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Abstract

Recent innovations in live-cell imaging have demonstrated that the synapse under-

goes constant remodelling and reorganisation. One well characterised aspect of this

process is the lateral mobility of neurotransmitter gated receptors, which enables

their dynamic exchange synaptic and extrasynaptic populations. Regulation of this

process, primarily via transient receptor-scaffold interactions, determines receptor

number at the synapse and thus directly shapes the strength of synaptic neuro-

transmission. Neuroligins (NLs) are trans-synaptic proteins that project across the

synaptic cleft and bind to partners positioned on the presynaptic side, physically

fusing the two synapses in close apposition. Further to this function, the various

NL isoforms (NL1-4) are essential regulators of the composition of the postsynaptic

density. NL2 is primarily localised to inhibitory synapses, where it influences synap-

tic activity through interactions with, among others, gephyrin and collybistin. In

contrast to neurotransmitter receptors, the membrane dynamics of the NL proteins

are poorly understood. Thus, the aim of this thesis is to uncover the mechanisms

underlying NL2 mobility on the membrane surface. Novel features of NL2 expression

in non-neuronal cells were harnessed to create innovative systems in which the role of

specific synaptic mechanisms was studied in isolation. Single particle tracking of NL2

with quantum dots in hippocampal neurons confirmed that endogenous NL2 exhibits

transient confinement at inhibitory synapses, in line with previous findings on recep-

tors. To uncover the underlying mechanisms, a number of important NL2 mutants

were designed. Collectively, these experiments suggested that NL2 transient confine-

ment primarily depends on intracellular interactions, specifically via phosphorylation

and the PDZ and gephyrin binding domains, rather than trans-synaptic signalling

mechanisms. Thus, the work described in this thesis contributes to the concept of

the dynamic synapse and attributes a non-static membrane profile to NL2, which

may ultimately influence synaptic remodelling and plasticity events.
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Chapter 1

Introduction

1.1 Introduction

Neurons, or nerve cells, are electrically excitable cells capable of processing and

transmitting information in the form of electrical or chemical signals. Neurons are

fundamental components of the nervous system; the human brain typically consists

of billions of neurons. They are fundamental to information processing, determining

basic neurological functions like movement and sensory awareness as well as more

complex processes such as personality and emotion. Given their intrinsic physiolog-

ical role, it is unsurprising that neuronal dysfunction underlies various pathologies

and diseases.

In general, neurons are composed of a cell body, called the soma, from which two

distinct processes protrude, known respectively as the dendrites and the axon (Al-

berts, 2002). A neuron typically possesses multiple short dendrites that often exhibit

complex branching architecture (Figure 1.1). The dendritic tree structure serves to

maximise neuronal connectivity. In contrast to dendrites, axons are long (in some

cases more than a meter) and a neuron never possesses more than one (Price, 2011).

While dendritic width generally decreases with distance from the soma, axons appear
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to maintain constant width.

Intercellular signal transduction occurs at specialised junctions called synapses1.

Neurons are separated by a small extracellular space called the synaptic cleft. Struc-

tural stability is ensured by proteins, known as adhesion proteins, that connect from

each side of the synapse. As the propagating electrical signal reaches the axon termi-

nal of the presynaptic cell, small molecules known as neurotransmitters are released.

They diffuse across the synaptic cleft binding to specific transmembrane proteins

triggering an electrical change in the dendrites of the postsynaptic cell through the

opening of transmitter gated ion channels (Figure 1.1).

However, this simple description belies the complexity of the brain. It is composed

of billions of neurons, with neurons forming hundreds of connections with a multi-

tude of other neurons, both near and far. From these connections, complex neuronal

networks are formed and coordinated neuronal responses are evoked. Thus, under-

standing single neurons and single synapses is key to understanding the brain as a

whole.

1.1.1 Ion Channels & Action Potentials

Ion channels, which are found in all electrically excitable cells, are central to neu-

ronal activity. They are transmembrane protein complexes that exhibit selective

permeability. That is, they allow certain ions to cross the cell membrane (lipid

bilayer), while simultaneously restricting the flow of others. The most important

ions related to neuronal signal conduction are Na+, K+, Ca2+ and Cl− (Kew and

Davies, 2010). An ion channel is only capable of conducting charge when it is in the

open state. However, the ion channel may also exist in a closed state or inactivated

state. The difference between these two states is its propensity to return to the open

state; inactivated channels are more likely to return to its open conducting state.

1Signal transduction is achieved at electrical and chemical synapses. The former typically occur
at gap junctions between adjacent neurons. As the latter form the exclusive focus of this thesis,
henceforth, “synapse” will refer to chemical synapses.
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Transmitter-gated ion channels, mentioned previously, are an example of a ligand ac-

tivated ion channel. On receiving the signal molecules from the neighbouring neuron,

the ligand binds to the ion channel, directly altering its structure to allow the flow

of ions across the membrane. In contrast, voltage gated ion channels enter the open

state when the transmembrane voltage potential surpasses a specific threshold. Ion

channels can be further classified by their ion selectivity and membrane structure.

The resting potential of a neuron is generally quite negative in relation to the extra-

cellular space (≈ -70 mV (Sherwood, 2013)). The intracellular concentration of K+

is much greater than the extracellular concentration, while the opposite holds true

for Na+. This electrical imbalance is maintained by the Na+/K+-ATPase, which

extrudes Na+ and pumps in K+ (Sherwood, 2013). An action potential (AP) de-

scribes the event whereby the voltage across the membrane rapidly increases (de-

polarisation) before gradually returning to its original resting potential (repolarisa-

tion) (Levitan et al., 2008). APs are often initiated by the binding of neurotrans-

mitters to transmembrane receptors. Neurotransmitters are stored in vesicles at

the axon terminal. Incoming action potentials activate local voltage-gated Ca2+

channels that trigger, through Ca2+ influx, exocytotic mechanisms whereby the

neurostransmitter-containing vesicles fuse with the pre-synaptic membrane releas-

ing the signalling molecules into the extracellular space (Levitan et al., 2008). These

molecules then diffuse across the synaptic cleft, where they bind to specific receptors

on the membrane of the post-synaptic neuron, enabling the flow of ions and altering

the membrane potential. An inhibitory post synaptic potential (IPSP) occurs when

the transmitter-gated ion channel is activated to allow the flow of Cl− into the cell

or K+ out of the cell. This will further hyperpolarise the neuron, making it more

difficult to surpass the voltage threshold at which Na+ channels become activated

and action potentials are triggered. An excitatory PSP (EPSP) is characterised by

depolarisation of the membrane potential, as ligand gated channels allow the influx

of cations along the electrochemical gradient, possibly triggering an action potential.

The distinction between these two types of neurotransmission is important and will

now be discussed in further detail.
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1.1.2 Excitatory Transmission

Excitatory neurotransmission has the net effect of depolarising the cell and pro-

moting action potentials. The primary neurotransmitter in the brain is glutamate,

which stimulates neuronal activity via a diverse range of transmembrane receptors.

The ionotropic receptor targets of glutamate include AMPA (α-Amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid), NMDA (N-Methyl-D-aspartate) and kainate re-

ceptors. Their respective names derive from the artificial compounds that act as

specific receptor agonists. AMPA receptors (AMPAR) are non-selective receptors for

Na+, K+. Their permeability for Ca22+ requires the absence of the GluR2 subunit

(Isaac et al., 2007). Their sensitivity to voltage-dependent blockage via polyamines

is also determined by their subunit composition (reviewed in Bowie (2012)). AM-

PARs are major components of synaptic plasticity, a mechanism that underlies key

processes such as memory and learning (Bliss and Collingridge, 1993; Kessels and

Malinow, 2009). NMDARs are ionotropic receptors that are cation non-selective.

They differ from AMPARs in that they are both ligand gated and voltage gated.

At basal levels, NMDARs are blocked by extracellular Mg2+ and Zn2+, becoming

unblocked following depolarisation. As well as this, NMDAR activation requires the

binding of two molecules, glutamate and either D-serine or glycine. Calcium entry

via NMDARs is important for a host of neuronal signalling mechanisms, including

spatial learning (Morris et al., 1986) and fear conditioning (Lee and Kim, 1998). Less

is known about kainate receptors (KARs), but they are believed to play a lesser role

in synaptic transmission, though they may influence neuronal activity more subtly

by affecting neurotransmitter release (reviewed in Contractor et al. (2011)). mGluRs

are metabatropic glutamate receptors. They exist as eight types, which can be ar-

ranged in three distinct classes according to their pharmacological properties and

physiological function (extensively described in Niswender and Conn (2010)).
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1.1.3 Inhibitory Transmission

As already stated, inhibitory neurotransmission has the net effect of suppressing neu-

ronal activity. The primary neurotransmitters involved in inhibitory transmission are

GABA (γ-Aminobutyric acid) and glycine. GABA receptors dominate inhibition

in the brain, while glycine receptors, which are more widely distributed through-

out the central nervous system, play a particularly important role at distinct zones

such as the spinal cord (Lynch, 2004). There are three classes of GABA receptors:

GABAARs, GABABRs and GABACRs. Both GABAARs and GABACRs are defined

as ionotropic transmitter gated ion channels, though GABACRs are predominantly

expressed in the retina and thus will not be treated in more detail (Bormann, 2000).

GABABRs are G protein-coupled receptors (GPCRs) that, in contrast to GABAARs,

do not constitute an ion channel, but instead activate K+ channels via G proteins,

hyperpolarising the cell as the K+ reversal potential is generally negative relative

to the resting potential (Padgett and Slesinger, 2010). GABABRs are characterised

by slower kinetics (slower mode of inhibition) and will not feature in the remainder

of this thesis. Glycine receptors (GlyRs) are anion-selective transmitter-gated ion

channels that belong to same family of cys loop receptors as GABAARs. Glycine

binding renders GlyRs Cl− permeable and thus generates a fast form of inhibition

similar to GABAARs (Lynch, 2004).

Inhibitory transmission relies on the activity of cation chloride cotransporters (CCCs)

(extensively reviewed in Blaesse et al. (2009)). These proteins provide the driving

force necessary for fast synaptic inhibition mediated by both GABAARs and GlyRs.

This is achieved by maintaining low intracellular levels of Cl− compared to the ex-

tracellular space so that Cl− permeability, enabled by GABAAR and GlyR openings,

triggers the influx of Cl− along its electrochemical gradient (i.e. the reversal poten-

tial for these receptors is negative relative to the membrane potential). A total of

nine CCCs have been identified (Blaesse et al., 2009), with considerable attention

given to the K+-Cl cotransporter KCC2 (Payne et al., 2003). This protein utilises

the K+ gradient to extrude Cl−, which is electrically balanced by K+ efflux. This

mechanism allows the neuron to maintain low levels of Cl−. Given its fundamental
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relevance to inhibitory transmission, it is not surprising that impairments in cation

transport have been implicated in a number of neurological disorders (reviewed in

De Koninck (2007); Kahle et al. (2008)).

An interesting aspect of GABAergic and Glycinergic transmission is that it is exci-

tatory in immature neurons (Owens et al., 1996). This is due to the initially high

expression of the Na+-K+-2Cl− cotransporter NKCC1, which maintains elevated

levels of Cl− by transporting two chloride ions inwards alongside one sodium and

potassium ion (Ben-Ari et al., 2001). The high Cl− concentration increases the re-

versal potential of Cl− such that the electrochemical gradient drives Cl− out of the

cell through Cl− permeable channels. A gradual decline in NKCC1 expression is mir-

rored by a steady increase in KCC2 expression. KCC2 upregulation drives Cl− out of

the cell, ensuring low intracellular levels of Cl− necessary for inhibitory transmission

(Rivera et al., 1999). This switch is believed to be developmentally linked and occurs

at around DIV 10 in cultured neurons (Ganguly et al., 2001). Excitatory GABAergic

synapses are believed to be among the earliest formed synapses in immature neurons

(Antal et al., 1994), underlining their key role in neuronal development (Cancedda

et al., 2007). Interestingly, there is evidence of depolarising GABAergic activity in

mature neurons (Szabadics et al., 2006), where Chandelier cells form inputs onto the

axon initial segment (AIS- the proposed site of AP initiation (Levitan et al., 2008)) of

hippocampal pyramidal cells (Somogyi et al., 1983). Interestingly, immunostaining

studies have reported that KCC2 is excluded from AIS (Hedstrom et al., 2008). How-

ever, contradictory evidence has also emerged from electrophysiological experiments

(Glickfeld et al., 2009). Data presented in this thesis will generally correspond to

experiments on DIV 12-15 neurons, a point at which the vast majority of GABAergic

inputs are hyperpolarising (Ganguly et al., 2001).

1.1.4 Interneurons

Interneurons are a class of small neurons that synapse onto nearby neurons, in con-

trast to larger neurons which may form more distal connections. Interneurons are
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typically GABAergic and inhibitory in nature, though excitatory interneurons are

known to exist (Wang et al., 2013). Interneurons exhibit considerable diversity in the

hippocampus, where 21 distinct types have been identified (Klausberger and Somo-

gyi, 2008). Interneurons are believed to control the temporal dynamics of neuronal

transmission and are fundamental components in the generation of neural oscillations

(extensively reviewed in Kullmann (2011)). The heterogeneity among interneurons

enables the generation of different rhythms and endows a significant degree of com-

putational sophistication, while interneuron dysfunction has been implicated in a

number of psychiatric disorders (Marin, 2012).

While a definitive classification of interneuron subtypes does not currently exist,

attempts have been made to codify the nomenclature and features of GABAergic in-

terneurons (called the Petilla terminology) (Petilla Interneuron Nomenclature et al.,

2008). Under this system, interneurons are classified according to distinct morpho-

logical, molecular and physiological features. For example, using the morphological

criteria, chandelier cells form a distinct subtype as they exclusively synapse onto

the axon initial segment of pyramidal neurons (Somogyi et al., 1983). Alternative

morphological markers include the shape and size of the soma, dendritic arborisation

and axonal branching (Petilla Interneuron Nomenclature et al., 2008). Interneurons

are often differentiated according to their protein expression profile. For example,

interneurons expressing parvalbumin, a small calcium binding protein, are typically

grouped together (termed PV+) (Hu et al., 2014). Finally, interneurons may also

be defined according to their biophyiscal features, e.g. resting potential, action po-

tential amplitude, etc. For example, PV+ basket cells are generally fast spiking

(Kawaguchi et al., 1987), while cholecystokinin positive (CCK+) basket cells can be

further classified according to their spiking behaviour (e.g. regular or burst spiking)

(Kawaguchi and Kubota, 1998; Jasnow et al., 2009). Thus, there exists some overlap

between the different classification features. However, it has been recently argued

that the Petilla terminology is overly sensitive and that interneuron diversity may

instead derive from a smaller number of cardinal cell types, though this approach

does argue against their vast heterogeneity (Kepecs and Fishell, 2014).
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1.1.5 Excitatory versus Inhibitory Transmission

The two types of neurotranmission can be considered opposing forces. It is important

that neurons strike a balance, which is often termed the E/I balance. Uninhibited

excitatory activity is damaging to neuronal health. This may be due to high levels

of intracellular Ca2+ influx through NMDARs, thereby triggering mechanisms which

may ultimately terminate in cell death e.g. ischemic stroke (MacDonald et al., 2006).

On the other hand, excessive inhibition may silence neurons by rendering neurons

unable to initiate action potentials, which may undermine signal propagation and

neuronal transmission. E/I imbalances underlie various pathologies, perhaps most

exemplified by epilepsy. Epilepsy is a neurological disorder that arises from excessive

neuronal stimulation. It is interesting to note that the condition may stem from

insufficient inhibition, dysfunctional excitatory transmission or a combination of the

two (McNamara et al., 2006).

Thus, it is clear that the E/I balance is key to healthy neurological function. But hav-

ing discussed neurotransmission, it is necessary to proceed to the highly specialised

area where the majority of neuronal signalling occurs: the synapse. The dichotomy

of neurotransmission is reflected in the structure and composition of the inhibitory

and excitatory synapse. This will now be discussed in more detail. Without un-

derstating the fundamental importance of excitatory neurostransmission, inhibitory

activity forms the principal focus of this thesis. Thus, the description of inhibitory

synapse will be treated more exhaustively. Nevertheless, components of the excita-

tory synapse will be referenced to highlight features specific to inhibitory synapses.
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Figure 1.1: Illustration of neuronal morphology and synaptic structure. Neurons are
composed of central body called the soma, from which a multitude of processes protrude.
Neurons are typically composed of numerous dendrites, which exhibit complex branch-
ing (arborisation), while a single long axon forms contacts (synapses) with the dendrites
of other neurons. The structure of excitatory and inhibitory synapses is illustrated in the
dashed box. Both type of synapses consist of a presynapse, formed by the contacting axon,
and a postsynapse positioned on the dendrite of the receiving cell. Excitatory synapses are
charactersied by a dendritic protusion known as a spine. In the case of excitatory synapse,
neurotransmission is typically mediated by glutamate binding to AMPARs and NMDARs
(and KARs to a lesser extent), allowing the flow of ions across the membrane of the receiv-
ing cell. The additional requirements for NMDAR activation (namely, co-agonist binding
and Mg2+ block removal) are represented by the yellow circle. At inhibitory synapses,
GABA binding to postsynaptically positioned GABAARs allows the flow of chloride ions
across the cell membrane, thus hyperpolarising the neuron and inhibiting neuronal activity.
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1.2 The Inhibitory Synapse

The unique role of the synapse in neurotransmission is achieved through the in-

teraction of a diverse range of highly specialised proteins (Figure 1.2A). Some of

these proteins will be discussed in detail, with the notable exception of the adhesion

proteins, which will be extensively described in subsequent sections.

1.2.1 GABAAR Structure

γ-Aminobutyric acid (GABA), acting via GABAARs, is the primary inhibitory neu-

rotransmitter present in the mammalian central nervous system (Henschel et al.,

2008). GABAARs are transmembrane hetero-pentameric protein complexes arranged

around a central pore that, resulting from conformational changes, become Cl− per-

meable following the binding of GABA. GABAARs are the fundamental mediator

of fast synaptic inhibition in the mammalian brain. To date, a total of 19 subunits

have been identified, which can be further classified into 8 classes: α(1-6), β(1-3),

γ(1-3), δ, ε(1-3), θ, π, ρ (Jacob et al., 2008). Alternative splicing of mRNA in-

creases even further the potential diversity of pentameric GABAARs (Levitan et al.,

2008). GABAAR subunits possess four hydrophobic transmembrane domains (TM1-

TM4) (Figure 1.2B1). A large intracellular domain (ICD) exists between TM3 and

TM4. This is the site for regulation of the receptor by protein interactions as well as

post-translational modifications such as phosphorylation (Smith and Kittler, 2010).

The GABA binding site is located between the α and β subunits (Figure 1.2B2).

GABAARs possess a number of allosteric binding sites, which alter the properties

of the channel and are also targets for a range of drugs, including benzodiazepines

(Bz). GABAARs contain a specific Bz binding site, located at the interface of the

α and γ subunit (Rudolph and Mohler, 2004). Bz binding increases the affinity of

GABAARs for GABA, increasing the frequency of receptor activation, where the en-

hanced hyperpolarisation events have a physiologically sedative effect. Barbiturates

are another class of drugs that act as neurological depressants through alterations of
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the channel kinetics of GABAARs and depress neuronal activity by the increasing the

duration of Cl− influx following GABA binding (Twyman et al., 1989; MacDonald

et al., 1989).

1.2.2 GABAAR Subunit Composition

In spite of the theoretical capacity to express substantial diversity in their composi-

tion, GABAAR subunit combinations are generally quite limited. Given 19 distinct

subunits and 195 candidate structures, the vast majority of subunit compositions are

not successfully trafficked to cell surface. Furthermore, some combinations that are

capable of surface expression in non-neuronal cells are not present in the CNS. For

example, the β3 subunit can form a membrane expressed homomers in non-neuronal

cells (Taylor et al., 2000), with little evidence to support its expression in neurons

(unlikely since this receptor would be devoid of GABA binding). This suggests that

particular neuronal mechanisms favour the formation of specific receptors. For ex-

ample, it has been shown that when α, β and γ subunits are co-expressed, there

is a strong preference for receptors containing the γ2 subunit over those composed

of α and β alone (Fisher and Macdonald, 1997). Though the search for physiolog-

ically relevant subunit combinations is not yet exhausted, a general rule of thumb

for GABAAR assembly has emerged: GABAARs in the brain are composed of two

α, two β and one subunit from the list of γ(1− 3), δ, π, σ, ε (Figure 1.2B2) (Olsen

and Sieghart, 2009). According to Olsen and Sieghart (2008), 11 combinations have

been conclusively confirmed to be present in the brain, a further 6 compositions have

strong evidence supporting their existence, while the remaining nine candidates are

tentatively claimed to exist. While receptors containing the same α and β subunit is

the convention, this is not an strict assembly rule as mixed receptors (two different

α or β subunits) have been reported (Benke et al., 2004). Receptors containing ei-

ther the γ2 or δ subunit are far more abundant than receptors containing π, σ or ε,

which are considered minor subunits (Olsen and Sieghart, 2008). Receptors contain-

ing these minor subunits are tentatively hypothesised to exist, where low expression
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levels may account for detection difficulties (Olsen and Sieghart, 2008).

1.2.3 GABAAR Localisation

The α1, β2 and γ2 subunits are the most abundantly expressed in the brain, while

other subunits tend to exhibit regional enrichment (Pirker et al., 2000). For ex-

ample, the α2 subunit is concentrated in the hippocampus, while α6 expression

appears restricted to the cerebellum (Wisden et al., 1992; Pirker et al., 2000). Nu-

merous immunocytochemistry and electron microscopy studies have demonstrated

that GABAAR subunit heterogenity is also reflected in their subcellular distribu-

tion. For example, the γ2 subunit has been shown to be enriched at synaptic regions

of granule and hippocampal neurons, often in association with the α1 and β sub-

unit (Somogyi et al., 1996). γ2 knockout (KO) mice display reduced clustering of

GABAARs and diminished mIPSC frequency, suggesting that this subunit is impor-

tant for synaptic transmission (Essrich et al., 1998; Schweizer, 2003). In contrast,

GABAARs containing the δ subunit are predominantly found in extrasynaptic re-

gions (Nusser et al., 1998), typically in association with α4/6 (Wei et al., 2003),

where they may mediate tonic or prolonged inhibition (Farrant and Nusser, 2005).

However, γ2 containing GABAARs are not exclusively synaptic; in fact, the ma-

jority of these receptors are located extra-synaptically, owing to its vastly greater

area relative to synaptic zones (Nusser et al., 1995). Enrichment of GABAARs at in-

hibitory synapses arises from interactions with intracellular scaffolding proteins, such

as gephyrin (described below). Extrasynaptically expressed GABAARs transiently

enter synaptic zones, where their movement is hindered due to subunit-specific in-

teractions with gephyrin (Bannai et al., 2009; Muir et al., 2010; Petrini et al., 2014).

Thus, the notion of static receptors has been replaced by a model in which receptors

become transiently confined at synapses.



Chapter 1: Introduction 29

1.2.4 GABAAR Trafficking

There are a number of distinct mechanisms that regulate the surface expression

of GABAARs. Once inserted on the plasma membrane, GABAARs dynamically

exchange between neuronal compartments via lateral diffusion. As this feature of

receptor regulation is extensively covered in subsequent sections, the remaining pro-

cesses by which GABAAR synaptic content is controlled will be briefly discussed

(namely, insertion, internalisation and recycling).

GABAARs are assembled as pentamers prior to insertion. This is believed to be

initiated by the formation of αβ hetero-dimers (Bollan et al., 2003), a process that

is reliant on their N-terminal domains and controlled by interactions with ER chap-

erons (Connolly et al., 1996). ER-associated degradation (ERAD) restricts the exit

of α and β subunits from the ER through protein ubiquitination, which was addi-

tionally reported to be negatively regulated by neuronal activity (Saliba et al., 2007,

2009). Trafficking of GABAARs to the Golgi apparatus involves interactions with the

ubiquitin-like protein PLIC-1 (Bedford et al., 2001). For receptors containing the γ2

subunit, entry to the secretory pathway is promoted by its palmitoylation (Rathen-

berg et al., 2004), potentially by the Golgi-specific DHHC zinc finger protein (GODZ)

(Keller et al., 2004). The GABAAR associated protein (GABARAP) was the first

identified interaction partner of GABAARs (Wang et al., 1999). As it is absent from

the inhibitory synapse and enriched at the Golgi (Kittler et al., 2001), and is addi-

tionally known to interact with microtubules (Wang et al., 1999), it was hypothesised

to mediate GABAAR exocytosis. Indeed, overexpression of GABARAP promoted

GABAAR surface trafficking (Leil et al., 2004). Furthermore, it was reported that

the rapid enhancement of GABAAR surface expression following neuronal stimu-

lation was mediated by GABARAP, Ca2+/calmodulin-dependent protein kinase II

(CaMKII), N-ethylmaleimide-sensitive factor (NSF) and glutamate receptor inter-

acting protein (GRIP) (Marsden et al., 2007). It was recently reported that loss

of kinesin superfamily motor protein 5A (KIF5A) produced epileptic phenotypes in

KO mice (Nakajima et al., 2012). It was observed that KIF5A promotes GABAAR

surface expression via interactions with GABARAP (Nakajima et al., 2012).
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Surface expressed receptors are continually removed from the plasma membrane in

a process known as endocytosis. This is believed to occur at specialized clathrin-rich

dendritic regions called endocytic zones (EZs) (Blanpied et al., 2002). In immature

neurons, it is estimated that 25% of surface GABAARs are internalised within 30

min (Kittler et al., 2004), though endocytotic mechanisms may be slower in ma-

ture neurons (Luscher et al., 2011). Though clathrin-dependent and independent

mechanisms have been observed (Bradley et al., 2008), the former has been more

extensively described, with a prominent role attributed to the clathrin adaptor pro-

tein, AP2 (Kittler et al., 2000a). GABAAR interactions with AP2 have been mapped

to a small highly conserved region of the β1-3 subunit intracellular domain, which

notably incorporates two phosphorylation sites (S408 and S409 in β3) (Kittler et al.,

2005). Indeed, internalisation has been shown to be negatively regulated by phos-

phorylation. It was demonstrated that enhancement of unphosphorylated β3 surface

expression increased inhibitory neurotransmission (Kittler et al., 2005). The phos-

phorlation site contained within the AP2 binding region has numerous kinases and

phosphatases, which, in some cases, display β subunit specificity (extensively re-

viewed in Luscher et al. (2011)). Interestingly, a recent study identified a three

arginine (RRR) motif within the β3 ICD located adjacent to the phosphorylation

sites that mediates GABAAR stabilisation at EZs via interactions with AP2 (Smith

et al., 2012). A similar mechanism exists on the γ2 subunit, by which phosphoryla-

tion of tyrosines 365/367 regulates AP2 interactions and subsequent internalisation

(Smith et al., 2008; Kittler et al., 2008; Tretter et al., 2009).

Following endocytosis, receptors are either recycled back to the cell membrane or

targeted for lysosomal degradation. The exact mechanisms by which these inter-

nalised receptors are assigned has not been fully resolved. Initial studies established

a role for Huntingtin Associated Protein 1 (HAP1), as its overexpression differen-

tially promoted GABAAR recycling versus degradation through interactions with the

β3 subunit (Kittler et al., 2004). One potential physical mechanism enabling pro-

tein reinsertion was uncovered when it was reported that HAP1 connects GABAARs

to kinesin superfamily motor protein 5 (KIF5) (Twelvetrees et al., 2010). Thus,
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regulation of this switch could provide a novel means to dynamically regulate recep-

tors numbers of the neuronal surface. Interestingly, this study identified a potential

link between this process and Huntington’s disease, as the poly-Q hungintin protein

(pathogenic mutant) disrupted receptor recycling (Twelvetrees et al., 2010). Further-

more, TRAK1 and TRAK2 have been identified as possible mediators of GABAAR

linkage to KIF5 (Brickley et al., 2005). As regards receptor degradation, it has

been shown that ubiquitination of an ICD of the γ2 subunit promotes its lysosomal

degradation (Arancibia-Carcamo et al., 2009). It remains unclear whether similar

mechanisms prevail for receptors lacking this subunit.

1.2.5 GlyRs

Following the proposal that glycine was a major neurotransmitter of the spinal cord

(Aprison and Werman, 1965), it was discovered that it mediated hyperpolarisation

through increased Cl− conductance (Curtis et al., 1967). The glycine receptor that

was responsible for this inhibition was subsequently purified (Pfeiffer et al., 1982).

While those initial studies focused on GlyR activity at the spinal cord, GlyRs also ex-

hibit enrichment in the brain stem (O’Brien and Berger, 1999) and retina (Pourcho,

1996), often mixed with GABAAR populations (Lynch, 2004). As both complexes

belong to cys loop receptor family, GlyRs and GABAARs share numerous structural

features. For example, like GABAARs, GlyRs constitute pentameric structures sur-

rounding a central Cl− permeable pore. However, in contrast to GABAARs, GlyRs

exhibit much less diversity in their subunit composition. To date, four α subunits

and one β subunit have been identified (Dutertre et al., 2012). Hetero-oligmers were

originally believed to be composed of 3 α and 2 β subunits (Kuhse et al., 1993),

though a recent Atomic Force Microscopy (AFM) study of α1β heteromers proposed

a 2:3 stoichiometry (Yang et al., 2012). Heterologous expression assays have demon-

strated that the α subunits are capable of forming homomers in non-neuronal cells

(Betz and Laube, 2006), which is not the case for the β subunit, as it is retained

in the ER (Griffon et al., 1999). Unlike GABAARs, functional homomers have been
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extensively observed in the spinal cord and brain stem. Interestingly, a development

shift occurs that switches GlyR composition from primarily α2 homomers to α1β

heteromers (Becker et al., 1988). As well as altering the biophysical properties of

the channel (Dutertre et al., 2012), incorporation of the β subunit strongly impacts

GlyR neuronal positioning, as the β subunit displays strong affinity for the scaf-

folding protein, gephyrin (Meyer et al., 1995). As well as GlyRs, gephyrin interacts

with numerous synaptic proteins, including GABAARs and NL2, and is thus often

considered a synaptic signalling hub (Tretter et al., 2012; Tyagarajan and Fritschy,

2014).

1.2.6 Gephyrin

Gephyrin is a widely expressed protein that, outside of neurons, plays a key role in

molybdenum cofactor biosynthesis (Tyagarajan and Fritschy, 2014). In neurons, it

was first identified as a 93kDa protein that exhibited strong affinity for the GlyR

β subunit (Pfeiffer et al., 1982). It was further demonstrated to bind to tubulin,

acting as a possible link between the cytoskeleton and GlyRs (Kirsch et al., 1991).

Gephyrin, which is encoded by the Gphn gene, is subject to extensive alternative

splicing (Prior et al., 1992; Herweg and Schwarz, 2012). It is composed of three

distinct domains: a G and E domain are linked together by a large C domain, which

contains various sites for protein interactions and post-translational modifications

(Tyagarajan and Fritschy, 2014). Recent structural analysis of gephyrin expressed

in E. coli suggests that it predominately forms trimers, with some conformational

variation (Sander et al., 2013).

Given the inhibitory function and structural features shared by GlyRs and GABAARs,

a corresponding role for gephyrin at GABAergic synapses was hypothesised. A di-

rect interaction between the GABAARs and gephyrin was first established for the α2

subunit (Tretter et al., 2008). Using chimeric constructs, they identified a 10 amino

acid sequence within the large ICD between TM3 and 4 that mediated synaptic

clustering of this subunit. Gephyrin binding domains were subsequently determined
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on homologous domains of the α1 (Mukherjee et al., 2011) and α3 (Tretter et al.,

2011). These binding domains were not highly conserved (Tretter et al., 2012), which

may imply heterogeneous gephyrin interactions across the α subunits. Furthermore,

this gephyrin binding domain overlaps with the GlyR β subunit, but occurs with

comparatively much lower affinity (Maric et al., 2011). The gephyrin binding in-

terface of the β2 and β3 subunits was subsequently determined (Kowalczyk et al.,

2013). In contrast, GABAARs containing the α4, α5 and δ, which are predomi-

nantly expressed extra-synaptically, did not colocalise with gephyrin puncta (Peng

et al., 2002). Indeed, anchoring of GABAARs containing the α5 subunit at extrasy-

naptic sites depends on interactions with the activated form of the actin-binding

protein radixin (Loebrich et al., 2006). However, disruption of the γ2 subunit ex-

pression, which also does not directly associate with gephyrin, resulted in the loss of

postsynaptic GABAAR and gephyrin clusters (Gunther et al., 1995; Essrich et al.,

1998). It should be noted that the γ2 subunit is not sufficient for synaptic clustering,

demonstrated by the presence of extrasynaptic clusters and diffuse populations of γ2

containing receptors (Kasugai et al., 2010; Tretter et al., 2012). Recent evidence sug-

gests that the γ2 subunit is also not required for GABAAR clustering at inhibitory

synapses (Kerti-Szigeti et al., 2014). Previous studies employing total γ2 removal

detected IPSCs, though whether these currents represented actual synapses was not

determined (Essrich et al., 1998; Sumegi et al., 2012). Using spatially and temporally

controlled γ2 deletion, GABAAR clustering was still present at inhibitory synapses

in affected neurons, where the γ3 subunit was observed to play a compensatory role

(Kerti-Szigeti et al., 2014).

Some gephyrin-independent forms of GABAAR stabilisation at synapses may exist,

as deletion of the Gphn gene did not abolish all GABAAR synaptic clustering (Fis-

cher et al., 2000; Kneussel et al., 2001). Moreover, it was recently reported that

specific GABAAR subunits (α2/3/5&β3) are expressed at presynaptic sites in dorsal

horn neurons in the absence of gephyrin clustering (Lorenzo et al., 2014). This is

in contrast to GlyR synaptic positioning, where gephyrin interactions are essential

(Kirsch et al., 1993), though β1 and β3 integrins may also contribute to this process
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(Charrier et al., 2010). Additional differences are highlighted by the observation

that gephyrin and GlyRs oligimerise prior to insertion (Hanus et al., 2004), and even

latterly diffuse as a complex (Ehrensperger et al., 2007). These distinctions may

stem from differences in gephyrin binding affinity, or alternatively from gephyrin

partners that are absent from Glycinergic synapses (namely, collybistin and NL2-

described in subsequent sections). Indeed, differences in gephyrin organisation in

pure GABAergic and spinal cord synapses were elegantly detected in a recent study

(Specht et al., 2013). Using super-resolution microscopy, it was shown that gephyrin

density at GABAAR-only synapses is half that of the mixed GABAergic-Glycinergic

synapses present at the spinal cord (Specht et al., 2013).

