Therefore dissociation of BTX from

R1b®® will not affect prolonged live cell imaging of the GABAg receptors.
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Figure 5.1 - BBS on R1b binds to BTX coupled to AF555 and is functionally silent.

A, Schematic diagram showing the relative locations for the BBS and the myc epitopes
in R1b subunits. The BBS was inserted between Leu6 and Pro7. B (left), Images of GIRK
cells expressing R1b®*°R2 and (or) eGFP incubated with 3 pg/ml BTX-AF555 or UL-BTX
for 10 min at RT. Scale bars = 5 um. (Right) Images of rat cultured hippocampal
neurons expressing R1aR2®® and (or) eGFP, incubated with 1 mM d-TC for 5 min
followed by incubation with 3 ug/ml BTX-AF555 or UL-BTX for 10 min at RT. Scale bars
=10 um. C, Whole-cell radioligand binding experiments with 125|_BTX for the R1b®®°R2
receptor (n = 6).D, GABA concentration response curves for R1bR2, RleBSRZ, and BTX
bound R1b*R2 receptors all expressed in GIRK cells (n = 5-6). Data presented in (D)
was acquired by Dr. M.E. Wilkins
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The functional neutrality of the BBS tag on R1b°® was assessed using whole-cell patch
clamp electrophysiology with GABA concentration response curves for the activation
of Kir 3.1 and 3.2 channels using wild-type (R1bR2) and R1b®*R2 receptors in the
presence and absence of 3 pug/ml BTX-AF555 (Fig. 5.1D). The insertion of the BBS on
R1b had no effect on the shape of the concentration response curves, or GABA

potency, as determined from the ECsq values with R1b®8®

R2 receptors in the absence
(1.2 £ 0.1 uM, n = 5) or presence (1.1 £ 0.1 uM, n = 6) of BTX-AF555 compared to the

wild-type receptor (1.1 £ 0.1 uM; n =5; P > 0.05; Fig. 5.1D).

These results suggest, as previously for R1a®® and R2%%, that insertion of the BBS site
into R1b enables high affinity binding of BTX, and when co-expressed with R2, the
pharmacological profile of the receptor is similar to wild-type. Therefore, the BBS tag
approach and a range of imaging strategies can be applied to study the real-time

trafficking of R1bR2 receptors.

5.2.2 R2 subunits slow the internalisation rate of R1lb homomers but not the

extent

R2 subunits have been previously demonstrated to stabilise R1a subunits on the cell
surface by interacting with a di-leucine motif (L889, L890) in the C-terminal coiled-coil
domain of Rla. Since Rla and R1lb have identical C-terminal coiled-coil domain
sequences, we expected that R2 would also stabilise R1b by similarly interacting with
bBBS

the homologous R1b di-leucine motif (L773, L774). To study the movement of R1

alone, the ER retention motif (-RSR-) in the coiled-coil domain was replaced by ASA to
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create R1b®®™A Cell labelling with BTX-AF555 (3 pg/ml) in GIRK cells expressing
R1b®"* indicated receptor trafficking to the cell surface (Fig. 5.2A). Rapid
constitutive internalisation to intracellular compartments of BTX-AF555 tagged
R1b®°R2 and R1b®*™* was also evident at RT (Fig. 5.24). However, the
monoexponential rate of decay in surface membrane fluorescence that marks the
progress of constitutive internalisation was much faster for R1b®™* (t = 8.6 + 1.1
min; n = 8) compared to R1b°*R2 (t = 14.6 + 1.4 min; n = 9; P<0.05; Fig. 5.28, C),

indicating that R2 slows the internalisation of R1b following heterodimerisation.

The importance of the Rlb di-leucine motif (L773, L774) in this process was
investigated by its replacement with alanines. Using BTX-AF555 labelling, R1pBESASAAA
trafficked to the cell surface (Fig. 5.2A), but the rate of internalisation was significantly
slower (14.1 £ 1.9 min; n = 8, P<0.05) compared to that for R1bB5AA and comparable
to the rate for R1b®°R2 (Fig. 5.2B, C). However, differences were not observed
between the extents of constitutive internalisation for R1b®*#%* (259 +2 %; n = 8)
compared to either R1b®*°R2 (23.9 + 2.1 %; n = 9; P>0.05) or R1b®**"**** receptors
(21.8 £ 1.7 %; n = 8; P>0.05). This differs from the earlier comparison of R1la homomers
and heteromers, where the extent of internalisation was greater for R1a5854%A

compared to that for R1aR2 heterodimers (Fig. 5.3B; dotted lines; data taken from Fig

3.1C, 4.1B).

Thus whilst the R2 subunit slows the internalisation of both R1aR2 and R1bR2 by
interacting with the di-leucine motif in the R1 coiled-coil domain, the disparity
between the relative extents of internalisation for R1aR2 and R1bR2 implies that the

greater stability of R1aR2 on the surface membrane may be a consequence of the SDs
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present in R1a. The fact that the internalisation profiles of R1a and R1b homomers are
similar suggests that the SDs in R1a do not interact to stabilise the R1la homomers and
that the SDs to impart increased stability to R1a containing receptors, R2 subunits are

required.
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Figure 5.2 - R2 stabilises R1b subunits by altering the rate of internalisation.

A, GIRK cells expressing either R1b®*°R2 (upper panel), R1b®***** (middle panel) or
R1pBESASAAA (lower panel) were incubated in 3 ug/ml BTX-AF555 for 10 min at RT to
label surface GABAg receptors and imaged over 0 — 60 min at RT. B, The rate of
internalisation of BTX-AF555 tagged R1b®®°R2 heteromers (o), and R1b®***** (e) and
R1bBBSSAAA (4) homomers at RT (n = 8-9). C, Exponential decay time constants for the
rate of decay of membrane fluorescence for R1b®°R2, R1a%¥™* and R1a®¥"** p,
Extent of internalisation for R1b°®°R2 receptors, and R1b®EAA or R1b%E ASAAA
homomers. NS — Not significant, *P<0.05, One-way ANOVA. Scale bar =5 um.
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5.2.3 R1aR2 internalise slower than R1bR2 from the surface of hippocampal

neurons

To determine if R1aR2 receptors internalise slower from the surface of hippocampal
neurons than R1bR2 receptors, the constitutive internalisation of R1a®®R2 and
R1b®®R2 was studied in the soma of cultured hippocampal neurons (14-21 DIV)

transfected with cDNAs encoding for R1a® or RleBs, R2, and eGFP were studied at

PT.
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Figure 5.3 - R1bR2 receptors constitutively internalise at a faster rate and to a
greater extent compared to R1aR2.

A, Hippocampal neurons at 14-21 DIV, expressing R1a®® or R1b®® with R2 and eGFP
were incubated in 1 mM d-TC followed by 3 pg/ml BTX-AF555 at RT and imaged at
different time points at 30-32°C. B, Rates of constitutive internalisation of BTX-AF555
tagged R1a®®R2 (e) and R1b®*°R2 (0) receptors (n = 7-12). C, Exponential decay time
constants for the rate of decay of membrane fluorescence of R1a®®*R2 and R1b®*°R2
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receptors. D, Extent of constitutive internalisation of R1a®®°R2 and R1b®*R2 receptors.
* P<0.05, ***P<0.001. Scale bar 10 pm.

The cells were incubated with d-TC (1 mM) for 5 min followed by BTX-AF555 (3 pg/ml,
10 min) and imaged at different time points to construct surface fluorescence decay
curves for internalisation (Fig. 5.3A, B). Constitutive internalisation resulted in a rapid
decrease of surface fluorescence for each receptor isoform (Fig. 5.3B) with endocytic
compartments filled with BTX-AF555. The extent of internalisation for R1b®°R2
receptors was greater (18.1 + 1.2 %; n = 12) compared to R1a®®*R2 (30.7 + 2.2; n = 7,
P<0.0001; Fig 5.3D). The rate of internalisation for R1b®®*R2 (9.4 +1.5 min; n = 12) was
also significantly faster compared to R1a®®R2 (16.3 + 2.5 min; n = 7; P < 0.05; Fig. 5.35,
C). This implies that the R1aR2 subtype of the GABAg receptor internalises at a slower
rate and lesser extent than the R1bR2 subtype in the soma of hippocampal neurons in
culture. Given the differential roles attributed to these two subtypes of the GABAg
receptor in neuronal physiology, it is therefore of interest whether the subtype-specific
internalisation profiles observed could explain some of the differences observed in
signalling and will be studied in the future. The differences in internalisation observed
could reflect an influence of the SDs on R1aR2 by modulating not only the extent but

also the rate of receptor internalisation.



Sushi Domains confer distinct trafficking profiles on GABA; receptors 130

5.2.4 Membrane insertion is faster for R1bR2 compared to R1aR2 receptors

Whether the difference in the rates of internalisation could be extended to surface
membrane insertion of R1b®®°R2 and R1a®°R2 receptors was studied in transfected
GIRK cells. UL-BTX (20 pg/ml) was applied at RT for 10 min to label all cell surface
GABAg; receptors. After washing to remove UL-BTX, BTX-AF555 (3 ug/ml) was applied
at 37°C for different periods prior to imaging (Fig. 5.4A). Consistent with the
internalisation assay, by measuring increased membrane fluorescence, a significant
difference was observed in the rates of surface membrane insertion, with R1b®%R2
inserted at a faster rate (1 = 12.4 £ 2.9 min; n = 9) compared to R1a®®™R2 (1= 26.5 + 2.4
min, n = 9; P < 0.01; Fig. 5.4B, C) receptors. The apparent staining observed att = 0
(Fig. 5.4A) in the absence of BTX-AF555 is possibly due to auto-fluorescence of fixed
cells. The plateau observed in the graphs (Fig. 5.4B) is due to the saturation of all the
cell surface receptors in the presence of a high dose of BTX-AF555 in the extracellular
medium and at the time points around the plateau phase the fluorescence is likely to
represent equilibrium between internalisation, insertion of newly-synthesized
receptors, and recycling receptors. In addition, degradation of GABAg receptors is also
likely to occur during the course of the treatment with BTX-AF555. The kinetics of this

equilibrium is of interest and could be studied in the future.
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Figure 5.4 - R1b®®R2 receptors are constitutively inserted into the membrane at a
faster rate than R1a®®*R2 receptors.

A, GIRK cells transfected with cDNAs encoding for R1a®® or R1b®® with R2 and eGFP
were incubated in 20 pg/ml UL-BTX for 10 mins at RT and incubated at 37°C for
different times in 3 ug/ml BTX-AF555. B, Rates of constitutive insertion of R1a®®R2 (e)
and R1b®*°R2 (0) receptors (n =9). C, Exponential growth time constants for the rate of
increase in surface fluorescence of R1a®®*R2 and R1b®*R2 receptors. ** P<0.01. Scale
bar 5 um.

Together these results indicate that the two subtypes of GABAg receptors have distinct
dynamics on the cell surface with R1bR2 constitutively inserted into the cell surface at
a faster rate than R1aR2 receptors. This difference in the insertion rates could also
reflect the presence of the SDs on Rla serving to slow down insertion and

internalisation profiles of R1aR2 compared to R1bR2 receptors.
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5.2.5 SDs increase the stability of R1aR2 receptors

NMR interpreted structures of the SDs have revealed that SD1 is less compact than
SD2 (Blein et al., 2004) implying that the two SDs could play differential roles in cellular
physiology. In addition, the only known interaction partner of the SDs, to our
knowledge, is fibulin-2, which interacts with SD1. To investigate how R1aR2 cell surface
stability can be differentially regulated by the SDs compared to R1bR2, either the N-
terminal (R1a®®ASD1) or the C-terminal (R1a®®°ASD2) SDs were deleted in R1a®® and
constitutive internalisation of R1a®®*ASD1R2 and R1a®®°ASD2R2 studied. Hippocampal
neuronal images expressing either R1a®®ASD1 or R1a®®°ASD2, with R2 and eGFP, were
analysed at 14-21 DIV. After blocking native nicotinic AChRs with d-TC (1 mM), BTX-
AF555 was applied to monitor the surface fluorescence at different time points to
follow receptor internalisation (Fig. 5.5A, B). Both R1a®®**ASD1R2 (t = 6.5 + 1.8 min; n =
9) and R1a®®ASD2R2 (t = 7.9 + 1.3 min; n = 12; Fig 5.5C) constitutively internalised at
similar rates that are indistinguishable from R1b®°R2 (P>0.05). However, when
compared to R1a®®°R2, both R1a®®ASD1R2 (P<0.01) and R1a®®ASD2R2 (P<0.05)
internalised at faster rates. Moreover, the extent of internalisation for R1a®®ASD1R2
(19.2 + 2 %; n = 9) and R1a"®>ASD2R2 (19.4 + 2.3 %; n = 12; Fig 5.5D) were similar to
R1b®°R2 and significantly greater compared to R1a®®R2 (P<0.01). These results
suggest that the slower internalisation profiles conferred by the SDs on R1aR2 require
both SD1 and SD2. SDs are known to interact with a wide range of proteins in the
extracellular matrix (Kirkitadze and Barlow, 2001) and specific protein-protein or
protein-lipid interactions involving the SDs in R1a could anchor the R1aR2 receptors on
the cell surface enabling them to reside on the cell surface for longer than the R1bR2

receptors.
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Figure 5.5 - Both SDs in R1a are important for imparting increased stability to R1aR2
receptors.

A, Hippocampal neurons at 14-21 DIV, expressing either R1a®®ASD1 or R1a"®°ASD2
with R2 and eGFP were incubated in 1 mM d-TC for followed by 3 pg/ml BTX-AF555 for
10 min at RT and imaged at different time points at 30-32°C. B, Rates of constitutive
internalisation of BTX-AF555 tagged R1a®®R2 (), R1b®*°R2 (o), R1a®®ASD1 R2 (A),
and R1a®®ASD2 R2 (V) receptors (n = 7-12). C, Exponential decay time constants for
the rate of decay of membrane fluorescence of R1a®®°R2, R1b**R2, R1a®*ASD1R2, and
R1a®®*ASD2R2 receptors. D, Extent of constitutive internalisation of RlaBBSRZ,
R1b®®R2, R1a®®ASD1R2, and R1a®®ASD2R2 receptors. *** P<0.001, **P<0.01,
*P<0.05, One way ANOVA. Scale bar 10 um.



Sushi Domains confer distinct trafficking profiles on GABA; receptors 134

5.2.6 SDs stabilise R1aR2 receptors at dendrites and spines

R1aR2 and R1bR2 receptors are located postsynaptically near glutamatergic terminals
which can be found opposite dendritic spines. Therefore, the internalisation profiles of
R1aR2 and R1bR2 were studied in dendritic spines of unstimulated transfected
hippocampal neurons in culture. The spines in these neurons would have basal levels
of spontaneous neurotransmitter release and the sodium channel blocker tetrodotoxin
was not added as it is unable to block miniature release of neurotransmitters and
therefore the unstimulated and unevoked spine activity was considered as basal. In
order to study the internalisation of receptors from the spines, dendritic projections
with clearly visible spines were isolated and imaged at specific time-points for an hour.
A region of interest was drawn around each individual spine from the eGFP image and
the mean fluorescence in this region for the BTX-AF555 image was measured. In this
way, individual spines fluorescences were monitored for an hour at specific time
points. In addition, internalisation from the membrane of dendrites that lack spines
was also studied by drawing a region of interest around the dendritic membrane given
that here other presynaptic inputs releasing different neurotransmitters are present,

eg GABA.

The rate of internalisation for R1a®®R2 (t=11.4 £ 3.1 min; n = 78 spines; Fig. 5.6A, ()
was slower compared to R1b®°R2 (t =6.6 £ 1 min; n = 75 spines; P<0.0001; Fig. 5.64,
C, E), but interestingly, no differences were observed in the extent of internalisation
between R1a®®R2 (32.8 + 1 %; Fig. 5.6A, C) and R1b®*°R2 (30.6 + 1 %; P>0.05; Fig 5.64,

C, F) in dendritic spines.
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Similar to our results on hippocampal somatic membranes and spines, internalisation
of R1a®®°R2 was again slower in dendrites than (19.8 + 1.8 min; n = 13; Fig. 5.6B, D)
than R1b®®R2 (9.2 + 0.9 min; n=10; P<0.0001; Fig. 5.6B, D, E), but the extent of
internalisation was greater for R1b®®R2 (22.8 + 2.5 %; Fig. 5.68, D) compared to
R1a®®R2 (33.4 + 1.7 %; P< 0.01 Fig 5.68, D, F). This indicates the existence of different
trafficking properties for the two GABAg receptor isoforms in hippocampal

postsynaptic membranes.
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Figure 5.6 — SDs confer increased stability to R1aR2 receptors on dendritic
membranes and spines.