Interestingly, the functional relationship between GABAARs and gephyrin is bidi-

rectional, as gephyrin clustering is affected by targeted deletion of specific GABAAR

subunits e.g. α1 (Kralic et al., 2006; Fritschy et al., 2006), α2 (Panzanelli et al.,

2011), α3 (Studer et al., 2006). For example, with the loss of the GABAAR α1

subunit, gephyrin forms large cytosolic aggregates, much like when gephyrin is over-

expressed in non-neuronal cells. This mirrors the mechanisms observed in spinal

cord neurons, where synaptic clustering of gephyrin was dependent on GlyR activa-

tion (Kirsch and Betz, 1998). Thus, it seems that synaptic signalling mechanisms

are responsible for gephyrin organisation at synapses. Further evidence of the func-

tional interplay at inhibitory synapses between GABAARs and gephyrin has recently

strengthened (Petrini et al., 2014). Chemically induced long-term potentiation of in-

hibition (iLTP) enhances β3 containing GABAAR expression at synapses, which

requires the synaptic recruitment of gephyrin that was in turn dependent on β3

phosphorlyation. Crucially, loss of gephyrin recruitment through the abolition of β3

phosphorylation was sufficient to block iLTP induction (Petrini et al., 2014). The

sequence of events of these distinct clustering mechanisms was not conclusively de-

termined in this study. While temporal limitations could account for the observed

findings, this study suggests that GABAAR accumulation and gephyrin recruitment

occurred simultaneously. This relationship had been observed in a previous study,

which reported that the γ2 subunit accumulated at newly formed synapses in concert
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with gephyrin recruitment (Dobie and Craig, 2011). It should be noted inconsistent

timescales limit direct comparisons between the two studies, as the duration of the

imaging experiments in the latter was typically of the order of hours

1.2.7 Collybistin

Collybistin (CB)- encoded by the Arhgef9 gene- is a neuronal-specific guanine ex-

change factor (GEF) that activates cell division control protein 42 homologue (Cdc42),

a small GTPase member of the RHO family (Kins et al., 2000). CB is composed

of three functional domains: a pleckstrin homology (PH) domain; a catalytic DBL

homology (DH) domain; and a Src-homology 3 (SH3) domain. In rats, alternative

splicing of the C terminus produces three CB isforms (CB1-CB3), of which only

CB3 has been identified in humans to date (Tyagarajan and Fritschy, 2014). Addi-

tionally, mRNA splicing gives rise to two further variants of each isoform, in which

the SH3 domain is either absent or present (CBSH− and CBSH+) (Fritschy et al.,

2012). In a yeast two-hybrid screen, the CB DH domain was shown to directly bind

gephyrin (Grosskreutz et al., 2001), which could also disrupt Cdc42 interactions

through binding competition (Xiang et al., 2006). Furthermore, the CB binding re-

gion on gephyrin was mapped to the start of its E domain, which coincided with GlyR

and GABAAR binding (Harvey et al., 2004; Tretter et al., 2011). In non-neuronal

cells, gephyrin and collybistin colocalise at large submembranous aggregates (Kins

et al., 2000). CB interactions were subsequently shown to be an important regulator

of gephyrin trafficking and clustering in neurons (Harvey et al., 2004). Intriguingly,

the presence of the SH3 domain was shown to negatively impact gephyrin clustering.

As this isofrom is believed to dominate CB expression, it suggests that regulation of

this domain is essential to the synaptic assembly of gephyrin (Harvey et al., 2004).

Furthermore, a mutation (G55A) in the human CB gene was discovered in a patient

exhibiting symptoms of both hyperekplexia (alternatively known as startle disease)

and epilepsy, which underlines the important influence of this protein at inhibitory

synapses.
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It was reported that CB deletion in mice leads to cell specific deficits in GABAAR

and gephyrin clustering, with no apparent defects in Glycinergic transmission (Pa-

padopoulos et al., 2007). Furthermore, enhanced LTP was observed as well as pro-

nounced anxiety and impaired spatial learning in Arhgef9 null mice, which collec-

tively points to impairments in inhibitory transmission (Papadopoulos et al., 2007).

One potential mechanism by which CB mediates gephyrin translocation in neurons

was uncovered with the discovery that co-expression of gephyrin, CB and NL2 is

sufficient to trigger the formation of surface expressed gephyrin microaggregates

(Poulopoulos et al., 2009). The adhesion protein NL2 was shown to activate the

SH3 domain of CB, which may relieve the SH3 domain mediated autoinhibition

of the DH domain to facilitate gephyrin binding (Murayama et al., 2007). It was

further demonstrated that this mechanism is responsible for gephyrin clustering at

perisomatic inhibitory synapses in the CA1 of the hippocampus (Poulopoulos et al.,

2009).

An alternative model proposes that the GABAAR α2 subunit may perform an analo-

gous role to NL2 to activate CB and enable synaptic clustering of gephyrin (Saiepour

et al., 2010). It was shown that this subunit, but not α3, which can also bind

gephyrin, directly interacts with CB. Furthermore, the pathogenic CB G55A muta-

tion severely impacted its interaction with the α2 subunit. Evidence supporting both

theories emerged from α2 knockout studies (Panzanelli et al., 2011), which demon-

strated a reduction in both NL2 and gephyrin clusters. Interestingly, GABAAR α1

and NL2, but not gephyrin, clusters were preserved at perisomatic synapses, though

all three were excluded from the AIS. However, neither model accounts for the neuron

type specific gephyrin clustering that is maintained in Arhgef9 null mice. Addition-

ally, gephyrin clustering in Glycinergic synapses is not explained by either hypothesis,

which was unperturbed by CB deletion. Furthermore, the central tenet underlying

these theories, that activiation of the CB SH3 domain is required to trigger gephyrin

clustering, has not been conclusively determined. Overexpression of CB isoforms,

irrespective of the SH3 domain, were equally capable of rescuing inhibitory transmis-

sion following CB deletion (Korber et al., 2012). However, experiments in which CB
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was overexpressed demonstrated differences in synaptic content (namely, increased

α2) resulting from the SH3 domain (Tyagarajan et al., 2011). The observed mecha-

nistic differences were attributed to differential interactions with CDC42 (Tyagarajan

et al., 2011). Furthermore, this study reaffirmed that a functional PH domain - a

domain that is overlooked by both models- is required for CB to regulate gephyrin

clustering (Reddy-Alla et al., 2010).

It is conceivable that both mechanisms (namely, NL2 and α2 interactions via colly-

bistin) contribute to synaptic clustering of gephyrin. The evidence to date suggests

that different mechanisms may prevail in specific neuronal subpopulations (e.g. AIS

versus perisomatic synapses). These heterogeneities may stem from the diversity of

GABAergic inputs, e.g. substantial interneuron subtype diversity (Klausberger and

Somogyi, 2008).

1.2.8 Dystrophin & the Dystrophin Glycoprotein Complex

(DGC)

The dystrophin glycoprotein complex (DCG) is a large molecular structure that

provides a stable mechanical link between the intracellular cytoskeleton and the

extracellular matrix. It is expressed in a wide variety of physiological contexts, rang-

ing from cardiac muscle cells, kidney epithelial cells to neurons (Blake et al., 2002;

Haenggi and Fritschy, 2006). Though its exact composition displays cell type specific

variation, a key component of the DCG is the large rod-shaped cytoskeletal protein

dystrophin (Koenig et al., 1988). Mutations in the dystrophin gene underlie numer-

ous muscle dystrophies, including Duchenne muscular dystrophy (DMD) and Becker

muscular dystrophy (BMD) (Hoffman et al., 1987). The importance of the DGC to

neuronal processes is highlighted by the cognitive deficits and learning disabilities

exhibited by patients with these conditions (reviewed in Waite et al. (2009)).

Initial studies of dystrophin in neurons demonstrated that it is most abundantly

expressed in the cerebral cortex, cerrebellum and hippocampus (Gorecki et al., 1992;
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Figure 1.2: Structure of the inhibitory synapse and GABAARs. (A) Neuroligin 2 (NL2)
spans the synaptic cleft and binds to neurexin (NRX) positioned on the apposing axon.
NL2 translocates gephyrin to the inhibitory synapse via collybistin. GABAARs aggregate
at the synapse due to subunit-specific interactions with gephyrin. Receptors transiently
enter and exit the synapse through lateral diffusion. (B1) Illustration of the structure of
a typical GABAAR subunit, which consists of four transmembrane domains, extracellular
N and C termini and a significant intracellular domain (ICD) between TM3 and TM4.
Ligand binding occurs in the N terminal segment, while the ICD between TM3 and TM4
mediates various post-translation modifications and protein interactions. (B2) Illustration
of the pentameric assembly of a GABAAR containing α1, β3 and γ2. GABA binding
occurs at the α-β interface, while presence of the γ2 subunit confers benzodiazepine (BZ)
sensitivity at the α-γ interface.
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Lidov et al., 1993), where it is typically enriched at the PSD (Lidov et al., 1990;

Kim et al., 1992). It was subsequently shown to selectively localise at a subset of

GABAergic synapses (Knuesel et al., 1999). Using mdx mice, a model of human

DMD (Bulfield et al., 1984), GABAAR clustering was specifically reduced in typical

dystrophin positive brain regions (Knuesel et al., 1999). Furthermore, these alter-

ations occurred independently of gephyrin, as its clustering was unaffected by dys-

trophin downregulation. These findings were complemented by a study employing a

mouse model of temporal lobe epilepsy, where an increase in GABAAR clustering was

accompanied by a corresponding increase in both dystrophin and gephyrin expres-

sion (Knuesel et al., 2001). Dystroglycan, which links dystrophin to the extracellular

matrix via its extracellular α subunit and its transmembrane β subinit, shows sim-

ilar enrichment at a subset of inhibitory synapses (Levi et al., 2002). Interestingly,

dystrophin expression at inhibitory synapses was dependent on dystroglycan, while

dystrolgycan enrichment occurred independently of both dystrophin and gephyrin

(Levi et al., 2002). It was later reported that partial rescue of dystrophin expression

in mdx mice was sufficient to restore GABAAR clustering in the hippocampus (Vail-

lend et al., 2010). Collectively, these experiments suggest that the DCG contributes

to the structural stability of specific inhibitory synapses and also provide a functional

explanation for the cognitive disabilities associated with DMD.

At this point, it was slightly unclear whether dystrophin acted in unison or distinct

from gephyrin. Evidence supporting the latter theory emerged from α2 KO experi-

ments (Panzanelli et al., 2011). As previously stated, GABAAR α1 and NL2, but not

gephyrin, clusters were preserved at perisomatic synapses, though all three were ex-

cluded from the AIS. Interestingly, NL2 and α1 clustering appeared to overlap with

dystrophin expression, which was also absent from the AIS, suggesting the DCG

may replicate gephyrin function and mediate protein stabilisation at specific subsets

of inhibitory synapses. The mechanisms that confer the differential localisation of

dystophin remain unclear. In contrast to GABAARs and gephyrin, it appears that

presynaptic interactions are required for its postsynaptic clustering (Brunig et al.,

2002), so it is conceivable that a presynaptic partner present in a subset of GABAer-
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gic interneurons determines its selective postsynaptic profile (Fritschy et al., 2012).
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1.3 Neuroligins

Neuroligins (NLs) constitute the primary link between the presynapse and the post-

synaptic density (PSD). They are postsynaptic adhesion proteins that bind to part-

ners positioned presynaptically and are thus essential to synapse regulation. In hu-

mans, NLs are encoded by five genes (NLGN1-4 & NLGN4Y), while four genes have

been identified in rodents (NLGN1-4) (Krueger et al., 2012). NLs exhibit a large

degree of conservation in their structure and amino acid sequence (see Appendix for

full alignment of the NL1-4 amino acid sequences). The sequence homology across

the NL family is around 70-80% (Arac et al., 2007), though it appears that NL2

differs from the other isoforms, which are quite similar to each other (Sudhof, 2008).

NLs are composed of a large extracellular cholinesterase-like domain, which is re-

sponsible for transsynaptic binding, a relatively small transmembrane domain and a

moderately sized intracellular c-tail that accommodates various protein interactions

and post-translational modifications (Figure 1.3).

NLs are present on the neuronal membrane as dimers (Arac et al., 2007), typically as

homomers though specific heteromers have been observed (most notably, NL1 NL3

dimers (Budreck and Scheiffele, 2007)). NLs appear to be trafficked to the surface as

constitutive dimers since dimerisation deficient mutants are retained intracellularly

(Poulopoulos et al., 2012). Transsynaptic signalling appears to occur independent of

intracellular functions as loss of the intracellular domain did not abolish presynaptic

clustering(Chubykin et al., 2007; Ko et al., 2009), while intracellular signalling pro-

cesses were unaltered by functional silencing of the extracellular domain (Mondin

et al., 2011). These findings highlights the dual role of NLs in transsynaptic regu-

lations as well as postsynaptic organisation. Moreover, the speculated role of NLs

in synaptic function has evolved from synapse formation (e.g. co-culture studies

described below) to a more subtle, yet pivotal, ability to coordinate the PSD and

confer synaptic specification.

The role of NLs in synapse organisation was elegantly demonstrated by the ability

of NLs to induce presynaptic aggregations at the surface of transfected cells (known
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as hemi-synapses) when expressed in non-neuronal cells co-cultured with neurons

(typically when the neurons are DIV8 or DIV9- an age at which synaptic contacts are

formed but are still sparse enough to allow sufficient space for the non-neuronal cells)

(Figure 1.4) (Scheiffele et al., 2000). This synaptogenic role was a general feature

of the NL family and showed little distinction between synapse type, i.e. excitatory

versus inhibitory (extensively reviewed in Craig and Kang (2007)). However, despite

their similarities in vitro, in neurons, NLs exhibit differential enrichment depending

on postsynaptic specification. NL1 is primarily associated with excitatory synapses

(Song et al., 1999), NL2 is specific to inhibitory synapses (Varoqueaux et al., 2004),

NL4 is concentrated at Glycinergic synapses in the retina (Hoon et al., 2011), while

NL3 is present at a subset of both inhibitory and excitatory synapses (Budreck

and Scheiffele, 2007). The mixed behaviour of NL3, in contrast to the other NLs,

may derive from its tendency to form heterodimers with NL1 (Poulopoulos et al.,

2012). The exact mechanisms that produce these specialisations have not been fully

resolved. Efforts have been complicated by potential NL compensatory mechanisms

triggered by the deletion of a specific NL isoform. For example, mice possessing single

isoform and particular double isoform deletions show modest changes in synaptic

activity but not synapse number, while NL1-3 triple knockouts are not viable and

die shortly after birth (Makowiak et al., 2014). Furthermore, in co-culture assays,

NL1 and NL2 expression triggers the formation of both excitatory and inhibitory

synapses in each case (Graf et al., 2004; Craig and Kang, 2007) . Before discussing the

specific features of the NL isoforms that may underlie their differential localisation,

it is neccessary to introduce the principal presynaptic partner of the NL family,

neurexin.

1.3.1 Neurexin (NRX)

Neurexin (NRX) was first identified as a presynaptic receptor for α-latrotoxin, the

toxic venom of the black widow spider (Ushkaryov et al., 1992). Though NRXs

predominately localise to the presynapse, there is some evidence of postsynaptic ex-
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Figure 1.4: Schematic of the co-culture assay. Co-cultures have been extensively em-
ployed to study the synaptogenic properties of various proteins (Craig et al., 2006). The
general procedure is outlined above. The age of the neurons may differ across studies (DIV
10 at time of fixation in this thesis). A detailed description of the co-culture protocol is
provided in Biederer and Scheiffele (2007).
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pression (Taniguchi et al., 2007). NLs were subsequently discovered to be endogenous

ligands for NRXs (Ichtchenko et al., 1995). Much like NLs, in co-culture experiments,

NRX expression induced the formation of hemi-synapses, highlighting its potential

role in synaptogenesis (Graf et al., 2004; Nam and Chen, 2005). The three genes

that encode NRX expression (NRXN1-3) are regulated by two distinct promoters

(α & β), which gives rise to two different protein classes (NRX1-3α and NRX1-

3β), though alternative splicing at five distinct sites (SS1-5) substantially enhances

NRX diversity (Ullrich et al., 1995). The α subtypes are significantly larger but

they both share identical transmembrane and intracellular domains, which contain a

C-terminal located PDZ binding domain that mediates interactions with the CASK

member of the MAGUK proteins (Hata et al., 1996). The extracellular portion of

β-NRX mostly consists of a single LNS (laminin, neurexin, sex-hormone-binding

globulin) domain, while the corresponding region of α-Nrxs is augmented by five ad-

ditional LNS domains (the sixth LNS domain corresponds to LNS domain of α-NRX

(Rudenko et al., 1999)) as well as three epidermal growth factor (EGF) domains

(Sudhof, 2008) . The extracellular domain harbours the numerous splice sites as well

as the NL binding interface.

1.3.2 NRX/NL Complex

With the discovery of NLs from purified neurexin, NRX and NL were considered

likely transsynaptic binding partners. Subsequent studies demonstrated that NL1

binds transsynaptically to β-NRXs in a Ca2+ dependent manner (Nguyen and Sud-

hof, 1997; Comoletti et al., 2003), though the exact mechanism by which this connec-

tion occurred was not fully understood (Dean and Dresbach, 2006). X-Ray cyrstal-

lography studies of NL1 and NL4 in isolation and bound to NRX1-β fully unearthed

the structural interactions that were involved (Arac et al., 2007; Fabrichny et al.,

2007). It revealed that the NRX/NL complex exists as tetramer with two non-

interacting NRX protomers oppositely bound to identical regions of the NL1 dimer

(Figure 1.5). The binding interface incorporated SS4 of NRX1-β as well as SSB of
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NL1, which correlates with studies that have suggested alternative splicing of these

domains modulates NRX-NL interactions (Boucard et al., 2005; Comoletti et al.,

2006; Graf et al., 2006). Furthermore, the binding interface included two Ca2+ bind-

ing domains, highlighting the role of Ca2+ in coordinating complex formation (Arac

et al., 2007). The mutation of specific residues located on the binding interface of

NL1 produced a dramatic reduction in its affinity to NRX1-β (Arac et al., 2007).

Importantly, the binding interface, including these key residues, is broadly conserved

across the NL family. Additional mutations at the edge of binding interface further

diminished the strength of the interaction (Arac et al., 2007). Interestingly, NL

isoform sequence variation occurs in this region and may thus explain differences

observed in the transsynaptic signalling of NL isoforms.

1.3.3 Role of NRX-NL at the Synapse

Given its ability to initiate synapse formation in non-neuronal cells, the synaptic

role of NLs was originally considered to involve synaptogenesis. This hypothesis

was supported by studies that showed altered expression of a single or multiple

NRX/NL isoforms significantly impacted excitatory and inhibitory synapse number

(Dean et al., 2003; Prange et al., 2004; Chih et al., 2005; Nam and Chen, 2005).

However, evidence contradicting this theory emerged from NL1-3 KO knockout ex-

periments (Varoqueaux et al., 2006). Though loss of NL1-3 leads to fatality soon

after birth, deletion of these NL isoforms did not display significant reductions in

synapse density, but rather in synaptic content (Varoqueaux et al., 2006). Similar

results were obtained in α-NRX1-3 KO mice, which showed little change in synapse

number (Missler et al., 2003). Further experiments determined that overexpression

and KO of NL2 increased and reduced inhibitory synaptic responses, respectively

(a similar result was observed for NL1 specifically at excitatory synapses). Inter-

estingly, it was demonstrated that the enhancement arising from overexpression of

each NL isoform could be cancelled by blocking neuronal activity (via NMDARs or

CaM-Kinase II in the case of NL1) (Chubykin et al., 2007). Taken together, these
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Figure 1.5: Illustration (adapted from Levinson and El-Husseini (2007)) of the structure
of the transsynaptic complex formed by NRX and NL binding as revealed by high-resolution
x-ray cyrstallography (Arac et al., 2007). NL forms constitutive dimers on the postsynapse.
Two NRX monomers bind to mirror opposite sides of the NL dimer to form a transsynaptic
tetramer. The binding interface of NL1 was also identified and NRX binding efficiency was
altered by insertion of splice site B (Arac et al., 2007).
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results suggest a model whereby NRX-NL complex formation occurs in response to

neuronal activity, which subsequently contributes to synaptic maintenance. While

the role of NLs in synapse specification may derive from interactions with NRX, the

ability of NL to dynamically regulate synaptic content could depend on intracellular

mechanisms.

1.3.4 NL C-tail Function at Excitatory Synapses

As previously stated, the intracellular region of NLs is considerably shorter its ex-

tracellular domain (Figure 1.3). Nevertheless, the cytoplasmic tail (c-tail) of NLs,

which show a large degree of isoform conservation, possesses numerous features that

allow various protein interactions and post-translational modifications, which may

underlie its ability to influence synaptic activity. Each NL isoform contains a PDZ

binding domain, located at the C-terminal. This sequence mediates interactions

with PDZ containing proteins. At the excitatory synapse, this primarily involves

interactions between NL1 and PSD 95, a scaffolding protein that plays a role anal-

ogous to gephyrin at inhibitory synapses. Indeed, the intracellular domain of NL1

has been shown to bind PSD-95 in vitro (Irie et al., 1997). However, the importance

of this interaction in neurons has not been determined. Interestingly, overexpres-

sion of PSD-95 shifted the expression of NL2 to excitatory locations, indicating that

interactions with the synaptic scaffold may dictate neuronal E/I balance (Prange

et al., 2004; Levinson et al., 2005). However, overexpression of NL1 PDZ truncation

mutants did not cause aberrant synaptic targeting (Dresbach et al., 2004; Ko et al.,

2009), though complete deletion of the c-tail did severly impact its synaptic translo-

cation (Dresbach et al., 2004). This supports the idea that intracellular signalling is

essential for NL synaptic aggregation and points to PDZ-independent mechanisms.

Overexpression studies were, however, undermined by the ability of exogenous NL1 to

dimerise with endogenous NL1 and NL3. The endogenous NL1 could override mutant

phenotype. To overcome this limitation, NL1 and NL3 mutants were expressed on a

reduced NL background. Thus, their ability to form dimers with endogenous NL was
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diminished (Chih et al., 2005). On a reduced NL expression background, the PDZ

binding domain was not important but rather a previously unidentified 13 amino acid

sequence positioned between the transmembrane domain and PDZ binding domain,

which is conserved in both NL1 and NL3 (Shipman et al., 2011). But given the

exclusive role of NL2 at inhibitory synapses, the comparatively lesser role of PDZ

proteins there, as well as the absence of this non-PDZ critical region in NL2, it is

reasonable to speculate that alternative mechanisms may prevail.

1.3.5 NL2 C-tail Function at Inhibitory Synapses

As the other NL isoforms are sparsely expressed at inhibitory synapses, this may

suggest that the c-tail of NL2 possesses unique features that mediate this synaptic

localisation (Figure 1.3). As stated in the previous section, the general features

of the c-tail are conserved across the NL family e.g. NL2 contains a N-terminal

PDZ binding domain. However, in contrast to the prominent excitatory scaffold

protein PSD95, gephyrin lacks a corresponding canonical binding domain. This raises

two possibilities: unidentified proteins mediate the interaction or that, similarly to

excitatory synapses, an unidentified mechanism dominates. To support the first

hypothesis, NL2 has been shown to interact with synaptic scaffolding protein (S-

Scam), with which it links to β-dystroglycan to form a tripartite complex in vitro

(Sumita et al., 2007). The extent of this interaction in neurons has not been fully

established, though these three proteins did partially colocalise at inhibitory synapses

of hippocampal neurons (Sumita et al., 2007). As S-SCAM is present at excitatory

synapses, where it interacts with AMPARs(Danielson et al., 2012) and NL1 (Iida

et al., 2004) amongst others, it is unlikely to ultimately determine NL2 enrichment

at inhibitory synapses.

As regards the second hypothesis, a gephyrin binding domain has been identified,

which is a single residue corresponding to Y770 in NL2 that is conserved across all

NL isoforms (Poulopoulos et al., 2009). As previously stated, coexpression of NL2

and collybistin is sufficient to induce the formation of gephyrin microaggregates at



Chapter 1: Introduction 50

the surface of non-neuronal cells, which is blocked by mutating this single residue to

an alanine (NL2770A) (Poulopoulos et al., 2009). Though gephyrin interacts with all

NL isforms, it is believed that NL2 specific interactions with CB mediate this result.

Furthermore, they demonstrate this single amino acid of NL2 mediates the targeting

of gephyrin to perisomatic inhibitory synapses. A recent study has reported that

NRX binding to NL1 induces phosphorylation of this gephyrin binding residue, which

promotes the accumulation of NL1 at excitatory rather than inhibitory synapses

through preferential binding to PSD-95 (Giannone et al., 2013). The relevance of this

mechanism in NL2 was not tested. Nevertheless, this study provides an intriguing

link between postsynaptic specification and intracellular signalling mechanisms.

1.3.6 C-tail PostTranslational Modifications

As well as mediating various protein-protein interactions, the NL c-tail contains nu-

merous sites that are subject to posttranslational modifications, of which phospho-

rylation is potentially the most important and generally most extensively studied.

It is the addition of a negatively charged phosphate group to the protein amino acid

sequence (a biophysical review is provided in Kamerlin et al. (2013)). It is thought

that roughly one third of proteins are phosphorylated (Manning et al., 2002), while

the human proteome may contain over 106 distinct phosphorylation sites (Zhang

et al., 2002). Phosphorylation status may affect protein structure, trafficking, stabil-

ity as well as modulate its interactions with other proteins. In humans, a limited set

of amino acids are capable of phosphorylation: serine and theronines are the most

common targets, while tryosine phosphorylation is comparatively rarer (Shenolikar,

2012). In the context of the NL proteins, a number of phosphorylation sites have

been identified. In NL1, neurexin1-β was recently demonstrated to trigger phospho-

rylation of residue Y772 and that this mediated NL1 preferential binding to PSD-95

versus gephyrin (Giannone et al., 2013). This site is conserved across the NL family

and a previous study of NL2 had linked this residue to gephyrin binding. However,

the phosphorylation status of this residue in NL2 was not explored. Recently, it
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was shown that CaMKII phosphorylates a single site of the c-tail of NL1 (T739),

which appeared to regulate its trafficking and subsequent surface expression (Bem-

ben et al., 2014). CamKII was found not to phosphorylate NL2 and the effect was

largely specific to NL1 (with some evidence of NL4 phosphorylation).

Compared to NL1, much less is known about phosphorylation mechanisms in NL2.

Several large scale proteomic screens of phosphorylation in mouse brains have in-

dependently detected phosphorylation of S714 (Figure 1.3) (Munton et al., 2007;

Tweedie-Cullen et al., 2009; Wisniewski et al., 2010; Huttlin et al., 2010; Trinidad

et al., 2012). There was less consensus around two additional sites, S719 and S721

(Wisniewski et al., 2010; Huttlin et al., 2010). Interestingly, S714 is conserved across

the NL proteins, though only NL2 consistently demonstrated phosphorylation of this

site in proteomic studies- one study did report NL3 phosphorylation (Wisniewski

et al., 2010). The amino acids surrounding this residue are less conserved, which

may account for this observation. Furthermore, several proteomic studies have pro-

vided evidence that the corresponding site on human NL2, S713, is capable of being

phosphorylated (Herskowitz et al., 2010; Shiromizu et al., 2013). Only one of these

proteomic studies explored the identity of the responsible kinase. Out of CamKII,

PKA and Akt (alternatively known as protein kinase B (PKB)), AKT was deter-

mined to be the most likely candidate (which is supported by computational analysis

of the consensus motif- see Appendix) (Wisniewski et al., 2010). Interestingly, AKT

has been demonstrated to phosphorylate GABAARs and increase their membrane

expression (Wang et al., 2003). Furthermore, it has been reported that postmortem

brain tissue from schizophrenic patients displayed reduced expression of Akt1 (Zheng

et al., 2012), while akt3 was identified as ASD candidate gene (Poot, 2013). The link

with neuropsychological disorders shared by AKT and NL2 may support a functional

connection. However, as the human genome contains 428 serine/theronine kinases

(Shenolikar, 2012), the search was evidently not exhaustive and rigorous identifica-

tion of the relevant kinases, and their functional implications, will be the focus of

future studies.
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1.3.7 NRXs/NLs & Psychiatric Disorders

The prominent role of NLs in regulating synaptic function was underlined when

patients suffering neuropsyschiatric disorders were found to possess NL defects. Ge-

netic studies in humans related to autism spectrum disorders (ASDs) identified one

mutation (R451C) in the gene encoding NL3 and ten different mutations of NL4

(Jamain et al., 2003; Makowiak et al., 2014). Further investigation of the R451C

mutant in vitro (Comoletti et al., 2004) and knock-in (KI) mice (Tabuchi et al.,

2007) highlighted a surface trafficking defect, potentially due to protein misfolding

(De Jaco et al., 2010), which suggests the effect of the mutation in patients with

ASDs is mediated by a loss of surface expressed NL3. Genetic screening of patients

with schizophrenia identified six rare missense mutations of NL2, of which four were

considered benign (Sun et al., 2011). Again, the loss of function resulting from the

R215H mutation stemmed from its intracellular retention.

Given the primary roles of NL1 and NL2 at the excitatory and inhibitory synapses,

respectively, it was perhaps surprising that these isoforms did not present more

prominently in cases of heritable neuropsychiatric disorders. Investigation of NL

function in relation to psychiatric disorders has thus focused on rodent KO and over-

expression models. NL1 KO mice exhibited memory and spatial learning deficits,

potentially arising from defects in long-term potentiation (LTP), while displaying

minor sociability impairments (Blundell et al., 2010). Overexpression of NL1 in vivo

caused learning deficits, though memory retrieval was unaffected, while correspond-

ing electrophysiological analysis indicated a shift towards enhanced excitation and

LTP impairments (Dahlhaus et al., 2010). In the case of NL2 KO, mice displayed in-

creased anxiety, impaired motor coordination and delayed developmental behaviour,

though social interactions appeared normal (Blundell et al., 2009; Wohr et al., 2013).

In contrast, transgenic mice with overexpressed NL2 displayed anxiety-like features,

increased repetitive behaviour and impaired social interactions (Hines et al., 2008).

KO and KI studies of NL3 correlated with the human genetic studies. NL3 KO mice

presented characteristics reminiscent of ASDs, including reduced vocalisations and

hyperactivity (Radyushkin et al., 2009), while R451C KI mice exhibited impaired
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social interactions but improved spatial learning (Tabuchi et al., 2007). These results

reaffirm the physiologically important role played by NLs as fundamental arbiters of

the E/I balance as well as intricate regulators of synaptic function.

Dysfunctional NRX signalling has been similarly implicated in numerous neuropsy-

chiatric disorders. It is known that a small percentage (< 1%) of patients suffering

from ASDs possess mutations in the gene encoding NRX1 (Szatmari et al., 2007;

Kim et al., 2008; Etherton et al., 2009). Furthermore, exonic deletions within the

same gene have also been implicated in cases of schizophrenia (Walsh et al., 2008;

Rujescu et al., 2009), cognitive abnormality (Zahir et al., 2008) and developmen-

tal delay (Ching et al., 2010). These deletions typically target the longer α is-

form, though some alterations to β isoform have been reported (Feng et al., 2006;

Ching et al., 2010). Electrophysiological recordings of NRX1α deficient mice showed

reduced miniature EPSC frequency with no defects observed in hippocampal ini-

hibitory transmission (Etherton et al., 2009). The corresponding behaviourial stud-

ies reported increased grooming behaviour and enhanced motor learning. Crucially,

no apparent changes in social behaviours were observed (Etherton et al., 2009). A

subsequent NRX1 KO mouse study revealed reduced social investigations and in-

creased aggressive interactions, common behavioural symptoms observed in patients

affected by ASDs (Grayton et al., 2013). The inconsistencies between the two stud-

ies was attributed to the mixed genetic background that had been employed in the

earlier study (Grayton et al., 2013).

1.3.8 Other Synaptic Cell Adhesion Molecules (CAMs)

While the NL family has received considerable attention as key transyaptic signalling

proteins, additional synaptic cell adhesion molecules (CAMs) have emerged in recent

years. For example, several NL binding partners outside of the traditional NRX-

NL paradigm have been identified. These include receptor-type protein tyrosine

phosphatase T (PTPRT) (Lim et al., 2009), thrombospondin-1 (TSP1) (Xu et al.,

2010), IgSF9b (Woo et al., 2013) and the MAM domain-containing GPI anchor
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protein (MDGA1) (Lee et al., 2013). In some cases, e.g. TSP1, this binding appears

to mimic the synaptogenic effects of NRX binding, while MDGA1 may perturb NL-

NRX signalling through competition for the same binding site. Furthermore, as some

non-NRX partners show NL isoform specificity (e.g. MDGA1 appears NL2 specific),

these proteins may subtly influence synapse specification.

On the postsynaptic side, notable alternative NRX ligands include dystroglycan

(Sugita et al., 2001), neurexophilin (Missler and Sudhof, 1998), Calsyntenin-3 (Pet-

tem et al., 2013) and the Leucine-rich repeat transmembrane neuronal proteins (LR-

RTMs), a family of four related proteins that are enriched in the brain (Lauren

et al., 2003). In a co-culture system, LRRTM1 and LRRTM2 displayed the strongest

synaptogenic potency (Linhoff et al., 2009). Specifically, LRRTM2 localises to gluta-

matergic synapses and has been shown to bind NRXs lacking the SS4 insert, poten-

tially mediating a cooperative role with NL1 at excitatory synapses (Siddiqui et al.,

2010). Like NLs, genetic studies have linked LRRTMs to neuropsychiatric disorders

(Francks et al., 2007). Interestingly, neurexins directly interact with the extracel-

lular domain of the GABAAR α1 subunit (Zhang et al., 2010). This interactions

appears to suppress GABAergic activity, though it was not established whether it

derives from presynaptic or postsynaptic NRX positioning. Support for the latter

scenario emerged when it was reported that specific GABAAR subunits initiate the

formation of hemi-synapses in non-neuronal cells (Fuchs et al., 2013). Though the

identity of the transsynaptic partners and the functional relevance of this observation

is not currently known, nevertheless, it strengthens the hypothesis that transsynaptic

signalling processes directly regulate GABAAR expression at inhibitory synapses.

The presence of NL-independent synapses, e.g. NL1-3 KO experiments, implies the

activity of adhesion proteins that can at least compensate for their absence. A recent

study identified the Slit- and Trk-like proteins (Slitrks) as potential candidates to

perform this enigmatic role (Yim et al., 2007). These proteins are enriched at the

postsynapse and demonstrated synaptogenic properties in heterologous cells, while

overexpression and knockdown elevated and reduced synapse formation, respectively.

Reminiscent of NLs, these six proteins displayed differential synaptic effects that
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were isoform dependent. Furthermore, their isoform specific transsynaptic partners

were identified as members of the leukocyte antigen-related receptor protein tyrosine

phosphatase (LAR-RPTP) family. Specifically, Slitrk3 required Protein tyrosine

phosphatase δ (PTK δ) to induce the formation of inhibitory synapses. Though

intriguing, the wider significance of these proteins has not yet been determined.
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1.4 Lateral Mobility of Transmembrane Proteins

A previous section alluded to the non-uniform profile of surface expressed GABAARs.

Rather than sitting passively on the plasma membrane awaiting neurotransmitter re-

lease as previously thought, these complexes become transiently confined at synapses

between episodes of extrasynaptic diffusion. This conceptual shift was part of a wider

innovation in cell biology that promoted the dynamic nature of transmembrane pro-

teins. The ability to regulate protein movement, particularly inside the synapse,

has profound implications for neuroscience, as the number of receptors positioned

inside the synapse directly determines the strength of synaptic transmission. This

section will first explain the biophysical principles underlying this phenomenon, then

describe the techniques that have been developed to understand its role and, finally,

summarise the key findings relevant to neuronal function.

1.4.1 The Fluid Plasma Membrane

The membrane of all cells, including neurons, is significantly composed of phospho-

lipids, lipids that generally contain a hydrophollic head and two hydrophobic tails.

When exposed to water, these lipids coalesce such that the tails aggregate. In the

context of cells, they thus form a boundary between the inside and outside of the

cell, known as the lipid bilayer (Figure 1.6A). These self-assembled structures arise

from simple hydrophobic reactions and exhibit impressive impermeability to water-

soluble molecules and ions, whilst retaining flexibility, as individual phospholipids

can rotate and move laterally. The latter feature underlies the fluid-mosaic model,

formulated by Singer and Nicolson (1972), under which the cell membrane is con-

sidered a 2 dimensional fluid (depth is ignored) in which all molecules, including

proteins, diffuse freely. This serves as a good starting point for quantitative studies

of biological membranes. However, physiological membranes typically include nu-

merous other lipids, e.g. sterols such as cholesterol, and a multitude of proteins,

which collectively limit the application of the Singer-Nicholson model to biological
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contexts. For example, the presence of cholesterol confers additional rigidity to bi-

ological membranes (Needham and Nunn, 1990). Furthermore, in contradiction of

the Singer-Nicholson model, subsequent studies have demonstrated the existence of

distinct microdomains within the plasma membrane. Thus, rather than continuous

unrestricted movement along the entire surface, proteins enjoy a considerable level

of freedom on a smaller scale (Vereb et al., 2003).

Neuronal membranes provide an additional layer of complexity as control of protein

movement, especially at synapses, is a key regulatory mechanism in neurotransmis-

sion. Indeed, even excluding the influence of scaffold proteins, lipids experience

reduced mobility at the postsynaptic membrane, stemming from the elevated den-

sity of molecules at these specialised sites (Renner et al., 2009). Nevertheless, the

mobility dynamics of all neuronal proteins are governed by established biophysical

principles, which will now be discussed.

1.4.2 Protein Diffusion

A transmembrane protein will typically diffuse at a significantly slower rate than

cytosolic proteins, due to the relatively higher viscosity experienced in the lipid

bilayer. Thus, in this simple case, proteins will exhibit distinct characteristics de-

pending on their cellular localisation. Furthermore, excluding protein interactions,

this highlights that surface protein diffusion is largely determined by transmembrane

properties. Generally, protein diffusion is classified into three distinct groups: free

diffusion; confinement; and directed motion (Figure 1.6A&B).

Free diffusion (or Brownian motion) is the most studied of these forms. It has been

observed in a variety of biological contexts e.g. neurotransmitters freely diffuse across

the synaptic cleft. It was first observed by Robert Brown in 1827 through the study

of pollen grains suspended in water. It is characterised by an apparent unpredictable

non-uniform movement of particles in a fluid, arising from random collisions with

atoms and molecules. A mathematical formulation of Brownian motion says that the

Mean Squared Displacement (MSD) is linear as a function of time (MSD ∼ Dt, D is
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the diffusion coefficient and t represents elapsed time) (Figure 1.6B). Single particle

tracking experiments (described below) have confirmed that receptors exhibit Brow-

nian motion outside of synapses. Furthermore, free diffusion is a common principle

underlying quantitative models of neurotransmission, where disruption of this move-

ment computationally represents synaptic zones (O’Mara et al., 2004; Ventriglia,

2004; Holcman and Schuss, 2011; Czondor et al., 2012). Thus, receptors diffuse

freely in and out of synapses, where their movement is hindered and characterised

as confinement.

Confinement is analogous to sub-diffusion in a mathematical context, in that the

MSD is sublinear as a function of time (MSD ∼ Dta, where 0 < a < 1) (Figure 1.6B).

Lower values of a indicate stronger levels of confinement. By fitting an appropriate

exponential function to the MSD, it is possible to relate diffusion to the size of the

confinement zone (Kusumi et al., 1993). Numerous receptors have demonstrated

confinement at synapses. This may arise from interactions with scaffolding protein

enriched at synapses, which physically hinder their movement. This topic will be

discussed in more detail in later sections.

Finally, directed motion, also known as super diffusion, equates to particles that

display an MSD that is superlinear against time (MSD ∼ Dta, where a > 1). While

not prevalent at synapses, directed motion is often observed in trafficking studies.

For example, protein transport along microtubules is a cellular example of directed

diffusion (Bouzigues and Dahan, 2007; Payne et al., 2007). However, given the

negligible relevance of superdiffusion to the plasma membrane, this topic will not be

discussed in more detail.
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Figure 1.6: Diffusion profiles observed in neuronal mechanisms. (A) Three distinct
diffusion profiles have been observed in neuronal processes. Free diffusion is exhibited by
extrasynaptic transmembrane proteins, while confinement generally occurs at synapses.
Directed motion occurs at microtubules and other intracellular trafficking mechanisms.
Note the lipid bilayer (and the self-assembled configuration of phospholipids) is depicted in
the grey dashed box. (B) Three trajectories representing the respective diffusion profiles is
presented. Protein movement can be classified according to the shape of its Mean Squared
Displacement curve.
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1.5 Techniques to Study Protein Membrane Dy-

namics

1.5.1 FRAP

Fluorescent recovery after photobleaching (FRAP) was among the first techniques

to observe the dynamic nature of membrane proteins, as well as reveal unexpected

static features of the lipid bilayer. Under FRAP, a small region of a cell express-

ing a fluorescently labelled protein is briefly exposed to intense light, causing its

photobleaching (Figure 1.7A). Diffusion information is measured from the recovery

of the fluorescence as unbleached and bleached proteins move into and out of the

dark region, respectively (Figure 1.7B). It was noticed that lateral mobility statistics

were sensitive to the size of the photobleached region, inconsistent with the Singer-

Nicholson model of total unrestricted movement (Edidin, 1993). Furthermore, in

some cases, fluorescence recovery was incomplete, implying the existence of a set of

immobile proteins.

FRAP has been extensively employed to study the membrane dynamics of proteins

on the neuronal surface. Acetylcholine receptors (AChRs) were among the first re-

ceptors to show evidence of localised membrane enrichment at the neuronal muscular

junction (Axelrod et al., 1976; Young and Poo, 1983). These early studies employed

a fluorescently labeled form of α-bungarotoxin, a competitive and irreversible ligand

for AChRs, which enabled imaging of AChR membrane dynamics through FRAP.

These experiments highlighted the presence of both mobile and immobile subsets of

receptors (Axelrod et al., 1976; Young and Poo, 1983). FRAP studies using over-

expressed GFP tagged proteins were initially unable to separate surface expressed

populations. This limitation was surmounted with the development of a pH-sensitive

GFP variant (super ecliptic pHlourin (SEP)) that effectively only fluoresces when

expressed on the cell surface (Miesenbock et al., 1998). This innovative probe was

subsequently employed to study the membrane dynamics of a host of neuronal pro-

teins, including AMPARs (Ashby et al., 2004), NMDARs (Kopec et al., 2006) and
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GABAARs (Jacob et al., 2005). These experiments collectively highlighted the highly

dynamic profile of surface expressed receptors and provided strong evidence of their

synaptic confinement.

FRAP is an example of an ensemble imaging technique. Though data deriving from

FRAP experiments can reveal average features related to protein mobility, it could be

insensitive to small groups exhibiting behaviour distinct from the general population

(for example, for a given population of proteins, the average diffusion value would be

largely unchanged if 5% of the population became more mobile). Furthermore, the

resolution of FRAP is limited by the diffraction of light. To overcome these issues,

this requires a probe capable of gathering data from individual proteins. This field

of live-cell imaging is known as single particle tracking (SPT), and has witnessed

a number of recent developments that have enabled the tracking and analysis of

individual proteins. These techniques will now be described, with particular reference

to quantum dots (QDs), as they were extensively employed in my studies.

1.5.2 Single Particle Tracking (SPT)

Single particle tracking (SPT) is the procedure by which the diffusion dynamics of

individual particles can be recorded. It has advanced considerably from its origi-

nal experiments that employed latex beads and gold nanoparticles. Initial studies

reported multiple diffusion profiles of membrane expressed proteins (Saxton and Ja-

cobson, 1997). Subsequent experiments in neurons using latex beads demonstrated

that GlyR (Meier et al., 2001) and AMPAR (Borgdorff and Choquet, 2002) move-

ment is reduced at synaptic sites. FRAP experiments complemented these findings

by showing that, for example GABAARs (Jacob et al., 2005), fluorescence recovery

was slower at synapses compared to extrasynaptic regions. However, these initial

SPT studies were undermined by the size of the probe, as latex beads are quite large

relative to the synaptic cleft and may thus contribute to the observed synaptic con-

finement. This subsequently lead to the development of smaller probes that could

access the synaptic cleft without altering protein mobility. Organic dyes, being suf-
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Figure 1.7: Schematic of Fluorescence Recovery after Photbleaching (FRAP). (A) The
three panels illustrate the FRAP protocol. A portion of a cell expressing a fluorescent
protein (e.g. GFP) is rapidly bleached (black circle). The fluorescence from the darkened
region recovers as bleached and fluorescent proteins exit and enter, respectively. (B) The
output from a FRAP experiment is presented in the graph. Information related to average
protein mobility and diffusion can be gained from the recovery curve. Below the graph are
sample images for each timepoint.
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ficiently small, are a class of compounds that could fulfill this role. However, these

probes photobleach rapidly, typically within seconds, limiting their applicability to

neuronal studies, where recordings are generally of the order of the tens of seconds

(Groc et al., 2007b).

Quantum Dots (QDs) are small (≈10nm diameter) semi-conductor nano-crysals that

can be used to track individual proteins over extended time periods in SPT exper-

iments (Figure 1.8A). QDs are generally composed of an inorganic shell containing

Cadmium Selenide (CdSe) and Zinc Sulphide (ZnS) that is coated with experiment-

specific organic biomolecules (Fab fragments for primary antibody targeting or Strep-

tavidin to recognise biotin tagged proteins and antibodies) to ensure that QDs are

compatible with the cellular environment. QDs enjoy a high extinction coefficient,

which is at least ten times larger than the best organic dyes (Pinaud et al., 2010).

As a result, QDs exhibit a very high signal to noise ratio (SNR) and resolution of

individual QDs of the order of tens of nanometers is possible through computational

algorithms (Bannai et al., 2006) (Figure 1.8B). A fundamental advantage of QDs over

conventional fluorophores is their high resistance to photobleaching. This facilitates

recordings of the order of tens of minutes and even hours (Chan et al., 2002). QDs

also possess a wide absorbance and narrow emission spectra. The characteristics of

QDs scale according to size and geometry (Chan et al., 2002), which allows easy

differentiation of molecularly distinct proteins in SPT experiments. Owing to these

favourable characteristics, QDs have been extensively employed to study the lateral

mobility of neuronal receptors, which will be summarised in subsequent sections.

While their photo-stability is a clear advantage against organic dyes and fluorescent

proteins, QDs also present significant shortcomings. The size of QDs is larger than

a fluorescent protein, say GFP (≈4nm) , once the biocompatible surface coatings

and protein-specific labels are included. Despite their physical size being only 5nm-

8nm, QDs exhibit a hydrodynamical radius of 15nm-20nm (Larson et al., 2003).

This fact becomes significant in the application of QDs to study activity in narrow

regions such as the synaptic cleft. In unrestricted regions, diffusivity of QD-tagged

receptors is determined by the viscosity of the plasma membrane (≈500 times greater
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than the extracellular medium (Triller and Choquet, 2008)). However, in restricted

regions, experiments have shown that QDs may obstruct the diffusion of highly

mobile tagged receptors (Groc et al., 2007a). This could undermine the efficacy of QD

SPT experiments to accurately track receptors in the synaptic cleft. However, while

QD tagged receptors exhibited a narrower distribution of synaptic diffusion scores

compared to organic dyes, extrasynaptic and synaptic diffusion scores were broadly

similar for both probes, suggesting that QDs may be insensitive to subtle changes in

synaptic stabilisation (Groc et al., 2007a). Another characteristic of quantum dots is

blinking, which defines the event whereby QDs randomly and temporarily transform

from a state of fluorescence to complete non-fluorescence (Figure 1.8C) (Pinaud et al.,

2010). While this feature complicates the computational task of re-constructing QD

trajectories, it can be exploited as a necessary condition to positively identify QDs.

An additional feature of quantum dot imaging, as opposed to the fusion of a fluores-

cent tag, is the multi-valency of QDs, which could lead to the unwanted cross-linking

of surface proteins. For example, commercial streptavidin-coated QD conjugates

possess 4-10 streptavidin molecules per QD, which translates to 16-40 distinct biotin

binding sites (Howarth et al., 2008). Thus, multiple biotin labelled surface proteins

could be become bound to the same QD. This cross-linking could activate signaling

pathways and significantly disrupt protein mobility (Saxton and Jacobson, 1997),

undermining the efficacy of these SPT experiments. A simple solution is to en-

sure a small sample of surface proteins are labelled, so as to minimise the incidence

of adjacent labelled proteins. This is achieved by using highly diluted quantities

of the primary antibodies (see Materials and Methods). To conclusively overcome

this issue, monovalent QDs have been designed (Howarth et al., 2008; Farlow et al.,

2013). Note that this work has often coincided with attempts to reduce the QD

size (Howarth et al., 2008; Smith and Nie, 2009). Interestingly, QD multi-valency

has been harnessed in SPT experiments to study the role of lateral mobility on neu-

ronal mechanisms. For example, it was shown that AMPAR immobilisation through

cross-linking slowed the recovery from depression (Heine et al., 2008).
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Figure 1.8: Features of SPT using QDs. (A) The size of probe complex for GFP, cyanine
and QD, where the primary antibody is included, where necessary. (B) QD observed in
widefield microscopy and its representation in three dimensions (fluorescence is plotted on
the z-axis). Sub-pixel localisation (represented by the red circle) can be achieved by fitting
an appropriate Gaussian distribution to the fluorescence profile. (C) QD trajectories are
formed by linking QDs across consecutive frames. Blinking is characterised by brief losses
of fluorescence (black arrows) (D) Sample trajectory, where the orange and yellow circle
represent the first and last point, respectively. The Mean Squared Displacement (MSD)
versus time can be subsequently determined. Scale bar = 1 µm.
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1.5.3 Stochastic Imaging Techniques

While QDs have been extensively employed to study protein membrane dynamics,

the issues surrounding QD size have motivated the ongoing development of innova-

tive protocols to achieve superresolution imaging using smaller probes (reviewed in

Huang et al. (2010)). The short duration of fluorescence prior to photobleaching can

be exploited through iterative sparse sampling in combination with sub-pixel localisa-

tion algorithms to achieve superresolution. Two related techniques that harness this

feature include Stochastic Optic Reconstruction Microscopy (STORM) (Rust et al.,

2006) and (Fluorescence) Photoactivated localization microscopy ((f)PALM) (Bet-

zig et al., 2006; Hess et al., 2006), which slightly differ on the choice of fluorophore.

Both techniques apply the principal, as observed in QD sub-pixel localisation, that

the resolution limit imposed by the diffraction of light can be circumvented by fit-

ting a Airy function (often approximated as a Gaussian function) to blurred particles.

However, particles need to be separated by around 250nm2 to be individually resolv-

able. Thus, this is not possible through expression of proteins containing conven-

tional fluorophores. However, by employing fluorophores whose activation is random

and temporary, this issue can be overcome (photophysical features of these probes is

treated in (Ha and Tinnefeld, 2012)). Thus, at each imaging step, a small subset of

fluorophores are activated and localised to tens of nanometers post-acquisition (Fig-

ure 1.9A). The sub-diffraction resolved images are subsequently combined to yield a

superresolution image of protein organisation (Figure 1.9B).

Due to the number of iterations required to image a sufficiently large sample of

fluorophores, as well as the restrictive buffers required to regulate fluorophore emis-

sions, PALM and STORM had initially been restricted to fixed cell studies. Subse-

quently, these techniques have been adapted to single particle tracking experiments,

most notably sptPALM (Manley et al., 2008; Nair et al., 2013), which may also

employ denoising algorithms to overcome issues with low photon collection arising

2related to Abbe’s criterion: ∆x ≥ λ/2NA, where ∆x is the distance between two fluorophores,
λ is the fluorophore wavelength and NA is the numerical aperture of the objective, typically = 1
for live imaging experiments



Chapter 1: Introduction 67

from fast sampling. sptPALM still requires protein overexpression and is incapable

of recording durations achievable through QDs, somewhat limiting its applicabil-

ity to study of neuronal proteins. Points-accumulation-for-imaging-in-nanoscale-

topography (PAINT) uses fluorescent probes that diffuse in the media and enter an

emmissive state upon binding to target protein (Sharonov and Hochstrasser, 2006).

This technique was subsequently adapted to study the diffusion properties of neu-

ronal proteins, called universal PAINT (uPAINT), and was able to obtain high con-

tent superresolved recordings of up to tens of seconds as well as demonstrate reduced

AMPAR mobility at synapses (Giannone et al., 2010).

Stochastic imaging techniques have been extensively applied to illuminate the intri-

cate design of intracellular processes, which are inaccessible to conventional QD imag-

ing. For example, a 3D STORM study of axonal cytoskeletal architecture revealed

that actin formed ringlike structures evenly spaced throughout the axon, in contrast

to dendritic shafts where they were observed to form long filaments (Xu et al., 2013).

Similar techniques have been applied to the study of synaptic scaffolding proteins

e.g. PSD-95 (MacGillavry et al., 2013) and gephyrin (Specht et al., 2013). It was

reported that excitatory scaffold proteins, including PSD-95, are clustered within

distinct synaptic nanodomains (MacGillavry et al., 2013). Subsynaptic clustering of

AMPARs was shown to overlap with PSD-95 nanodomains. Furthermore, this live-

cell superresolution approach observed continuous remodelling of PSD-95 clusters in

the order of minutes. These findings correlate with another superresolution study

that revealed that AMPARs are concentrated in synaptic nanodomains rather than

distributed uniformly throughout the PSD (Nair et al., 2013). A recent study mea-

sured the molecular density of endogenous gephyrin clusters (Specht et al., 2013).

Using a combination of super-resolution microscopy and SPT, it was demonstrated

that gephyrin assembles as a 2D scaffold, with a 1:1 stoichiometry between receptors

and gephyrin.

These stochastic techniques have not replaced QDs as a means to achieve single

particle tracking, which is indicated by regular publications of papers employing

QDs, but rather added to arsenal available to scientists. QDs are also subject to
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refinement and advancement. Future development of QD imaging will potentially

involve design of smaller probes, minimisation or complete elimination of blinking

(Wang et al., 2009), as well as QD experiments in three dimensions (Ram et al.,

2008), subsequently leading to imaging brain slices (Biermann et al., 2014). These

issues will inevitably be addressed in the coming years, but are not relevant to my

work, as conventional QD protocols were employed throughout my studies.
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A

B

Di�raction Limited Microscopy STORM/(f )PALM

Figure 1.9: Illustration of superresolution achieved through stochastic fluorophores. (A)
The principle underlying superresolution techniques like STORM and (F)PALM is illus-
trated. Fluorophores are intially in a non-fluorescent state (grey circles). Following brief
exposure to light, a small subset of particles fluoresce (green) and thus can be resolved to
approximately 20nm by fitting an appropriate distribution. With increasing timesteps, the
number of bleached particles (black) increases up to the point of complete non-fluorescence.
(B) The advantage of superresolution imaging compared to conventional microscopy is de-
picted in an imaginary experiment.
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1.6 Synaptic Regulation of Receptor Lateral Mo-

bility

1.6.1 AMPARs

Perhaps owing to their fundamental role in plasticity mechanisms, the membrane dy-

namics of AMPARs have been extensively investigated in SPT studies. A pioneering

study in 2002 demonstrated that AMPARs rapidly alternate between extra synaptic

diffusion and synaptic confinement (Borgdorff and Choquet, 2002). They further re-

ported that the strength of confinement positively correlates with neuronal maturity

as well as intracellular Ca2+ levels. This relationship was subsequently reproduced in

corresponding FRAP experiments (Ashby et al., 2006). The theory of receptor lateral

diffusion regulating synaptic content was further strengthened when it was shown

that endocytosis and exocytosis occurs hundreds of nanometers tangential to synap-

tic sites (Racz et al., 2004), implying that synaptic localisation of neuronal receptors

relies on lateral diffusion. Furthermore, it was reported that AMAPAR lateral diffu-

sion contributes strongly to the recovery from frequency-induced synaptic depression

(Heine et al., 2008). It was found that AMPAR synaptic stability resulted from in-

teractions with the scaffolding protein, PSD-95, via the AMPAR auxiliary protein,

stargazin (Bats et al., 2007), in agreement with earlier electrophysiology experiments

(Schnell et al., 2002). Furthermore, it was subsequently shown that neuronal activity

triggers NMDAR dependent translocation of CaMKII to the PSD, which leads to

stargazin phosphorylation and subsequently enhances AMPAR stabilisation (Opazo

et al., 2010). Together, these SPT studies have revealed that AMPAR lateral mobil-

ity alterations underpin short term plasticity and future experiments will potentially

identify the influence of these mechanisms in health and pathology.
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1.6.2 NMDARs

NMDARs, the other primary ionotropic glutamate receptors, have similarly been

subject to extensive SPT investigations, which have highlighted both similarities

and differences to AMPARs. Initial studies demonstrated that NMDARs, like AM-

PARs, exhibit free diffusion, which becomes restricted at synapses (Groc et al., 2004).

In contrast to AMPARs, NMDAR synaptic stabilisation is insensitive to changes in

neuronal activity (assessed by separate applications of KCL and TTX), though did

appear to correlate with maturation status (Groc et al., 2004). However, both recep-

tor classes experienced significant changes in synaptic dynamics following treatment

with PKC (Groc et al., 2004). NMDARs are considerably more static than other

ionotropic neuronal receptors, as SPT experiments have reported that roughly 40 %

of NMDARs are immobile at any given time (reviewed in Groc and Choquet (2008)).

This figure is consistent with FRAP studies, which returned a similar value (Bard

et al., 2010). However, NMDAR mobility depends on its subunit composition, as

receptors containing the GluN2B exhibit stronger retention at synaptic sites as well

as being generally less mobile compared to receptors containing the GluN1A sub-

unit (Groc et al., 2006). Furthermore, the synaptic localisation of NR2A containing

NMDARs involves interactions with PDZ containing proteins, such as PSD-95 (Bard

et al., 2010). Interestingly, loss of synaptic 2A-NMDAR was compensated by the

arrival of 2B-NMDAR content, implying distinct mechanisms govern the synaptic

stabilisation of these subunits (Bard et al., 2010). It was recently reported that,

during LTP in immature neurons, synaptic remodelling involves the dynamic re-

distibution of GluN2B-NMDARs away from synapses (Dupuis et al., 2014). Using

a combination of superresolution imaging and SPT, it was shown that blockade of

this activity dependent feature, via cross-linking for example, impairs LTP induc-

tion. Intriguingly, these findings mirrored the effect following overexpression of a

CaMKII-binding deficient mutant, suggesting GluN2B-NMDAR surface dynamics

regulate plasticity events through direct interactions with CaMKII (Dupuis et al.,

2014).

NMDAR dynamics was also found to be modulated by reelin, a member of extra-
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cellular matrix (ECM), in a subunit specific manner (Groc et al., 2007a). Disrup-

tion of Reelin activity blocked the developmental shift of synaptic expression of

NR2B to NR2A. Furthermore, inhibition of Reelin decreased the surface mobility

of endogenous NR2B-containing NMDARs and increased synaptic dwell time, while

Reelin upregulation had the opposite effect. It was subsequently shown that Matrix

metalloproteinase-9 (MMP-9) regulates NR1-NMDAR surface mobility, mediated by

integrin beta1 signalling rather than alterations to the ECM (Michaluk et al., 2009).

1.6.3 GABAARs

Initial studies employing FRAP (Jacob et al., 2005), bungarotoxin labelling (Bog-

danov et al., 2006) and electrophysiological tagging (Thomas et al., 2005) pointed to

the highly dynamic nature of GABAARs on the neuronal membrane. As previously

stated, FRAP experiments highlighted the reduced mobility of receptors localised

at synaptic sites, indicated by a slower fluorescence recovery (Jacob et al., 2005).

Furthermore, lowered gephyrin expression from RNAi knockdown accelerated the

fluorescence recovery, indicating that GABAAR synaptic mobility is regulated by

gephyrin (Jacob et al., 2005). It was demonstrated through bungarotoxin tagging

of recently inserted GABAARs that receptors gradually accumulate at synapses,

implying exchange between extrasynaptic and synaptic receptors relies on lateral

diffusion (Bogdanov et al., 2006). By incorporating a functionally silent mutation

on the α1 subunit that combined with native subunits to form functional GABAARs,

GABAARs become sensitive to irreversible inhibition following GABA binding when

exposed to sulfhydryl reagent (Thomas et al., 2005). Through this approach, it was

possible to assess GABAAR surface mobility through electrophysiological recordings.

It was demonstrated that GABAAR accumulation at synapses did not involve direct

insertion but rather lateral mobility from extrasynaptic pools (Thomas et al., 2005).

QD experiments at the spinal cord reported that GABAARs exhibit reduced dy-

namics at inhibitory synapses (Levi et al., 2008). Interestingly, GlyRs experienced

stronger synaptic confinement compared to GABAARs (Levi et al., 2008), which
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may reflect the relative affinities for gephyrin (Maric et al., 2011). Subsequent ex-

periments in hippocampal neurons showed that GABAAR movement is restricted

at synapses (Bannai et al., 2009; Muir et al., 2010). It was further demonstrated

that GABAAR mobility is linked neurotransmission as synaptic confinement was

alleviated following increases in neuronal activity and the influx of Ca2+ (Bannai

et al., 2009). This coincided with a decrease in GABAergic mIPSCs, implying that

GABAAR lateral mobility may perform an important regulatory role in plasticity

mechanisms (Bannai et al., 2009). These findings were strengthened by another QD

study, that reproduced the calcineurin dependent impact of neuronal activity on

GABAAR synaptic dynamics (Muir et al., 2010). Additionally, this study, through a

combination of SPT and genetically tagged GABAAR clustering experiments, iden-

tified a specific residue on the γ2 subunit whose dephosphorylation mediates the

observed effects (Muir et al., 2010). Interestingly, it was subsequently shown that

GABAAR movement away from synapses occurs independently of gephyrin decluster-

ing, as the former was observed to precede the latter following neuronal stimulation

(Niwa et al., 2012).

1.6.4 GlyRs

Initial studies used latex beads to show that GlyR movement is severely impacted at

sites near gephyrin aggregates (Meier et al., 2001). These findings were reproduced in

QD experiments, which confirmed that GlyRs exhibit free diffusion and confinement

outside and inside of synapses, respectively (Dahan et al., 2003). GlyR membrane

dynamics are strongly regulated by cytoskeletal mechanisms: F-actin disruption in-

creased synaptic diffusion coefficients and reduced synaptic confinement, while micro-

tubule depolymerisation produced similar results in extrasynaptic regions (Charrier

et al., 2006). Coexpression of GlyR subunits and fluorescently tagged gephyrin con-

structs reproduced these findings in immature neurons and HeLa cells (Ehrensperger

et al., 2007). Interestingly, this study reported that subsets of GlyRs are bound to

gephyrin outside of synapses and may laterally diffuse as an oligomer (Ehrensperger
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et al., 2007). The role of gephyrin oligmerisation in modulating GlyR surface dy-

namics was further investigated through coexpression of GlyRs with various gephyrin

constructs with different oligmerisation properties (Calamai et al., 2009). Related

FRAP and QDs experiments both confirmed that gephyrin-gephyrin interactions

control GlyR lateral mobility outside of synapses, as expression of the oligmerisa-

tion blockers specifically increased the diffusion of extrasynaptic receptors (Calamai

et al., 2009). In spinal cord neurons, which present a mixed GlyR GABAAR popula-

tion, increased NDMAR excitatory transmission induced Ca2+ dependent decreases

in GlyR lateral mobility, which correlated with increases in glycinergic mIPSC ampli-

tude and receptor cluster number. Crucially, no effects were observed on GABAAR

mobility, while the effects on GlyRs occurred without any significant changes in

gephyrin clustering (Levi et al., 2008). A subsequent study identified beta integrins

1 and 3 as modulators of GlyR lateral mobility and gephyrin-dependent confinement

(Charrier et al., 2010). The integrins elicited opposing effects on GlyR dynamics

via CaMKII, with β1 and β3 integrins enhancing and reducing synaptic strength,

respectively. Thus, this study provides a potential mechanism linking extracellular

signalling mechanisms to dynamic regulation of Glycinergic transmission.

1.6.5 Other Neuronal Proteins

Similar dynamic diffusive mechanisms have been observed in other neuronal recep-

tors. For example, a recent study reported that dopamine D1 receptors (D1Rs)

display confinement at glutamatergic synapses. Interestingly, D1R stabilisation did

not result from association with PSD-95, but rather through physical interactions

with the GluN1 subunit of NMDARs, highlighting a potentially important crosstalk

mechanism between these receptors (Ladepeche et al., 2013). As already stated, pi-

oneering FRAP studies of AChRs provided strong evidence of localised membrane

enrichment at the neuronal muscular junction (Axelrod et al., 1976; Young and Poo,

1983). It was speculated that binding to an unidentified intracellular partner con-

trolled the stability of immobile pool (Rousselet et al., 1982). Biochemical studies
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later proposed that this role was performed by rapsyn (Huebsch and Maimone, 2003;

Moransard et al., 2003), a scaffolding protein enriched at the neuromuscular junc-

tion, and subsequent SPT experiments provided evidence for both rapsyn dependent

and rapsyn independent stabilisation of AChRs (Piguet et al., 2011).

On the presynatpic side, cannabinoid type 1 receptors (CB1Rs) (Mikasova et al.,

2008) and α7-containing nicotinic acetylcholine receptors (α7nAChRs) (Gomez-Varela

and Berg, 2013) exhibit extrasynaptic axonal brownian motion that switches to con-

finement at presynpatic compartments. CB1R desensitisation following application

of a synthetic cannabinoid agonist immobilised extrasynaptic receptors and reduced

CB1R expression at presynaptic terminals (Mikasova et al., 2008). It was observed

that halting α7nAChRs lateral mobility through antibody cross-linking enhances

glutamate release capacity, while blocking glutamate release enhances confinement

at presynaptic sites (Gomez-Varela and Berg, 2013). Interestingly, both receptors

displayed diffusion scores significantly higher than observed in postsynaptic receptor

studies.

As all membrane expressed proteins are subject to considerable thermodynamical

forces (Choquet and Triller, 2013), they will theoretically exhibit free diffusion on

the membrane surface. As is the case with receptors, SPT studies have identified

numerous neuronal proteins that display altered dynamics at synapses. For example,

the K+-Cl− co-transporter, KCC2, whose expression is believed to developmentally

regulate the intracellular Cl− levels and subsequently mediate excitatory GABAer-

gic transmission, has been demonstrated through SPT experiments to become tran-

siently confined at both excitatory and inhibitory synapses (Chamma et al., 2012).

These findings were recently expanded to show that stabilisation at excitatory, but

not inhibitory, synapses depends on KCC2-actin interactions (Chamma et al., 2013).

Furthermore, enhanced neuronal activity increases KCC2 lateral mobility and re-

duces the time spent at excitatory synapses, via Ca2+ influx and dephosphorylation

of S940 (Chamma et al., 2013).
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1.6.6 Neuroligins

It is evident from the previous sections that a multitude of proteins experience highly

regulated mobility on the neuronal membrane. However, compared to transmitter

gated receptors, the membrane dynamics of the NL proteins are poorly understood.

This may result from their synaptic contribution being initially mischaracterised as

primarily involving synaptogenesis. As previously described, NLs are now believed

to actively regulate synaptic content and play a less pivotal role in initial synapse

formation. This may point to a more dynamic profile for NLs at synapses, poten-

tially exemplified by alterations in lateral mobility. A recent study reported that

NL1 generally exhibits free diffusion, though a subset are confined at excitatory

synapses due to interactions with PSD-95 (Giannone et al., 2013). Interestingly,

binding of neurexin-1β quickly immobilises NL1 through phosphorylation of a single

residue that alters its affinity for PSD-95 versus gephyrin. This site is conserved

across the NL family (Y770 in NL2), where it is associated with gephyrin binding

in NL2 (Poulopoulos et al., 2009). It is not currently known if NL2 mobility is

also dynamically regulated and whether similar mechanisms mediate its synaptic

confinement.

The SPT experiments described in the previous sections highlight the diverse mech-

anisms by which neuronal proteins become transiently confined at synapses. For

example, at the inhibitory synapse, it is clear that GlyRs exhibit distinct lateral

mobility dynamics compared to GABAARs. Perhaps this distinction is most evident

from their interactions with gehpyrin: GABAARs appear to transiently interact

with gephyrin in a subunit specific manner (Renner et al., 2012; Petrini et al., 2014),

while GlyRs are likely to form mobile oligomers with gephyrin (Levi et al., 2008).

These findings need to be considered when determining the nature of NL2 mobil-

ity at the inhibitory synapse. In contrast, AMPARs bind to the excitatory scaffold

via an auxiliary protein, stargazin (Bats et al., 2007). Meanwhile, NMDARs, like

GABAARs, display subunit specific interactions with scaffolding proteins present at

excitatory synapse, namely, PSD-95 and SAP102 (Bard et al., 2010). Compared to

other ionotropic receptors, NMDARs are considered to be quite stable on the neu-
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ronal surface (Malinow, 2003; Groc and Choquet, 2008), though NMDARs exhibit a

more dynamic profile in immature neurons (Dupuis et al., 2014). It is likely that NL2

shares features with some of these receptors (e.g. directly binds gephyrin (Poulopou-

los et al., 2009)) and that this knowledge will inform subsequently described SPT

experiments.
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1.7 Thesis Aims

1. To investigate the lateral mobility of GABAARs and NL2 expressed in non-

neuronal cells, with particular focus on novel systems to isolate specific features;

2. To study the role of intracellular signalling mechanisms in relation to NL2 mem-

brane dynamics at inhibitory synapses;

3. To design and characterise a transynpatic binding deficient NL2 mutant, and

assess its impact on NL2 confinement at inhibitory synapses.
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Chapter 2

Materials and Methods

2.1 Cell Culture & Transfection

2.1.1 Primary culture of rat hippocampal neurons

Hippocampal neuron cultures were prepared from embryonic day 18 (E18), as previ-

ously described (Banker and Goslin, 1998). The night before dissection, 12mm glass

coverslips were coated with poly-L-lysine (PLL) dissolved (0.5 mg/ml) in distilled

water (dH2O). They were incubated at 37 ◦C (5 % CO2) overnight. The next day, the

PLL was aspirated off the coverslips and they were twice washed in dH2O, before 5

mL attachment media was added to each dish. The dishes remained in the incubator

during the dissection procedure. The hippocampi from E18 pups were dissected in

ice-cold Hank’s Buffered Salt Solution (HBSS) buffered with 10mM HEPES with the

aid of a microscope to enhance visibility. Dissected hippocampi were gently pipetted

into a 15 mL Falcon tube containing HBSS with 0.5 % trypsin, which was incubated

at 37 ◦C (5 % CO2) for 25 min. Following this, the HBSS/trypsin was removed using

a pipette and the cells were washed several times in HBSS to remove any residual

trypsin. To achieve a single-cell suspension, 1-2 mL of attachment media (Minimum

essential medium (MEM, GIBCO) supplemented with 1mM sodium pyruvate, 10 %
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horse serum and 0.6 % glucose) was added. The cells were triturated approximately

ten times with two successive fire-smoothened pasteur pitpettes (the diameter of the

second pipette was approximately 1/3 smaller). This process generally produced a

cloudy suspension containing no visible clumps. In the event of visible clumps, the

suspended cells, excluding the clumps, were transferred to another falcon tube. To

quantify the density of the cell suspension, 10 µl was taken and then mixed with 65

µl HBSS and 25 µl Erythosin B (to distinguish dead cells from living cells) and the

living cells were counted using an improved Neubauer haemocytometer. The neu-

rons were plated onto 6 cm dishes, each containing 8 12mm PLL coated coverslips.