A and B, Hippocampal neurons at 14-21 DIV, expressing either R1a®®® or R1b®® with R2
and eGFP were incubated in 1 mM d-TC followed by 3 pug/ml BTX-AF555 for 10 min at
RT and spines (A) or dendrites (B) imaged at different time points at 30-32°C. C, Rates
of constitutive internalisation of R1a®®R2 (e) and R1b®*°R2 (o) on dendritic
membranes (n = 10-13). D, Rates of constitutive internalisation of R1a®®*R2 (e) and
R1b®%°R2 (0) in spines (n = 75-78). E, Exponential decay time constants for the rate of
decay of membrane fluorescence of R1a®®*R2 and R1b®®R2 receptors in dendrites
(left) and spines (right). (F) Extent of constitutive internalisation of R1a®®°R2 and
R1b®%°R2 receptors in dendrites (left) and spines (right). NS- Not significant, ***
P<0.001, ** P<0.01. Scale bar 2 um.
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5.2.7 BBS tag on mGluR2 receptors

To further establish the role of the SDs on receptor trafficking, we inserted these
domains into another GPCR, mGIuR2, which lacks SDs. mGIuR2 was chosen as it is a
class-C GPCR and is similar in structure to the GABAg receptors. In addition, like the
GABA; receptor, it couples to Gai/o. We first inserted the BBS site 6 amino acids from

the N-terminus of mGIuR2 (mGIluR2®%; Fig 5.7A) and then created an mGluR2%®

BBS

receptor-SDs chimera (mGIuR2">-SD) in which amino acids G16 to N159 comprising

the two SDs of GABAg receptors were inserted adjacent to the BBS.

Neurons transfected with mGIuR2®®® or mGIuR2®®-SD bound BTX-AF555 with high
specificity (Fig. 5.7B). Live cell imaging of BTX-AF555 tagged mGIluR2®®> and mGIuR2%%-
SD was performed in hippocampal neurons at PT. Compared with both R1aR2
(P<0.001) and R1bR2 (P<0.001), the mGIuR2®® receptors exhibited increased stability
at the cell surface (Fig. 5.7B, C), with slower rates (29.8 + 4.5 min; n = 8, Fig. 5.7D) and
lower extents (41.2 + 3; n = 8; Fig 5.7E) of internalisation. Over a 1 hr imaging period,
only a small amount of fluorescence containing BTX-AF555 was observed to
accumulate internally, in comparison to that observed for GABAg receptors.

BB .
>.SD, increased

Significantly, the presence of the two SDs in the chimera, mGIuR2
receptor stability at the surface, reducing the rate of internalisation further (42.3 + 8
min; n = 7; P<0.001; Fig. 5.7 B-D) and lowering the extent of internalisation (64.5 + 2.2

%; n = 7; P<0.0001; Fig. 5.7E) compared to that for mGIluR2®%. These data confirm that

the SDs confer increased stability on the GABAg R1aR2 receptors compared to R1bR2.
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Figure 5.7 —SDs stabilise mGIuR2 receptors.

A, Schematic diagram showing the location for the BBS epitope in mGIluR2 receptor.
The BBS was inserted between Lys6 and Val7. B, Hippocampal neurons at 14-21 DIV,
expressing either mGIuR2®® or mGIuR2®%-SD were incubated in 1 mM d-TC followed
by 3 pug/ml BTX-AF555 for 10 min at RT and imaged at different time points at 30-32°C.
C, Rates of constitutive internalisation of BTX-AF555 tagged mGIuR2®® (V),
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mGIluR2%%°-SD (A ), R1a®®°R2 (e), and R1b®*R2 (o) receptors (n = 7-12). D, Exponential

decay time constants for the rate of decay of membrane fluorescence of mGluR2®®*,

mGIuRZBBS-SD, RlaBBSRZ, and R1b®°R2 receptors. E, Extents of constitutive
internalisation of mGIuR2®®, mGIuR2%%°-sD, R1a®*R2, and R1b®*°R2 receptors. ***
P<0.001, ** P<0.01, * P<0.05. One way ANOVA. Scale bar 10 um.

5.3 Discussion

By using a BTX-tagging method, distinct trafficking itineraries of the two major
subtypes of GABAg receptors found in the CNS, R1aR2 and R1bR2 has been dissected
here. Placing the BBS in the N-terminus of R1b allowed heteromers containing this
subunit to be followed in real time in a similar fashion to that previously described for
R1a%"° using fluorescently-labelled BTX. While recent studies have focused on the
internalisation properties of R1aR2 receptors (Wilkins et al., 2008; Vargas et al., 2008;
Grampp et al.,, 2008; Grampp et al., 2007), R1bR2 receptors have been less
characterised. Clearly, the BBS did not alter the functional properties of recombinant
R1b®*R2 receptors, assessed using whole-cell patch-clamp electrophysiology.

Furthermore, the BTX binding to R1b®8°

was of sufficient high affinity to allow the
monitoring of the cell surface stability of R1bR2 receptors in hippocampal somatic and

dendritic membranes, and also in dendritic spines.

5.3.1 R2 and stabilisation of GABA; receptors

GABA; receptors are obligate heterodimers with R1 and R2 subunits playing distinct
parts in signalling and trafficking. Recently a new role for R2 in stabilising R1a subunits

upon formation of the heterodimer has been reported (Hannan et al.,, 2011). R2
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confers stability by an interaction between its C-terminal tail with a di-leucine motif in
the C-terminal coiled-coil domain of R1a. In the present study, R2 clearly performs a
similar role for the R1b subunit. This was demonstrated by replacing the ER retention
motif, RSR on R1b, for ASA. These R1b®®*™* receptors were expressed on the cell

surface and constitutively internalised at a faster rate than R1b®®®

R2 highlighting the
importance of R2 in regulating surface R1bR2. The significance of the di-leucine motif

on the R1 coiled-coil domain interacting with the R2 C-terminal tail was emphasised by

BBS-ASA-LL BBS-ASA-AA
b b

mutating the di-leucines on R1 to alanines (R1 ), which slowed the

rate of internalisation matching that of R1b®%

R2. However, there is an important
distinction in the trafficking behaviour between Rla and R1lb - the extent of
internalisation of R1b®**** was similar to R1b®*°R2, differing from R1a®5"* which

internalised to a greater extent than R1a%%

R2. Given that the major structural
difference between Rla and R1lb are the two SDs in Rla, this implied that these

domains impart additional stability upon R1aR2 receptors compared to Rb1R2.

5.3.2 SDs regulate GABA; receptor trafficking

The different cell surface stabilities of R1aR2 and R1bR2 receptors in hippocampal
neurons required the presence of both SDs in the R1a subunit as deletions of either SD

promoted internalisation profiles indistinguishable from R1bR2 receptors.

The importance of the SDs for receptor trafficking extends beyond GABAg receptors.
This was revealed by inserting a BBS into the N-terminus of another class C GPCR, the

mGIluR2 receptor, which does not contain innate SDs, but otherwise closely resembles
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GABAg receptors (Pin et al.,, 2003; Pin et al., 2009). Notably, mGIluR2°%® receptors
internalised slower from the cell surface compared to either subtype of GABAg
receptor, both in terms of rates and extents of internalisation, suggesting the existence
of diverse trafficking mechanisms within the class C GPCR family. The insertion of the

BBS-SD

two SDs rendered increased stability to mGIluR2 confirming their role in stabilising

surface GABAg R1aR2 receptors.

The mechanism by which SDs stabilise R1aR2 and the chimeric mGIuR2 is unknown.
Given the N-terminal location of the SDs, it is likely that protein-protein or protein-lipid

interactions in the extracellular matrix are important.

The SDs in Rla have been previously noted for their importance in differential
subcellular targeting of R1aR2 compared to R1bR2 receptors (Vigot et al., 2006). The
SDs form an axonal targeting signal for the preferential transport of R1aR2 receptors,
although R1aR2 and R1bR2 receptors can also be found in the soma and dendrites
(Biermann et al., 2010). The interacting partners that are important for axonal
targeting have not been identified. However, similar to their stabilising role for R1a,
the presence of both SDs are an absolute requirement. It is possible that the SDs may
interact across the subunits in the R1aR2 heteromer enabling SD1-SD2 to stabilise the

larger oligomeric complex on the cell surface.

Generally, SDs are well known to engage in specific protein-protein interactions and
their role in the immune system has been relatively well characterised (Kirkitadze and
Barlow, 2001). The two SDs in Rla are atypical in structure to the rest of the SD family
and the SD1 of Rla is less compact in structure than SD2 (Blein et al., 2004). SD1

interacts with the extracellular matrix protein fibulin-2 in vitro. In addition to this, a
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soluble excreted isoform of part of the R1la subunit, R1j, is mostly comprised of the
two SDs. This protein inhibits the function of GABAg heteroreceptors and recognises
binding partners on neuronal membranes although the sites of attachment have not
been identified (Tiao et al., 2008). The mechanism by which internalisation is slowed
could involve specific protein-protein or protein-lipid interactions involving the SDs in
R1la that anchor the R1aR2 receptors on the cell surface and enable them to reside on
the plasma membrane longer compared to the R1bR2 receptors. In addition, the
interaction between the SDs of R1aR2 heteromers could also alter the oligomeric
states of the R1aR2 receptors and therefore make them more resistant to
internalisation. The mechanism by which the SDs would decrease the rate of
internalisation and increase the extent of internalisation in R1aR2 is of interest and

could be studied further in the future.