350,000 neurons were added to each dish, except for dishes to be used in co-culture

exerpiments, where 250,000 cells were plated per dish. Approximately 6 hours later,

the attachment media was replaced with maintenance media (Neurobasal medium

(Gibco) supplemented with 2mM glutamax, 2mM penicillin-streptomycin, 2 % B27

supplement (Gibco) and 0.6 % glucose) that had been prewarmed to ∼ 37 ◦C.

2.1.2 Lipofection of Hippocampal neurons

Transfection is the process by which cells are manipulated to express a specific protein

of interest. One commonly employed method is nucleofection (described below for

non-neuronal cells), which is generally initiated at the time of seeding. To limit the

potential side-effects of overexpression (treated in the Discussion chapter), lipofection

was universally employed for the transfection of neurons, as it temporally limits

overexpression. Neurons were generally transfected at 9-12 days in vitro (9-12 DIV)

with Lipoefectamine 2000 (Invitrogen), according to the manufacturer’s instructions.

Briefly, for each coverslip to be transfected, 1 µl of Lipofectamine was added to 50 µl

unsupplemented Neurobasal medium (Gibco). In a separate aliquot, 1 µg DNA per

coverslip was added to 50 µl unsupplemented Neurobasal medium, as before. Where

two or more plasmids were to be expressed, the total DNA equalled 1 µg DNA per

coverslip, split evenly between the respective plasmids. The Lipofectamine solution

was gently added to the DNA aliquot. This mixture was left at room temperature for
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approximately 20 min to allow the lipofectamine and the DNA to complex. Following

this, 150 µl per coverslip of maintenance media was added to complexed media and

then a 250 µl mixture was placed in an individual well of a 4 well plate. A coverslip

was taken from the dish in which the hippocampal neurons had been cultured and

was incubated in the 250 µl lipofectamine/DNA solution for roughly 2 hours at 37 ◦C

(5 % CO2). The solution was then removed and the coverslip was briefly washed

in maintenance media. Conditioned media (400 µl) from the dish from which the

coverslip was taken was then added to the well and the plates were returned to the

incubator. The coverslips were generally used 2-3 days following lipofection.

2.1.3 DNA constructs

Mouse GABAAR subunit cDNAs (untagged α1, α2 and β3) in pRK5 have been pre-

viously described in McDonald et al McDonald et al. (1998). The N-terminal of the

β3 subunit was myc-tagged (EQKLISEEDL) as described in Connolly et al Connolly

et al. (1996). Mutations within the ICD of the β3 subunit (AA/DDmyc mutants) are

described in Smith et al. (2012). The N-terminally super-ecliptic pHlourin (SEP)

(Miesenbock et al., 1998) tagged α1SEP and α2SEP DNA were kind gifts from S.

Moss (Tufts University, Cambridge, MA) and have been described previously (Tret-

ter et al., 2008). γ2SEP was generated through modification of γ2GFP (Kittler et al.,

2000b), a process that has been extensively detailed (Muir et al., 2010). GephyrinRFP

was a kind gift of S. Levi and has been previously characterised (Hanus et al., 2006).
HANL3 was a gift of P. Penzes, and has been previously documented (Levinson et al.,

2005). NL2 lacking the splice A insert and containing an extracellular HA tag was

acquired from Addgene, and has been extensively described (Chih et al., 2006). NL2

mutants were generated using this NL2 cDNA as a template, where subsequent mu-

tagenesis was performed by DNAExpress (Canada). Flag-tagged human collybistin

cDNA was acquired from Origene (OriGene Technologies).
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2.1.4 Cell Line Culture

HeLa cells were initially selected as the cell-line in which to study protein lateral

mobility due to their flat shape on coverslips. Following issues with gephyrin expres-

sion in HeLa cells, subsequent experiments were performed with Cos-7 cells. HeLa

and Cos-7 cells were maintained in Dulbecco’s Modified EagleMedium (DMEM)

(GIBCO), supplemented with 10 % heat inactivated foetal bovine serum (FBS) and

penicillin streptomycin. They were stored in a incubator at 37 ◦C in a humidified

5 % CO2 atmosphere. Cells were split every 2-4 days according to the following

protocol: The maintenance media was removed and the dish was briefly washed

with PBS (phosphate buffered saline, 137mM NaCl, 2.7mM KCl, 10mM Na2HPO4,

2mM KH2PO4) before applying 1 mL of trypsin solution (137mM NaCl, 2.7mM KCl,

8mM Na2HPO4, 1.5mM KH2PO4, 2.5g/L trypsin (from porcine pancreas, Sigma),

0.2g/L EDTA, 0.0015g/L phenol red) at 37 ◦C and 5 % CO2 for 5 min to detach cells

from the dish surface. Fresh maintenance media, preheated to 37◦C, was repeatedly

applied to quench the trypsin and lift any remaining adhered cells. The cells were

then pelleted by centrifugation and resuspended in the required volume to attain the

correct dilution between fresh plates. The protocol for maintaining cultured Cos-7

cells was identical.

2.1.5 Cell line Transfection

Non-neuronal cells were transfected by nucleofection. The cells were lifted and pel-

leted by centrifugation, as before. The culture media was removed and the cells were

resuspended in 100 µL of Amaxa Transfection Buffer per transfection. The required

plasmids were added to the cuvettes (typically 1 µg DNA per plasmid irregardless

of co-expression), followed by 100 µL of the suspended cell solution. Transfection

was performed using an Amaxa nucleofection machine, following the manufacturer’s

protocol. Fresh culture media (roughly 500 µL) was immediately added to each cu-

vette following transfection and the cells were then plated in fresh culture medium

and incubated at 37 ◦C, 5 % CO2. Cells were generally imaged 20-40 hours after
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transfection.

2.1.6 Coculture of Non-Neuronal Cells with Hipocampal neu-

rons

The protocol for coculturing non-neuronal cells with hippocampal neurons was mod-

elled on the well established protocols in the field (Biederer and Scheiffele, 2007).

Either Cos-7 cells or HeLa cells formed the non-neuronal component of the co-culture

system. Hippocampal neurons were cultured as previously described and were plated

at slightly lower density to allow sufficient space for the non-neuronal cells to at-

tach to the coverslip. At DIV 8 (note that DIV refers to the age of the neurons),

non-neuronal cells were transfected onto a 6 cm dish, as previously described. Ap-

proximately 18 hours later (DIV 9), the transfected cells were lifted from the dish

using trypsin, washed and pelleted by centrifugation, as before. Unlike previously,

the transfected cells were resuspended in neuronal maintenance media and added to

a DIV 9 hippocampal dish. The transfected cells were seeded at a low density so

that they could be individually analysed. The co-culture remained in the cell line

incubator for about 20-24 hours, at which point they were removed to be analysed.
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2.1.7 Solutions

The composition of the solutions and buffers used in cell culture and live-cell imaging

experiments is listed below:

Neuronal Culture Media
Attachment Media Maintenance Media

500 mL Minimal Essential Medium (MEM) 500 mL Neurobasal Medium
10 % Horse Serum (HRS) 10 mL B27 supplement
1 mM Sodium Pyruvate 2 mL Glutamax

0.6 % Glucose 0.6 % Glucose
5 mL Pen-Strep

Cell Line Maintenance Media
500 mL Dulbecco’s Modified Eagle Medium (DMEM)

50mL Fetal bovine serum (FBS)
5mL Pen Strep

Imaging Media Phosphate-Buffered saline (PBS)

126mM NACl 500 mL 137mM NaCl
5mM KCl 10 mL 2.7mM KCl

2mM CaCl2 10mM Na2HPO4

1mM MgCl2 2mM KH2PO4

10mM D-glucose
10mM HEPES (free-acid)

NaOH (to adjust pH to 7.4)

2.2 Live Cell Imaging

Hippocampal neurons were generally imaged at DIV 12-16. Non-neuronal cells were

imaged either one or two days following transfection. Live imaging was performed

on an upright Olympus microscope (BX51WI) with a water immersion 60x Olympus
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Fluorophore Excitation (nm) Emission (nm) Dichroic (nm)
SEP/GFP/VGAT-Oyster 488 470/40 525/50 495 LP
YFP 500/20 535/30 515 LP
605 QD 405/40 620/20 495 LP
655 QD 405/40 705/30 515 LP
705 QD 405/40 705/30 515 LP
RFP 535/50 620/20 495 LP
FM4-64 535/50 705/30 515 LP

Table 2.1: Filter cubes utilised in this thesis, where the excitation and emission filters
are given as wavelength center/bandpass and LP refers to long pass filters.

objective coupled to an EM-CCD camera (Ixon, Andor), where fluorophore exci-

tation was initially achieved by a mercury-spiked xenon arc lamp (150W, Cairn),

which was subsequently upgraded to a metal-halide lamp (X-Cite120, EXFO). The

camera pixel size of 16 µm together with the 60x objective generated images of pixel

size 16 µm/60 (≈ 0.27 µm). The imaging media used for all experiments consisted

of dH20 containing 125mM NaCl, 5mM KCl, 1mM MgCl2, 2mM CaCl2, 10mM D-

glucose, 10mM HEPES, adjusted to pH 7.4 with 5M NaOH. The HEPES, D-glucose

and NaCl were added in powder form, while the NaCl, KCl and MgCl2 came from

1M solutions dissolved in dH20. For the low pH washout experiments, the low pH

solution (roughly pH 5.2) was NaOH-unadjusted imaging media. Cells were imaged

under continuous perfusion of imaging media using a Cole-Parmer MasterFlex pump

(4 mL/min); constant volume was maintained through a suction pump (Charles

Austen), with excess fluid collected in a waste container. All experiments were per-

formed at 35-37◦C with the use of custom resistors, where the temperature in the

bath was constantly measured using a digital thermometer (Hanna Instruments).

Filter cubes were constructed to optimise optical performance and are detailed in

Table 2.1. Image acquisition was achieved using the software accompanying the

camera (Andor iQ 1.5).



A
n
ti

b
o
d
ie

s
u
se

d
in

Im
m

u
n
o
cy

to
ch

em
is

tr
y

ex
p

er
im

en
ts

A
n
ti

b
o
d
y

S
p

ec
ie

s
S
ou

rc
e

P
ro

te
in

L
o
ca

li
sa

ti
on

C
on

ce
n
tr

at
io

n

H
A

M
ou

se
L

H
u
m

an
in

fl
u
en

za
h
em

ag
gl

u
ti

n
in

(H
A

)
E

T
1/

50
0-

10
00

*
H

A
R

ab
b
it

S
C

H
A

E
T

1/
50

0-
10

00
*

V
G

A
T

R
ab

b
it

S
S

V
es

ic
u
la

r
G

A
B

A
tr

an
sp

or
te

r
(V

G
A

T
)

IP
r

1/
50

0
V

G
A

T
-O

y
st

er
48

8
R

ab
b
it

S
S

V
G

A
T

(l
u
m

en
al

d
om

ai
n
)

IP
r

1/
50

0
G

F
P

M
ou

se
N

eu
ro

m
ab

G
re

en
F

lu
or

es
ce

n
t

P
ro

te
in

(G
F

P
)

E
T

1/
10

00
G

F
P

R
ab

b
it

S
C

G
F

P
E

T
1/

20
0

G
F

P
R

at
N

T
G

F
P

E
T

1/
20

00
G

A
D

65
M

ou
se

L
G

lu
ta

m
ic

ac
id

d
ec

ar
b

ox
y
la

se
(G

A
D

)
65

IP
r

1/
50

0
F

la
g

R
ab

b
it

S
ig

m
a

F
la

g
E

T
1/

10
00

M
y
c

(9
E

10
)

M
ou

se
L

M
y
c

E
T

1/
20

0
M

y
c

R
ab

b
it

S
C

M
y
c

E
T

1/
20

0
G

ep
h
y
ri

n
(m

A
b
7a

)
M

ou
se

S
S

G
ep

h
y
ri

n
IP

o
1/

50
0

V
gl

u
t

G
u
in

ea
P

ig
S
S

V
es

ic
u
la

r
gl

u
ta

m
at

e
tr

an
sp

or
te

r
1

(V
gl

u
t1

)
E

P
r

1/
40

0
N

L
2-

E
X

T
R

ab
b
it

A
lo

m
on

e
N

eu
ro

li
gi

n
2

(E
x
tr

ac
el

lu
la

r
D

om
ai

n
)

IP
1/

50
α

2
R

ab
b
it

S
S

G
A

B
A

A
R
α

2
su

b
u
n
it

G
N

1/
50

0

T
a
b
le

2
.2
:

A
n
ti

b
o
d

ie
s

em
p

lo
y
ed

in
fi

x
ed

ce
ll

im
ag

in
g

ex
p

er
im

en
ts

.
L

:
L

ab
-m

ad
e;

S
S

:
S

y
n

ap
ti

c
S

y
st

em
s;

S
C

:
S

an
ta

C
ru

z;
N

T
:

N
ac

al
ai

T
es

q
u

e;
E

T
:

E
p

it
op

e
T

ag
;

IP
r:

In
h

ib
it

or
y

P
re

sy
n

ap
se

;
IP

o:
In

h
ib

it
or

y
P

os
ts

y
n

a
p

se
;

E
P

o
:

E
x
ci

ta
to

ry
P

os
ts

y
n

ap
se

;
E

P
r:

E
x
ci

ta
to

ry
P

re
sy

n
ap

se
G

N
:

G
A

B
A

er
gi

c
N

eu
ro

n
s.

*
N

ot
e

th
at

H
A

a
n
ti

b
o
d

ie
s

w
er

e
u

se
d

in
b

ot
h

n
on

-n
eu

ro
n

al
an

d
n

eu
ro

n
al

ex
p

er
im

en
ts

,
w

h
er

e
lo

w
er

co
n

ce
n
tr

at
io

n
s

ge
n

er
al

ly
p
re

va
il

ed
in

th
e

la
tt

er
.



Chapter 2: Materials and Methods 87

2.2.1 Antibodies

Table 2.2 details the antibodies that were used in immunocytochemistry experiments.

A subset of these were also used in live-cell QD imaging experiments, typically with

a different concentrations compared to fixed cell imaging (Table 2.3). Note that anti-

myc (9E10) was made in lab from hybridoma cells. Similarly, mouse anti-HA and

anti-GAD65 was generated from UC45 and GAD-6 hybridoma cells, respectively.

Antibodies employed in QD experiments
Antibody Species Concentration

HA Mouse 1/50 or 1/500*
HA Rabbit 1/50 or 1/500*

NL2-EXT Rabbit 1/25
Myc Rabbit 1/100
GFP Rabbit 1/100
α2 Rabbit 1/250

Table 2.3: A subset of the antibodies listed in Table 2.2 were also employed in QD
live imaging experiments. * HA antibodies were used in both non-neuronal and neuronal
experiments. Due to the higher level of non-specific QD labelling encountered in neurons,
the QD concentration was generally much lower in these experiments. To compensate for
this, a higher primary concentration was utilised.

2.2.2 QD Labelling

The procedure of labelling GABAARs subunits was identical across all primary anti-

bodies and was performed at RT using fresh imaging media supplemented with 10 %

horse serum to reduce non-specific binding. Briefly, primary antibodies were diluted

in imaging media at an appropriate concentration (achieved through trial and error)

to yield optimal QD labelling. The coverslip was taken from a PBS-containing dish,

dabbed on paper to remove excess PBS and placed on the spot with the cells facing

down. Following a 7-10 min incubation, the coverslip was washed 5 times in two 10

mL beakers containing fresh imaging media to remove unbound antibodies. Again,

excess solution was removed by dabbing the coverslip on paper. The coverslip was
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now placed, cells facing down, on a spot of QD diluted in 100 µL of block solution

at roughly 1/10000. Following a 1-2 min incubation, the coverslip was, as before,

washed in fresh imaging media to remove unbound QDs. Subsequent imaging lasted

no longer than 20 min to mitigate the effects of receptor endocytosis. Specificity of

the QD labelling was monitored in control experiments, where the QD labelling was

performed as before in the absence of a primary antibody. QDs recordings consti-

tuted sequences of 200 frames of 512 × 512 pixels acquired at 8.5 Hz, in which case

the duration of the movie was ∼23.5s. Following the acquisition of a more advanced

light source, it was possible to image at a faster rate without any appreciable dete-

rioration of QD detectability. The previous frame rate (8.5 Hz) could lack sufficient

data to allow smooth Mean Squared Displacement (MSD) curves, especially for con-

fined synaptic trajectories, which may quickly (< 0.5 s) reach an asymptote. As a

result, some movies were acquired at 20 Hz for 400 frames (total movie duration =

20s). The acquisition rate will be apparent from the MSD curves, as the frame rate

can be inferred from the number of points plotted per second.

2.2.3 Live VGAT Labelling

For live labelling of active inhibitory synapses, prior to imaging, coverslips were incu-

bated with a fluorescently coupled VGAT (Vesicular GABA transporter) antibody.

An antibody that recognises the intracellular lumenal domain VGAT is coupled to

the fluorophore Oyster 488, so that active inhibitory presynaptic terminals become

visible (Martens et al., 2008; Smith et al., 2012). Coverslips were incubated in con-

ditioned media containing VGAT-oyster diluted at 1/500 for 0.5-1 hr at 37 ◦C. Basal

activity was found to be sufficient to internalise the antibody and adequately label

synapses. The QD labelling was performed, as before, subsequent to this. The VGAT

fluroescence remained strong throughout the duration of the QD experiments.
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2.2.4 Live Labelling of Active Presynaptic Terminals with

FM4-64

Active presynaptic terminals (both inhibitory and excitatory) were labelled via a

4-step incubation protocol with FM4-64 (Invitrogen): 4 3 cm dishes were filled with

1 mL imaging media; 10 µm FM 4-64 and 60 mM KCL was added to the first

dish to simultaneously depolarise the neurons and load the terminals with the dye;

1 µl FM 4-64 was added to the second dish to further load the terminals; while

nothing was added to the remaining dishes as they merely served as washes before

QD labelling. The duration of incubations was 1 min for the first two dishes and 30

seconds for the remaining two. The FM 4-64 fluorescence was found to be durable

and consistent over the course of a QD imaging experiment. It should be noted that

the neuronal activity following the brief exposure to 60 mM KCL could itself alter

protein membrane dynamics (Bannai et al., 2009; Muir et al., 2010). To minimise

these effects, QD labelling was performed subsequent to the FM 4-64 loading.

2.3 QD Image Analysis

2.3.1 QD Detection and Tracking

Quantitative analysis of QD recordings can be separated into two discrete steps:

detection and tracking. Accurate QD detection was achieved using an image seg-

mentation algorithm called Basic Image Features (BIFs) (Griffin et al., 2009) (Griffin

and Lillholm, 2010), which had previously been employed in a SPT study (Muir et al.,

2010). Briefly, a set of 2-D Gaussian filters is applied to each frame so that each

pixel is classified as one of seven different basic image features (BIFs). Pixels that

possess high local rotational symmetry, corresponding to local fluorescence maxima,

are classified and grouped accordingly. As QDs appear as local diffraction-limited

bright blurs, these BIFs pixel clusters are considered QDs. Sub-pixel localisation is

then achieved by taking the weighted average of adjacent QD-classified pixels, with
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pointing accuracy of approximately 50nm (determined by fitting a Gaussian distribu-

tion to the interframe displacement of stationary QDs stuck to glass coverslips). This

representation of the BIFs algorithm takes 3 parameters: the background sensitivity

parameter, scaling factor and fluorescence threshold. The first parameter determines

the ability of the algorithm to discern distinct features within an image. Low values

will tend to lead to false identification of QDs, while high values will return output

that is overly selective. The second parameter determines the size of the features to

be identified. This value was generally left unchanged across experiments. Finally,

the fluorescence threshold simply exploits the fact that QDs are significantly brighter

than the background. Thus, inclusion of this parameter minimises the incidence of

false positives. As QDs possess a high SNR and are thus easily discernible over

the background, parameter tuning is not difficult due to a large redundancy in the

optimal parameter set.

Given a set of detected QDs for each frame, trajectories were formed using tracking

software written in Mathematica (Wolfram Research) by James Muir (Muir et al.,

2010). The algorithm works by minimising the Euclidean Distance between QD

tracks across consecutive frames. It can account for QD blinking by allowing QD

tracks to not link to any specific QD in one frame, only to link to a re-emergent QD

in a subsequent frame. The combinatorial complexity of the algorithm is assisted by

the user-specified maximum distance a QD is capable of moving across successive

frames. Furthermore, this step limits the search for linked QDs to a bounded distance

(no. frames since detection × max distance). A power law (1.4/t1.4, where t is the

number of frames since its disappearance) was employed to restrict the reemergence

of QDs following their disappearance (for example, QD blinking is unlikely to explain

the non-detection of a QD for 100 frames). The maximum interframe distance was

generally set at 2 pixels (0.55 µm) per timestep (120 ms) (note: it was set to 1 pixel

(0.27 µm per 50 ms timestep for the faster acquisition experiments)). Movement

larger than these thresholds is unlikely to occur on the plasma membrane, due to

the high viscosity experienced there. Trajectories were required to consist of at least

50 points to be included in the analysis. Note that trajectories that were successfully
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detected for 99 % of frames were discarded, as they were unlikely to represent actual

QDs due to the expected temporary losses of fluorescence arising from QD blinking.

2.3.2 QD Diffusion Calculations

Mean square displacement (MSD) versus time (MDSt) was calculated for each QD

track using the formula: MSD(n∗dt)= (N−n)−1
∑N−n

i=1 ((xi+n−xi)2 +(yi+n−yi)2)),

where xi & yi are the Cartesian coordinates of the QD at frame i, dt is the timestep

between frames, n is number of timesteps and N is total number of frames in the

movie. Note that MSD(0) = 0. Also, note that this formula describes an overly

simplified system; the calculations will differ slightly from this due to QD blinking

and other temporary lapses in QD detection. Instantaneous diffusion coefficients (D)

were then estimated by fitting a line through the origin to the first five points of the

MSD curve and using the 2D diffusion law (MSD = 4 ∗ D ∗ t). QDs exhibiting a

diffusion score lower than 5× 10−3 were considered immobile and removed from the

subsequent analysis (Papouin et al., 2012). Similarly, trajectories that produce D > 1

were removed from the analysis, as this movement is atypical of a transmembrane

protein for the reasons outlined above.

While the QD diffusion score was estimated by linear fit of the first five points of

the MSD, in some cases the MSD was plotted as a function of time (MSDt) for

a population of QDs. In these instances, the MSD was calculated for each QD

at each timestep for at least 20 points. Then, the values at each timestep were

subsequently averaged to produce a single curve. The standard error around each

averaged timestep was plotted. From this curve, information related to the protein

diffusion characteristics (e.g. Brownian, confined, directed, etc) can be gained, which

will be described in a proceeding section.

Some QD movies were acquired alongside a single image illustrating the position

of synaptic puncta. These images were taken immediately before the QD movie.

Synapse position was calculated from these images using the BIFs algorithm in

a similar manner to the QD sub-pixel localisation. QD position was overlaid on
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synapse positions to determine whether trajectories were synaptic or extra-synaptic.

A trajectory was considered synaptic if the distance between the two centroids (QD

and synapse) was less than 2 pixels (∼ 500nm (Gray, 1959)). Thus, in these instances,

single trajectories can return both an inside and outside diffusion score. Identical

diffusion thresholds were applied to each set, as before (0.5× 10−3 < D < 1).

2.3.3 QD Trajectory Analysis

The gephyrin microaggregate SPT experiments described in Chapter 3 employed

a slightly different form of trajectory analysis. The MSDt was calculated for each

QD trajectory, as above. Each trajectory was subsequently classified according to

the shape of its MSDt. A total of six distinct categories were devised: Brownian

Motion (B); Non-Origin Brownian Motion (NB); Confinement (C); Stationary (S);

Directed (D); and Not Classified (NC) (Choquet and Triller, 2003). Trajectory

designation depended on the function that best approximated the MSDt curve, where

goodness of fit was measured by the coefficient of determination (often denoted r2 or

R2). Over the time frame considered (1 s), it was assumed that trajectories would

display one feature. Thus, combinations multiple classifications were not considered

(e.g. Brownian plus directed). Each classification will now be described, as well the

automated algorithm that produced the output.

A trajectory was deemed to exhibit Brownian Motion (B) if a linear fit through

the origin was a sufficiently good model for its MSDt curve. Non-Origin Brownian

Motion (NB) classification occurred if a linear fit not through the origin was a suffi-

ciently good model for its MSDt curve. While Brownian Motion through the origin

is the idealised model of free diffusion, factors like experimental noise and drift may

lead to deviations from this scenario. A trajectory was considered to exhibit con-

finement (C) if a negative exponential through the origin accurately fit the data.

A further advantage of the NB classification is that minimises false classification of

confined trajectories. As the negative exponential can take a broadly linear shape,

the NB classifications ensures that linear processes are not overfitted by a negative
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exponential. Stationary (S) trajectories occurred when the slope of its NB line was

lower than a specified threshold, irrespective of the goodness of fit. When the MSDt

curve was best modelled as squared function of time, it was classified as directed

motion (D). Finally, if none of the previous criteria were satisfied, a trajectory was

considered Not classified (NC).

To assign a classification, each trajectory was analysed according to a hierarchy of

tests (Figure 2.1). If the trajectory satisfied the stationary criteria, it was classified

as stationary and the process for this trajectory was terminated. If it was not

stationary, then it was next tested whether Brownian Motion was a sufficiently good

fit. If not, then it was tested for Non-Origin Brownain Motion, with a slightly

stricter r2 threshold than before. Failing that, it was tested for either confinement

or directed. If the r2 value exceeded either required threshold (which were set lower

than each linear test), then it was classified accordingly. If no classification had been

determined following this, then it was designated as Not Classified. This process was

repeated for every trajectory. Thus, the output from this analysis is the distribution

of classifications for a given population of QDs. In the discussion accompanying

the results, the Brownian Motion and Non-Origin Brownian Motion scores were

combined and compared to the restricted motions, which consisted of stationary and

confined trajectories.

2.3.4 Brownian Motion Simulations

A model of Brownian motion was developed to study protein membrane dynamics in

non-neuronal cells. Simulations were performed on Mathematica using custom de-

signed code. Briefly, simulated trajectories were generated according to the formula

(xi+1, yi+1) = (xi, yi) +
√

2Dδt×N(0, 1), where (xi,yi) are Cartesian coordinates of

a simulated trajectory at timepoint i, D is the diffusion coefficient, δt is the timestep

and N(0,1) is a normal distribution with a mean of 0 and standard deviation equal

to 1. As MSD is calculated from inter-frame displacements, without loss of gener-

ality, (x0, y0) = (0,0). The diffusion coefficient was 0.06 µm2/s for all simulations,
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which was estimated from experimental data. The timestep was set to 10−4 sec-

onds to represent the timescale of the molecular interactions that underlie Brownian

motion. Furthermore, at each timestep, a random number was generated accord-

ing to the above normal distribution, which models the random molecular collisions

experienced by proteins on the lipid bilayer. Each trajectory consisted of 235,000

timepoints so as to match the duration of QD movies (i.e. 23.5 s). To reproduce

trajectories that mirrored QD trajectories and to facilitate comparison between the

two populations, simulated trajectories were reduced to 200 equally spaced frames

to match the framerate of the QDs movies (8.5 Hz). A total of 500 independent

simulations were performed. Simulated trajectories were analysed in an identical

manner to experimental movies.

2.4 Fixed Cell Imaging

Coverslips were washed three times in PBS and then fixed with 4 % paraformalde-

hyde/sucrose solution in PBS for roughly 8 min. The PBS sucrose solution was

removed and the coverslips were washed thoroughly (5 times) prior to being im-

mersed in block solution (PBS containing 10 % horse serum and 0.5 % bovine serum

albumin) for approximately 10 min. To label intracellular proteins, the cells were

permeabilised, which was achieved by supplementing the block solution with 0.2 %

Triton X-10. Primary and secondary incubations were performed in block solution.

Subsequent washes between steps used PBS. Primary antibodies were diluted in 100

µl block solution (for typical primary antibody concentrations, see table below).

Primary incubations lasted 1 hour. Secondary antibodies (Molecular Probes) were

diluted at 1:1000 in 100 µl block solution. The duration of the secondary antibody

incubation was 45 min. Following this, coverslips were washed, carefully dried on

paper, mounted using ProLong Gold antifade reagent (Invitrogen) and finally sealed

with nail varnish. Image acquisition was performed on a Zeiss 700 upright confocal

microscope with a Plan-apochromat 63X oil-immersion lens (NA= 1.4). Fluorophore

excitation was achieved using four diode lasers (λ = 405 nm, 488 nm, 555 nm or
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Brownian Motion (B) : MSD(t) ≈ D0 * t 

Non-Origin Brownian Motion (NB): MSD(t) ≈ a1 + D1 * t, a1 > 0

Con�nement (C):  MSD(t) ≈ a2 (1 - e^(-D2 * t))

Directed Motion (D):  MSD(t) ≈ D3* t2

Trajectory

Calculate goodness of 
�t (R2) for each model

Classify as Stationary (S)

Terminate 

YES

YES

YES R2(NB)< β1

R2(B) < β0

 D1 < ε

R2(C) < β2

R2(D) < β2

YES

YES

Classify as Brownian Motion (B)

Classify as Non-Origin 
Brownian Motion (NB)

Classify as Con�nement (C)

Classify as Directed Motion (D)

NO

NO

NO

NO

Classify as Not Classi�ed (NC)

Figure 2.1: Schematic of the trajectory analysis performed in the SPT gephyrin microag-
gregate experiments. Four distinct models of the Mean Squared Displacement (MSD) are
presented in the upper left corner of the figure. The remainder of the figure illustrates the
hierarchy of tests involved in the classification of a QD trajectory in the SPT gephyrin
microaggregate system. This process is then repeated for each trajectory. Note that the
threshold values can be altered according to the needs of the experiment. In this thesis,
β0= 0.9, β1 = 0.95, β2 = 0.8 and ε = 1.5× 10−4.
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639 nm), where the exact laser and filter configuration was selected via optimisation

protocols built into the accompanying Zen software.

2.4.1 Neuronal Cluster Analysis

To assess the impact of a transynaptic binding-deficient NL2 mutant in hippocam-

pal neurons, the number of presynaptic clusters per 10 µm of a transfected cell was

quantified. Each image consisted of two channels: the first channel indicated trans-

fection; the second channel illustrated presynaptic puncta. The image corresponding

to the second channel was thresholded and recombined with the corresponding cell-fill

image. Using the Straighten plugin in ImageJ, four primary dendrites were straight-

ened. The number and size of the clusters was then quantified using a custom-made

image segmentation algorithm in Mathematica (only clusters greater than 5 pixels

and less than 100 pixels were considered, where 1 pixel equals 0.01 µm2). Note that

the analysis was performed blind, using a custom-designed ImageJ plugin (creates

a duplicate folder, where each image name is assigned a random number and its

original identity is stored in an accompanying text file).

2.4.2 Co-culture Analysis

Co-culture experiments consisted of non-neuronal cells expressing a specific trans-

membrane protein being mixed with neuronal cells to investigate whether the can-

didate protein was able to induce the formation of hemi-synapses by aggregating

pre-synpatic proteins at the point of contact between the two cell types. To quantify

this interaction, the images, consisting of a cell fill and synaptic marker staining in

separate channels, were split into their two constituent parts. They were both in-

dividually thresholded through ImageJ to remove background pixels and create two

binary images. The synapse pixels were then overlaid on top of the cell pixel. The

proportion of the cell pixels that were also positive for a synapse pixel was consid-

ered a suitable metric for hemi-synpse formation. As before, analysis was performed



Chapter 2: Materials and Methods 97

blind.

2.5 Statistical Analysis

Experiments were performed on neurons from at least three individual preparations,

while non-neuronal experiments were performed on at least three distinct transfec-

tions.

Since QD diffusion scores range over several orders of magnitude, statistical tests like

the t-test are inappropriate. The Kolmogorov-Smirnov test (K-S test) and Mann-

Whitney U test (Mann-Whitney) are two potential candidates for this type of anal-

ysis. They are both non-parametric tests of whether two independent continuous

distributions are statistically different to a specified confidence level. For large sam-

ple sizes, the K-S test tended to return extremely small (< 10−10) p-values. As

QD diffusion populations tend to have thousands of scores, this increased the fre-

quency of type-1 errors (incorrect rejection of a true null hypothesis). As a result,

the Mann-Whitney test was used throughout, which tended to be less sensitive to

small differences between large populations. Note: a certain degree of variation is

expected between identical QD experiments due to recording noise, variance between

preparations and different QD labelling conditions.

The remaining statistical tests used unpaired t-tests (unless otherwise stated), where

values are given as mean ± SEM (standard error of the mean). Error bars repre-

sent SEM. All statistical tests were performed on Mathematica, using the Statistics

package.

Statistical significance is represented throughout by the following notation: p <

0.05, ∗; p < 0.01, ∗∗; p < 0.001, ∗ ∗ ∗ and p > 0.05 is considered non-significant (n.s).

Note that in some cases where the p-value is close to significance, the p-value may

be presented (e.g. p = 0.055).
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Chapter 3

Reconstruction of the Inhibitory

Synapse in a Non-Neuronal

System

3.1 Introduction

The inhibitory synapse is composed of numerous specialised proteins, which through

intricately coordinated interactions confer its structure and properties. As stated in

the introduction, it is possible to recreate fundamental synaptic features in a non-

neuronal system. For example, coexpression of NL2, collybistin and gephyrin in COS-

7 cells induces the formation of gephyrin micro aggregates beneath the cell surface

via NL and collybistin interactions. This is known to mirror the mechanism by

which perisomatic gephyrin clustering occurs in neurons (Poulopoulos et al., 2009).

Furthermore, it has been shown that specific trans-synaptic proteins, when expressed

in non-neuronal cell lines, are capable of clustering neuronal proteins at the surface of

the non-neuronal cell (Graf et al., 2004; Scheiffele et al., 2000). These half synapses-

the post-synaptic part is essentially absent in the case of NLs- are known as hemi-

synapses and possess functional characteristics reminiscent of conventional synapses
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(Fu et al., 2003; Sara et al., 2005).

The vast majority of SPT studies referenced in this thesis, and published gener-

ally, were performed exclusively in cultured neurons (Ehrensperger et al. (2007) &

Calamai et al. (2009) are notable exceptions). This has the obvious advantage of

preserving fundamental neuronal molecules and proteins that modulate membrane

dynamics. The focus of this section is to study the mechanisms underlying synaptic

dynamics in a heterologous system, namely HeLa cells and COS-7 cells. The moti-

vation for this study is that, due to differences in the membrane and cytoskeleton

composition, SPT experiments in a non-neuronal cell line could provide novel in-

sights into intrinsic protein behaviour, which may complement work undertaken in

cultured neurons. As these cell lines natively lack many of the fundamental neuronal-

specific actors, they offer a reductionist system in which to study and isolate the role

of specific proteins in inhibitory transmission.

As stated in the introduction, phosphorylation can provide rapid regulation of pro-

tein behaviour. While its functional implications may involve altered protein inter-

actions or modulated surface trafficking, it can also extend to membrane dynamics.

In contrast to NL2, where its phosphorylation status in relation to lateral mobility

is relatively unknown, the impact of phosphorylation on GABAAR synaptic mobil-

ity has been more extensively described. For example, it has been reported that

calcineurin dependent dephosphorylaton of S327 on the γ2 subunit mediates its

declustering following increased neuronal activity (Muir et al., 2010). Numerous

phosphorylation sites have now been identified on a number of GABAAR subunits

(reviewed in Vithlani and Moss (2009); Vithlani et al. (2011)). Of particular interest

is the β3 subunit, on which multiple phosphorylation sites have now been identi-

fied, including S383 (McDonald and Moss, 1997), S407 and S408 (McDonald et al.,

1998). Interestingly, it was recently reported that CaMKII-dependent phosphory-

lation of S383 promotes the synaptic recruitment of gephyrin, which is necessary

for iLTP induction (Petrini et al., 2014). Furthermore, phosphorylation of S383 en-

hanced GABAAR confinement at inhibitory synapses. The authors speculate that

phosphorylation enhances GABAAR gephyrin binding affinity.
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Study of these intricate relationships may benefit from the isolation of their primary

components. Thus, the ambition of this section is to study specific inhibitory synap-

tic proteins (namely, GABAARs, NL2 and gephyrin) through a progression of levels

of neuronal complexity, which could be defined as a ground-up approach. This will

start with the study of GABAARs and NL2 expressed in cell lines. In the absence

of neuronal specific interactions, it is shown that these proteins undergo Brownian

motion on the plasma membrane. Thus, this system allows the study of intrinsic

features of protein diffusion. Due to their varying conformation and structure, sig-

nificant differences in lateral mobility between distinct proteins can be observed in

these non-neuronal cells. This system provides a novel means to study the role of

phosphorylation on protein lateral mobility i.e. does the change in electrical charge,

and possible subsequent conformational rearrangements, alter interactions with the

plasma membrane and induce changes in protein diffusion? To isolate the effect

of the presynapse, we study protein behaviour in a co-culture system. Conversely,

to isolate the role of the postsynapse, we investigate protein dynamics at gephyrin

microaggregates triggered by the coexpression of NL2, gephyrin and collybistin.
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3.2 Results

3.2.1 GABAARs are expressed on the cell surface

A system was established to investigate the membrane dynamics of α, β and γ

subunit containing heteromers in a heterologous cell line. HeLa cells were transfected

with either α1SEP + β3myc or α2SEP + β3myc. It is known that GABAAR α1 and α2

subunits are incapable of monomeric surface expression, as they are retained in the

ER (Connor et al., 1998; Muir et al., 2010). In the presence of β3, the α subunits

reach the membrane surface as part of heteromeric complexes. β3 is capable of

membrane insertion in the absence of other subunits (Taylor et al., 2000). Prior to

studying the membrane dynamics of wild type (WT) or mutant GABAARs, it was

necessary to confirm that β3 and the α subunits are expressed at the cell surface of

transfected cells.

Superecliptic phluorin (SEP), a pH sensitive GFP variant, was genetically fused to

the N terminus of each of the α subunits. Due to a lower intracellular pH, SEP

fluorescence is significantly stronger on the membrane surface (Miesenbock et al.,

1998; Ashby et al., 2004; Muir et al., 2010). HeLa cells expressing various GABAAR

subunit combinations were fixed and labelled with specific antibodies to visualise

surface expression. All cells presented in Figure 3.1 were not permeabilised (i.e. the

cell membrane remains intact) so that these experiments exclusively report surface

expression. Figure 3.1A demonstrates that α2SEP is not expressed on the cell surface

in the absence of the β3 subunit, while β3myc expression is sufficient for membrane

insertion of α2SEP. Furthermore, HeLa cells transfected with untagged α2, β3myc

and the long splice variant of the γ2SEP subunit (Quinlan et al., 2000) show surface

expression of all three subunits (Figure 3.1A). Further experiments were performed

to confirm the surface expression of α2SEP. A pH control experiment is presented

in Figure 3.1(B&C). As expected for surface expression of α2SEP, fluorescence can

be temporarily quenched by lowering the pH of the extracellular medium to 5.2

(Figure 3.1B). Fluorescence is rescued when the medium is returned to pH 7.4.
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The experiment is quantitatively summarised in Figure 3.1C. The experiments were

repeated with α1SEP, with similar results (data not shown).

3.2.2 α2SEP + β3myc complexes exhibit Brownian motion

Having established that the GABAAR subunits are expressed on the surface of HeLa

cells and form heteromeric complexes, the next step was to characterise their diffusion

dynamics in this heterologous system. HeLa cells were transfected with α2SEP and

β3myc and 705nm QDs were attached to single α2SEP subunits via a rabbit anti-GFP

primary antibody, which recognizes the extracellular SEP tag on the α2 subunit

(Figure 3.2A), and an anti-rabbit secondary coupled to the QD. The positive QD

labelling (Figure 3.2D) of the SEP transfected cells (Figure 3.2C), and minimal QD

labelling elsewhere, provides further evidence that α2SEP, together with β3myc, has

been successfully trafficked to the cell surface of transfected cells.

HeLa cells expressing α2SEP + β3myc were imaged over multiple separate transfections

to investigate the diffusion dynamics of these proteins in a non-neuronal environment

(Figure 3.3A & A1). The distribution of diffusion coefficients is presented in Figure

3.3C. The median diffusion coefficient was 0.0607 µm2s−1 (n= 766 trajectories). The

Mean Square Displacement (MSD) as a function of time (MSDt) is shown in Figure

3.3C1. The linear profile of this curve implies that the diffusion behaviour of this

complex is most accurately characterised as Brownian motion. To further investigate

this feature, a model of Brownian motion was created using a diffusion constant of

0.06 µm2s−1 and the same temporal dimensions as before (namely, δt = 120ms).

Some sample simulated trajectories are shown in Figure 3.3B&B1. A total of 500

independent simulations were generated and analysed in the same manner as before.

The results are presented together with the α2SEP + β3myc data in Figure 3.3C&C1.

Perhaps unsurprisingly, the main difference between the distribution of diffusion

scores between the experimental and simulated data is the much wider range of

scores in the former, likely reflecting the experimental noise and other factors that

are not recreated in the simulated data. Comparison of the MSDt curves shows
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Figure 3.1: GABAAR subunits form heteromeric complexes on the surface of HeLa cells.
(A) All experiments were performed on non-permeablilsed cells, where the membrane is
preserved and thus reports only protein expression on the cell surface. Fixed cell staining
of non-permeabilised HeLa cells transfected with α2SEP alone returns no cell surface ex-
pression, as demonstrated by the low level of SEP fluorescence and lack of surface staining
with antibodies to GFP. Co-expression of α2SEP and β3myc results in cells with surface
expression of heteromeric receptors, as shown by the positive anti-GFP labelling in non-
permeabilized cells. Similarly, co-expression of α2SEP, β3myc and γ2SEP results in cells with
surface expression of heteromeric receptors, as shown by labelling with anti-GFP antibod-
ies in non-permeabilized cells. Note: Mouse anti-myc was used in all experiments, while
rabbit anti-GFP was generally utilised, with the exception of the triple staining experi-
ment, where rat anti-GFP was employed to allow for rabbit anti-α2 labelling. (B) α2SEP

fluorescence is quenched when the extracellular pH is lowered to 5.2 and is rescued when
the pH is returned to 7.4. (C) Quantification of the low pH control experiment restricted
to the coloured rectangles shown in B, where the mean fluorescence in each rectangle has
been normalized to the respective first time-point. Similar results were achieved using
α1SEP and γ2SEP (data not shown). All scale bars are 10 µm.
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A B C D

B1 C1 D1

Figure 3.2: QD labelling of α2SEP + β3myc complexes expressed on the surface of HeLa
cells. (A) Schematic illustrating the labelling of α2SEP subunits via an anti-GFP bound
quantum dot (Muir et al., 2010). (B) DIC image of HeLa cells from a live imaging ex-
periment. (C) Corresponding image of α2SEP fluorescence, with numerous cells exhibiting
distinct α2SEP expression. (D) Single frame from corresponding QD movie, where the
α2SEP transfected cells are positively labelled with anti-GFP coupled QDs (red arrows),
suggesting the α2SEP + β3myc complex is at the cell surface. (B1 - D1) Zooms of the
regions shown by the red rectangles in B-D. All scale bars are 10 µm.
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broad agreement between the experimental and simulated data. The slight difference

at longer time scales may result from experimental factors like QD blinking and

misplaced QD tracking. Nevertheless, taken together, these data provide strong

evidence that α2SEP + β3myc complexes exhibit Brownian motion on the plasma

membrane of HeLa cells.

3.2.3 Phosphorylation related mutations alter diffusion dy-

namics of α2SEP + β3myc complexes

Having shown that α2SEP + β3myc complexes exhibit Brownian motion when ex-

pressed in HeLa cells, the next step was to investigate whether relevant mutations

could induce changes in protein diffusion in the absence of neuronal features. It

has been shown that S408 and S409 of the β3 subunit are capable of being phos-

phorylated by PKA (McDonald et al., 1998; Hinkle and Macdonald, 2003). With

this in mind, we generated two β3 mutants, where these two residues had been

mutated to either alanine (A) or aspartic acid (D); the former (called AAmyc) is con-

sidered a phospho-null as phosphorylation would be blocked at these sites, while the

latter (DDmyc) is a phospho-mimic that would theoretically imitate the additional

negative charge resulting from phosphorylation (Figure 3.4A). Thus, these mutants

were co-expressed with α2SEP and imaged as before (Figure 3.4B). The results are

summarised in Figure 3.4C1&C2. The diffusion behaviour was unaltered for the

phospho-null compared to WT (median DWT = 0.061 µm2s−1, DAA = 0.063 µm2s−1;

nWT = 766, nAA = 657; p-value = 0.49). This is perhaps unsurprising as the basal

level of phosphorylation of these proteins in HeLa cells should be quite low. How-

ever, the phospho-mimic complexes exhibited significantly reduced diffusion scores

compared to both WT and the phospho-null (DDD = 0.046 µm2s−1; nDD = 703;

*** pWTvDD < 10−10; *** pDDvAA < 10−10). Comparison of the MSDt shows that

each complex exhibits Brownian motion, indicated by the linear shape of the curves.

Thus, the lower diffusion scores of the phospho-mimic mutant are not related to in-

creased confinement (e.g. at endocytic zones) but rather reflect intrinsic differences
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Figure 3.3: α2SEP + β3myc complexes exhibit Brownian motion on surface of HeLa
cells. (A) HeLa cells transfected with α2SEP + β3myc with the post-hoc identified QD
trajectories overlaid. (A1) Zoom of the region represented by the orange rectangle in A,
highlighting two distinct trajectories. (B) Simulation of Brownian motion trajectories using
the same spatial and temporal dimensions as the QD experiments. (B1) Zoom of the region
represented by the grey rectangle in B, highlighting individual simulated Brownian motion
trajectories. (C) Comparison of the distribution of diffusion coefficients for α2SEP + β3myc

experiments (n= 766 trajectories) and simulated trajectories (n= 500). (C1) Comparison
of the Mean Square Displacement (MSD) against time (MSDt) for the α2SEP + β3myc

experiments and the simulated trajectories. The linear profile of the α2SEP + β3myc MSDt

curve suggests that these complexes undergo Brownian motion when expressed on the
surface of HeLa cells. All scale bars are 10 µm, unless otherwise stated.



Chapter 3: Reconstruction of the Inhibitory Synapse 107

in protein structure and conformation.

3.2.4 NL2 exhibit slower Brownian motion compared to GABAAR

subunits

Neuroligin 2 (NL2) is a key inhibitory synaptic protein, where it spans across the

synaptic cleft and binds to neurexin on the post-synaptic side. NL2 resides on the

plasma membrane as a dimer (Dean et al., 2003) (Arac et al., 2007), both as a het-

eromer with NL1, but more abundantly as a homomer (Poulopoulos et al., 2012).

Therefore, studying NL2 lateral mobility bypasses potential issues surrounding the

diversity of GABAAR subunit compositions. Secondly, compared to GABAARs, the

membrane dynamics of NL2 are much less understood. Finally, heterologous NL2 ex-

pression possesses novel features (e.g. hemi-synapse and gephyrin microaggregates)

that could be harnessed in SPT experiments. Thus, this provides a unique means to

both advance this minimalist system as well as furthering our understanding of this

pivotal protein. NL2 containing a HA tag in its extracellular domain (HANL2) was

expressed in HeLa cells and, similar to before, was imaged with QDs via its HA tag.

The specificity of the QD labelling confirms that HANL2 is successfully expressed

on the cell surface (Figure 3.5A). Comparison of the diffusion scores for HANL2 and

α2SEP + β3myc experiments (see Figure 3.4) show that HANL2 displays much slower

dynamics (DNL2 = 0.033 µm2s−1; nNL2 = 853) (Figure 3.5B1). The MSDt shows

that HANL2 exhibits Brownian motion (Figure 3.5B2).

3.2.5 Predicted Phosphorylation Sites on the NL1-4 c-tail

Several proteomic studies have identified a potential phosphorylation site on the

NL2 intracellular domain, namely S714 (Wisniewski et al., 2010; Munton et al.,

2007; Trinidad et al., 2012; Tweedie-Cullen et al., 2009; Huttlin et al., 2010). These

studies have also, with less consensus compared to S714, pointed to the possible phos-

phorylation of S719 and S721 (Wisniewski et al., 2010; Huttlin et al., 2010). To fur-
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Figure 3.4: Phosphorylation of S408 and S409 of the β3 subunit alters lateral mobility
in non-neuronal cells. (A) Partial amino acid sequence of the β3 subunit intracellular
domain, with the two phosphorylation-related residues highlighted in yellow. These two
residues were mutated to either alanine (A) or aspartic acid (D) to create the phospho-null
AAmyc and the phospho-mimic DDmyc, respectively. (B) Representative images of HeLa
cells transfected with specific β3 constructs and co-transfected with α2SEP and labelled
with quantum dots via the SEP tag (nWT = 766, nAA = 657, nDD = 703 trajectories).
(C1) Analysis of the distribution of diffusion coefficients for each construct. Note the
downwards shift of the phospho-mimic (DDmyc) diffusion scores. (C2) Comparison of the
MSD versus time for each construct suggests that all complexes exhibit Brownian motion
and that the lower scores for the phospho-mimic is not due to confinement. All scale bars
are 10 µm, unless otherwise stated.
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ther explore the potential phosphorylation of these residues, two distinct web-based

programs were employed to identify potential phosphorylation sites on the NL1-4

intracellular domains. DISPHOS (DISorder-enhanced PHOSphorylation predictor)

predicts phospho-sites based on regional disordering of the amino acid sequence,

which attains an accuracy of roughly 80% (Iakoucheva et al., 2004). An alternative

resource is NetPhos 2.0, which utilises sequence and structural information from

known phosphorylation events to build a neural network capable of predicting phos-

phorylation sites with about 70% accuracy (Blom et al., 1999). Both tools were

applied to the intracellular domains of NL1 (mouse), NL2 (rat & human), NL3 (hu-

man) and NL4 (human). Note that the species were selected to match a similar

alignment task published recently (Bemben et al., 2014) Under both protocols, each

residue is given a score, which relates to its probability of phosphorylation, and only

the residues achieving a score greater than 0.5 are presented. The DISPHOS results

are provided in Table 3.1, while the NetPhos 2.0 output is presented in Table 3.2.

As previously stated, compared to NL2S714, the proteomic studies returned less

consensus regarding the phosphorylation of S719 and S721. Indeed, this appears

to be reflected in this computational analysis as both techniques strongly identified

(p > 0.9) S714 as a potential phosphorylation site, while they disagreed on the

status of the remaining residues (both were positively classified by DISPHOS). Thus,

in combination with the proteomic data, these predictive analyses strengthen the

argument that NL2S714 undergoes phosphorylation. It is interesting to note that

the corresponding serine in NL1, NL3 and NL4 was also positively classified by

each technique. One proteomic study flagged this residue on NL3 as a phospo-

site (Wisniewski et al., 2010). Beyond that single study, it remains unclear if this

phosphorylation site is specific site to NL2. While this issue is not immediately

relevant to the focus of this section, a computational program was subsequently

utilised to identify the potential kinases acting on this residue for NL1-4. The results

are presented in the Appendix.
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DISPHOS Predicted Phosphorylation Sites
Residue Sequence Score

NL2 (Rat)
S714 CRRLSPPGG 0.920
S719 PPGGSGSGV 0.780
S721 GGSGSGVPG 0.804
S806 PPPPSLHPF 0.857

NL2 (Human)
S713 CRRLSPPGG 0.921
S718 PPGGSGSGV 0.781
S720 GGSGSGVPG 0.804
S805 PPPPSLHPF 0.857

NL1 (Mouse)
S733 HRRCSPQRT 0.637
S789 AMRRSPDDI 0.781

NL3 (Human)
S745 LRQPSPQRG 0.889
S799 TLRRSPDDI 0.577

NL4 (Human)
S712 HRRPSPQRN 0.786
S767 TLRRSPDDI 0.589

Table 3.1: Predicted phosphorylation sites on NL1 (mouse), NL2 (rat), NL3 (human),
NL4 (human) based on the DISPHOS program (Iakoucheva et al., 2004).
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NetPhos 2.0 Predicted Phosphorylation Sites
Residue Sequence Score

NL2 (Rat)
S714 CRRLSPPGG 0.997
Y770 CPPDYTLAL 0.729
S822 PTATSHNNT 0.783
T833 HPHSTTRV- 0.968

NL2 (Human)
S713 CRRLSPPGG 0.997
Y769 CPPDYTLAL 0.729
S821 PTATSHNNT 0.783
T832 HPHSTTRV- 0.968

NL1 (Mouse)
S733 HRRCSPQRT 0.996
T734 PQRTTTNDL 0.917
T735 QRTTTNDLT 0.873
S766 HECESIHPH 0.664
Y782 CPPDYTLAM 0.653
S789 AMRRSPDDI 0.996
S837 PHPHSHSTT 0.924
T840 HSHSTTRV- 0.948

NL3 (Human)
S745 LRQPSPQRG 0.993
T783 PPHDTLRLT 0.990
T795 DYTLTLRRS 0.952
S799 TLRRSPDDI 0.998
T823 VGLQTLHPY 0.517
S842 GLPHSHSTT 0.989
T845 HSHSTTRV- 0.948

NL4 (Human)
T707 RRHETHRRP 0.992
S712 HRRPSPQRN 0.998
T717 PQRNTTNDI 0.613
T751 QAHDTLRLT 0.977
Y760 CPPDYTLTL 0.784
T763 DYTLTLRRS 0.952
S767 TLRRSPDDI 0.998
T813 HGHSTTRV- 0.966

Table 3.2: Predicted phosphorylation sites on NL1 (mouse), NL2 (rat), NL3 (human),
NL4 (human) based on the NetPhos 2.0 program (Blom et al., 1999).
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3.2.6 Mutation of a single phosphorylation site (S714) on

NL2 does not alter diffusion dynamics

Having provided additional evidence of NL2S714 phosphorylation, the next step was

to explore whether phosphorylation of this site regulates NL2 lateral diffusion in a

manner similar to that observed in the β3 phospho experiments. Two further HANL2

mutants were thus designed: the phospho-null HANL2-S714A and the phospho-mimic
HANL2-S714D (Figure 3.6A). As before, HeLa cells were transfected with each con-

struct and imaged with QDs via their HA tag (Figure 3.6B). No significant difference

was observed between any of the constructs (Figure 3.6C1) and each protein exhib-

ited Brownian motion (Figure 3.6C2) (DWT = 0.043 µm2s−1, DA = 0.046 µm2s−1,

DD = 0.044 µm2s−1; nWT = 1362, nAA = 874; nDD = 1044; (n.s.) pWTvAA = 0.15,

(n.s.) pAAvDD = 0.51, (n.s.) pWTvDD = 0.42).

3.2.7 Mutation of multiple phosphorylation sites on NL2 al-

ters diffusion dynamics

The previous experiments suggested that phosphorylation of S714 does not directly

impact the diffusion dynamics of NL2 when expressed in non-neuronal cells . The pre-

viously mentioned proteomic studies and computational analysis have both pointed

to the possible phosphorylation of S719 and S721 (Wisniewski et al., 2010; Huttlin

et al., 2010). To test whether phosphorylation of these additional residues is required

to modulate NL2 lateral mobility, two further NL2 phospho-mutants were created,

which included mutation of S714 as before as well as two further mutations of S719

and S721: the triple phospho-null HANL2-AAA, where all three residues (S714, S719

and S721) were mutated to alanine (A), and the triple phospho-mimic HANL2-DDD,

where all three serines were converted to aspartic acid (D) (Figure 3.7A). These

constructs were transfected into HeLa cells and imaged with QDs via their extracel-

lular HA tag (Figure 3.7B). Both triple phospho-mutants returned diffusion scores

significantly lower than WT, though the reduction was more marked in the triple
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Figure 3.6: Mutation of S714 does not alter NL2 membrane dynamics in non-neuronal
cells. (A) Partial amino acid sequence of NL2 intracellular domain, where the phosphoryla-
tion site (S714) is highlighted in yellow. This residue was mutated to either alanine (A) or
aspartic acid (D) to create the phospho-null HANL2-S714A and the phospho-mimic HANL2-
S714D, respectively. (B) Representative images of HeLa cells transfected with HANL2 (n=
1362 trajectories), HANL2-S714A (n= 874) or HANL2-S714D (n= 1044) and labelled with
quantum dots via the HA tag. (C1) Analysis of the distribution of diffusion coefficients for
each NL2 phospho-construct. (C2) The linear profile of MSD versus time curve confirms
that each NL2 phospho construct exhibits Brownian motion when expressed in HeLa cells.
All scale bars are 10 µm, unless otherwise stated.
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phospho-null, HANL2-AAA (DWT = 0.038 µm2s−1, DAAA = 0.033 µm2s−1, DDDD =

0.035 µm2s−1; nWT = 1206, nAA = 1157; nDD = 1520; (***) pWTvAA < 10−6, (*)

pAAvDD = 0.01, (**) pWTvDD = 0.003) (Figure 3.7C1). Comparison of the MSDt sug-

gests that each construct exhibits Brownian motion and that the modest reduction

in diffusion dynamics does not result from increased confinement (Figure 3.7C2).

3.2.8 NL2 induces the formation of hemi-synapses

As previously mentioned, an interesting feature of NL2 is that, when expressed in

non-neuronal cells, it is capable of inducing the formation of hemi-synapses (Scheiffele

et al., 2000; Graf et al., 2004). The first step was to confirm that HANL2 exhibits this

characteristic in transfected HeLa cells co-cultured with hippocampal neurons. At

DIV 8, HeLa cells were transfected with either HANL2 or GFP. The next day (DIV

9), the HeLa cells were added to separate neuronal dishes. Following 24 hours of co-

culture (at DIV 10), the cells were fixed and stained for the inhibitory presynaptic

protein, VGAT, and HA in the case of HANL2 to indicate transfection. Example

images of co-cultured HeLa cells labelled for VGAT are shown in Figure 3.8A. The

level of presynaptic aggregation is quantified in Figure 3.8B (the proportion of cell

surface covered by the presynaptic marker) and confirms that HANL2 induces the

formation of hemi-synapses (HANL2 = 0.011±0.002, GFP= 0.001±0.0003; nNL2 = 30

cells, nGFP = 26; (*) p-value = 0.039).

3.2.9 SPT of NL2 at hemi-synapses

It is well established that NL2 can induce the formation of hemi-synapses in a co-

culture system (Scheiffele et al., 2000; Graf et al., 2004). However, the diffusion

dynamics of NL2 at hemi-synapses are comparatively much less understood. To the

best of my knowledge, no group have performed SPT experiments at hemi-synapses.

Thus, the next step was to culture hippocampal neurons with transfected HeLa cells

as before and label HANL2 transfected cells with QDs via the HA tag. To achieve live-
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Figure 3.7: Triple mutation of S714, S719 and S721 significantly alters NL2 membrane
dynamics. (A) Partial amino acid sequence of NL2 intracellular domain, with the phospho-
rylation sites (S714 (from Figure 3.6), S719 and S721) highlighted in yellow. These residues
were mutated to either alanine (A) or aspartic acid (D) to create the triple phospho-null
HANL2-AAA and the triple phospho-mimic HANL2-DDD, respectively. (B) Representative
images of HeLa cells transfected with HANL2 (n= 1206 trajectories), HANL2-AAA (n=
1157) or HANL2-DDD (n= 1520) and labelled with quantum dots via the HA tag. (C1)
Analysis of the distribution of diffusion coefficients for each NL2 triple phospho-construct.
(C2) The linear profile of the MSDt curve confirms that each triple NL2 phospho construct
exhibits Brownian motion when expressed in HeLa cells. All scale bars are 10 µm, unless
otherwise stated.
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Figure 3.8: HANL2 induces the formation of hemi-synapses in a co-culture assay. (A)
Fixed cell imaging of permeabilised HeLa cells expressing HANL2 or GFP co-cultured
with hippocampal neurons and stained for the inhibitory presynaptic marker, VGAT. (B)
Quantification of presynaptic aggregation on transfected cells, confirming the ability of
HANL2 to induce the formation of hemi-synapses when expressed in non-neuronal cells
(nNL2 = 30 cells, nGFP = 26). All scale bars are 10 µm.
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labelling of the hemi-synapses, prior to imaging, we treated the coverslips with FM

4-64 dye, which stains all active presynaptic terminals (see Materials & Methods for

further details) (Figure 3.9A). Hemi-synapse formation induced by HANL2 expression

is apparent from the FM dye images (Figure 3.9A). Thus, QD trajectories were split

into segments that were inside and outside of these high FM zones. The analysis was

performed as before on these two distinct subsets. The distribution of diffusion scores

did not significantly differ between the two sets (median DOut = 0.0396 µm2s−1, DIn

= 0.0343 µm2s−1; nOut = 964, nIn = 194; (n.s.) p-value = 0.23) (Figure 3.9B1).

Furthermore, the diffusion profile (MSDt) of each set did not differ fundamentally

(Figure 3.9B2). The outside trajectories exhibit Brownian motion, as observed in

previous experiments. The MSDt of the inside trajectories shows a broadly linear

shape, though there is evidence of some confinement as sublinear features become

apparent with increased time. Thus, these experiments were relatively inconclusive.

They either suggest that NL2 is not strongly confined at hemi-synapses or that SPT

in a co-culture system, as it is currently designed, is incapable of observing this

feature.

3.2.10 GephyrinRFP is expressed properly in COS-7 cells

Another interesting feature of NL2 is its ability to drive, via collybistin, the forma-

tion of gephyrin microaggregates in non-neuronal cells (Poulopoulos et al., 2009).

These gephyrin microclusters can be considered the mirror opposite of the hemi-

synapse i.e. the presynapse is absent, while some postsynaptic structure is retained.

Furthermore, this restricted environment provides the potential to isolate the role

of gephyrin in NL2 diffusion dynamics. Gephyrin has been shown to alter protein

dynamics at inhibitory synapses by mediating transient confinement of receptors

through direct interactions (Mukherjee et al., 2011; Petrini et al., 2014). Thus,

the microaggregate system provides a novel means to isolate the potential role of

gephyrin to similarly influence NL2 membrane dynamics. Gephyrin microaggregates

require the co-expression of NL2 and collybistin. Thus, the first step was to con-
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Figure 3.9: SPT of HANL2 at hemi-synapses. (A) Similar to Figure 3.8, HeLa cells were
transfected with HANL2 and co-cultured with hippocampal neurons. Prior to QD labelling,
coverslips were treated with FM 4-64 to live-label all presynaptic terminals. Transfected
HeLa cells show strong FM staining at contact points with neuronal axons (purple arrow),
indicating the formation of hemi-synapses. QDs trajectories were subsequently split into
segments that were inside and outside of these hemi-synaptic zones (brown box and purple
box, respectively). (B1) Distribution of the HANL2 diffusion scores for both the inside and
outside zones did not show any significant difference (nOut = 964, nIn = 194 trajectories;
(n.s.) p-value = 0.23). (B2) MSD versus time highlights the different diffusion profile of
each group. The outside scores exhibit free diffusion, while the inside trajectory segments
display confinement, indicated by the asymptotic shape of the curve. All scale bars are 10
µm, unless otherwise stated.
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firm the expression of each component. HeLa and COS-7 cells were transfected with

gephyrinRFP and stained for gephyrin with a gephyrin antibody (Figure 3.10). The

COS-7 cells displayed the typical small punctate appearance of gephyrin overex-

pressed in non-neuronal cells and puncta were positively labelled by the gephyrin

antibody. In contrast, transfected HeLa cells possessed larger puncta that were not

labelled by the gephyrin antibody, suggesting that the protein had not been expressed

properly. Thus, COS-7 cells were used for all future experiments.

3.2.11 Microaggregates require the co-expression of NL2,

gephyrin and collybistin

Having established that gephyrinRFP is properly expressed in COS-7 cells, the next

step was to study the expression profile of each component (Figure 3.11). CollybistinFlag

shows a diffuse distribution when expressed by itself in COS-7 cells, with some pos-

sible concentration near the membrane surface. GephyrinRFP appears to colocalise

with collybistin in large cytosolic aggregates when the two proteins are coexpressed.

CollybistinFlag together with HANL2 does not present dramatic alterations in ex-

pression for either, though there is evidence of some colocalisation at the plasma

membrane. Meanwhile HANL2 and gephyrinRFP coexpression appears to render the

latter more diffuse than previously observed. Taken together, this suggests that none

of these combinations can induce the formation of gephyrin microaggreates. There-

fore, COS-7 cells were transfected with collybistinFlag, gephyrinRFP and either HANL2

or the gephyrin-binding deficient mutant HANL2Y770A (Poulopoulos et al., 2009)

(Figure 3.12). Cells were stained for HA prior to permeabilisation to ensure that

only surface expressed HANL2 was labelled. COS-7 cells expressing collybistinFlag,

gephyrinRFP and HANL2 showed the formation of gephyrin microaggregates, charac-

terised by the colocalisation of all three components in small clusters near the cell

surface. In contrast, with HANL2Y770A, co-expression of all three proteins failed to

trigger microaggregate formation, reproducing the previously established property

of this NL2 mutant (Poulopoulos et al., 2009).
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Figure 3.10: GephyrinRFP is expressed properly in COS-7 cells. COS-7 cells were trans-
fected with gephyrinRFP and stained for anti-gephyrin. GephyrinRFP puncta were posi-
tively labelled by the gephyrin antibody, confirming that gephyrinRFP is properly expressed
in COS-7 cells. As before, HeLa cells were transfected with Gephyrin RFP and stained
for anti-gephyrin. In contrast to COS-7 cells, gephyrinRFP puncta were larger and less
numerous. These puncta were not labelled by the gephyrin antibody, suggesting that this
gephyrinRFP construct is retained in inaccessible intracelluar compartments (e.g. Golgi)
and is not properly expressed in HeLa cells. All scale bars are 10 µm.
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Figure 3.11: Expression profiles of HANL2, gephyrinRFP and collybistinFlag in COS-
7 cells. (A) COS-7 cells were transfected with collybistinFlag, gephyrinRFP and or
HANL2. Collybistin transfected by itself shows diffuse expression, with some stronger
expression near the cell surface. CollybistinFlag appears to colocalise at gephyrin puncta
when co-expressed with gephyrinRFP (white arrows). When co-expressed with HANL2,
collybistinFlag remains quite diffuse with possible colocalisation with HANL2 at the cell
surface (yellow arrows). HANL2 does not appear to interact with gephyrinRFP, due to lack
of colocalisation with gephyrinRFP when coexpressed in COS-7 cells. All scale bars are 10
µm
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Figure 3.12: COS-7 cells were transfected with collybistinFlag, gephyrinRFP and either
HANL2 or HANL2Y770A, a mutant that has been shown to block NL2 interactions with
gephyrin. HANL2 formed microaggregates with gephyrin and collybistin near the cell sur-
face. In contrast, HANL2Y770A was unable to induce the formation of these microaggre-
gates. Instead, gephyrinRFP and collybistin remained clustered in large cytosolic aggregates
(white arrows). All scale bars are 10 µm.
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3.2.12 SPT of NL2 with gephyrin microaggregates

The ability of NL2, via collybistin, to trigger the formation of subplasmalemmal

gephyrin microaggregates provides a novel means to dissect the potential influence

of gephyrin on NL2 membrane dynamics. The distinct morphology triggered by the

coexpression of these proteins enables SPT analysis of NL2 at microggregates, as

co-expression of collybistin can be inferred from the gephyrin profile in live cells.

Thus, COS-7 cells were transfected with either just HANL2, HANL2 and gephyrinRFP

or HANL2, gephyrinRFP and collybistinFlag and imaged with 655 QDs via the extra-

cellular HA tag (Figure 3.13A1). To control for gephyrin binding, the corresponding

experiments were performed with the HANL2Y770A (Figure 3.13A2). As this mu-

tation blocks the formation of gephyrin microaggregates, it is impossible to conclu-

sively infer the coexpression of collybistinFlag from the gephyrin profile. However,

coexpression of gephyrin and collybistin tends to result in large cytosolic aggregates,

in contrast to the small puncta that occurs with gephyrin expression alone (Figure

3.11). This feature, together with positive QD labelling, was required to deduce

triple expression in the NL2Y770A live-cell experiments. The distribution of dif-

fusion scores for each of the experiments is presented in Figure 3.13B. For HANL2,

coexpression of all three proteins produced scores significantly lower compared to

either dual or single expression (median (µm2s−1): DNL = 0.05, DNL+G = 0.041,

DNL+G+C = 0.037; nNL = 2631, nNL+G = 2070, nNL+G+C = 3203; p < 10−4 for both

tests (i.e NL versus NL+G and NL versus NL+G+C)). As for HANL2Y770A, the

distribution of diffusion scores appears relatively stable across experiments, though

coexpression with gephyrinRFP did produce significantly lower scores compared to

either single or triple expression (median (µm2s−1): DY A = 0.043, DY A+G = 0.04,

DY A+G+C = 0.04; nY A = 3126, nY A+G = 2111, nY A+G+C = 2172; p < 10−4 for both

tests (note that the YA subscript refers to HANL2Y770A)). Directly comparing the

NL2 constructs, both single and triple expression showed a significant difference (p

< 10−4 in both cases), while the scores for both dual expression experiments were

not significantly different (p = 0.09).