It is therefore likely that the SDs interact with other proteins that could modulate the
signalling and trafficking of GABAg R1aR2 receptors. To this end, R1j has recently been

reported in humans (Lee et al., 2010).

5.3.3 Physiological consequences

Presynaptic GABAg receptors are classified into autoreceptors- or heteroreceptors
depending on whether they inhibit the release of GABA or glutamate respectively. This
is achieved by inhibition of VGCCs (Bettler and Tiao, 2006; Bettler et al., 2004). Due to
preferential targeting, R1aR2 receptors are considered more abundant at axon

terminals, specifically glutamatergic terminals, where the effectively inhibit Ca®" influx
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(Guetg et al., 2009; Vigot et al., 2006). By contrast, at postsynaptic sites, both R1aR2
and R1bR2 appear similarly effective at activating GIRK currents (Guetg et al., 2009).
Significantly, R1aR2 presynaptic heteroreceptors are selectively activated by low
concentrations of baclofen to reduce glutamate release (Guetg et al., 2009). The role
of the SDs in stabilising the R1aR2 subtype at the cell surface would ensure this
population of presynaptic GABA; receptors are not easily internalised acting as a brake
against uncontrolled release of glutamate during excitotoxicity. Indeed, presynaptic
GABAg receptors reduce multivesicular glutamate release (Chalifoux and Carter, 2010)
specifically reducing synaptic levels of glutamate that will affect the amplitude of

excitatory postsynaptic potentials (EPSPs).

By contrast, at postsynaptic sites, the R1bR2 subtype, at least in layer 5 neocortical
neurons, is mostly responsible for Ca® spike inhibition (Perez-Garci et al., 2006). Given
the propensity for the R1bR2 subtype to internalise to a greater extent compared to
R1aR2 receptors, this would allow the development of postsynaptic NMDA-receptor
mediated synaptic plasticity (Terunuma et al., 2010; Guetg et al., 2010) under
physiological conditions. However, under extreme pathophysiological conditions, the

increased internalisation of R1bR2 may contribute to neurotoxicity.

Clearly R1aR2 receptors will also be present at postsynaptic (extrasynaptic) sites, and
these will be capable of ameliorating excessive glutamate-mediated excitation.
However, in the neck of the dendritic spines, very near the crucial locus of
glutamatergic afferents, R1aR2 receptors are not more stable at the cell surface
compared to R1bR2 receptors. This surprising difference, compared with R1aR2

receptors elsewhere, would also facilitate glutamate-mediated synaptic plasticity. It
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would also increase Ca®" influx via NMDA channels by limiting the GABA; receptor-
mediated inhibition of PKA, presumably promoting phosphorylation of NMDA
receptors (Chalifoux and Carter, 2010; Chalifoux and Carter, 2011) and resulting
plasticity. This important caveat in terms of Rla stability also implies that whatever
proteins the Rla subunit SDs are interacting with at the cell surface, these must be

absent in or closely-around dendritic spines.

Thus by exercising fine control over GABAg receptor trafficking through the Rla
subunit and its associated SDs, fine tuning of local glutamate-mediated synaptic
plasticity is enabled without the need to alter the trafficking dynamics of GABAg

receptors all over the cell surface.
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5.4 Summary

o The BBS approach can be used to study the trafficking of R1b subunits

o R2 subunits stabilse R1b subunits on the cell surface by interacting with a di-

leucine motif in the C-terminal coiled-coil domain

o R1aR2 receptors are more stable than R1bR2 receptors in hippocampal

neurons

o SDs confer increased stability to R1aR2 receptors

o Both SDs are required for R1aR2 receptors to be more stable on the cells

surface

o mGIuR2 receptors are more stable on the cell surface than GABAg receptors

o SDs can impart increased stability to mGIluR2 receptors
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Chapter VI

Lateral mobility of single GABAg receptors

6.1 Introduction

In addition to endocytosis and insertion of newly synthesized or recycling receptors,
movement of receptors in the plane of the cell membrane by lateral diffusion provides
an important means of regulating signalling efficacy during synaptic transmission
(Triller and Choquet, 2008; Triller and Choquet, 2005; Triller and Choquet, 2003). The
lateral mobility of neuronal GABAg receptors so far has received little attention,
particularly around synaptic compartments. The only known report of GABAg receptor
lateral mobility, based on FRAP, demonstrated that GABAg R1bR2 receptors move very
slowly on the surface of COS-7 cells and hippocampal neurons in culture, and that a
stretch of 24 amino acids from 862 to 886 on the C-terminal tail of R2 acts controls
lateral mobility in COS-7 cells (Pooler and Mcllhinney, 2007). Chronic (1 hr) treatment
with 100 uM baclofen was reported to increase the lateral mobility of R1bR2 receptors
on COS-7 cells although the effect of baclofen on R1aR2 receptors, and more
importantly the effect of baclofen on GABAg receptors in neurons, has not been
reported thus far. Disruption of the cytoskeleton with the actin polymerisation blocker
latrunculin and tubulin polymerisation blocker colchicine has been reported to have no

effect on the lateral mobility of GABAg R2 subunits in COS-7 cells. However, the effect
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of disrupting the cytoskeleton on the lateral mobility of GABAg heteromers has not

been studied (Pooler and Mcllhinney, 2007).

SPT of receptors using QD nano-particles allows the lateral mobility of single receptors
on the cell surface to be studied. To date, this has not been applied to single GABAg
receptors. Receptor numbers, in and around synaptic compartments is especially
important for signalling efficacy. Recently a BTX based approach was used to study SPT
of a7 (Burli et al.,, 2010; Fernandes et al., 2010) and a3 (Fernandes et al., 2010)
nicotinic AChRs. Here, the BBS tagging strategy was extended to study the mobility of
single GABAg R1aR2 and R1bR2 receptors in hippocampal neurons in culture using QDs

to identify factors that influenced the lateral mobility of GABAg receptors.
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6.2 Results

6.2.1 Specificity of QDs labelling of GABA; receptors

GABA; (RlaBBSRZ/ RleBSRZ) receptors containing the BBS site were labelled with
QD655-streptavidin (QD655) via biotinylated BTX (BTX-B) (Fig. 6.1A) and the specificity
of labelling studied in hippocampal neurons in culture at 14-16 DIV. Neurons
transfected with R1a®® or R1b®® with R2 and eGFP pre-incubated in 1 mM d-TC for 5
min were incubated in 2 pg/ml BTX-B for 2 min followed by 10 pM QD655 for 1 min at
37°C. After washing off the excess QD655 the cells were fixed and imaged (Fig. 6.1B).
At 10 pM QD655 (Fig 6.1B), QD staining was only observed for both R1a®®**R2 and
R1b®%°R2 in neurons that also contained eGFP although some small amounts of non-
specific labelling was observed at higher concentrations of QD655 (data not shown).
Such non-specific interactions of QDs are quite possibly due to interactions of the
polyethylene glycol linkers and the nanoparticles with living tissue and have been
observed by other groups (personal communication - Antoine Triller). Therefore, all
subsequent experiments were carried out at a QD655 concentration of 10 pM. In order
to further verify that the QD labelling to the BBS containing receptors was specific,

cells transfected with R1a%%

R2 and eGFP were pre-incubated in 1 mM d-TC for 5 min
and incubated in 2 pg/ml unlabelled BTX for 2 min at 37°C followed by 10 pM QD655
for 1 min at 37°C, washed, fixed and imaged (Fig. 6.1B). These cells were not treated
with BTX-B that links the QD655s to BBS and therefore as expected no QD655 staining
was observed (Fig. 6.1B). In addition, eGFP transfected cells were pre-incubated in 1

mM d-TC for 5 min and incubated in 2 pg/ml unlabelled BTX for 2 min at 37°C followed

by 10 pM QD655 for 1 min at 37°C, washed, fixed and imaged (Fig. 6.1B). These cells
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also did not label with QD655 as the cells did not express a BBS tagged receptor (Fig.
6.1B) thereby validating the suitability of the BBS approach for tagging GABAg

receptors with QDs.

The variations in the images of dendrites observed in Fig. 6.1B is possibly due to the
wide variation that exists in neuronal morphology within cells of the same culture and
in addition cells from different cultures. While utmost efforts were made to
standardise the conditions of cultures including the media, maintenance of cultures
and transfections such variations are difficult to avoid and are likely to be due to
differences in the specific microenvironments to which individual neurons are exposed
to on a coverslip during their development. However, such variations in conditions are
unlikely to effect the interpretation of the specificity of binding as at low

concentrations of QD655, very little non-specific binding was observed.
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Figure 6.1 — Specific labelling of GABA; receptors with QDs.