To gain further insights into the role of gephyrin on NL2 diffusion dynamics, the
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Figure 3.13: Single particle tracking of HANL2 at gephyrin microaggregates. (A1) COS-7
cells were transfected with just HANL2, HANL2 and gephyrinRFP or HANL2, gephyrinRFP

and collybistinFlag and labelled with QDs via the extracellular HA tag on HANL2. Note
the distinct gephyrin microaggregates that requires the co-expression of NL2 and colly-
bistin (A2) Similar to A1, but the NL2 gephyrin binding deficient mutant, HANL2Y770A,
was employed in these experiments. (B) Distribution of diffusion scores for each of the
experiments (nNL = 2631, nNL+G = 2070, nNL+G+C = 3203 trajectories; nY A = 3126,
nY A+G = 2111, nY A+G+C = 2172 trajectories). (C1) Comparison of the MSDt for each of
the experiments involving HANL2. (C2) Comparison of the MSDt for each of the experi-
ments involving HANL2Y770A. All scale bars are 10 µm, unless otherwise stated.
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MSDt is plotted for each HANL2 (Figure 3.13C1) and HANL2Y770A (Figure 3.13C2)

experiment. All curves are linear in shape, suggesting that, in non-neuronal cells,

NL2 membrane dynamics are characterised by Brownian motion, regardless of gephyrin

expression. However, this form of analysis may mask a subset of trajectories display-

ing anomalous diffusion e.g. confinement. This information can be accessed by im-

plementing a slightly altered protocol. From the same experiments, each trajectory

was classified into six distinct categories according to its MSDt curve. The six cate-

gories were: Brownian Motion (B); non-origin Brownian Motion (NB); confinement

(C); stationary (S); directed (D); and not classified (NC) (a complete description of

each category is provided in Materials & Methods). These classifications encompass

most of the diffusion profiles exhibited by transmembrane proteins (Papouin et al.,

2012). A sample trajectory for each classification is presented in Figure 3.14A. Thus,

each set of trajectories was partitioned into six distinct parts. For comparative pur-

poses, the C and S classifications are both considered restricted trajectories and

are compared against the two Brownian motion classifications (B+NB). For HANL2,

there is a trend towards less Brownian motion (B+NB) as more neuronal components

are incorporated and a corresponding rise in restricted motion (C+S) (0.78 linear

versus 0.16 restricted with single expression compared to 0.69 versus 0.24 in triple

expression experiments). For HANL2Y770A, the trajectory analysis mirrors the pre-

vious conventional diffusion data, as the proportion of Brownian versus restricted

motions is relatively stable across experiments (∼ 0.75 versus 0.2). Though further

refinement of this novel microaggregate SPT system is necessary, these experiments

suggest that gephyrin expression impacts NL2 diffusion dynamics in non-neuronal

cells.
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Figure 3.14: Trajectory analysis of SPT experiments at gephyrin microaggregates. (A)
Individual trajectories were classified according to the shape of their MSDt curve. Trajec-
tories were given one of the following classifications: Brownian (B); Non-Origin Brownian
(NB); confinement (C); stationary (S); directed (D); Not Classified (NC). (B) The dis-
tribution of trajectory classifications is shown for each of the experiments described in
Figure 3.13. The coloured rectangles indicate the proportion of trajectories belonging to
each group. Note that due to rounding, the cumulative total for each experiment may not
exactly equal 1.
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3.3 Discussion

The experiments described in this chapter employed a non-neuronal system to study

the membrane dynamics of key proteins present at the inhibitory synapse, namely

GABAARs and NL2. It was demonstrated that GABAAR subunits are success-

fully trafficked to cell surface, obeying similar assembly rules to those observed in

cultured neurons. In non-neuronal cells, GABAAR subunit complexes exhibit Brow-

nian motion. This correlates with similar experiments in neurons that demonstrated

GABAARs display free diffusion outside of synapses, where their mobility becomes

confined (Bannai et al., 2009; Muir et al., 2010). This suggests that non-neuronal

cells constitute a decent model to investigate extrasynaptic protein diffusion. Com-

pared to GABAARs, it appears that NL2 complexes are intrinsically less dynamic

on the plasma membrane, which may reflect their distinct synaptic functions.

In contrast to GABAARs, there was little evidence to suggest that phosphorylation

significantly alters NL2 membrane dynamics. Though the triple mutation did return

significantly slower dynamics, the effect was not exclusive to the phospho-mimic and

the observed differences were relatively minor (∼ 10%). Given the large number of n

(over 1000 for each set in that experiment), it is unsurprising that minor differences

return statistical significance. Some degree of variation is expected across multiple

experiments (e.g. experimental noise), which may account for the statically signifi-

cant results. It is possible to speculate that two different effects of phosphorylation

on membrane dynamics were observed in this chapter. For example, phosphorylation

of GABAARs could trigger conformational changes that alter the impact of viscous

forces on the motion of the protein, possibly rendering it less mobile. This hypoth-

esis is supported by the recent findings related to phosphorylation of S383 on the

β3 subunit, which demonstrated that CAMKII dependent phosphorylation of this

site enhanced GABAAR confinement at inhibitory synapses (Petrini et al., 2014).

Thus, rather than altered interactions with gephyrin, subunit phosphorylation could

further immobilise synaptic GABAARs, which could subsequently promote increased

gephyrin clustering. On the other hand, given the lack of evidence of lateral mobility
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alterations, NL2 phosphorylation may modulate its intracellular signalling processes

(altered gephyrin affinity, for example).

As with phosphorylation, NL2 mobility was not dramatically altered at hemi-synapses,

though there is evidence of some restriction from the MSDt curves. This is perhaps

surprising as hemi-synapse formation requires NL2 binding to presynaptic adhesion

proteins, which would presumably involve NL2 stabilisation. However, SPT at hemi-

synapses is not straightforward. As the non-neuronals cells are planted on an existing

neuronal culture, the hemi-synapses tend to form at lower focal plane than at which

QDs are typically imaged. Expressed on a clean coverslip, HeLa and COS-7 cells

enjoy considerable space and are thus relatively flat. However, when plated on top of

neurons, their shape will be contorted around existing neurons to occupy available

space, introducing three dimensional features. Thus, conventional 2D QD proto-

cols may not be appropriate for these experiments, but rather some form of 3D QD

imaging, which has been previously described (Ram et al., 2008).

As well as SPT at hemi-synapses, this chapter also describes the first attempts of

SPT at microaggregates. And like SPT at hemi-synapses, this novel system requires

further refinement. Nevertheless, these prototypical experiments point to the influ-

ence of gephyrin on NL2 stabilisation. In the case of WT NL2, there is a significant

change in NL2 lateral mobility resulting from gephyrin and collybistin coexpression

(the proportion of restricted trajectories increases by 50% to 0.24). However, Brow-

nian diffusion still accounts for around 70% of all trajectories, which explains the

broadly linear shape of the MSDt curve. To minimise the incidence of large cytosolic

collybistin and gephyrin aggregates, the plasmids were transfected with the follow-

ing ratio 1:0.5:0.5 (NL2:gephyrin:collybistin). This may have resulted in insufficient

microaggregation to hinder the mobility of the majority of surface expressed NL2.

Thus, it would be interesting to reverse the plasmid ratios (i.e. 0.5:1:1) to determine

whether this would enhance NL2 mobility restrictions.

These experiments also highlight some interesting features arising from NL2 and

gephyrin coexpression. On its own in non-neuronal cells, gephyrin forms small cy-

tosolic puncta (Figure 3.10). When coexpressed with either NL2 construct (WT or
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Y770A), the gephyrin fluorescence profile becomes more diffuse with less frequent

cytosolic puncta (Figures 3.11 & 3.13). This is reflected in the diffusion analysis,

which shows significantly reduced NL2 mobility arising from gephyrin coexpression

compared to single expression, though these effects were more pronounced for WT

NL2. In fact, the diffusion scores for WT and the Y770A were indistinguishable

with gephyrin coexpression alone, in contrast to the additional expression of colly-

bistin. Collybistin coexpression produces dramatic changes in gephyrin organisation

compared to these dual expressions (Figures 3.12 & 3.13), suggesting that colly-

bistin drives the translocation of gephyrin to submembraneous microaggregates in

non-neuronal cells, as previously reported (Poulopoulos et al., 2009). Taken to-

gether, these experiments suggest that NL2 and gephyrin may interact, even in the

absence of collybistin. It is perhaps surprising that this feature is preserved with

the gephyrin binding mutant, which may point to additional mechanisms by which

NL2 and gephrin interact (or that some residual binding is conserved with this one

residue mutation- complete removal of the 15 amino acid gephyrin binding domain

might be preferable (Poulopoulos et al., 2009)). However, the exact mechanisms

underlying the dual expression observations remain unclear. Nevertheless, SPT of

NL2 in combination with gephyrin and collybistin coexpression in non-neuronal cells

provides a unique platform to uncover these relationships.
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Chapter 4

Lateral Mobility of NL2 at the

Inhibitory Synapse

4.1 Introduction

The previous chapter focused on the lateral mobility of NL2 in non-neuronal cells.

By exploiting novel features of NL2, it was possible to isolate the different mecha-

nisms underlying its lateral mobility in a non-neuronal system. The previous work

highlighted the impact of mutations of the intracellular domain in relation to NL2

diffusion dynamics. The next obvious step is to investigate these c-tail mutants at the

inhibitory synapse, where the full range of neuronal interaction partners are present.

This work resembles conventional QD lateral mobility studies. As stated in the in-

troduction, a host of neuronal proteins have been shown to be confined at synapses,

primarily due to interactions with scaffolding proteins. The nature of this confine-

ment can be altered by factors that include neuronal activity (Bannai et al., 2009),

ligand binding (Giannone et al., 2013) and phosphorylation (Muir et al., 2010).

At the inhibitory synapse, where NL2 is predominantly expressed, previous studies

have highlighted the role of gephyrin in synaptic stabilisation of GABAARs (Mukher-
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jee et al., 2011; Petrini et al., 2014). It has also been shown that neuronal activity

regulates GABAAR lateral mobility, specifically through activity-dependent dephos-

phorylation of a serine residue (S327) located on the γ2 subunit (Muir et al., 2010).

However, the diffusion dynamics of NL2 at the inhibitory synapses has received con-

siderably less attention. Thus, a primary aim of this section is ascertain whether

NL2 exhibits transient confinement at synapse, which mirrors similar experiments

described in the introduction that studied ionotropic receptors. Having established

this basic feature of NL2 protein mobility at inhibitory synapses, the next step is to

determine the underlying mechanisms through key intracellular mutations, including

the use of phospho-nulls and phospho-mimics to dissect the role of phosphorylation.

This work has benefited from the recent development of an antibody that targets the

extracellular domain of NL2. Previous to this, all available NL2 antibodies were in-

tracellularly targeted, rendering QD experiments unfeasible. The advent of this NL2

extracellular antibody enabled the study of the lateral mobility of endogenous NL2

in hippocampal neurons, in much the same way as endogenously expressed GABAAR

subunits have been previously employed (Muir and Kittler, 2014).

The closest published work relates to a recent investigation of the influence of transsy-

naptic signalling on NL1 function. This study showed that NL1 is confined at ex-

citatory synapses, though its synaptic stabilisation was not significantly altered by

the deletion of the PDZ-binding domain (Giannone et al., 2013). The latter feature

is perhaps surprising as NL1 has been shown to bind the PSD-95 in vitro (Irie et al.,

1997), which is the primary scaffold protein of excitatory synapses and contains a

PDZ binding domain. However, this finding correlates with a previous study, which

reaffirmed the non-essential role of the NL1 PDZ binding domain and instead pro-

moted the importance of a previously unidentified intracellular domain (Shipman

et al., 2011). However, a few distinctions between NL1 and NL2 are worth noting.

Gephyrin, the primary constituent of the inhibitory scaffold, lacks a corresponding

PDZ domain, so the significance of PDZ-mediated interactions to NL2 lateral mo-

bility is not immediately apparent, though less prominent proteins, such as S-Scam,

possess a PDZ domain. Furthermore, the previously unidentified motif on NL1 is
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not conserved in NL2 (Shipman et al., 2011). It is possible that its influence on NL1

is mirrored by a more prominent role for gephyrin binding, which has been mapped

to single residue on NL2 (Y770) (Poulopoulos et al., 2009). Thus, a fundamental

aim of this chapter is to determine the significance of the gephyrin binding domain

on NL2 dynamics at the inhibitory synapse.
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4.2 Results

4.2.1 NL2 is expressed at inhibitory synapses

A regular technique employed in this section is the overexpression of NL2 constructs.

To explore the surface profile of exogenous NL2, hippocampal neurons were trans-

fected with HANL2 and subsequently fixed. To isolate the surface expression of
HANL2, anti-HA staining was performed prior to permeabilisation. Post permeabil-

isation, the cells were stained for the inhibitory presynaptic marker VGAT (Figure

4.1). HANL2 appeared relatively diffuse across the transfected cells, with some dis-

tinct puncta observable, which often appeared to colocalise with VGAT clusters. Col-

lectively, these experiments confirm that overpressed NL2 aggregates at inhibitory

synapse on the surface of transfected neurons. The prominence of a diffuse non-

synaptic population, in contrast to the VGAT staining, is not unusual as even the

GABAAR γ2 subunit, which is strongly associated with synaptic expression (Som-

ogyi et al., 1996), is expressed throughout the neuronal surface (Muir et al., 2010).

This may point to similar diffusion mechanisms by which NL2 proteins rapidly ex-

change between extrasynaptic and synaptic populations.

4.2.2 Extracellular NL2 antibody (NL2-EXT) specifically tar-

gets the extracellular domain of NL2

Until quite recently, all NL2 antibodies targeted segments of the NL2 c-tail, making

QD experiments of endogenous NL2 impossible. However, an antibody that targets

the extracellular domain of NL2 was recently developed (NL2-EXT). Given the lack

of published information related to this new antibody, it was first necessary to confirm

that NL2-EXT exclusively labelled surface expressed NL2 and that it was specific to

NL2, given the large degree of conservation across the NL proteins. The position of

the NL2-EXT target region is illustrated in Figure 4.2A. In comparison to the HA tag,

the NL2-EXT target region is located quite close to transmembrane domain. This
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HA (non-Perm) Vgat (Perm) Merge

HANL2 

Figure 4.1: Overexpression of HANL2 on the surface of hippocampal neurons. Hippocam-
pal neurons were transfected with HANL2 and stained for HA and VGAT, to identify
transfected cells and label inhibitory presynaptic terminals, respectively. To achieve only
surface HANL2 expression, the anti-HA labelling occured post-fixation but before perme-
abilisation. All subsequent steps (anti-VGAT and secondary incubations) were performed
post permeabilisation. Note the colocalisation of HA and VGAT puncta (white arrows).
All scale bars are 10 µm.
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Figure 4.2: The NL2 extracellular antibody (NL2-EXT) specifically targets the extracel-
lular domain of NL2. (A) The structure of NL2 with the NL2-EXT target region within the
large extracellular domain of NL2 highlighted in red. Also, note that position of the HA
tag of HANL2 is distinct from the antibody binding region. (B) HeLa cells were transfected
with either HANL1, HANL2 or HANL3 and non-permeabilised cells were then stained for
HA and NL2-EXT. Cells that display HANL2 expression are also positive for NL2-EXT.
In contrast, HANL1 or HANL3 expression did not result in NL2-EXT labelling, confirming
that NL2-EXT specifically targets the extracellular domain of NL2. All scale bars are 10
µm.
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NL2-EXT Anti-Gephyrin Merge

Figure 4.3: The NL2 extracellular antibody (NL2-EXT) reports endogenous NL2 expres-
sion in hippocampal neurons. Hippocampal neurons were stained for endogenous NL2 and
the inhibitory synaptic marker, gephyrin, via NL2-EXT and a mouse gephyrin antibody,
respectively. Note that NL2-EXT labelling occurred prior to permeabilisaton. NL2 puncta
display colocalisation with gephyrin puncta (white arrows), suggesting that NL2-EXT la-
bels endogenous NL2 at the inhibitory synapse. All scale bars are 10 µm.
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implies that it should be possible to label surface expressed HANL2 using both a HA

antibody and NL2-EXT. With this in mind, HeLa cells were transfected with either
HANL1, HANL2 or HANL3. They were labelled with mouse anti-HA and NL2-EXT

(rabbit) (Figure 4.2B). Non-permeabilised cells tranfected with HANL2 also showed

positive labelling by NL2-EXT. In contrast, cells expressing either HANL1 or HANL3

were not labelled by NL2-EXT. This demonstrates that NL2-EXT is NL2-specific

and that it successfully binds to its extracellular domain.

Having established the efficacy of NL2-EXT, the next step was to study the dis-

tribution of endogenous NL2 on the neuronal surface. Thus, hippocampal neurons

were stained with NL2-EXT and a mouse gephyrin antibody (Figure 4.2C). Simi-

lar to the HANL2 experiment described above, NL2-EXT labelling was performed

prior to permeabilisation, while gephyrin and secondary antibody staining occurred

post permeabilisation. Endogenous NL2 puncta generally coincided with gephyrin

puncta, confirming that NL2-EXT successfully labels endogenous NL2 localised at

the inhibitory synapse, which is in agreement with previous studies that reported its

expression at inhibitory synapses (Varoqueaux et al., 2004).

4.2.3 Endogenous NL2 is confined at inhibitory synapses

Having established that NL2-EXT is appropriate for endogenous QD experiments,

i.e. it specifically labels an extracellular portion of NL2, the next step was to investi-

gate the diffusion dynamics of endogenous NL2. Hippocampal neurons were labelled

with rabbit 605 QDs via NL2-EXT. Active inhibitory synapses were identified using

VGAT-oyster 488 (protocol is described in Materials & Methods), which displayed

strong colocalisation with the inhibitory presynaptic marker GAD65 (Figure 4.4A).

The procedure for analysing QD trajectories relative to synaptic puncta is illustrated

in Figure 4.4B. QDs trajectories were overlaid onto VGAT positions so that trajec-

tories were subcategorised as either synaptic or extra-synaptic (Figure 4.5A). Com-

paring the diffusion scores for synaptic and extrasynaptic trajectories shows that

endogenous NL2 is significantly less dynamic at inhibitory synapses (DOut = 0.06
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Figure 4.4: VGAT-oyster 488 is suitable to live-label inhibitory synapses for QD ex-
periments. (A) Hippocampal neurons were incubated with VGAT-Oyster 488 for 1 hour
at 37 degrees. Coverslips were subsequently fixed, permeabilised and stained for the in-
hibitory presynaptic protein, GAD 65. Normal neurotransmission is sufficient to internalise
VGAT-oyster and label active presynaptic terminals, as demonstrated by the broad over-
lap between the two presynaptic markers. Scale bars are 10 µm. (B1) VGAT-Oyster
was utilised to partition NL2 QD trajectories into synaptic or extrasynaptic zone. QDs
that were within 2 pixels (= 0.6 µm) of the nearest VGAT-oyster puncta were considered
synaptic. (B2) The distance to the nearest synapses against time for a sample trajectory.
The dashed line represents the border between trajectory segments that were considered
synaptic. All scale bars are 10 µm.
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Figure 4.5: Endogenous NL2 exhibits confinement at inhibitory synapses. (A) Hippocam-
pal neurons were incubated with VGAT-Oyster 488 to label active inhibitory synapses
(green) prior to QD labelling via NL2-EXT. QD trajectories are shown in red. (B) QD
trajectories were split into synaptic and extra-synaptic parts . The synaptic diffusion
scores (n= 219 trajectories) were significantly lower than the extrasynaptic scores (n=
1591). (C1) The Mean Squared Displacement as a function of time (MSDt) highlights
two distinct profiles. The extra-synpatic QD trajectories exhibit brownian motion, while
synaptic trajectories appear to be confined at the inhibitory synapse (inset). (C2) Addi-
tionally, at inhibitory synapses, endogenous NL2 has a mean residency time of 1.33±0.18
s (43 cells). All scale bars are 10 µm, unless otherwise stated.
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µm2s−1, n = 1591; DIn = 0.04 µm2s−1, n = 219; (***) p< 10−3 (Mann-Whitney)).

This difference is further highlighted by comparing the MSD versus time (MSDt)

for each set of trajectories. The outside trajectories exhibit Brownian motion, while

the synaptic trajectories display strong confinement. The mean residency time of

endogenous NL2 at inhibitory synapses was 1.33±0.18 s (43 cells).

4.2.4 Mutation of S714 alters NL2 synaptic mobility

Having established that endogenous NL2 is confined at inhibitory synapses, the c-

tail mutants described in the previous chapter were studied in hippocampal neurons

to determine whether intracellular mechanisms regulate NL2 synaptic confinement.

Repeating the order of those experiments, the first step was to investigate the effect

of mutating NL2S714. As previously stated, proteomic studies have identified this

residue as a possible phosphorylation site (Munton et al., 2007; Tweedie-Cullen et al.,

2009; Wisniewski et al., 2010; Huttlin et al., 2010; Trinidad et al., 2012). However, it

is not known whether mutations of this residue affect changes in the mobility of NL2

at inhibitory synapses. To investigate this, hippocampal neurons were transfected

with either HANL2 or the S714 phosphorylation mutants HANL2-S714A or HANL2-

S714D, the phospho-null and phospho-mimic, respectively. Similar to the previous

work, these proteins were labelled with QDs via their extracellular HA tag. As

before, VGAT-oyster 488 was used to designate active inhibitory synapses (Figure

4.6A). Given the relative low-level of non-specific labelling, transfected neurons were

identified by the strength of QD labelling.

An immediate observation from the analysis is that all three proteins display the

conventional contrast between extra-synaptic and synaptic transsynaptic trajecto-

ries, where the latter exhibit reduced dynamics, in agreement with the previous

experiments employing NL2-EXT (Figure 4.6B). Comparing the various constructs,

the diffusion scores from the NL2-S714D synaptic trajectories were significantly lower

than WT, suggesting enhanced synaptic confinement of the phospho-mimic (DWT :

0.027 µm2s−1, n = 914; DD: 0.023 µm2s−1, n = 871; (*) p= 0.017). No signifi-
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cant difference was observed outside of synapses (DWT : 0.039 µm2s−1, n = 8787;

DD: 0.04 µm2s−1, n = 9627; (n.s.) p= 0.49). Compared to WT, the phospho-null

was significantly more dynamic outside of synapses (DA: 0.043µm2/s, n = 8476;

(*) p= 0.009) and was unchanged at synapses (DA: 0.027 µm2s−1, n = 752; (n.s.)

p= 0.92). Comparison of the MSDt furthers highlights the enhanced confinement

exhibited by the phospho-mimic compared to WT, demonstrated by the lower pro-

file of the curve (Figure 4.6C1). The decrease in synaptic diffusion experienced by

the phospho-mimic was not reflected in the synaptic residency time results, as no

significant difference was observed compared to WT (resWT : 1.34±0.13 s, 58 cells;

resD: 1.42±0.07 s, 52 cells; (n.s.) p = 0.47 (t-test)). Similarly, no difference was

observed between HANL2-S714A and HANL2 (resA: 1.42±0.09 s, 56 cells; (n.s.) p =

0.47).

4.2.5 Triple mutation of residues S714, S719 & S721 alters

NL2 synaptic mobility

The previous data suggest that phosphorylation of S714 modestly enhances NL2

confinement at inhibitory synapses. The next step was to explore whether further

mutations of the neighbouring serines (S719 and S721), which have also been identi-

fied as possible phosphorylation sites (Wisniewski et al., 2010; Huttlin et al., 2010),

could drive the system towards more pronounced changes. Similar to before, hip-

pocampal neurons were transfected with either HANL2 or the triple phosphorylation

mutants HANL2-AAA or HANL2-DDD, the triple phospho-null and phospho-mimic,

respectively. Again, surface expressed proteins were labelled with QDs via their

extracellular HA tag and VGAT-oyster 488 was used to denote active inhibitory

synapses (Figure 4.7A). The diffusion scores from the HANL2-DDD synaptic trajec-

tories were significantly lower than HANL2-AAA (DD: 0.028 µm2s−1, n = 507; DA:

0.038 µm2s−1, n = 479; (**) p= 0.0004) (Figure 4.7B). This difference is preserved

outside of synapses (DD: 0.067 µm2s−1, n = 2895; DA: 0.084 µm2s−1, n = 2727;

(***) p< 10−5). While not statistically significant, there is a strong trend towards
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Figure 4.6: Mutation of S714 alters NL2 mobility at inhibitory synapses. (A) Hippocam-
pal neurons were transfected with either HANL2, the phospho-null HANL2-S714A or the
phospho-mimic HANL2-S714D and labelled with QDs via the extracellular HA tag. To
mark synapses, coverslips were pre-incubated with VGAT-oyster 488. (B) Comparison
of the diffusion scores at inhibitory synapses shows NL2-S714D bound QDs return lower
diffusion scores compared to WT. No statistical difference was observed between WT and
the phospho-null (Out: nWT = 8787, nA = 8476, nD = 9627 trajectories; In: nWT = 914,
nA = 752, nD = 871 trajectories). (C1) The MSDt is plotted for each construct. The
modest difference in diffusion scores for NL2-S714D compared is mirrored in the respective
MSDt profiles. NL2-D exhibits stronger confinement at inhibitory synapses. (C2) Compar-
ison of the residency times at inhibitory synapses show no significant differences between
the constructs (nWT = 58, nA = 56, nD = 52 cells). All scale bars are 2 µm.
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enhanced confinement of the triple phospho-mimic compared to WT (DWT : 0.035

µm2s−1, n = 409; (n.s.) p= 0.069). This relationship becomes significant in extra-

synaptic regions (DWT : 0.074 µm2s−1, n = 2464; (*) p= 0.0015). Compared to WT,

the triple phospho-null is significantly more dynamic outside of synapses (p= 0.002) ,

while no difference is observed at VGAT puncta (p= 0.14). The MSDt curves broadly

parallel the diffusion results as HANL2-DDD synaptic trajectories exhibit stronger

confinement compared to HANL2-AAA, while WT displays an intermediate level of

confinement (Figure 4.7C1). The relationship between the various constructs is once

again reflected in the residency time data, as the triple phospho-mimic spends sig-

nificantly longer at synapses compared to the triple phospho-null (resD: 1.45±0.08

s, 22 cells; resA: 1.21±0.1 s, 21 cells; (*) p = 0.019), while the difference between
HANL2-DDD and HANL2 was not significant (resWT : 1.27 ±0.1 s, 21 cells; (n.s.) p =

0.14). Note that Mann-Whitney was employed for the residency time statistical tests

in this experiment as the set of times for the triple phospho-null failed (p< 10−4)

the test for normality required for use of the t-test.

4.2.6 Synaptic diffusion is unaltered following disruption of

gephyrin or PDZ binding motifs

The previous experiments suggest a role for phosphorylation in the stabilisation of

NL2 at inhibitory synapses. Numerous studies have highlighted the role of intra-

cellular interactions between NL2 and various synaptic proteins. Specifically, muta-

tion of NL2Y770A appears to abolish binding to the scaffolding protein, gephyrin

(Poulopoulos et al., 2009). Additionally, a PDZ binding motif is located at end

of the c-tail of each NL isoform. PDZ binding underlies confinement of numerous

proteins, most notably, PDZ domain mediated interactions with PSD 95 largely de-

termine NMDAR stabilisation at excitatory synapses in a subunit specific manner

(Bard et al., 2010). While the primary scaffolding protein at inhibitory synapse,

gephyrin, lacks a PDZ binding domain, less prominent proteins such as S-SCAM

contain a PDZ binding motif (Sumita et al., 2007). Thus, to determine whether
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Figure 4.7: Triple mutation of residues S714, S719 & S721 alters NL2 synaptic mobility.
(A) Hippocampal neurons were transfected with either HANL2, the triple phospho-null
HANL2-AAA or the triple phospho-mimic HANL2-DDD and labelled with QDs via the
extracellular HA tag. To mark synapses, coverslips were pre-incubated with VGAT-oyster
488. (B) Comparison of the diffusion scores at inhibitory synapses shows NL2-DDD bound
QDs return lower diffusion scores compared to NL2-AAA and a strong trend towards
significance against WT, while no difference was observed between WT and the phospho-
null (Out: nWT = 2464, nA = 2727, nD = 2895 trajectories; In: nWT = 409, nA = 479,
nD = 507 trajectories). (C1) The MSDt is plotted for each construct. NL2-D exhibits
stronger confinement at inhibitory synapses compared to the triple phospho-null. (C2)
Comparison of the residency times at inhibitory synapses reflects the diffusion scores data
in B, as the residency time of HANL2-DDD is significantly longer compared to HANL2-AAA
(nWT = 21, nA = 21, nD = 22 cells). All scale bars are 2 µm.
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these motifs mediate the synaptic confinement of NL2, hippocampal neurons were

transfected with HANL2, the gephyrin binding deficient mutant HANL2Y770A and

the NL2 mutant lacking the PDZ binding domain (HANL2∆PDZ). As before, trans-

fected cells were labelled with QDs via their extracellular HA tag and VGAT-oyster

488 was used to designate active inhibitory synapses (Figure 4.7A).

Neither of these mutations appeared to alter the behaviour of NL2 at inhibitory

synapses, as there was no significant difference between the various mutants (DWT :

0.035 µm2s−1, n = 409; DY 770A: 0.034 µm2s−1, n = 478; D∆PDZ : 0.035 µm2s−1,

n = 326; p > 0.3 in all cases) (Figure 4.8B). Similarly, no difference was observed

outside of synapses (DWT : 0.074 µm2s−1, n = 2464; DY 770A: 0.071 µm2s−1, n = 2808;

D∆PDZ : 0.073 µm2s−1, n = 2373; p > 0.2 in all cases). The MSDt curves suggest

that the ∆PDZ mutant may be slightly less confined at synapses (Figure 4.8C1).

However, this is not reflected in the residency time results as, again, there are no

significant differences across the constructs (resWT : 1.27±0.1 s, 21 cells; resY 770A:

1.25±0.1 s, 18 cells; res∆PDZ : 1.42±0.12 s, 23 cells; p > 0.3 in all cases)(Figure

4.8C2).

4.2.7 Gephyrin FingR labels endogenous gephyrin puncta

It was unexpected that neither c-tail mutation altered NL2 synaptic dynamics, es-

pecially the gephyrin binding deficient mutant as gephyrin is known to mediate

GABAAR synaptic stabilisation (Mukherjee et al., 2011; Petrini et al., 2014). It is

possible that the imaging arrangement was not optimally configured to observe po-

tentially subtle differences. VGAT-oyster was employed to label all active inhibitory

synapse. Since overexpression was determined from the strength of the labelling,

the distribution of diffusion scores inevitably includes some unwanted points due to

background labelling. The easiest way to overcome this issue is to cotransfect an in-

hibitory synaptic marker. Two possible candidates are fluorescently tagged gephyrin

(Calamai et al., 2009) and γ2SEP (Muir et al., 2010). Each comes with potential

pitfalls: Gephyrin is known to interact with NL2, so overexpression of both proteins
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Figure 4.8: Synaptic diffusion is unaltered following disruption of the gephyrin or PDZ
binding motifs. (A) Hippocampal neurons were transfected with either HANL2, the
gephyrin binding deficient mutant HANL2Y770A or the PDZ binding domain deletion
HANL2∆PDZ and labelled with QDs via the extracellular HA tag. To mark synapses, cov-
erslips were pre-incubated with VGAT-oyster 488. (B) Comparison of the diffusion scores
at inhibitory synapses shows that the synaptic diffusion of both mutants was unchanged
compared to WT (Out: nWT = 2464, nY 770A = 2808, n∆PDZ = 2373 trajectories; In:
nWT = 409, nY 770A = 478, n∆PDZ = 326 trajectories). (C1) The MSDt is plotted for each
construct. The PDZ lacking mutant displays slightly reduced confinement at inhibitory
synapses (C2) Comparison of the residency times at inhibitory synapses shows no signif-
icant difference between any of the NL2 mutants (nWT = 21, nY 770A = 18, n∆PDZ = 23
cells). All scale bars are 2 µm.
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could produce artefacts; co-expression of γ2SEP would greatly increase the level of

surface expressed proteins, possibly altering the diffusion dynamics of NL2.

A recent innovation in live-cell imaging is the development of neuronal-specific in-

trabodies, an antibody expressed within the cell that binds to intracellular proteins

(Nizak et al., 2003). Thus, by fusing an appropriate fluorophore to the intrabody,

labelling of endogenous proteins can be achieved without resorting to overexpression

and its associated risks. This is the principle underlying Gephyrin FingR (Figure

4.9A), an intrabody targeted to endogenous gephyrin (Gross et al., 2013). Before

employing Gephyrin FingR in QD experiments, given its recent development, it was

first necessary to demonstrate that Gephyrin FingR expression appropriately labels

endogenous gephyrin clusters for live QD imaging experiments. Thus, hippocam-

pal neurons were transfected with Gephyrin FingR. They were subsequently fixed,

permeabilised and stained for gephyrin as well as the inhibitory presynaptic marker,

VGAT. Figure 4.9B confirms that Gephyrin FingR labels endogenous gephyrin clus-

ters, which is apparent from the broad overlap between the respective labelling.

Furthermore, these synapses generally appear to be functional, as there is strong

colocalisation with VGAT puncta.

Given the established interaction between NL2 and gephyrin, it was essential to

determine that coexpression of NL2 did not adversely affect the Gephyrin FingR

profile. Thus, in a preliminary QD experiment, neurons cotranfected with Gephyrin

FingR and HANL2 demonstrated successful coexpression, illustrated by the specfic

QD labelling on the gephyrin FingR transfected neuron (Figure 4.10). The images

displayed in Figure 4.10 represent a typical live-cell QD imaging experiment, confirm-

ing the efficacy of this dual-expression strategy. Thus, Gephyrin-FingR provides an

optimal means to label endogenous gephyrin puncta as part of NL2 QD experiments.
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Figure 4.9: Gephyrin FingR labels endogenous gephyrin puncta. (A) Schematic of the
Gephyrin FingR labelling protocol, adapted from (Gross et al., 2013). The binders, shown
in red, were selected from a library and determine the specificity of gephyrin binding.
Fusing GFP to Gephyrin-FingR allows intracellular labelling of endogenous gephyrin clus-
ters. (B) Hippocampal neurons were transfected with Gephyrin FingR. Transfected cells
were stained for gephyrin and the inhibitory presynaptic protein, VGAT. Gephyrin Fingr
puncta generally overlapped with endogenous gephyrin puncta. Furthermore, these puncta
showed strong colocalisation with VGAT, implying that Gephyrin Fingr puncta represent
functional synapses. All scale bars are 10 µm.
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Gephyrin-FingR anti-HA 605 QDs Overlay

Gephyrin- 
FingR + 

HANL2 

Figure 4.10: Gephyrin FingR with QD labelling in a live-cell imaging experiment.
The above images are taken from a live-imaging experiment of a neuron expressing both
Gephyrin-FingR (green) and HANL2, where the latter were labelled with 605 QDs via their
extracellular HA tag (red trajectories- which were determined and overlaid post acquisi-
tion). The smaller panels are zooms of the corresponding regions represented by the orange
rectangles. All scale bars are 10 µm.
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4.2.8 Double mutation of gephyrin binding and PDZ domain

disrupts synaptic confinement

To further investigate the role of both the gephyrin binding domain and the PDZ

motif, an additional mutant was created that combined these mutations (HANL2-

Double). It is possible that the gephyrin binding deficient mutant retains some

synaptic interactions through its PDZ domain. For example, NL2 has been shown

to colocalise with S-Scam via its PDZ domain (Sumita et al., 2007), so the dou-

ble mutant was designed to eliminate any residual binding. As was shown in the

previous section, expression of Gephyrin FingR labels endogenous gephyrin clusters.

Thus, Gephyrin FingR fluorescence was employed to define inhibitory synapses, in

an identical manner to VGAT-oyster previously. Hippocampal neurons were trans-

fected with Gephyrin FingR as well as one of the following NL2 constructs: HANL2,
HANL2∆PDZ, HANL2Y770A or HANL2-Double. As before, overexpressed proteins

were labelled with QDs via their extracellular tag (Figure 4.11A). The outside and

inside diffusion score distributions were compared for each construct to determine

whether these proteins were confined at synapses. With the sole exception of HANL2-

Double, all constructs displayed the conventional outside/inside distinction, a trade-

mark of synaptic confinement. (median (µm2s−1) WT: DOut = 0.032 n = 5659, DIn

= 0.03 n = 553, (**) p = 0.0019; Y770A: DOut = 0.037 n = 3974, DIn = 0.031 n

= 428, (*) p = 0.01; ∆PDZ: DOut = 0.032 n = 3821, DIn = 0.027 n = 401, (**) p

= 0.0005; Double: DOut = 0.034 n = 5072, DIn = 0.034 n = 544, (n.s.) p = 0.91)

(Figure 4.11B1). Comparison of the MSDt for each construct further illustrates the

loss of synaptic stability exhibited by the double mutant (Figure 4.11B2).
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Figure 4.11: Double mutation of the NL2 PDZ and gephyrin binding domains disrupts
synaptic stability. (A) Hippocampal neurons were transfected with Gephyrin FingR and
one of the following NL2 constructs: HANL2, HANL2∆PDZ, HANL2Y770A or HANL2-
Double, where HANL2-Double combines PDZ domain truncation and the gephyrin binding
mutation. Gephyrin FingR was employed to label endogenous gephyrin clusters (green)
and overexpressed proteins were labelled with QDs via their HA tag (red). (B1) Trajec-
tory segments were classified as either synaptic or extrasynaptic. Comparison of the corre-
sponding diffusion score distributions shows that, with the exception of the double mutant,
all constructs displayed the conventional outside/inside distinction, where the inside tra-
jectories exhibit reduced mobility (Out: nWT = 5659, nY 770A = 3974, n∆PDZ = 3821,
nDouble = 5072 trajectories; In: nWT = 553, nY 770A = 428, n∆PDZ = 401, nDouble = 544
trajectories). (B2) Comparison of the Mean Squared Displacement against time (MSDt)
for each construct, which mirrors the findings of panel B1, as the double mutant exhibits
reduced confinement, indicated by the upwards shift of the MSDt curve. All scale bars are
2 µm.
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4.3 Discussion

In this chapter, the diffusion behaviour of NL2 at inhibitory synapses was extensively

investigated. Starting with a recently developed antibody that targets the extracel-

lular domain of NL2, thus allowing QD experiments, it was shown that endogenous

NL2 is confined at inhibitory synapses. In this case, active inhibitory synapses were

denoted by VGAT-oyster 488 fluorescence, through antibody incubation prior to QD

labelling. To investigate the role of intracellular mechanisms in NL2 synaptic con-

finement, hippocampal neurons were transfected with various NL2 c-tail mutants

(described in the previous chapter). The first set of which were the phosphoryla-

tion mutants described previously. The phospho-mimic returned less mobile synaptic

scores in both cases, suggesting the phosphorylation of these residues may contribute

to the synaptic stabilisation of NL2. In contrast, perhaps surprisingly, neither the

PDZ motif truncation or the gephyrin binding deficient mutant displayed altered

synaptic dynamics under this imaging protocol. The constructs were imaged again

under a refined system, where the recently developed gephyrin intrabody, Gephyrin

FingR, was employed to label endogenous inhibitory synapses. Furthermore, a dou-

ble mutant, with both gephyrin binding and the PDZ binding motif removed, was

designed to rule out any residual PDZ domain mediated bindings in gephyrin in-

teraction deficient mutant. Under this refined system, the synaptic mobility of the

double mutant was indistinguishable from its extrasynaptic mobility, in contrast to

all other NL2 constructs considered. This suggests that NL2 synaptic confinement

may depend on its gephyrin binding in combination with its PDZ domain.

As the function of the NL family has evolved from synaptogenesis to synapse specifi-

cation and maintenance, various NL intracellular signalling mechanisms have emerged.

Furthermore, this redesignation may point to a more dynamic synaptic behaviour,

exemplified by non-uniform membrane diffusion. Much of the work described in

this chapter is analogous to SPT experiments involving GABAARs. They have been

shown to transiently move in and out of synapses, a process that is mediated by the

scaffolding protein, gephyrin (Muir et al., 2010; Mukherjee et al., 2011; Petrini et al.,
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2014). However, NL2 has received considerably less attention and little is known

about its membrane dynamics. A recent study observed significant lateral mobil-

ity of NL1, as well as confinement at excitatory synapses (Giannone et al., 2013).

Furthermore, it was shown that neurexin binding to NL1 enhances its synaptic sta-

bilisation. SPT experiments related to NL proteins are sparse and this paper serves a

good starting point for the work described in this chapter. Therefore, given the lack

of information on NL2 membrane dynamics, it was necessary to confirm that NL2

exhibits distinct diffusion profiles, depending on its position relative to inhibitory

synapses. This was achieved via labelling of endogenous and overexpressed NL2.

Having established the dynamic profile of NL2 at inhibitory synapses, a reasonable

hypothesis is that intracellular mechanisms mediate this behaviour. The obvious

candidate is gephyrin binding, which has been shown to regulate GABAAR stabili-

sation at synapses (Mukherjee et al., 2011; Petrini et al., 2014). Furthermore, NL2 is

known to interact with gephyrin via collybistin (Poulopoulos et al., 2009). NL2 also

possess an N-terminal located PDZ binding domain. NL1 interacts with the scaf-

folding protein PSD-95 via its PDZ-domain (Irie et al., 1997), so it is plausible that

this motif may regulate NL2 synaptic confinement, especially since NL2 has known

interactors via its PDZ domain e.g. S-Scam (Sumita et al., 2007). Initially, loss of

gephyrin binding or the PDZ domain did not significantly NL2 synaptic dynamics.

This was a surprising result, the implication of which is that an unidentified domain

regulates NL2 confinement at inhibitory synapses. However, a recent study identi-

fied a previously unrecognised domain in NL1, distinct from the gephyrin binding

and PDZ domain, which regulates its synaptic function (Shipman et al., 2011). As

disruption of this formerly unidentified domain had no effect on NL2 activity and the

more prominent role of gephyrin at inhibitory synapses, it would still be surprising

if these two domains had no impact on NL2 synaptic mobility. Thus, these binding

mechanisms were further investigated by creating a double mutant, which has its

gephyrin binding domain mutated and its PDZ domain removed. These experiments

also coincided with the employment of Gephyrin FingR as a marker of endogenous

gephyrin puncta.
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It should be noted that Gephyrin FingR is not a perfect marker of inhibitory synapses.

VGAT-oyster 488 labels active inhibitory synapses, which will generally coincide with

gephyrin puncta. However, not all gephyrin puncta represent functional synapses,

which is illustrated by the partial overlap of Gephyrin FingR puncta with Vgat

puncta in Figure 4.9B. Nevertheless, coexpression of a fluorescent construct allowed

the removal of non-specific trajectories from untransfected cells (which may have

diluted the results of previous experiments). Furthermore, Gephyrin FingR was

deemed superior to alternative overexpression protocols and was thus considered,

on balance, to be an advantageous tool for these experiments. Under this refined

system, the double mutant returned synaptic and extrasynaptic mobilities that were

statistically indistinguishable, implying that synaptic confinement had been signifi-

cantly disturbed. Is it the loss of residual binding via its PDZ domain that pushes

the NL2 double mutant towards synaptic instability? It should be noted that, due

to an elevated molecular density, all proteins exhibit reduced diffusion at synapses

compared to extrasynaptic regions (Renner et al., 2009; Gerrow and Triller, 2010).

Thus, it is perhaps surprising that the diffusion scores for the double mutant are in-

distinguishable. One possibility is that loss of gephyrin binding (and other potential

protein interactions via the PDZ domain) reduces the molecular density and allevi-

ates the forces that reduce synaptic diffusion. From the MSD curves, a more reliable

measure of synaptic obstruction (Renner et al., 2012), it is clear that the double mu-

tant experiences confinement, though it appears to be diminished compared to WT.

In any case, it appears that loss of gephyrin binding dominates the observed effect

of the double mutant. A comparison of the the MSDts for both the PDZ truncation

and the gephyrin binding deficient mutant highlights that the latter appears closer

to the double mutant, while the former resembles WT (Figure 4.11B2). Additional

experiments will be required to determine the relative contribution of each mutation.

There was stronger consensus around the impact of phosphorylation on NL2 mem-

brane dynamics, as both experiments demonstrated that the phospho-mimic exhibits

reduced mobility at inhibitory synapses, which suggests that phosphoylation of these

residues may influence its synaptic stabilisation. These findings were relatively ro-
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bust as synaptic scores of the phospho-null were unchanged from WT in both ex-

periments. Interestingly, in the single site experiments, the differences in the lateral

mobility of HANL2-S714D compared to WT was specific to its synaptic trajectories.

This correlates with the experiments performed in HeLa cells described in the pre-

vious chapter, which reported no significant distinction in the membrane dynamics

of these proteins. Furthermore, this strengthens the hypothesis that phosphoryla-

tion modulates NL2 lateral mobility through altered interactions with gephyrin. Of

course, this effect could be mediated by yet unidentified signalling processes. How-

ever, the role of gephyrin interactions on NL2 mobility can be readily tested through

the SPT microaggregate system. Thus, future experiments will inevitably involve

the incorporation of the NL2 phospho-mutants to this novel imaging platform.
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Chapter 5

Influence of Presynaptic

Interactions on NL2 Membrane

Dynamics

5.1 Introduction

Neuroligins (NLs) play a dual role at synapses, namely to specify and validate

synapses. The latter role has been thoroughly described in the previous chapters. It

is the process by which NLs facilitate synaptic transmission by coordinating the in-

teraction of various postsynaptic proteins, e.g. gephyrin and collybistin. In contrast,

the former role is comparatively less known. It is the process by which NLs confer the

nature of synapse, e.g. inhibitory versus excitatory and stable versus transient. The

neuronal capability to generate a wide spectrum of synapse types is believed to stem

from heterogeneity in its trans-synaptic partners. The simplest case in point is the

tendency of NL1 and NL2 to form excitatory and inhibitory synapses, respectively.

The work described in this thesis has so far focused on the postsynaptic role of NLs.

NLs are trans-synaptic proteins and thus require a presynaptic partner to fuse the
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two membranes in close apposition. As previously stated in the introduction, this

role is believed to be primarily fulfilled by neurexins (NRXs) (Sudhof, 2008). NRXs

exist in a variety of isoforms and it has been suggested that these differences may

underlie subtle distinctions in synapse specification (Ullrich et al., 1995). For exam-

ple, alternative splicing of both NL and NRX has been shown to alter the affinity of

NL-NRX binding (Chih et al., 2006). Despite the strong evidence demonstrating the

role of the NL-NRX binding in synapse identity and function, the exact structural

mechanism by which this interaction occurs was poorly understood. Pivotal insights

were gained from the high-resolution crystal structure of the extracellular domain of

NL1 in both its unbound form and bound to β-NRX (Arac et al., 2007). This study

identified the specific residues on NL1 responsible for β-NRX binding. While the

data specifically relates to NL1 organisation and NL1-NRX complex arrangement,

the paper also highlights the broad conservation across the NL family structure. In-

terestingly, NL family amino acid sequence similarity extends to the β-NRX binding

interface. Small differences are only observed at the edges of the binding interface,

which may account for differences in NRX binding affinities across the NL family

(Arac et al., 2007).

While the influence of intracellular mechanisms in protein stabilisation at inhibitory

synapses has been extensively characterised, the corresponding role of the presynapse

is comparatively less understood. The work describe in this chapter is informed by re-

cent findings, which suggest that trans-synaptic interactions may regulate GABAAR

behaviour. For example, it was reported that the GABAAR α1 subunit physically

interacts with NRX (Zhang et al., 2010). However, it was unclear whether this

relationship stemmed from presynaptic or postsynaptic NRX expression. The pos-

sibility of trans-synaptic GABAAR interactions was recently strengthened with the

observation that specific GABAAR subunits can induce hemi-synapse formation in a

co-culture assay (Fuchs et al., 2013). Furthermore, coexpression of GABAARs with

NL2 enhanced hemi-synapse induction properties compared to either single expres-

sion (Fuchs et al., 2013). Though it is not yet known if this synaptogenic activity

of GABAARs occurs in neurons, these experiments highlight the theoretical capac-
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ity of presynaptic factors to regulate postsynaptic proteins beyond the traditional

NL-NRX paradigm. Thus, these novel mechanisms may contribute to the dynamic

regulation of protein mobility at synaptic sites.

The work described in this chapter can be split into two distinct parts. Based on

the findings related to the NL1 binding interface (Arac et al., 2007), a corresponding

NL2 trans-synaptic binding deficient mutant was designed. Having validated this

property through co-cutlure assays, the next step was to determine whether trans-

synaptic interactions dynamically regulate NL2 stabilisation at inhibitory synapses.

The results from the previous chapter suggest that intracellular interactions, via the

gephyrin and PDZ binding domains, regulate NL2 confinement. Thus, in line with

the recent findings outlined above, it is necessary to explore whether trans-synaptic

signalling processes contribute to these transient mechanisms.
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5.2 Results

5.2.1 Design of NL2-LND

It was demonstrated that the NL1-NRX complex consists of two NRX proteins fused

to the opposing ends of a NL1 dimer (Arac et al., 2007). Furthermore, the same

study identified numerous amino acid residues within a small region of the extra-

cellular domain of NL1 that are critical for NL1-β-NRX binding. A comparison of

the amino acid sequence of the corresponding region in NL2 suggests a strong de-

gree of conservation at the binding interface (Figure 5.1). Specifically, the L399A,

N400A, and D402N (NL1-LND) set of mutations severely reduce the binding affinity

for NRX1β by removing the hydrogen bond between NL1 N400 and NRX1β S107,

while Ca2+ coordination is perturbed by D402N. The paper describes two further

mutants that include additional mutations of nearby residues. Of these, only NL1-

LNDQE augments the effect of NL1-LND. NL1-LNDQE includes the Q395A and

E397A mutation, which similarly disrupts Ca2+ site coordination through E397. In-

terestingly, all of the previously mentioned residues are identical in NL2, suggesting

a conserved mechanism underlying NRX1β binding. As NL1-LND was sufficient to

drastically reduce NL1-NRX1β binding affinities, the corresponding mutant in NL2

was designed. Specifically, the residues NL2L374A, N375A and D377N were mutated

to create NL2-LND (note that it contains an extracellular HA tag like HANL2). Be-

fore assessing the trans-synaptic properties of this mutant, it was necessary to show

the other properties of NL2 are preserved.

5.2.2 NL2-LND is expressed on the cell surface

Having designed a NL2 mutant that theoretically exhibits diminished trans-synaptic

binding, it is important to verify that HANL2-LND expression is not significantly

altered compared to HANL2. Drastically reduced expression levels or protein mis-

folding could hypothetically explain any observed deficiencies in trans-synaptic bind-
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Figure 5.1: NL-NRX binding interface & design of NL2-LND (A) Amino acid sequence
of the NL1 residues located near the binding interface with NRX1β, as identified by Arac
et al. (2007). L399, N400 and D402 are highlighted in red as they were specifically identified
for their role in NRX binding. Q395 and E397 are coloured purple, as these residues further
reduce NL1-NRX affinity when mutated along with the residues in red. Residues where the
amino acid is conserved in NL2 are shown in blue (note that the red and purple residues
are also conserved in NL2). Residues that differ between NL1 and NL2 are shown in green.
(B) Amino acid sequence of the corresponding region in NL2. Note the high degree of
conservation between the two proteins. (C) Corresponding amino acid sequence of the
NL2-LND mutant. It is identical to NL2 except for the L374A, N375A and D377N set of
mutations. Note that NL2-LND also contains a HA tag, similar to NL2-WT.
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ing. To rule out these possibilities, NL2-LND was initially expressed in Cos-7 cells.

The cells were fixed (non-permeabilised) and doubly labelled with anti-HA (mouse)

and NL2-EXT (rabbit- extracellular NL2 antibody described in the previous chap-

ter). Transfected cells were positively stained for both antibodies (Figure 5.2). This

confirms that NL2-LND is successfully trafficked to the cell surface. As each anti-

body targets distinct regions of the extracellular domain, it strongly suggests that

the protein conformation has not been drastically altered by the mutation so as to

preclude antibody binding. This result is in agreement with NL1-LND from Arac

et al. (2007), which was determined, through circular dichroism experiments, to be

properly folded.

5.2.3 NL2-LND reduces trans-synaptic adhesion in a co-

culture assay

Having established that HANL2-LND is properly expressed on the cell membrane

of Cos-7 cells, the next step was to investigate whether this mutation modulates

the trans-synaptic activity of NL2. This was assessed by expressing HANL2-LND

in Cos-7 cells that were subsequently cocultured with hippocampal neurons. Di-

minished capacity to bind to presynaptic proteins could be seen as reduced presy-

naptic contact formation at the surface of the HANL2-LND expressing cells. Cos-7

cells were thus transfected with either HANL2, HANL2-LND or GFP and stained for

the inhibitory presynaptic marker VGAT (Figure 5.3A). Hemi-synapse formation is

quantified (proportion of cell that is also positive for VGAT staining) in Figure 5.3B.

As before, HANL2 demonstrates strong hemi-synapse formation compared to GFP

(NL2-WT: 3.53 ± 0.93 % (n =6, 36 cells), GFP: 0.19 ± 0.05 % (n =6, 35 cells); (*)

p = 0.0154)(Figure 5.3B1). Compared to WT, HANL2-LND exhibits significantly

reduced trans-synaptic contacts (NL2-LND: 0.76 ± 0.21 % (n =6, 42 cells); (*)

p= 0.0146). Compared to GFP, NL2-LND shows a statistically insignificant trend

towards increased connections (p = 0.019). This suggests that some trans-synaptic

binding capacity remains in the mutant. By comparing the distribution of scores
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Mouse HA Rabbit NL2-Ext Merge

Figure 5.2: Surface expression of HANL2-LND. (A) Non-permeabilised fixed cell imaging
of Cos-7 cells transfected with HANL2-LND. HANL2-LND is properly expressed on the
cell membrane, as illustrated by the positive labelling of these cells with two antibodies
targeting specific regions of the extracellular domain of HANL2-LND (namely, anti-HA and
NL2-EXT). The lower panel of images are the zooms of the region illustrated by the purple
rectangles, highlighting the positive co-staining of a HANL2-LND transfected cell. Scale
bars are 10 µm.
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for GFP and NL2-LND, it is clear that the difference between the two groups is

that NL2-LND exhibits contact formation similar to NL2-WT in rare cases (Fig-

ure 5.3B2). This may point to trans-synaptic partners that are not ubiquitously

expressed on the neuronal surface so as to induce strong connections consistently

across all NL2-LND transfected cells. However, on the rare occasions that NL2-LND

transfected cells contact this enigmatic protein (e.g. in a subset of interneurons),

it is capable of inducing trans-synaptic association. This potential heterogeneity

in NL2-LND behaviour would increase the variance of its score, as it could differ

over orders of magnitude. This could complicate the task of reaching statistically

significant differences compared to GFP.

Similar to before, Cos-7 cells were transfected with either HANL2, HANL2-LND or

GFP and stained for the excitatory presynaptic marker Vglut (Figure 5.4A). Again,

as expected, HANL2 displays strong hemi-synapse formation compared to GFP (NL2-

WT: 2.5 ± 0.67 % (n=5, 30 cells), GFP: 0.3 ± 0.02 % (n=6, 39 cells); (*) p = 0.007).

Similar to before, compared to WT, HANL2-LND exhibits significantly reduced con-

tact formation (NL2-LND: 0.1 ± 0.06 % (n=6, 42 cells); (*) p = 0.004). In fact,

excitatory trans-synaptic connections appear completely abolished with HANL2-LND

as total contact formation is not statistically different from GFP ((n.s) p = 0.46).

This suggests that alternative mechanisms underlie excitatory and inhibitory trans-

synaptic binding, respectively. The former is fully abolished as a result of the muta-

tions, while there is evidence that some residual binding may occur in the latter sce-

nario. This may imply that additional residues of the NL2 extracellular domain may

mediate some inhibitory presynaptic signalling. Nevertheless, collectively, these ex-

periments confirm that HANL2-LND exhibits dramatically diminished trans-synaptic

binding and is thus a suitable mutant to explore the capacity of trans-synaptic in-

teractions to regulate NL2 synaptic confinement.
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Figure 5.3: Coculture analysis of inhibitory presynaptic induction. (A) Fixed cell images
of Cos-7 cells transfected with HANL2, HANL2-LND or GFP cocultured with DIV 10
hippocampal neurons. Transfected cells are identified by positive HA labelling or GFP
fluorescence. Inhibitory trans-synaptic contact formation is represented by labelling of the
inhibitory presynaptic protein, VGAT. (B1) Quantification of the inhibitory trans-synaptic
connections on the transfected cells (WT: n= 6, 36 cells; LND: n= 6, 42 cells; GFP: n=
6, 35 cells). (B2) Cumulative distribution of scores for both HANL2-LND and GFP. Scale
bars are 10 µm.
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Figure 5.4: Coculture analysis of excitatory presynaptic induction. (A) Fixed cell images
of Cos-7 cells transfected with HANL2, HANL2-LND or GFP cocultured with DIV 10
hippocampal neurons. Transfected cells are identified by positive HA labelling or GFP
fluorescence. Excitatory trans-synaptic contact formation is represented by labelling of
the excitatory presynaptic protein, VGlut. Scale bars = 10 µm. (B) Quantification of the
excitatory trans-synaptic connections on the transfected cells (WT: n= 5, 30 cells; LND:
n= 6, 42 cells; GFP: n= 6, 39 cells). Scale bars are 10 µm.
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5.2.4 Intracellular processes are unaltered for NL2-LND in

non-neuronal cells

Prior to investigating the membrane dynamics of the HANL2-LND at inhibitory

synapses, it was necessary to determine whether these mutations alter the mem-

brane properties of NL2 in non-neuronal cells. Firstly, co-expression of HANL2-LND,

collybistinFlag and gephyrinRFP triggered the formation of gephyrin microaggregates

beneath the surface of Cos-7 cells, suggesting that intracellular signalling processes

are unaffected by the mutations (Figure 5.5A). To test whether the extracellular

mutations in NL2-LND fundamentally altered the membrane dynamics of the pro-

tein, Cos-7 cells were transfected with HANL2 or HANL2-LND and surface expressed

proteins were labelled with 655 mouse QDs via their extracellular HA tag (Figure

5.5B). The results are quantified in Figure (Figure 5.5C). The distributions of dif-

fusion scores were not significantly different across experiments (median (µm2s−1):

DWT = 0.05, DLND = 0.048; nWT = 2631 trajectories, nLND = 2596; (n.s.) p

= 0.06 (Mann-Whitney)). This is further evidenced by the Mean Squared Displace-

ment against time (MSDt) curves, which shows broadly similar linear shapes for each

population. Thus, these experiments confirm that the membrane dynamics of the
HANL2-LND mutant are unaltered from WT in non-neuronal cells.

5.2.5 Reduced trans-synaptic activity with NL2-LND over-

expression in neurons

Having demonstrated that NL2-LND exhibits diminished trans-synaptic capabilities

in a co-culture assay, the next step was to investigate whether this feature extends

to the complete neuronal environment. Hippocampal neurons were thus transfected

with either HANL2 or HANL2-LND and were subsequently fixed and stained for HA

and the inhibitory presynaptic marker VGAT (Figure 5.6A). To assess the level of

inhibitory trans-synaptic activity, the number and size of VGAT puncta on the trans-

fected cells was measured (Figure 5.6B). Compared to WT, the NL2-LND displayed
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Figure 5.5: Membrane properties of NL2 are unaffected in NL2-LND. (A) Fixed cell
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a significant reduction in both the size and number of presynaptic clusters (number

(per 10 µm): WT = 5.09 ± 0.32 (36 cells); LND = 1.97 ± 0.22 (31 cells); (***) p

< 10−10 (t-test))(size (µm2): WT = 0.24 ± 0.008 (36 cells); LND = 0.17 ± 0.008 (31

cells); (***) < 10−6 (t-test)). It should be noted that the size of the VGAT puncta

does not necessarily reflect the actual size of presynaptic terminals, as the antibody

only labels VGAT present on small synaptic GABA-containg vesicles and not the

whole presynaptic terminal. Despite this caveat, VGAT puncta number and size is

commonly employed as a readout for changes in presynaptic architecture in similar

studies (Ko et al., 2009). Thus, these experiments confirm that NL2-LND possesses

impaired trans-synaptic function in hippocampal neurons.

5.2.6 Lateral mobility dynamics of NL2-LND are unchanged

at inhibitory synapses

To assess whether diminished trans-synaptic signalling alters the lateral mobility of

NL2-LND at inhibitory synapses, HANL2-LND or HANL2 were transfected into hip-

pocampal neurons along with the endogenous inhibitory synaptic marker, Gephyrin

FingR. Similar to the previous chapter, HANL2-LND or HANL2-WT were labeled via

their extracellular HA tag with 605 nm rabbit quantum dots, where movies were

acquired alongside corresponding images visualising gephyrin puncta. QDs trajec-

tories were then overlaid on the synaptic puncta to determine NL2 diffusion inside

and outside of inhibitory synapses (Figure 5.7A). The synaptic diffusion of HANL2-

LND was not significantly altered compared to WT, suggesting that this mutation

does not influence the confinement of NL2 at inhibitory synapses (median (µm2s−1):

DWT = 0.027, DLND = 0.028; nWT = 433 trajectories, nLND = 537; (n.s.) p = 0.23).

There was a statistically significant difference between the two constructs outside of

inhibitory synapses (median (µm2s−1) : DWT = 0.029, DLND = 0.035; nWT = 3662,

nLND = 2883; (***) p < 10−5). To further explore potential differences in synaptic

behaviour, the MSDt was calculated, both inside and outside of ihibitory synapses,

for each construct (Figure 5.7C1). Mirroring the diffusion results, there is a mi-



Chapter 5: Role of the Presynapse in NL2 lateral mobility 170

anti-HA anti-Vgat Merge

HA NL2

HA NL2-LND

1

2

3

4

5

6

N
o.

 V
ga

t c
lu

st
er

s 
pe

r 1
0μ

m

HANL2-LNDHANL2

***

A

B1 B2

0.1

0.2

0.3

Av
er

ag
e 

Cl
us

te
r 

Si
ze

 (μ
m

2 )

***

HANL2-LNDHANL2

Figure 5.6: Inhibitory presynaptic clustering on hippocampal neurons expressing HANL2
or HANL2-LND. Hippocampal neurons were transfected with HANL2 or HANL2-LND and
subequently fixed. To allow labelling of presynaptic labelling, the cells were permeabilised
prior to antibody staining. Transfected cells were identified by their HA staining, while
inhibitory presynaptic terminals were labelled with anti-VGAT. The smaller image under
each panel is a zoom of the dashed rectangle region. (B1) Quantification of the number of
presynaptic VGAT clusters on transfected neurons (WT: n= 36 cells; LND: n= 31 cells).
(B2) Quantification of the size of the presynaptic VGAT puncta on transfected neurons
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nor trend towards reduced synaptic stability of the trans-synaptic mutant compared

to WT, while both outside curves demonstrate free diffusion, though reduced ex-

ploration in the case of WT. However, comparing the residency time at inhibitory

synapses further demonstrates that these differences are not statistically significant

(resWT = 1.11 ± 0.13 s, resLND = 1.11 ± 0.15 s; nWT = 31, nLND = 23 cells; (n.s.)

p = 0.99)(Figure 5.7C2). Collectively, these experiments indicate that NL2-LND

exhibits unchanged diffusion dynamics at inhibitory synapses.
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5.3 Discussion

This chapter describes the first reported NL2 mutant to display reduced trans-

synaptic binding. A previous study had identified the NRX binding interface on

NL1 (Arac et al., 2007). This region is broadly conserved across the NL family.

To investigate the influence of trans-synaptic processes on NL2 mobility at the in-

hibitory synapse, an NL2 mutant was designed in which the minimum number of

mutants were included so as to dramatically reduce NRX binding (Arac et al., 2007).

It was confirmed via experiments of Cos-7 cells co-cultured with hippocampal neu-

rons that NL2-LND exhibits significantly reduced trans-synaptic binding capacity.

Interestingly, some residual inhibitory presynaptic adhesion was observed, while ex-

citatory hemi-synapse formation was completely abolished. This diminished trans-

synpatic capability extended to hippocampal neurons, where neurons overexpressing

NL2-LND exhibited significantly reduced presynaptic clustering. The membrane dy-

namics of this trans-synaptic deficient mutant was subsequently explored, where it

was observed that NL2 mobility at inhibitory synapses was unchanged.

The three mutations contained within NL2-LND were reported to be sufficient to

dramatically decrease NL1 affinity for NRX (Arac et al., 2007). However, mutation

of additional residues within the binding interface further enhanced trans-synaptic

disruption (Arac et al., 2007). These supplementary residues are conserved in NL2

(represented as the purple circles in Figure 5.1). Subsequent to the initial x-ray crys-

tallography study, the synaptic properties of these NL1 mutants, and many others,

were investigated (Ko et al., 2009). Interestingly, NL1-LND exhibited complete loss

of α-NRX binding, while some β-NRX binding was conserved. However, both α-

and β-NRX binding was abolished when the two additional residues were mutated

(Ko et al., 2009). Thus, this suggests that these auxiliary amino acids confer some

residual β-NRX in NL1. Given the strong conservation across the binding interface,

it is reasonable to speculate that similar mechanisms prevail with respect to NL2.

Indeed, the diversity of NRX isoforms and their differential trans-synaptic bind-

ing properties (Boucard et al., 2005) may suggest that a subset of β-NRX isoforms
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are still capable of binding to NL2-LND (Ullrich et al., 1995). However, multiple

studies have reported that NL2 has a significantly lower binding affinity for β-NRX

compared to NL1 (Comoletti et al., 2006; Leone et al., 2010), though the opposite

has been observed too (Koehnke et al., 2010). Furthermore, it was demonstrated

that overexpression of β-NRX in interneurons reduced connectivity with neurons

overexpressing NL2 (Futai et al., 2013). Thus, the finding that NL1-LND retains

some β-NRX binding capacity does not immediately extend to NL2. Nevertheless,

β-NRX, for example, is present at both excitatory and inhibitory synapses (Ullrich

et al., 1995; Graf et al., 2004). It is interesting that this unidentified partner ap-

pears to be exclusively associated with inhibitory synapse activity, as it has been

reported that trans-synaptic interactions primarily determine the inhibitory profile

of NL2 (Futai et al., 2013). Thus, this enigmatic partner may partly determine the

predominately inhibitory localisation of NL2.

Having established that NL2-LND possesses reduce trans-synaptic binding, it was

subsequently demonstrated that its mobility is unaltered at inhibitory synapses com-

pared to WT. This possibly suggests that transient stabilisation of NL2 at inhibitory

synapses is not reliant on trans-synaptic interactions. An alternative possibility is

that the residual inhibitory trans-synaptic binding (as demonstrated in the co-culture

experiments) is sufficient to enable normal synaptic confinement. This is unlikely

since the co-culture data suggested that this unknown partner was not strongly ex-

pressed at most presynaptic terminals, which implies that trans-synaptic binding is

effectively abolished at most synapses. This theory could be tested by performing the

same experiments with the NL2 mutant with the two additional mutations, where

trans-synaptic binding capacity is completely abolished. Nevertheless, the results

presented in this chapter fail to show that NL2 transient dynamics at inhibitory

synapses are heavily dependent on trans-synaptic signalling. Thus, taken together

with the findings from the previous chapter, it highlights the important role for in-

tracellular signalling mechanisms to dynamically regulate the mobility of NL2 at

inhibitory synapses.

While no significant changes in synaptic mobility were observed with reduced trans-
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synaptic binding, there was a significant difference present in the diffusion behaviour

in extrasynaptic regions. The exact causes and relevance of this effect are not imme-

diately clear. The outside MSD curves presented in Figure 5.7C1 suggest that the

reduced diffusion score displayed by the WT is not due to enhanced confinement (i.e.

strong linear shape of the curve). However, in Cos-7 cells, the diffusion profile of

each construct did not differ significantly, suggesting that this effect is neuronal spe-

cific. NL2 has been observed at excitatory synapses (Levinson et al., 2005), though

much less strongly compared to inhibitory synapses. Thus, one possibility is that

the outside scores include some trajectories confined at excitatory synapses. Since

NL2-LND displays complete loss of excitatory trans-synaptic binding, NL2-LND dy-

namics would be similar to those in extra-synaptic regions. However, assuming NL2

is confined at these excitatory synapses, this subset of trajectories would push the

distribution of diffusion scores downwards. The diffusion profile of NL2 at excita-

tory synapses is currently unknown. The absence of gephyrin from these sites implies

mechanisms quite distinct from inhibitory synapse stabilisation e.g. PSD-95 medi-

ated confinement. Though NL2 has been shown to interact with PSD-95 (Levinson

et al., 2005), NL1 confinement at excitatory synapses has been reported to be inde-

pendent of PSD-95 (Giannone et al., 2013). However, as these trajectories compose

a small sample of the total trajectories (10-15 %, based on the corresponding num-

ber of inhibitory synaptic trajectories), it is unclear whether changes at excitatory

synapses could account for the significant differences observed outside of inhibitory

synapses.

The data presented in the SPT co-culture experiments displayed only slight con-

finement of NL2 at hemi-synapses. While there are issues with the design of that

experiment, that data and the results presented in this chapter agree on the minimal

impact of trans-synaptic binding on NL2 mobility. This raises the possibility that

QDs are ineffective probes to investigate these processes. Indeed, the size of the QD-

antibody complex and its potential impact of synaptic diffusion dynamics has been

investigated. It was reported that QDs slightly alter synaptic mobility, though the

findings from QD experiment were broadly in line with label free approaches (Groc
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et al., 2007a). The NRX-NL binding complex provides an additional complication,

however, as it is composed of two NRX proteins flanking either side of a NL dimer

(Arac et al., 2007). It is possible that the arrangement of the additional NRX pro-

teins provides an obstacle to QD labelling of NL2. If this is the case, then only the

population of NL proteins not in association with NRX will be observable. Thus, it

is possible that the impact of trans-synaptic signalling on these proteins is difficult

to detect under the current imaging protocol. To overcome the issues surrounding

QD access, an alternative option would be to replace the extracellular HA tag with

a SEP tag to allow FRAP imaging. SPT at hemi-synapses experiments could also

be essential to ascertain whether NL2 in association with NRX can be successfully

labelled with QDs, as it isolates the essential mediators of this potential effect.
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Chapter 6

Discussion

6.1 Summary

Recent innovations in live-cell imaging have enabled the visualisation of individual

neurotransmitter receptor movements on the neuronal membrane. These develop-

ments have given rise to the burgeoning field of single particle tracking, which has

subsequently unearthed a wealth of information related to receptor diffusion on the

cell surface. It is becoming increasingly apparent that receptors dynamically alter-

nate between transient confinement at synapses and extrasynaptic Brownian motion.