A, Schematic diagram showing the QD labelling technique of BBS containing GABAg
R1a®®R2 and R1b®°R2 receptors. B, Images of hippocampal neurons in culture
expressing eGFP with or without R1a®®R2/ R1b®*R2 pre-incubated with 1 mM d-TC for
5 min followed by 2 pug/ml of either biotinylated BTX (BTX-B) or unlabelled BTX (UL-
BTX) at 37°C for 2 min and 10 pM Quantum Dot 655- streptavidin (QD655) for 1 min at
37°C. QDs have been shown with arrows
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6.2.2 Lateral mobility of GABAg receptors on hippocampal neurons

Having established, that the BBS containing GABA; receptors could be specifically
labelled using QD655 and BTX-B, the lateral mobility of GABAg R1a*R2 and R1b**R2
receptors was studied in cultured hippocampal neurons. Cells expressing R1a®®/
RleBS, R2 and eGFP pre-incubated in 1 mM d-TC for 5 min, were incubated in 2 ug/ml
BTX-B for 2 min followed by 10 pM QD655 for 1 min at 37°C. After washing off the

excess QD655 the cells were mounted on an environmental chamber at 37°C and an

image series obtained at 33 Hz.

R1a®®°R2 receptors were more mobile with longer and less confined trajectories and
compared to R1b®*R2 receptors (Fig. 6.2A-B). R1a®®R2 receptors had a higher median
diffusion coefficient, D, (0.12 umzs'l, n = 1529; Fig. 6.2A, C, D) compared to R1b%R2
receptors (0.07 umzs'l, n = 804; P<0.001 Mann-Whitney test (MW), Fig. 6.2B, C, D). In
addition R1a®®°R2 receptors were less confined than R1b®**R2 receptors as suggested

from the plateau phases of the MSD plot (Fig. 6.2E).

Together these results suggest a dominant role for the SDs in determining the lateral
mobility of GABAg R1aR2 receptors as these are the major structural differences

between R1la and R1b.
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Figure 6.2 — SPT of GABA; receptor on hippocampal neurons.

A and B, Hippocampal neurons expressing eGFP and R1a®®°R2 (A) or R1b®®°R2 (B)
receptors were incubated with d-TC for 5 min , followed by 2 pg/ml BTX-B at 37°C for 2
min and 10 pM QD655 for 1 min at 37°C and imaged. Single QD655 particles were
tracked and their trajectories have been shown with different colours on an eGFP
background which are the dendrites. C, Cumulative probability distribution of Diffusion
coefficients, D, R1a®®R2 (red) and R1b°®R2 (black). D, Distribution of D values

(Median, 25-75% interquartile range, mean (square), whiskers = 5 and 95% confidence
intervals) for R1a®®°R2 (red) and R1b®®*R2 (red) receptors. *** P<0.001 MW test. E,
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Averaged MSD plot (mean £ SEM) of the same trajectories analyzed in C. Trajectories
have been shown with arrows

6.2.3 Agonist induced lateral mobility of GABAg receptors

Chronic stimulation of GABAz R1bR2 receptors with baclofen (100 uM for 1 hr) has
been reported to increase the lateral mobility of these receptors in COS-7 cells (Pooler
and Mcllhinney, 2007). Since, GABA; receptors in physiological conditions are unlikely
to encounter such high levels of agonist over a such a prolonged period of time, SPT
was used to study the lateral mobility of GABAs R1a®®R2 and R1b®®R2 receptors in
hippocampal neurons in response to agonist activation during imaging. Cells
expressing R1a®® or R1b®® with R2 and eGFP were pre-incubated in 1 mM d-TC for 5
min, then incubated in 2 pg/ml BTX-B for 2 min followed by 10 pM QD655 for 1 min at
37°C. After washing off the excess QD655 the cells were mounted on an environmental

chamber in 100 uM baclofen at 37°C and imaged.

In response to stimulation with 100 uM baclofen, R1a®%

R2 receptors explored the cell
surface of hippocampal neurons with a lower median D, (0.103 umzs'l, n = 3262;
P<0.001 MW; Fig. 6.3A, D) compared to untreated R1a®R2 controls. In contrast,
R1b®%°R2 receptors explored the cell surface of hippocampal neurons with a higher
median D, (0.09 umzs'l, n=3061, P<0.001 MW; Fig. 6.2B, D) in response to stimulation

b®8°R2. Statistical significance in this

with 100 uM baclofen compared to untreated R1
part and the rest of this chapter was calculated by first running a Kolmogorov-Smirnov

test for normal distribution. In all the cases, the data did not fit to normal distribution

profiles and therefore the Mann-Whitney U tests for non parametric data was applied
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to the distribution of D values. This test compares the median D values between
datasets for look statistical significance of the differences observed between the
values. The data has been presented in the form of box-plots with the open squares

representing the means of the datasets.

BBS

Even though, 100 uM baclofen slowed down Rla  "R2 receptors and speeded up

R1b®*R2 receptors, the median D of R1a®%

R2 in the presence of 100 uM baclofen was
still higher than the median D of R1b®°R2 in the presence of 100 uM baclofen (P<0.01
MW,; Fig. 6.2C, D) suggesting that these two types of receptors have very distinct

lateral mobility profiles both in the presence and absence of agonist activation.

100 uM baclofen did not alter the confinement of R1a%%

R2 receptors (Fig. 6.3E) or
R1b®*R2 receptors (Fig. 6.3F) compared to untreated control, and in the presence of

the agonist R1a®®R2 receptors remained less confined than R1b®*°R2 receptors (Fig.

6.2G).
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Figure 6.3 — Agonist induced lateral mobility of GABAg receptors.

A and B, Cumulative probability distribution of diffusion coefficients, D, of
hippocampal neurons expressing eGFP and R1a®®R2 (A) or R1b®®°R2, (B) receptors
incubated with d-TC for 5 min, followed by 2 pg/ml BTX-B at 37°C for 2 min and 10 pM
QD655 for 1 min at 37°C and imaged in 100 uM baclofen (red) or in Krebs (black). C,
Cumulative probability distribution of D of R1a®®R2 (red) and R1b®®°R2 (black) imaged
in 100 uM baclofen. D, Distribution of D values (Median, 25-75% interquartile range,
mean (square), whisker = 5 and 95% confidence intervals) for R1a®®**R2 and R1b®*°R2
receptors imaged in 100 uM baclofen (+bac/ red) or in control Krebs (-bac/ black). ***
P<0.001, **P<0.01 MW test. £, Averaged MSD plot (mean + SEM) of R1a®®*R2
receptors in 100 uM baclofen (red) or in Krebs (black). F, Averaged MSD plot (mean +
SEM) of R1b®#R2 receptors in 100 uM baclofen (red) or in Krebs (black). G, Averaged
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MSD plot (mean + SEM) of R1a®®R2 receptors (red) and R1b®**R2 receptors (black) in
100 uM baclofen.

6.2.3 Lateral mobility of GABAg receptors at presynaptic terminals

Having studied the lateral mobility of ensembles of GABAg receptors on hippocampal
neurons, the SPT technique was extended to study the lateral mobility of these
receptors in and around presynaptic terminals containing labelled synaptophysin
(Tarsa and Goda, 2002) in order to study the lateral mobility of this particular
population of GABAg receptors. R1aR2 receptors have been described to be abundant
in presynaptic glutamatergic terminals in addition to being targeted preferentially to
axons compared to R1bR2 receptors (Biermann et al., 2010). Although the SDs mediate
this preferential targeting, R1bR2 receptors traffic to the axons in smaller quantities
(Biermann et al., 2010). Cells expressing R1a®® or R1b® with R2 and synaptophysin-
eGFP, pre-incubated in 1 mM d-TC for 5 min, were incubated in 2 pug/ml BTX-B for 2
min followed by 10 pM QD655 for 1 min at 37°C. After washing off the excess QD655

the cells were mounted on an environmental chamber at 37°C and imaged.

R1a®®°R2 receptors were found mainly in extrasynaptic areas (defined as extrasynaptic;
Fig. 6.4A) around synaptophysin terminals with 74% (1702/2301) of the receptors only
found in extrasynaptic areas, whereas 12% (284/2301) of the QDs colocalised with
synaptophysin and remained confined within clusters (classed as presynaptic; Fig.
6.4A) and the remaining 14% (315/2301) of the receptors moved between extra- and
presynaptic areas (defined as exchanging; Fig. 6.4A). This suggests that a proportion of

R1a®R2 receptors are recruited to synaptophysin containing presynaptic terminals.
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Extrasynaptic R1a®*R2 receptors were more mobile with a higher median D (0.124
um?s?, n = 1834) than presynaptic R1a®*°R2 receptors (0.078 um?s™?, n = 445, P<0.001
MW; Fig. 6.4B). Of the receptors that exchanged between presynaptic and
extrasynaptic compartments, the average transition from presynaptic-to-extrasynaptic
areas was 51% (160/315) and from extrasynaptic-to-presynaptic areas was 43%
(135/315). In addition to being less mobile, the presynaptic R1a®®°R2 receptors were

B85R2 receptors (Fig. 6.4E). Such large variations

more confined than extrasynaptic R1a
from Brownian motion, observed with synaptic R1a®®R2 receptors, is either due to
high apparent viscosity of the presynaptic terminal or due to an interaction of R1a®®°R2

receptors with proteins that cause them to slow down at synapses or a combination of

the two.
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Figure 6.4 — Lateral mobility of R1a®®°R2 at presynaptic terminals.

A, Examples of presynaptic, extrasynaptic and exchanging trajectories (red) around
presynaptic terminals (green) of hippocampal neurons expressing R1a®®R2 and
synaptophysin-eGFP incubated with 1 mM d-TC for 5 min, followed by 2 pug/ml BTX-B
for 2 min and 10 pM QD655 for 1 min at 37°C and imaged. Scale bars 1 um. B,
Cumulative probability distribution of diffusion coefficients for R1a®®°R2 receptors in
synaptic (black) and extrasynaptic (red) areas. C, Cumulative probability distribution of
diffusion coefficients (D) of synaptic (black) and extrasynaptic (red) R1a®%°R2 receptors
in Krebs, and synaptic (green) and extrasynaptic (blue) R1a®®°R2 receptors in the
presence of 100 uM baclofen. D, Distribution of D values (Median, 25-75%
interquartile range, mean (square), whisker = 5 and 95% confidence intervals) for
synaptic (S/ red) and extrasynaptic (E/ black) R1a®®R2 receptors in the presence of 100
UM baclofen (+bac) or in Krebs. *** P<0.001, NS — not significant MW test. E, Averaged
MSD plot (mean + SEM) of synaptic (black) and extrasynaptic (red) R1a®®R2 receptors
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in control Krebs and synaptic (green) and extrasynaptic (blue) R1a®®

the presence of 100 uM baclofen

R2 receptors in

BBS

The effect of agonist treatment on the lateral mobility of R1a™"R2 receptors was

studied in the presence of 100 uM baclofen and compared to untreated controls.

Baclofen did not alter the relative localisation of R1a®®®

R2 receptors with 79%
(2658/3381) found in extrasynaptic areas, 12% (415/3381) colocalised with
synaptophysin, and 9% (308/3381) of the receptors exchanged fractions between
extra- and presynaptic clusters. As observed with the untreated controls, extrasynaptic
R1a®®°R2 receptors were more mobile with a higher median D (0.075 umzs'l, n=2741)
than presynaptic R1a®®°R2 receptors (0.063 pm?s™, n = 516; Fig. 6.3C, D; P<0.001 MW)
in the presence of baclofen. However, baclofen decreased the mobility of
extrasynaptic (P<0.001 MW) as well as presynaptic receptors (P<0.001 MW) compared
to controls in Krebs with the extrasynaptic receptors showing a more pronounced
retardation in mobility. There was no difference (P>0.05 MW test) between the

diffusion coefficients of presynaptic R1a®®®

R2 receptors in control Krebs and
extrasynaptic R1a®®R2 receptors treated in baclofen. In addition, fewer transitions
between presynaptic and extrasynaptic compartments were observed in response to
baclofen treatment compared to untreated controls. In presence of baclofen, the
average transition from presynaptic-to- extrasynaptic areas was 34% (104/308) and
extrasynaptic-to-presynaptic areas was 33% (101/308). Baclofen did not alter the

BBS

confinement of Rla "R2 receptors compared to untreated controls in Krebs (Fig.

6.4E).
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Next, the lateral mobility of R1b®®*°R2 receptors was studied around synaptophysin
containing presynaptic terminals. Similar to R1a®®R2 receptors, R1b®**R2 receptors
were found mainly in extrasynaptic areas around synaptophysin terminals with 71%
(1109/1553) of the QDs found only in extrasynaptic areas whereas 11% (174/1553)
colocalised with synaptophysin and remained confined within clusters, and 23% (270/

1153) of the receptors exchanged fractions between extra- and presynaptic clusters.

BBS
b

This suggests that a proportion of GABA; R1b™R2 receptors are also recruited to

BBS bBBS

presynaptic terminals. Similar to R1a™ "R2 receptors, extrasynaptic R1b™"R2 receptors

were more mobile with higher median D (0.129 umzs'l, n = 1206) than presynaptic
R1b®®R2 receptors (0.108 pum?s?, n=278, P<0.01 MW; Fig. 6.5A, B). The average
transition between synaptic and extrasynaptic areas was 39% (104/270) and
extrasynaptic and presynaptic areas were 37% (100/270). In addition to being less

BBS
b

mobile, presynaptic R1b™"R2 receptors were more confined than extrasynaptic

R1b®®°R2 receptors (Fig. 6.5C).
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Figure 6.5 — Lateral mobility of R1b®®*R2 at presynaptic terminals.

A, Cumulative probability distribution of diffusion coefficients (D) of presynaptic (black)
and extrasynaptic (red) R1b®®R2 receptors in Krebs and synaptic (green) and
extrasynaptic (blue) R1b®®R2 receptors in the presence of 100 uM baclofen.
Hippocampal neurons expressing R1b®®°R2 and synaptophysin-eGFP were incubated
with 1 mM d-TC for 5 min , followed by 2 pug/ml BTX-B for 2 min and 10 pM QD655 for
1 min at 37°C and imaged in the presence of 100 uM baclofen or control Krebs. B,
Distribution of D values (Median, 25-75% interquartile range, mean (square), whisker =
5 and 95% confidence intervals) for synaptic (S/ red) and extrasynaptic (E/ black)
R1a®®R2 receptors in the presence of 100 uM baclofen (+bac) or in Krebs. ** P<0.01,
*** P<0.001, NS — not significant MW. C, Averaged MSD plot (mean + SEM) of synaptic
(black) and extrasynaptic (red) R1b°®R2 receptors in control Krebs and synaptic
(green) and extrasynaptic (blue) R1b®®*R2 receptors in the presence of 100 uM
baclofen
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The effect of agonist on the lateral mobility of R1b®**R2 receptors was studied in the
presence of 100 uM baclofen and baclofen did not alter the localisations of R1b®*°R2
receptors with 75% (1714/2284) of the receptors present in extrasynaptic areas, 12%
(278/ 2284) present in synaptophysin clusters, and 13% (292/ 2284) exchanging
fractions between presynaptic and extrasynaptic compartments. As observed for

BBS
b

untreated controls, extrasynaptic R1b™"R2 receptors were more mobile with higher

b®®R2 receptors (0.106 pm?s™?,

median D (0.125 pm?s™, n = 1815) than presynaptic R1
n =398, P<0.001 MW; Fig. 6.5A, B) in the presence of baclofen. However, baclofen had
no effect on diffusion coefficients of extrasynaptic (P>0.05; Fig. 6.5B) or presynaptic
(P>0.05; 6.5B) R1b®®°R2 receptors around synaptophysin clusters compared to
untreated controls. In addition, there was no difference between the transitions
between receptors that exchanged between presynaptic and extrasynaptic portions.
The average transition from synaptic-to-extrasynaptic areas was 41% (121/292) and

extrasynaptic-to-presynaptic areas was 35% (102/292). The confinement of receptors

was also unchanged in response to baclofen treatment (Fig. 6.5C).

6.3 Discussion

Here, the BBS strategy has been extended once more to study the lateral mobility of
single GABAg receptors on hippocampal neurons. The specificity of GABAg receptor-
QD reaction was demonstrated in neurons where no labelling of BBS containing

receptors was observed in the presence of UL-BTX and in the absence of BTX-B. The
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ability to specifically label single GABAg receptors allowed SPT of receptors in real time

in order to discriminate factors that affect the lateral mobility of GABAg receptors.

One issue that has been controversial is whether the 10-30 nm QDs can access the
active zones membranes of synapses. The synaptic cleft has been estimated to be
around 30 nm (Landis et al., 1988) and it is likely that the smaller QDs could access this
space when attached to the extracellular portion of receptors. One study has used
transmission electron microscopy to report the localisation of QDs within the synaptic
cleft (Dahan et al., 2003) whereas another study has found a difference between
synaptic diffusion coefficients of glycine receptors calculated using QDs and the
organic dye Cy3 (Groc et al., 2004). The diffusion coefficients predicted using QDs were
slower than those calculated using Cy3 suggesting that the QDs are under size
constraints when they enter the synapse. Given that GABAz receptors are
predominantly perisynaptic and are rarely found in the active zone, the issue of
whether QDs can go within an active zone for this receptor is unlikely to make a
difference. However, experiments using an organic dye like Cy3 for the GABAg receptor

will be useful to compare with the diffusion coefficients observed here in this study.