The latter arises from intrinsic biophysical features of the lipid bilayer, while the for-

mer stems from interactions with highly specialised proteins that are essential to

synaptic function. Thus, regulation of receptor mobility has emerged as an essential

mechanism by which synaptic content is controlled and synaptic strength is deter-

mined.

As proteins exhibit Brownian motion outside of synapses, this feature of receptor mo-

bility can be accurately modelled in silico and extensively studied in non-neuronal

cells. The initial work described in this thesis attempts to the characterise and

develop this minimalist system to investigate the diffusive properties of synaptic
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proteins. As extrasynaptic free diffusion alternates to confinement at synapses, and

since synapses account for small proportion of the neuron surface, in some sense,

synaptic confinement can be considered short-term departures from normal protein

behaviour. Intrinsic protein features can be extensively characterised in non-neuronal

cells and deviations can be observed by sequentially introducing neuronal features.

This enables particular protein interactions to be dissected and investigated in iso-

lation. This approach was utilised to study the membrane dynamics of GABAARs

and NL2. It was possible to detect variable rates of free diffusion across different

proteins. The incorporation of neuronal elements, such as presynaptic structure and

gephyrin clustering, altered NL2 mobility dynamics.

These experiments were subsequently complemented with more conventional neu-

ronal studies. Endogenous NL2 was demonstrated to exhibit confinement at in-

hibitory synapses and Brownian motion outside. This is the first evidence of a

non-uniform diffusion profile for NL2 on the neuronal membrane. To investigate

the mechanisms by which this is achieved, a number of NL2 mutants were stud-

ied. Collectively, these experiments suggested that phosphorylation may enhance

its confinement, a process which appears to collectively depend on its PDZ and

gephyrin binding domain. Furthermore, an additional NL2 mutant was designed

which possessed significantly diminished trans-synaptic signalling capabilities. It

was observed that this mutation did not significantly impact its confinement at in-

hibitory synapses, implying that intracellular mechanisms predominantly mediate its

synaptic stabilisation.

6.2 Efficacy of Minimalist Approach to Study Neu-

ronal Proteins

Outside of SPT, heterologous expression of neuronal proteins is regularly employed

to elucidate protein features and uncover interaction partners. For example, to de-

termine the rules governing GABAAR assembly, various subunit combinations were
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expressed in non-neuronal cells to test whether these compositions produced sur-

face expression (Angelotti and Macdonald, 1993; Connolly et al., 1996; Taylor et al.,

2000). However, the caveats associated with this approach should be noted, as

demonstrated by this particular example. While heterologous expression of the β3

subunit can produce surface expressed homomers (Taylor et al., 2000), it is unlikely

that these complexes exist in vivo (Olsen and Sieghart, 2008). Thus, this highlights

the potential limitations of this minimalist system, as it may not accurately repro-

duce neuronal conditions. Nevertheless, this shortcoming can also be advantageous,

as differences between the two cell types point to neuronal specific mechanisms,

which can be subsequently isolated and determined. In some respect, it is these fea-

tures that are exclusive to neurons that are perhaps most interesting and ultimately

govern the complex architecture of neuronal processes.

The case of β3 subunit self-assembly further highlights the necessity to combine non-

neuronal experiments with neuronal information. In other words, information gained

from non-neuronal experiments is relatively insignificant unless it is combined with

neuronal experiments. Thus, there is a bidirectional flow of information between the

two systems. In the case of subunit assembly, heterologous expression bypassed the

complications that arise in similar neuronal experiments, as it would be relatively

difficult to conclusively identify the native subunits with which the overexpressed

subunit formed functional GABAARs. Thus, heterologous expression allows the

elimination of particular candidates (e.g. α + γ subunit complexes), facilitating

neuronal studies, as the list of potential GABAARs would be significantly reduced.

Thus, similar bidirectional principles should apply to SPT studies performed in non-

neuronal cells.
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6.3 Minimalist Study of Protein Membrane Dynamics-

GABAARs

As previously stated, SPT studies utilising heterologous expression are compara-

tively rarer than similar neuronal studies. Inevitably, this is due to the complex

synaptic architecture, which determines protein diffusion behaviour but is quite dif-

ficult to reproduce in an artificial system. Nevertheless, notable studies employing

this approach have been published (Ehrensperger et al., 2007; Calamai et al., 2009).

For example, using SPT in HeLa and immature neurons, it was demonstrated that

a significant proportion of GlyRs were physically connected to multiple gephyrin

molecules outside of synapses (Ehrensperger et al., 2007). This finding contrasts

with GABAARs, where gephyrin association is minimal outside synapses. Thus,

SPT employing heterologous expression provided a clear mechanism to be tested in

neurons.

The design of the minimalist system employed in this thesis was informed by neu-

ronal studies. For example, it is known that phosphorylation of β3S383 mediates its

immobilisation at inhibitory synapses following neuronal stimulation (Petrini et al.,

2014). Thus, heterologous expression was employed to test whether conformational

alterations arising from phosphorylation may impact its diffusion profile. As this

would be difficult to test in cultured neurons due to presence of interaction partners

and receptor composition heterogeneities, heterologous expression provides a novel

system to study these intrinsic protein features. The results suggest that phosphory-

lation may impact receptor diffusion. Thus, this mechanism could contribute to the

enhanced stabilisation observed for the β3 subunit following neuronal stimulation.

However, as the β3 phosphorylation sites described in this thesis have been shown to

negatively regulate receptor internalisation (Kittler et al., 2005), the context of this

effect may differ from the S383 site. It was reported that a three arginine (RRR)

motif adjacent to these sites controls AP2 interactions and subsequent endocytosis

(Smith et al., 2012). Indeed, this paper also demonstrated that GABAARs are con-

fined at EZs, reminiscent of synaptic stabilisation. Thus, phosphorylation of this
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site would appear to promote its internalisation from a lateral mobility perspective,

as it would presumably prolong its EZ residency, which would theoretically increase

the probability of endocytosis. The effect of β3(S407/408) phosphorylation may de-

pend on its location. If phosphorylation occurs far from the EZ (say, the synapse),

then the reduced exploration of the GABAAR may diminish its encounters with

EZs, and thus reduce internalisation. Distinct confinement mechanisms may prevail

at synapses compared to EZs, but the work described in this thesis suggest that

phosphorylation could contribute to these actions.

6.4 Minimalist Study of Protein Membrane Dynamics-

NL2

In contrast to GABAARs, phosphorylation of NL2 did not conclusively alter its dif-

fusion dynamics in non-neuronal cells. This may point to alternative mechanisms by

which NL2 membrane dynamics are altered. Given the established role of gephyrin

to regulate GABAAR dynamics (Mukherjee et al., 2011; Petrini et al., 2014) and the

identified gephyrin-NL2 interaction (Poulopoulos et al., 2009), it is intriguing to sug-

gest that phosphorylation may impact its association with gephyrin and subsequently

modulate its synaptic stabilisation. Thus, to test this hypothesis, it is necessary to

isolate the role of gephyrin. As was the case with GABAAR assembly, it may be

difficult to test in neurons due to the presence of alternative proteins, such as dys-

trophin, which may introduce complications. Thus, again, heterologous expression

constitutes an innovative platform through which this can be achieved. By exploit-

ing NL2 and gephyrin coexpression with collybistin, it is possible to simultaneously

drive gephyrin translocation to the cell surface and analyse the corresponding NL2

dynamics. Thus, through this system, it would be theoretically possible to assess

the impact of phosphorylation on NL2 membrane dynamics with respect to gephyrin

interactions.
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6.5 SPT at Hemi-Synapses

The first attempts to perform SPT at hemi-synapses were described in this the-

sis. While the results were not conclusive, the sublinear shape of the MSD curve

suggested that NL2 is confined at hemi-synapses. Issues surrounding z-alignment

of the hemi-synapse and QDs and demarcation of the hemi-synapse will need to

be resolved. Nevertheless, these experiments provide a potential glimpse as to fu-

ture experiments. It has been reported that NRX-1α functionally interacts with the

GABAAR α1 subunit (Zhang et al., 2010). The experiments in that study were un-

able to determine whether the effect was mediated by presynaptic or postsynaptically

positioned NRX-1α. If it is the former, then it may point to trans-synaptic mecha-

nisms by which GABAAR mobility is regulated, and could conceivably contribute to

its synaptic stabilisation. Indeed, it has been reported that GABAARs can induce

the formation of hemi-synapses when expressed in non-neuronal cells (Fuchs et al.,

2013), which implies the existence of trans-synaptic GABAAR partners. Thus, there

is some convergence on the idea that trans-synaptic interactions may contribute to

GABAAR clustering. Therefore, co-culture SPT could shed light on these partially

resolved mechanisms.

6.6 SPT at Gephyrin Micoraggregates

Another technical innovation presented in thesis described SPT of NL2 in the pres-

ence of gephyrin microaggregates. Coexpression of collybistin, which drives mi-

croaggregate formation, increased the proportion of restricted trajectories to ap-

proximately 25 %, compared to around 15 % with NL2 expression alone. Thus, this

implies that gephyrin interactions partially restrict NL2 mobility in non-neuronal

cells. Combined in the restricted trajectories are two distinct forms of trajectory

restriction: stationary and confinement. Both classes display significant increases

following collybistin coexpression, so it is unclear whether gephyrin interactions dif-

ferentially promote their enhancement. Both diffusion types are observed in neurons.
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Confinement would more typically describe the transient immobilisation of receptors

at synapses. The issue with stationary trajectories is that in neuronal studies, this

will typically include non-physiological QDs (e.g. QDs fixed to coverslip or stuck to

the neuronal membrane). It may be difficult to separate unwanted stationary trajec-

tories from relevant stationary trajectories. This experimental feature was somewhat

controlled in these NL2 studies, as unwanted stationary QDs would contribute a sim-

ilar proportion of trajectories across each experiment.

It is impossible to resolve single gephyrin microaggreagates under current imaging

protocols, which prevented the application of conventional QD inside-outside anal-

ysis. This required an amended form of QD analysis, such that each trajectory

was classified according to its MSDt curve. The distribution of classifications was

subsequently compared across experiments. It was perhaps slightly surprising that

despite microaggregate formation, a majority of trajectories exhibited some type of

Brownian motion. In neuronal SPT studies, 15 % of trajectories are typically con-

sidered synaptic during the time period considered, while a large proportion of the

remaining QDs will presumably exhibit free diffusion. Thus, it may not be difficult

to reconcile the free diffusion numbers in the gephyrin microaggregates experiment.

However, the low percentage of synaptic trajectories owes to the small proportion of

neuronal surface on which synapses are positioned. However, complications arising

from the size of diffraction limited microaggregates mean that it may be difficult to

calculate the proportion of cell surface, and NL2 proteins by extension, influenced by

the submembranous microaggregates. Nevertheless, synapses are highly specialised

structural domains whose distribution throughout the neuron surface is tightly co-

ordinated. It is unlikely that the similar mechanisms strictly regulate the position

of submembraneous gephyrin microaggregates.

An assumption underlying the trajectory analysis is that each trajectory will demon-

strate one profile over the time period considered. As the duration of each experiment

was 20 s and each MSDt curve was calculated for 1s, this would appear to be a rea-

sonable assumption. Five particular classifications are allowed, together with not

classified (NC). Trajectories exhibiting two profiles would presumably fall into the
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NC group, as neither individual classification would be an accurate approximation.

As NC trajectories generally comprise about 7 % of all trajectories, and as the num-

bers appear quite static across all experiments, it would suggest that this is not a

major issue. An alternative technique to analyse trajectories has been recently pro-

posed (Bosch et al., 2014). Using Bayesian statistics, it identifies specific diffusion

events within trajectories. While some form of non-classification is desirable, as it

protects against the incidence of false positives, a more sensitive analytical approach

could reveal features to which the current protocol is insensitive. Nevertheless, the

results presented in this thesis demonstrate the efficacy of the SPT microaggregate

system to isolate the role of gephyrin to regulate NL2 lateral mobility and advocate

its expansion to study the membrane dynamics of additional proteins e.g. GABAARs.

6.7 Role of NL2 Membrane Dynamics

Receptors experience transient confinement at synapses, between episodes of extrasy-

naptic free diffusion. This feature has now been observed for a range of neuronal

proteins, including NL1. Furthermore, trans-synaptic binding of NRX to NL1 was

reported to enhance its immobilisation at excitatory synpases, due to phosphoryla-

tion of a single residue that mediated its preferential association with PSD-95 versus

gephyrin (Giannone et al., 2013). In contrast, the corresponding membrane dynam-

ics of NL2 were poorly understood. Using a newly developed antibody to target the

NL2 extracellular domain, it was shown here that endogenous NL2 exhibits confine-

ment at inhibitory synapses. This is perhaps unsurprising as NL2 function has been

mapped to the inhibitory synapse (e.g. interactions with NRX and gephyrin). The

role of NL2 transient confinement is less apparent. As regards receptors, the level

of their synaptic stabilisation directly dictates the number of receptors contained

within the synapse, which will ultimately determine synaptic strength. For NL2, a

direct link between dynamic NL2 synaptic number and synaptic transmission is not

as obvious. Owing to their capability to initiate the formation of hemi-synapses in

co-culture assays, NL function was originally considered to primarily involve synap-
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togenesis. NL1-3 KO experiments demonstrated that NL expression is not essential

to synaptogenesis, but rather assigned an important role to NLs to regulate synaptic

content (Varoqueaux et al., 2006). Indeed, NRX-NL1 adhesion acting in concert

with PSD-95 has been demonstrated to regulate AMPAR immobilisation at excita-

tory synapses (Mondin et al., 2011). Thus, an analogous role for NL2 and gephyrin

in relation to GABAAR confinement at inhibitory synapses is entirely conceivable.

The original theory of a static synapse where fixed proteins mediated transmis-

sion has been gradually replaced with a more dynamic model, where synaptic pro-

tein composition undergoes continual remodelling. This has been most elegantly

demonstrated by recent superresolution studies of the excitatory synaptic scaffold

(MacGillavry et al., 2013; Nair et al., 2013). The gephyrin scaffold has similarly

emerged as a dynamic member of the inhibitory synapse. It was reported that

gephyrin is rapidly recruited to inhibitory synapses following iLTP (Petrini et al.,

2014). A recent study showed that remodelling of excitatory synapses is acceler-

ated in mouse models of autism, notably including NL3-R451 KI (Isshiki et al.,

2014). This 2-photon in vivo study measured synaptic remodelling in terms of spine

turnover (over a number of days), while the previously mentioned study consid-

ered dynamic gephyrin aggregation over a 20 min timescale. While the remodelling

events considered by each study are quite distinct, they, nevertheless, point to the

dynamic organisation of the synaptic scaffold. As an identified interaction partner of

gephyrin (Poulopoulos et al., 2009), it is conceivable that NL2 could mediate these

gephyrin remodelling events. Indeed, dynamic regulation of NL1&3 turnover has

been reported, namely that NL protein expression is significantly enhanced follow-

ing chemLTP, while the opposite occurs after iLTP (Schapitz et al., 2010). Thus,

it is possible that changes to NL2 diffusion dynamics following neuronal activity, as

observed for GABAARs (Bannai et al., 2009; Muir et al., 2010), could contribute to

fast remodelling mechanisms at the inhibitory synapse.
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6.8 NL2 Intracellular Events

It has been shown that lipids exhibit reduced diffusion at synapses due to molecular

crowding (Renner et al., 2009; Gerrow and Triller, 2010). To distinguish between

proteins passively passing through synapses and those experiencing confinement, it is

necessary to consult the MSD curves, where sublinearity indicates confinement (Ren-

ner et al., 2012). Having established that NL2 is confined at inhibitory synapses using

endogenous antibodies, the next step was to determine the underlying mechanisms.

Given its prominent role to stabilise synaptic GABAARs (Mukherjee et al., 2011;

Petrini et al., 2014), the most likely candidate is gephyrin binding with NL2, espe-

cially since its binding motif on NL2 has been identified (Poulopoulos et al., 2009).

Furthermore, NL2, like all NL family members, contains an C-terminal PDZ binding

domain. While gephyrin lacks a corresponding domain, notable inhibitory synaptic

proteins contain PDZ domains, including S-Scam (Sumita et al., 2007). However,

initial experiments suggested that neither the PDZ domain or the gephyrin binding

motif determined NL2 confinement at inhibitory synapses. This finding correlated

with NL1 SPT studies, which showed that deletion of the PDZ domain did not sig-

nificantly reduce confinement (Giannone et al., 2013), which is perhaps surprising

given the prominent excitatory scaffold protein, PSD-95, contains a PDZ domain.

Indeed, the intracellular domain of NL1 has been shown to bind PSD-95 in vitro

(Irie et al., 1997). For NL1, an earlier study had identified a critical intracellular

region independent of its PDZ binding domain that was essential for its proper func-

tion (Shipman et al., 2011). This study predominantly employed electrophysiological

protocols to assess NL1 function, so it is currently unclear if this domain regulates

its confinement at synapses. However, as this region is not conserved in NL2, the

relevance of this domain to the results presented here is not immediately significant.

Thus, neither NL2 binding domain (gephyrin and PDZ) produced significant changes

in NL2 mobility. To further explore this somewhat surprising result, a double mutant

was designed, which possessed both mutations. Using Gephyrin FingR to label

synapses, the synaptic mobility of only the double mutant was significantly altered.
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This was represented by the observation that the synaptic diffusion scores were

not statistically different from the outside scores. Much like the NL1 SPT study

(Giannone et al., 2013) and consistent with the previous single mutant experiments,

neither single mutation significantly altered NL2 mobility at inhibitory synapses. It

is worth noting that there was a trend, though not statistically significant, towards

diminished synaptic confinement on the part of the gephyrin binding mutant. It

is possible that the additional deletion of the PDZ domain abolishes some residual

binding following the loss of the gephyrin binding domain.

6.9 NL2 Phosphorylation

Computational techniques that predict phosphorylation sites based on information

contained within the amino acid sequence were employed to complement the pro-

teomic studies that had identified S714, S719 and S721 as possible phosphorylation

sites. It is not immediately clear which kinase(s) are responsible for the phospho-

rylation of these residues. Both S719 and S721 are not conserved in the other NL

proteins. In contrast, S714 is conserved across the NL family, though only a single

proteomic study identified the corresponding residue on NL3 as a possible phosphory-

lation site (Wisniewski et al., 2010). Based on the amino acid sequence surrounding

the serine, it is possible to predict potential kinases, using a library of published

phosphorylation events (see Appendix B). As the mechanism appears specific to

NL2 (and possibly NL3), NL2 kinases that are not predicted to act on NL1 and NL4

are particularly strong candidates. Comparing the results across NL1-4, only AKT

and MAPKAPK1 are exclusive to NL2 (though MAPKAPK2 was identified as a

potential kinase for NL3) (see Table B.3 in the Appendix). Furthermore, given the

established role of AKT at inhibitory synapses (Wang et al., 2003) and its link with

ASDs (Poot, 2013), there is considerable support for the theory that AKT phos-

phorylates NL2S714. Only one kinase was predicted for S719, which interestingly

depends on the phosphorylation of S721. While these computational approaches do

not provide conclusive proof and are not exhaustive, they offer hints as to the kinases
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mediating the potentially specific phosphorylation of NL2 at these sites.

These computational resources fail to decipher the underlying signalling mechanisms

responsible for phosphorylation. Relatively little is known about NL2 phosphoryla-

tion. In contrast, two distinct phosphorylation processes have been observed in NL1.

It was recently reported that CAMKII is capable of phosphorylating NL1T739, which

alters its intracellular trafficking and subsequent surface expression (Bemben et al.,

2014). Meanwhile, it was demonstrated that NRX binding to NL1 triggers phos-

phorylation of Y770, which preferentially enhances NL1 association with PSD-95

versus gephyrin (Giannone et al., 2013). In the former study, there was no evidence

that the corresponding site on NL2 was capable of phosphorylation (Bemben et al.,

2014), while similar mechanisms in NL2 were not tested in the latter study (Gian-

none et al., 2013). These studies may provide clues to potential mechanisms behind

phosphorylation of NL2S714. One possibility is that NRX binding initiates the pro-

cess, in a similar manner to NL1Y782. Additional insights can be gained from the

study of phosphorylation of other synaptic proteins. For example, calcium influx via

NMDARs following neuronal stimulation dephosphorylates S327 on the GABAAR

γ2 subunit and triggers its synaptic declustering (Muir et al., 2010). Addition-

ally, CaMKII-dependent phosphorylation of GABAAR β3S383 promotes gephyrin

accumulation at inhibitory synapses and is essential for the induction of chem-iLTP

(Petrini et al., 2014). Similarly, multiple gephyrin phosphorylation sites have been

conclusively identified and have been shown to affect gephyrin aggregation proper-

ties (reviewed in Tyagarajan and Fritschy (2014)). For example, phosphorylation of

S270 on gephyrin is mediated by Cyclin-dependent kinase (CDK) and is dependent

on collybistin (Kuhse et al., 2012). Thus, similar interlinked synaptic mechanisms

may account for phosphorylation of NL2S714. Alternatively, activity related sig-

nalling processes or trans-synaptic binding may underlie NL2S714 phosphorylation.

Unravelling this key mechanism will be an important objective of future studies.
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6.10 NL Overexpression & NLmiRs

While exogenous overexpression is a very important tool to study protein properties,

it comes with some notable caveats. This protocol forces the neuron to express large

amounts of the candidate protein on the surface. The implications of this approach

may be quite minimal in Cos-7 or HeLa cells. However, in neurons, this drastic

alteration may disrupt the delicate balance of protein interactions that underlie their

highly specialised physiological function, possibly obscuring the effects related to the

studied protein rather than overexpression itself. However, due to a lack of suitable

antibodies (extracellular targeted in the case of QD imaging), in some cases, there

are no alternatives to exogenous expression of a tagged protein. Until recently,

there were no available antibodies to label the extracellular domain of NL2, creating

the necessity to employ overexpression protocols to study its membrane dynamics.

While endogenous labelling is preferable, where applicable, there is no alternative

to overexpression to study the effect of specific mutations, which was predominately

the method of investigation employed in this thesis. Thus, in many cases, exogenous

overexpression is unavoidable. Nevertheless, the implications of this approach should

be carefully controlled.

Overexpression of NLs specifically raises additional issues. NLs are present on the

membrane as dimers (Arac et al., 2007) and overexpressed NL proteins can theoreti-

cally form dimers with endogenous proteins. This may at least dilute the effect of the

overexpressed protein, or even fully preclude any modulation of neuronal behaviour.

This issue has become increasingly relevant, as the findings of one study suggested a

previously unidentified domain within NL1, which mediates its synaptic activity, was

not detected in previous studies due to complications arising from dimerisation with

endogenous proteins (Shipman et al., 2011). To overcome this issue, candidate NL

proteins were coexpressed with a triple-linked microRNA against NL1-3 (NLmiR),

where each individual miRNA had been previously characterised (Chih et al., 2005),

which simultaneously reduces endogenous NL1-3 surface expression. Thus, under

this strategy, the effects of the candidate protein can be amplified and the dimerisa-
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tion events with endogenous proteins can be minimised. However, significant loss of

NL surface expression can itself produce alterations in neuronal behaviour (Shipman

et al., 2011; Bemben et al., 2014). Thus, the actions of NL1-3 downregulation need

to be additionally controlled.

However, this protocol was not utilised in this thesis. At the start of my studies,

NLmiRs had not been extensively characterised. Furthermore, this protocol is still

not universally employed within the field. For example, the corresponding study of

NL1 membrane dynamics did not coexpress NLmiRs with the NL1 constructs (Gian-

none et al., 2013). Thus, in the context of rapid molecular interactions at synapses,

it is not clear whether simultaneous loss of surface expression is necessary. It is worth

noting that SPT studies of GABAARs often utilise overexpression of specific subunits

(Muir et al., 2010), as well as a range of subunit-specific commercial antibodies. As

GABAARs are hetero-pentamers, association of overexpressed and endogenous sub-

units is essential and unavoidable. Thus, incorporation of endogenous proteins, in

this case, has not been observed to hinder analysis of GABAAR membrane dynamics.

6.11 Phospho-Mutants

Constructs possessing mutations that either blocked or mimicked phosphorylation

(known as phospho-null and phospho-mimics, respectively) were extensively em-

ployed throughout this thesis. While overexpression of these proteins raises the con-

ventional concerns associated with exogenous protein expression in neurons, these

particular constructs require additional considerations. Mutation of serine (S) to

alanine (A) effectively abolishes phosphorylation at this site, as alanines are inca-

pable of phosphorylation. Thus, the phospho-null is generally quite reliable. In

contrast, the phopho-mimic theoretically models the additional negative charge as-

sociated with phosphorylation. This action is not necessarily equivalent to amino

acid phosphorylation. Thus, the efficacy of phospho-mimics require closer scrutiny

than phospo-nulls (Esteban et al., 2003; Bemben et al., 2014). An additional con-
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cern with phospho-mimics is the temporal mismatch of the artificial phosphorylation

and the process of phosphorylation in neurons. The phospho-mimic, due to the un-

removable presence of the additional negative charge, exists in a permanent state

of phosphorylation, while protein phosphorylation in physiological contexts gener-

ally involves rapid, transient mechanisms, which are typically reversible through the

actions of phosphatases. Thus, the global stable phosphorylation induced by ex-

pression of the phospho-mimic does not necessarily reproduce the localised transient

phosphorylation processes observed in neurons.

In the context of the results presented in this thesis, the phospho-mimic was consid-

ered adequate to the aims of the studies. One central hypothesis is that alterations

in protein conformation (including the effect of altered electrical charge) arising from

phosphorylation can fundamentally alter protein membrane dynamics. In the case

of NL2, it was speculated that its phosphorylation could alter interactions with

gephyrin, which could account for its enhanced stabilisation at inhibitory synapses

with no intrinsic difference in protein mobility observed in non-neuronal cells. This

scenario may be more sensitive to the model of phosphorylation. For example, the

phospho-mimic may not be sufficient to recreate the subtle distinctions underlying

this hypothesized mechanism. To established the veracity of these claims, SPT at

microaggregates using the NL2 phospho mutants could reveal whether the phospho-

mimic is a suitable probe to investigate altered interactions with gephyrin.

6.12 Future Work

The work described in this thesis provides the first evidence that NL2, like a host of

other neuronal proteins, exhibits Brownian motion on the neuronal membrane, which

becomes restricted at inhibitory synapses. Nevertheless, future work will involve fur-

ther elucidation of the mechanisms underlying NL2 membrane dynamics, employing

a wide range of experimental systems. Potential directions include SPT investigation

of the NL2 phospho-mutants with gephyrin microggregates. These experiments will
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provide essential information as to whether NL2 phosphorylation directly impacts

on gephyrin interactions. It will also be important to determine the kinases that

mediate phosphorylation of S714, S719 and S721 on NL2, which may subsequently

lead to QD experiments of endogenous NL2 in combination with relevant kinase

inhibitors and activators. As regards the trans-synaptic properties of NL2, a clear

extension of the work described in Chapter 5 is to repeat the experiments with the

trans-synaptic mutant composed of additional mutations to completely abolish trans-

synaptic interactions (Arac et al., 2007; Ko et al., 2009). These experiments may

help to uncover the identity of the presynaptic protein responsible for the residual

inhibitory trans-synaptic signalling.

Multiple innovative SPT systems were described in this thesis (e.g. SPT at hemi-

synapses and microaggregates). These novel platforms were employed to investigate

the relatively unknown features of NL2 membrane dynamics. However, these sys-

tems could contribute to understanding the membrane dynamics of more established

neuronal proteins, such as GABAARs. Recent studies have reported that presynap-

tic factors could influence GABAAR synaptic stabilisation (Zhang et al., 2010; Fuchs

et al., 2013). SPT at hemi-synapses could provide vital information on this poorly

understood process. Furthermore, an advantageous feature of the SPT microaggre-

gate system is that coexpression of NL2, collybistin and gephyin can be inferred from

the gephyrin fluorescence profile (i.e. submembranous microaggregation). Thus, co-

transfected GABAARs subunits can be studied at microaggregates, as their QD

labelling would confirm their surface expression. These experiments could provide

insights into the influence of gephyrin interactions on GABAAR mobility. It is has

been extensively reported that GABAAR subunits exhibit strong heterogeneity in

gephyrin binding affinity (Tretter et al., 2012; Kowalczyk et al., 2013). Thus, SPT

at microaggregates constitutes a subunit sensitive system to study the influence of

these interactions on GABAAR mobility.
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6.13 Concluding Remarks

Non-uniform membrane dynamics, ranging from extrasynaptic Brownian motion to

transient confinement at synapses, has now been observed for a range of neuronal

proteins. It is an intrinsic feature of surface expressed proteins, and is believed to

be an important mechanism through which synaptic function is tightly regulated.

However, the membrane dynamics of NL2 were poorly understood. The work de-

scribed in this thesis provides the first evidence that NL2 exhibits Brownian motion

on the neuronal membrane, which switches to transient confinement at inhibitory

synapses. This was initially demonstrated with endogenous NL2, using a recently

developed antibody to the NL2 extracellular domain. To uncover the mechanisms

underlying its diffusive behaviour, NL2 membrane dynamics were investigated in

both non-neuronal cells and neurons. Specific features of NL2 were harnessed to

create innovative systems to study NL2 lateral mobility and isolate the influence of

distinct processes (i.e. trans-synaptic versus intracellular signalling). Furthermore,

key NL2 mutants were employed to investigate the influence of phosphorylation and

gephyrin on its synaptic confinement. This work also describes the first NL2 mutant

to exhibit reduced trans-synaptic signalling, though it appears that these particular

mechanisms are not involved in its membrane dynamics. Collectively, the exper-

iments provide strong evidence that NL2 mobility becomes confined at inhibitory

synapses due to interactions with gephyrin, and that its synaptic stabilisation is

potentially enhanced by phosphorylation of key residues. Thus, these experiments

contribute to the concept of the dynamic synapse and may point to an important

role of NL2 membrane dynamics in synaptic remodelling and plasticity events.
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Aligned Amino Acid Sequences of NL1 (mouse), NL2 (rat), NL3 (human) & NL4(human)

Signal Peptide
Topological Domain Transsynaptic Binding (Extra)

Transsynaptic Binding (Minimum)
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Transmembrane Domain

PDZ-binding Domain
Gephyrin Binding Domain

Phosphorylation Site (all)

Phosphorylation Site (NL2)
Phosphorylation Site (NL1)

Figure A.1: Alignment of the amino acid sequence of NL1 (mouse), NL2 (rat), NL3
(human) and NL4 (human), using the Clustal Omega program (Goujon et al., 2010; Sievers
et al., 2011; McWilliam et al., 2013). Note that the species were selected to match a similar
alignment published recently (Bemben et al., 2014).



Appendix B

Predicted NL Kinases

PhosphoMotif Finder was applied to the intracellular domain of NL2 (rat) (Table

B.1). This online program uses a library of published phosphotase/kinase substrates

to identify potential phosphatases/kinases acting on specific segments of an amino

acid sequence (Amanchy et al., 2007). The intracellular domain of NL1 (mouse),

NL3 (human) and NL4 (human) was similarly tested to uncover potential kinases,

though the complete outputs are not presented. Instead, as NL2S714 is conserved

across NL1-4, the predicted kinases for this site for NL1-4 is presented in Table B.2.

This information is reformulated to highlight the specificity of each kinase in Table

B.3.

246
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NL2 (Rat) Intracellular Kinase Predictions
Postion Sequence Corresponding Motif Kinase

1 709-714 RCCRLS RXRXX[pS/pT] AKT
2 709-714 RCCRLS [R/K]XRXXpS MAPKAPK1
3 711-714 RRLS RXXpS CamKII
4 711-714 RRLS RXXpS PKA
5 711-714 RRLS RXX[pS/pT] CamKII
6 711-714 RRLS [R/K]XX[pS/pT] PKC
7 711-714 RRLS [R/K][R/K]X[pS/pT] PKA
8 711-714 RRLS RRXpS PKA
9 711-714 RRLS RRXpS PKA
10 711-714 RRLS R[K/E/R]XpS PKC-ε
11 711-714 RRLS [R/K][R/X]X[pS/pT] PAK2
12 712-714 RLS RXpS PKA
13 712-714 RLS [R/K]X[pS/pT] PKA
14 712-714 RLS [R/K]X[pS/pT] PKC
15 712-715 RLSP XXpSP GSK-3, ERK1&2, CDK5
16 713-715 LSP X[pS/pT]P GSK-3, ERK1&2, CDK5
17 714-715 SP pSP ERK1, ERK2
18 719-721 SGS pSX[E/pS*/pT*] CK2
19 731-733 PTA P[pS/pT]X DNAPK
20 742-745 ELVS [E/D]XX[pS/pT] CKI
21 789-794 LTLLPS X[pS/pT]XXX[A/P/S/T] GPCRK1
22 793-795 PSG P[pS/pT]X DNAPK
23 805-807 PSL P[pS/pT]X DNAPK
24 818-820 PTA P[pS/pT]X DNAPK
25 819-822 TATS [pS/pT]XX[S/T] CK1
26 819-822 TATS [pS/pT]XX[S/T] CK2
27 821-826 TSHNNT X[pS/pT]XXX[A/P/S/T] GPCRK1
28 822-826 SHNNT pSXXX[pS/pT] MAPKAPK2
29 822-827 SHNNTL [pS/pT]XXX[S/T][M/L/V/I/F] CK1
30 832-834 STT pSX[E/pS*/pT*] CK2
31 833-835 TTR [pS/pT]X[R/K] PKA
32 833-835 TTR [pS/pT]X[R/K] PKC

Table B.1: The predicted kinases acting on the intracellular domain of NL2 (rat), based
on PhosphoMotif Finder (Amanchy et al., 2007). * indicates that this residue needs to
be already phosphorylated for the enzyme to recognise this motif. Due to formatting
considerations, the following kinases were abbreviated: DNA-PK: DNA dependent protein
kinase; gaH1HK: growth associated H1 Histone Kinase; GPCRK1: G protein coupled
receptor kinase 1. For the full name of the remaining kinases, see the Nomenclature
section.
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Predicted kinases acting on NL2S714 and the corresponding site of NL1, NL3 and NL4
Kinase NL1 (Mouse) NL2 (Rat) NL3 (Human) NL4 (Human)

PKA X X X X
PKC X X X X

PKC-ε X X X X
GSK-3 X X X X

ERK1&2 X X X X
CDK5 X X X X

CDK1&2 X X X
CDK4&6 X X X

PAK1 X X X
Cdc2 X X X

DNA-PK X X X
gaH1HK X X X

CLK1 X X
AKT (or PKB) X
MAPKAPK1 X
MAPKAPK2 X

CaMKIV X
Chk1 X

GPCRK1 X

Table B.3: A reformulation of the information presented in Table B.2 to highlight the
specificity of each kinase.