6.3.1 SDs as mediators of lateral diffusion

Previous reports of GABAg receptor lateral mobility have only studied the R1bR2
receptor (Pooler and Mcllhinney, 2007) and therefore any subtype specific lateral
mobility of the GABA; receptor has not been addressed. Using SPT, the mobility of the

two subtypes of the GABAg receptor has been studied and R1aR2 receptors are
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laterally more mobile with higher diffusion coefficients than R1bR2 receptors on
hippocampal neurons in culture. R1aR2 and R1bR2 have been demonstrated to have
distinct internalisation kinetics because of the presence of the SDs in R1a (chapter V).
The role of the SDs in lateral mobility is therefore interesting as the two subtypes of
the GABAg receptor have distinct lateral mobility profiles conferred on Rla by the SDs.
To this end, it will be of interest to determine if one of the SDs imparts this differential

lateral mobility profile on R1aR2 receptors or whether both SDs are necessary.

Extrasynaptic R1aR2 receptors around synaptophysin containing compartments do not
differ in terms of their median diffusion coefficients compared to extrasynaptic R1bR2
receptors in the same areas (P>0.05 MW). This implies that once in the axon surface,
both R1aR2 and R1bR2 receptors explore the axonal membrane with similar rates.
However, the median diffusion coefficient of presynaptic R1bR2 receptors is greater
than the median diffusion coefficient of R1aR2 receptors (P<0.001 MW) suggesting
that once recruited in a presynaptic terminal from extrasynaptic areas, Rl1aR2
receptors are anchored by a yet unknown protein that causes it to slow down more
than R1bR2 receptors within the presynaptic compartment. R1aR2 receptors have
been described to form presynaptic heteroreceptors at glutamatergic terminals (Vigot
et al., 2006) and in addition to preferential targeting to axons via the SDs in Rla
(Biermann et al.,, 2010), increased anchoring of these receptors in the presynaptic
terminal compared to R1bR2 receptors could explain why R1aR2 receptors contribute
significantly to presynaptic signalling via GABAg receptors whereas R1bR2 receptors do

not.
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6.3.2 Agonist induced changes in lateral mobility of GABAg receptors

R1bR2 has been described to diffuse more rapidly on the cell surface in response to
chronic (1 hr) baclofen treatment (Pooler and Mcllhinney, 2007). Although the
baclofen treatment that has been used here is much briefer, it does appear to increase
the mobility of R1bR2 receptors and this complements results obtained using FRAP
studies (Pooler and Mcllhinney, 2007). However, in the synaptophysin containing
presynaptic terminals treatment with baclofen did not result in any change of mobility
of either extrasynaptic or presynaptic R1bR2 receptors. This implies that the increase
of mobility that has been observed for ensemble R1bR2 receptors in the presence of
baclofen is being manifest through other synaptic compartments that do not contain
synaptophysin. These could possibly involve postsynaptic clusters containing PSD95 or

gephyrin with important physiological implications.

In contrast, ensemble R1aR2 receptors displayed reduced mobility in response to
baclofen. This further suggests that in addition to demonstrating differential properties
in terms of internalisation, the R1aR2 and R1bR2 subtypes have different lateral
mobility profiles in the presence of baclofen and quite possibly GABA. In synaptophysin
containing presynaptic terminals the effect of baclofen on R1aR2 receptors was more
pronounced than on R1bR2 and R1aR2 receptors’ lateral mobility was decreased. This
could be important for signalling regulation as fewer extrasynaptic receptors will be
recruited to synapses from extrasynaptic areas and the synaptic receptors that have

been activated will remain within the synapses in desensitised states.

GABA; R1aR2 and R1bR2 receptors display reduced mobility upon entering

synaptophysin containing presynaptic terminals from extrasynaptic areas which could
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be due to the increase of the apparent viscosity of the cell surface within the synaptic
compartment (Renner et al., 2009; Renner et al.,, 2008). Although this may account
partly for the slow-down of the receptors, the effect of baclofen in slowing down
synaptic as well as extrasynaptic receptors in a subtype-specific manner suggests the
involvement of protein-protein interactions that stabilise the R1aR2 receptors possibly
involving the SDs. The SDs could be interacting with proteins would could potentially
anchor R1aR2 receptors in the synaptic compartments and slow their mobility in the
extrasynaptic compartments in response to activation by GABA but have no effect on
R1bR2 receptors. Several other receptors demonstrate slower mobilities in synapses
compared to extrasynaptic compartments due to interaction with scaffolding proteins
or the cytoskeleton. The AMPA receptor binds actin (Shen et al., 2000) and the GABA,
receptor interacts with the anchoring protein gephyrin (Meier et al., 2001). To this
end, the effect of disruption of the cytoskeleton on the GABAg receptors lateral

mobility will be of interest in identifying interacting partners of SDs.
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6.4 Summary

o BBS strategy can be used to study the lateral mobility of GABAg receptors

o R1aR2 receptors are more laterally mobile on hippocampal neurons than

R1bR2 receptors

o Agonist activation increases the ensemble lateral mobility of R1bR2 receptors

but slows down R1aR2 receptors

o GABAg receptors are more mobile in presynaptic synaptophysin containing

extrasynaptic compartments than synaptic ones

o Agonist activation slows down both presynaptic and extrasynaptic R1aR2

receptors but has no effect on R1bR2 receptors in these compartments
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Chapter Vi

General Discussion

7.1 Using the BBS tag approach for studying receptor mobility

Several biochemical and imaging strategies have been used to probe receptor
trafficking in live cells. In this study, the BBS tagging approach was extended to tag
GABA; Rlb, GABAz R2, and mGIuR2 receptors with fluorescently labelled or
biotinylated BTX. The BBS containing receptors bound to BTX with high affinities and
the functioning of GABAg receptors remained unaltered by the insertion of the BBS. In
addition, fluorescent BTX did not bleach significantly under the experimental
conditions and this allowed the study of real-time internalisation kinetics in live GIRK

cells and hippocampal neurons and membrane insertion kinetics in fixed cells.

The BBS strategy was used to report, for the first time in live cells, clathrin- and
dynamin- dependence of GABAg R1aR2 receptor internalisation. In addition to clathrin-
dependent internalisation, a significant amount of non-clathrin- and non-dynamin-
dependent internalisation was observed suggesting that a proportion of GABAg
receptors internalise via such pathways. These pathways are likely to be important as
they represent a major route for the internalisation of GABAg receptors. Provided the
rates of recycling, degradation and insertion of newly synthesised receptors do not

change, blocking these pathways will impart increased stability to GABAg receptors as
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a greater number of them will accumulate on the cell surface and this will have
physiological significance given the importance of cell surface numbers of GABAg

receptors for slow synaptic inhibition in the CNS.

Even though several studies, including this one, have reported the clathrin- and
dynamin-dependence of GABA; receptor internalisation, the structural motif that
mediates the recruitment of GABAp receptors into clathrin-coated pits remains
unknown. Tyrosine motifs (Yxx®; where x can be any amino acid and ® is a bulky
hydrophobic residue) (Bonifacino and Traub, 2003) have been well characterised as
internalisation motifs and although the C-terminal tail of R1 does not contain such a
motif, the C-terminal tail of R2 contains a classical tyrosine motif with the sequence
Y8QEL® The critical tyrosine along with the hydrophobic leucine residues were
mutated to alanines to investigate whether this motif was involved in clathrin-
dependent internalisation, but no change in the rate or extent was observed when the

mutated R2 was co-expressed with R1a in live GIRK cells.

In addition, C-terminal truncations of R1a or R2 were also not observed to alter the
rates or extents of internalisation in live GIRK cells and therefore it is conceivable that
the clathrin recruitment interaction motif is located in the intracellular loops or in
other parts of the receptor. To study the role of ubiquitination in internalisation of
R1aACT, all the lysines on the intracellular loops of R1a were substituted to arginines;
however no alteration to the rate or extent of internalisation was observed compared
to R1aACT discounting a role for ubiquitination. A role for SUMOylation in the
internalisation of GABAg receptors additionally can be discounted on this basis, since

this also requires a lysine residue buried in a consensus sequence of W-K-X-D/E (where
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W is a hydrophobic residue, K is a lysine residue, X is any amino acid and D or E is an
acidic residue) (Wilkinson and Henley, 2010; Kantamneni et al., 2011; Wilkinson et al.,

2010; Wilkinson et al., 2008).

The use of a combination of fluorescently labelled intracellular endosomal markers
allowed the study of the trafficking itineraries of GABAg R1aR2 receptors in the
endosomal compartments. These receptors are internalised into early endosomes
from where they can be recruited to late endosomes for lysosomal degradation or
recycling endosomes for recycling back to the cell surface. This technique could be
extended in future to study the effect of drugs in the intracellular trafficking of GABAg

receptors by using advanced co-localisation algorithms.

The use of the novel modified BBS approach allowed simultaneous labelling and
monitoring of each GABAg receptor subunit with two different fluorophores in live cells
in real-time demonstrating that these two subunits are internalised together. Although
the fluorescence intensity achieved using this approach was lower using the modified
BBS compared to the unmodified BBS, this method could be used to study the
association of two different proteins in which the BBS tag can be engineered and
differentially labelled. One particular step where modification of the labelling method
can be improved is the reduction step of MTSES by DTT bound to the modified BBS. A
stronger reducing agent, for which the treatment time will be shorter, will enhance
this technique. To this end, the use of a photosensitive oxidising agent to block the

interaction of BTX with modified BBS could be used to achieve better labelling speeds.

There are several advantages of using the BBS strategy to study receptor

internalisation compared to conventional antibody based approaches. The size of BTX
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is almost half of a F(ab)’ fragment and less than a sixth of an antibody molecule. This
would allow the BBS to access areas that an antibody complex will not be able to
within the plasma membrane. In addition to this, BTX is smaller in size than other
proteins used for studying trafficking for instance snap tags and the clip tags are more
than double the size of a BTX molecule, an eGFP molecule is about one and a half
times the size of BTX, and streptavidin tetramers are more than three times the size of
BTX. Another advantage of the BBS strategy is that as BTX is cell impermeable, cell
surface receptors can be selectively labelled. pH sensitive versions of GFP are capable
of discriminating cell surface receptors from intracellular receptors although
internalised receptors cannot be monitored in real-time using this strategy and the

signal-to —noise achieved with these fluorophores is often quite low.

The disadvantage of the BBS strategy is that only recombinant receptors can be
studied and the BBS has to be engineered to a suitable location in a receptor from
where it will not effect functionality. While the BTX is smaller than antibodies and
other molecules it is still seventy-four amino acids and this is large compared to
organic dyes such as fluorescent maleamide compounds that are used for cysteine

labelling.

7.2 Structural motifs for internalisation

This study has highlighted the importance of heterodimerisation in the cell surface
stability of GABA; receptors. A di-leucine motif in the coiled-coil domain of Rla and

R1b is masked by the C-terminal tail of R2 and this slows internalisation of the R1
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subunits. This is ultimately important for GABAg receptors to deliver slow and
prolonged inhibition in the CNS. Proteins or drugs that could alter this interaction will
destabilise GABAg heteromers reducing the efficacy of inhibition with physiological
consequences. In addition to the di-leucine motif, the SDs of R1a have been identified
as an important determinant of membrane stability for the R1aR2 subtype of the
GABA; receptor and allows the receptor to internalise at a slower rate and to a lesser
extent in the soma and dendrites, and at a slower rate but unchanged extent in the
spines, compared to the R1bR2 subtype. In order for the R1aR2 receptors to be more
stable than the R1bR2 receptors, the presence of both SDs is required. In addition, the
two SDs together increased the surface stability to mGIuR2 receptors demonstrating

the importance of these domains in determining receptor stability at the cell surface.

Given the important roles played by the SDs in GABA; receptors, the identification of
interactions of SDs with proteins has been an important area of research. Fibulin-2 has
been reported to interact with SD1 (Blein et al., 2004) although at this point of time
the importance of this interaction is not clear and has to be investigated further. CHOP
provides another interesting interaction partner as this protein can interact with the N-
terminus of R1a but not R1b and the co-expression of CHOP with GABAg receptors in
HEK-293 cells reduces the cell surface expression of R1aR2 receptors, but has no effect
on R1bR2 receptors. The levels of CHOP are elevated during ER stress (Oyadomari et
al., 2002) and CHOP knockout mice are less prone to neuronal cell death during
ischemia suggesting an important role for CHOP in apoptosis during ischemia (Tajiri et
al., 2004). Moreover, oxygen-glucose deprivation to induce ischemia in organotypic
brain slices has been reported to alter the total level of R2 subunits while having no

effect on the expression of R1 subunits (Cimarosti et al., 2009). Such means of
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regulating the cell surface of GABAg receptors in a subtype-specific manner during
ischemia and ER stress could therefore have potentially important implications in

neuronal survival and plasticity.

7.3 Functional implications for stability and lateral mobility

The number of GABAg receptors available in the pre- and postsynaptic compartments
is an important determinant of synaptic inhibition. Three mechanisms exist that recruit
and remove receptors from specific signalling domains on the cell surface. These
include internalisation of surface receptors from the signalling domain into
intracellular compartments, insertion of newly-synthesised or recycling receptors, into
the domain on the cell surface, and lateral movement of the receptors on the plane of
the cell membrane into or out of the signalling domain (Triller and Choquet, 2008;
Carroll et al., 2001). In addition to this, synapses themselves are macromolecular
assemblies that are in a dynamic equilibrium as the postsynaptic scaffold proteins
undergo redistribution in terms of spine plasticity and activity dependent changes. In
this study, R1aR2 receptors have been demonstrated to have different trafficking
properties compared to R1bR2 receptors. Importantly, the lateral mobility of R1aR2
but not R1bR2 receptors was reduced in response to baclofen treatment in both
synaptophysin containing pre- and extrasynaptic terminals which could explain why
R1aR2 and not R1bR2 presynaptic heteroreceptors are activated by low concentrations
of baclofen to reduce glutamate release (Guetg et al., 2009). In addition, due to the
presence of SDs, R1aR2 receptors will be more stable on the cell surface in terms of

internalisation compared to R1bR2 receptors ensuring a higher signalling efficacy of
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presynaptic GABAg R1aR2 receptors which will inhibit the release of glutamate during

excitotoxicity.

SPT has been used for the first time to demonstrate continuous random Brownian
diffusion of GABAg receptors on the neuronal plasma membrane. The changes in
mobility observed in response to baclofen imply that these receptors exhibit directed
motion in addition to random motion. Indeed, the multiple alpha helices and RNA-
linker protein 1 (Marlin 1) interacts with the C-terminal tail of R1 and links GABA;
receptors to microtubules (Couve et al.,, 2004). In addition to this, Marlin 1 was
immunoprecipitated with the molecular microtubule motor protein, Kinesin-I, from
adult mice brain lysates and GABAgR1 was immunoprecipitated with Kinesin-I in COS-7
cells further validating that GABAg receptors interact with microtubules (Vidal et al.,
2007). Moreover, the PDZ domain containing protein, Muppl, has been reported to
interact with GABAgz R2 in an interaction requiring Leu941. Mutating this residue
reduces expression of GABA; receptors in COS-7 cells (Balasubramanian et al., 2007).
Interestingly, Mupp1 is enriched in the postsynaptic density and acts as a scaffold for a
number of proteins (Estevez et al., 2008; Krapivinsky et al., 2004). Thus, microtubules

and Mupp1l could play a role in the lateral mobility of GABAg receptors.

In this study, the main focus of lateral mobility of GABAg receptors has been around
presynaptic terminals, and in addition, internalisation of GABAg receptors has been
studied at spines and dendrites that are likely to contain postsynaptic sites. In layer 5
neocortical neurons, R1bR2 inhibits Ca* spikes (Perez-Garci et al., 2006) and as the
R1bR2 is less stable on the cell surface compared to R1aR2 this would likely facilitate

the development of postsynaptic NMDA-receptor mediated synaptic plasticity
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(Terunuma et al., 2010; Guetg et al., 2010) due to lower efficacy of inhibition. On the
other hand R1aR2 receptors are also present at postsynaptic sites and these will be
capable of inhibiting excessive glutamate-mediated excitation due to their lower rate
of turnover from the cell surface compared to R1bR2 receptors. However, there is no
difference in the extents of internalisation between the two subtypes in the spines
with potentially important consequences, as the neck of the spines are close to
glutamatergic inputs, and due to the high turnover of both the subtypes of the GABAg
receptors in the spines, glutamate-mediated synaptic plasticity could also be
facilitated. Therefore subtype-specific GABAg receptor trafficking, dependent on the
SDs, could fine tune local glutamate-mediated synaptic plasticity. To investigate
further, future work on GABAg signalling will need to focus on the effect of agonists on
the lateral mobility of the two GABAg receptor subtypes around excitatory synapses

containing PSD95 and around inhibitory synapses containing gephyrin.
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